
Article
Cell-cell adhesion impacts epithelia response to
substrate stiffness: Morphology and gene
expression
David Choi,1,6,* Zachary Gonzalez,1,2,6 Sum Yat Ho,1,3 Alexandra Bermudez,1,4 and Neil Y. C. Lin1,4,5
1Department of Mechanical and Aerospace Engineering, University of California, Los Angeles, California; 2Department of Physics and
Astronomy, University of California, Los Angeles, California; 3Department of Chemistry and Biochemistry, University of California, Los Angeles,
California; 4Department of Bioengineering, University of California, Los Angeles, California; and 5Institute for Quantitative and Computational
Biosciences, University of California, Los Angeles
ABSTRACT Monolayer epithelial cells interact constantly with the substrate they reside on and their surrounding neighbors. As
such, the properties of epithelial cells are profoundly governed by the mechanical and molecular cues that arise from both the
substrate and contiguous cell neighbors. Although both cell-substrate and cell-cell interactions have been studied individually,
these results are difficult to apply to native confluent epithelia, in which both jointly regulate the cell phenotype. Specifically, it
remains poorly understood about the intertwined contributions from intercellular adhesion and substrate stiffness on cell
morphology and gene expression, two essential microenvironment properties. Here, by adjusting the substrate modulus and
altering the intercellular adhesion within confluent kidney epithelia, we found that cell-substrate and cell-cell interactions can
mask each other’s influence. For example, we found that epithelial cells exhibit an elongated morphological phenotype only
when the substrate modulus and intercellular adhesions are both reduced, whereas their motility can be upregulated by either
reduction. These results illustrate that combinatorial changes of the physical microenvironment are required to alter cell
morphology and gene expression.
SIGNIFICANCE Although cell-substrate and cell-cell interactions have been studied individually, these results are
difficult to apply to native confluent epithelia, in which both are important. To understand how epithelial cells respond to
their microenvironment, it is critical to understand the contributions from cell-substrate and cell-cell interactions to cell
phenotype. Here, we found full confluency to mask differences in single or colony epithelial phenotype in response to the
cell-substrate interaction. Despite being grown on substrates of variable stiffness, confluent epithelium exhibited very little
change in morphology and gene expression. However, cells began to exhibit differential phenotype in response to cell-cell
contact inhibition, suggesting that confluent cells are a separate model of study. This work helps understand the
biomechanics of confluent epithelium.
INTRODUCTION

Epithelial cells form continuous, protective layers that line
organ surfaces throughout the body (1). They perform vital
physiological functions including adsorption, secretion, and
sensory reception (2,3). They are also related to many fatal
diseases including drug-induced injuries, polycystic dis-
eases, and 90% of cancers (4–6). Therefore, understanding
the factors influencing epithelial cell behavior is of impor-
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tance in basic biology research, therapeutic developments,
and tissue engineering. Mechanical rigidity of the substrate
and intercellular interactions have been shown to be two
important factors governing epithelial phenotype (7,8).
Though the interplay between these interactions has been
identified in previous experiments, these studies have pri-
marily focused on cell migration (9–14). However, how
the cell morphology and gene expression, two essential phe-
notypes, are affected by these interactions remains not fully
understood. Further studies of such intricate cell-environ-
ment interactions are essential for better utilization of phys-
ical cues for engineering the cell property.

Adjusting the substrate modulus has been shown to have
a wide range of influence on the behavior of cells. For
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Cell-cell adhesion impacts epithelia response to substrate
example, increasing the stiffness has been shown to cause
cell spread, formation of stress fibers, and increased cell
migration (15–17). This stiffness increase has also been
associated with upregulated deposition of extracellular ma-
trix proteins such as laminin and fibronectin (18,19).
Furthermore, such a substrate mechanical property has
been found to largely influence the malignant transforma-
tion of mammary epithelia (20,21).

Recent studies have also shown that intercellular junc-
tions facilitate the mechanical strength of tissues and
communication between neighboring cells, which substan-
tially affect tissue development, wound healing, and cell dif-
ferentiation (22–24). Specifically, adherent proteins have
been shown to be responsible for contact inhibition and
mesenchymal-to-epithelial transition in developing tissues
(25,26). Collective motion of cells has also been shown to
rely on the mechanical intercellular communication via
cell-cell contact (27,28). Lastly, it has been demonstrated
that disruption of different types of intercellular junctions
has various effects on epithelial phenotype, such as inducing
cell rounding and deteriorating tissue by disconnecting con-
stituent cells from each other (29).

In most native tissues and in vitro models, epithelial cells
are in contact with both the substrate and neighboring cells.
Recent works have examined the interplay between cell-cell
and cell-substrate interactions largely in the context of cell
motility. In those studies, the joint activity of intercellular
and tractional forces has been linked to collective motion
(9–12) and cancer cell invasion (13,14). However, many
other essential cellular phenotypes remain to be explored.
In this work, we studied how the interplay between cell-
cell and cell-substrate interactions affects the morphological
phenotype and gene expression of Madin-Darby Canine
Kidney (MDCK) cells.

Here, we hypothesized that substrate stiffness and inter-
cellular adhesions have an intertwined impact on epithelial
cell behavior. To test this hypothesis, we fabricated polydi-
methylsiloxane (PDMS)-based substrates with various
moduli on which to grow MDCK epithelia, which have
been routinely used for mechanobiology studies and dis-
ease modeling (30–32). After previous work, we tuned
the stiffness by using varying ratios of Sylgard 184 and
Sylgard 527 (33,34), along with standard tissue culture
plastic (TCP), to obtain substrates with stiffnesses over
five orders of magnitude. To alter the intercellular interac-
tion, we treated confluent monolayers with calcium-free
media, which has been widely used to inhibit the func-
tioning of intercellular adhesion proteins (35–38). To
comprehensively assess cell phenotype, we characterized
the morphology, gene expression, adhesion protein locali-
zation, and motility of MDCK cells. Through this system-
atic investigation, we found that the combinatorial actions
of cell-substrate and cell-cell interactions are responsible
for determining cell morphology and gene expression of
a confluent monolayer.
MATERIALS AND METHODS

Fabrication of substrate with tunable stiffness

To obtain a wide range of substrate stiffnesses, Sylgard 184 (Dow Corning,

11-3184-01 C) and Sylgard 527 (Dow Corning, 11-3136-01 D) were mixed

to fabricate PDMS substrates. Following manufacturing directions, Sylgard

184 was prepared by mixing 10 parts base to one part curing agent, whereas

Sylgard 527 was prepared by mixing equal parts of part A and part B. We

tuned the elastic modulus of the material by combining Sylgard 184 and

Sylgard 527 in varying ratios before casting. Samples were mixed and

cast into cell culture wells (Thermo Fisher Scientific), and promptly de-

gassed in a vacuum chamber for approximately 20 min to remove air bub-

bles within the substrate. All PDMS samples were then cured at 60�C
overnight. To measure the PDMS modulus for each formulation, we cast

the materials and then cut into thin strips with dimensions of 50 mm �
12 mm � 2mm. These samples were then heat cured and measured using

an Instron 5943 by applying tensile strain (39,40). A stress-strain curve

for the pure S527 sample and a bar chart detailing elastic moduli of all

tested samples can be found in Fig. S1.
MDCK cell culture

MDCK cells were cultured using 1x Dulbecco’s Modified Eagle media

(Gibco, 11885084) supplemented with 5% fetal bovine serum (Gibco,

16000044) and 1% penicillin-streptomycin (P/S) (Gibco, 15140122). Me-

dia was replaced every 48 h and cultures were passed at 70%–80% using

0.05% trypsin-EDTA (Gibco, 25300054). All substrates used for experi-

ments were treated with 25 mg/ml fibronectin (R&D Systems,

1030FN05M) to facilitate cell-substrate adhesion and minimize the effect

of the substrate ligands. MDCK cells were seeded at a density 5000/cm2

and incubated in a CO2 incubator (Thermo Fisher Scientific, 51033557)

at 37�C and 5.0% CO2. For the cell-cell adhesion reduction experiment,

once cultures reached 100% confluence, experimental samples were treated

with calcium-free DMEM (Gibco, 21068028) supplemented with 1% P/S

for 48 h. Additional validation experiments were performed using control

media supplemented with 5 mg/mL E-cadherin antibody (Invitrogen, 14-

3249-82) or 1mM DTT (Millpore Sigma, 10197777001) for 48 h. For the

antibody experiment, cells were first treated with Ca- media for 30 min

to facilitate antibody penetration and engagement with junctional spaces

(41,42).
Morphological phenotype characterization

Phase contrast images were taken using an Etaluma LS720 microscope with

a 20x objective (Olympus, N5229300) five days postseeding. To obtain

fluorescent images, Caþ/� treated cells were fixed and stained for nuclei

(Invitrogen, R37606), actin (Invitrogen, R37110), paxillin (BD Bioscience,

610,620), YAP (Cell Signaling Technology, 14,074), and E-cadherin. Stain-

ing was performed with the following antibodies: anti-mouse IgG (Invitro-

gen A32766) and anti-rat IgG (Invitrogen A21247). These samples were

then imaged using the Etaluma LS720 with a 40x objective (Olympus,

1-UB767). To analyze the cell morphology, acquired images were imported

into Fiji ImageJ, where cells were manually traced. From the traced out-

lines, we calculated cell area and perimeter, which were then used to deter-

mine circularity (4pArea/Perimeter2). Aspect ratio was calculated by

dividing the long axis by the short axis of individual cells derived from

the same outline. A more detailed description of each metric with represen-

tative schematics can be found in Fig. S2.
Gene expression measurement

Gene expression was characterized by RNA expression profiling using the

nCounter gene expression platform (NanoString Technologies, Seattle,
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WA) using a custom 50-gene panel (Table S1) designed to comprehensively

examine multiple aspects of MDCK cell behavior. This panel includes

markers for epithelial phenotype, epithelial-to-mesenchymal transition,

cell adhesions, and solute transporters. RNA extraction was performed

with an RNA MiniPrep Plus kit (Zymo, R2070), and samples were normal-

ized to a minimum RNA concentration of 10 ng/mL before being transferred

to NanoString Technologies. There, samples were mixed with a 30 bio-
tinylated capture probe and a 50 reporter probe tagged with a fluorescent

barcode from the custom gene expression probe set. Samples were then hy-

bridized at 65�C for 18 h and run on the Nanostring nCounter preparation

station. Excess probes were removed and hybridized samples were immo-

bilized on a streptavidin-coated cartridge. Finally, samples were scanned

and individually counted on the nCounter Digital Analyzer.

C D

FIGURE 1 Substrates were produced by mixing various ratios of Sylgard

184 (S184) and Sylgard 527 (S527), and their stiffnesses were character-

ized. (A) These stiffnesses show a logarithmic trend as the percentage of

S184 was increased. Pure S527 was shown to have a similar stiffness to
Time-lapse cell motility and particle image
velocimetry analysis

Time-lapse images were obtained and used for particle image velocimetry

(PIV) analysis for cell motility measurements. Upon the corresponding

calciumþ/� treatment, samples were placed on the Etaluma LS720 and

imaged over 48 h with a 20x objective. Registered regions of interest

were imaged at a regular interval of �4 min. PIVanalysis of time-lapse im-

ages was performed using the ImageJ PIV plugin. Cells were analyzed for

movement with interrogation window sizes of 64 pixels and search window

sizes of 128 pixels. Before the PIV analysis, all time-lapse images were

aligned to remove any potential drift using the ImageJ plugin StackReg

(43).
in vivo kidney tissue (�6 kPa). Tissue culture plastic (TCP) was also plotted

for comparison. From top to bottom, the dotted lines denote substrate

moduli for substrates of TCP (112.8 MPa), S184 (1123.2 kPa), 1:1 blend

of S184 and S527 (450.7 kPa), and S527 (3.2 kPa). (B) Phase contrast im-

ages of confluent MDCK layers, five days postseeding, grown on TCP and

S527 show no significant morphological change despite the five orders

magnitude difference in the stiffness. Scale bar represents 30 mm. Volcano

plots of log2 ratio versus p value compare genes expressed by cells grown

on TCP and S527 for confluent (C) and nonconfluent, 24 h postseeding (D)

conditions. For confluent culture, the substrate stiffness induced virtually no
Statistical analysis

Data are reported as mean values 5 standard deviation (SD). Statistical

analysis was performed using Microsoft Excel, and statistical significance

was determined using 1-tailed paired t-tests. Hierarchical average clus-

tering was performed using the ClustVis web tool (44). Different signifi-

cance levels are indicated with asterisks in each figure caption. A p value

of less than 0.05 was considered significant.
differences in gene expression. In contrast, nonconfluent cells grown on the

soft substrate show upregulation of genes related to EMT, epithelial pheno-

type, cell adhesion, and solute transporters. The vast differences between

confluence conditions suggest that intercellular contact may be a factor in

determining cell phenotype. For (C)–(D), n ¼ 6.
RESULTS AND DISCUSSION

Influence of substrate stiffness on cell
morphology

To investigate the effect of the substrate modulus on
confluent epithelia, we cultured MDCK cells on a soft sub-
strate (S527, 3.2 kPa) and compared the corresponding
morphology with cells grown on a TCP (112.8 MPa). TCP
was chosen for its importance in bioengineering settings
such as standard cell culture, synthetic tissue scaffolds
(45–47), and reconstructive and implant surgery (47,48).
Understanding how cells interact with plastic-based mate-
rials is an important biological question in many technolog-
ical applications. Cells were first seeded at a density of 5000
cells/cm2, typically forming a fully confluent monolayer
within five days. We then characterized cell morphology
by acquiring phase contrast images 24 h after samples
reached full confluence to allow full establishment of intra-
cellular adhesion (49,50). Despite nearly five orders of
magnitude difference in the substrate stiffness, both
confluent samples exhibit virtually indistinguishable
morphology (Fig. 1 B). To validate this finding, we system-
338 Biophysical Journal 121, 336–346, January 18, 2022
atically varied the substrate stiffness by mixing different ra-
tios of S527 and S184 to obtain three intermediate
stiffnesses 3.2 kPa, 450.7 kPa, and 1123.2 kPa, with TCP
as the control. We characterized the cell morphology by
measuring the cell aspect ratio, perimeter, circularity, and
area (Fig. S2), in which we found no significant differences
in any of these morphological features between all tested
stiffnesses (Fig. S3). In addition, confluent monolayers
were found to establish similar levels of junctional E-cad-
herin enrichment despite differences in substrates stiffness,
further supporting this result (Fig. S4). Specifically, we
found that cells became morphologically indistinguishable
upon 17 h postconfluence, in which the cell density reaches
�570k cells/cm2 (Fig. S5). This observed unchanged
phenotype is in contrast to the substantial morphological
change found in previous studies that used nonconfluent
cells (15,51,52). In particular, single-cell experiments have
highlighted phenotypic differences associated with the
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substrate mechanical properties (15,53). Stiffer substrates
tend to cause single cells to exhibit increased spreading
and elongation, whereas cells grown on softer substrates
are more cuboidal (54,55). Our experiments suggest that
these differences are negligible in a highly packed
monolayer.
Influence of substrate stiffness on gene
expression

To further study how a confluent MDCK monolayer re-
sponds to a substrate stiffness change, we quantified the
expression level (mRNA) using a custom 50-gene panel to
characterize the essential properties of MDCK cells
(Table S1). This gene panel was designed to report the
epithelial characteristics, epithelial-to-mesenchymal transi-
tion (EMT), intercellular adhesion, and expression of trans-
porters. We compared mRNA expression between cells
grown on TCP and S527. We found that altering the sub-
strate stiffness had a minor effect on gene expression (Fig
1 C), in which �94% of tested genes did not show signifi-
cant change. In contrast, nonconfluent cells (Fig. S6) grown
on S527 showed a noticeable change of gene expression,
where �40% of tested genes were upregulated (Fig. 1 D).
These genes are related to cell adhesion (TJP1, LAMB1,
LAMC1, CDH6, and CTNNB1), mesenchymal phenotype
(SMAD7, TGFBR1, FN1, and SKIL), and expression of so-
lute transporters (ABCC4, ABCA5, and SLC1A1) (Table
S2). Many tissue engineering approaches have hypothesized
that matching the substrate moduli to in vivo values should
substantially improve cell phenotype and function (56–58).
FIGURE 2 (A–D) Fluorescence images of Caþ/- treated samples grown on T

change only for MDCK cells grown on the softer substrate and subject to interfer

perimeter (F), circularity (G), and cell area (H) were calculated by outlining and m

the four conditions. This morphology quantification shows that Ca-/S527 cells ha

in aspect ratio and perimeter. For (E)–(H), n ¼ 100. *p % 0.05, **p % 0.01, *
However, our data suggests that such a hypothesis might be
oversimplified. For example, the tested confluent mono-
layers have a minimal response to substrate adjustments.
Also, for nonconfluent layers, some mesenchymal-related
markers can be upregulated by stiffness close to the physio-
logical value (�6kPa) (59), which suggests higher plasticity
for proliferating MDCK cells. Collectively, our gene expres-
sion analysis suggests that intercellular adhesions may mask
MDCK’s response to the substrate stiffness, consistent with
our morphology experiment.
Influence of intercellular adhesion on MDCK
behavior

To identify the effect that intercellular adhesions have on
MDCK monolayers, we treated cultures with calcium-free
media, which has been widely used to reduce the cell-cell
adhesions by lowering the rigidification and functional
properties of junctional proteins (28,35–38,60–64). To
ensure the full effect of calcium deficiency, cells were
treated with calcium-free (Ca�, experimental) or calcium-
normal (Caþ, control) media for three days upon conflu-
ence. The cells were then fixed and characterized using
fluorescent microscopy. As shown in Fig. 2 A–D, we found
that treating the cells grown on TCP with Ca- media does
not lead to a significant morphological change, suggesting
that the junction perturbation alone has minimal effect on
the ‘‘cobblestone’’ phenotype normally found in confluent
monolayers. However, Ca- treated cells exhibit a drastically
distinct morphology when cultured on S527 (Fig. 2 D). This
morphological change was quantified by measuring the cell
CP and S527, stained for nuclei and actin, reveal significant morphological

ence of intercellular adhesions. Scale bar represents 30 mm. Aspect ratio (E),

easuring individual cells from the obtained fluorescence images for each of

d significant elongation, confirmed by a decrease in circularity and increases

**p % 0.001.
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aspect ratio (Fig. 2 E), perimeter (Fig. 2 F), circularity
(Fig. 2 G), and area (Fig. 2 H). Our data indicate that Ca-
treatment of cells grown on S527 increases their aspect ratio
and perimeter while decreasing their circularity, which is
consistent with the cell elongation observed in Fig. 2 D.
The increase in cell area due to the Ca- treatment was found
to correlate with a decrease in cell density (Fig. S7).
FIGURE 3 E-cadherin antibody, which specifically blocks cellular junctions

change, were used to perturb cell-cell adhesions while maintaining extracellular

for cells treated with control media (A and B), calcium-free media (C and D

Morphology quantification (I) reveals that morphological changes induced by b

statistics for cells grown on TCP were not included as they were all found to b

****p < 0.0001.
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Calcium is an important mediator for virtually all cellular
processes and has been shown to play significant roles in
adhesion, motility, transcription, biochemical signaling,
and apoptosis (65,66). Calcium depletion could have a
variety of secondary effects that could impact mechano-
signaling pathways, such as diminishing focal adhesion-
mediated cell-substrate adhesions (67). However, we found
, and DTT, which inactivates extracellular adhesions through disulfide ex-

calcium to validate our Ca- results. Phase contrast images show morphology

), antibody (E and F), and DTT (G and H). Scale bar represents 60mm.

oth antibody and DTT are consistent with our Ca- results. Cross-category

e nonsignificant. For (G), n ¼ 50. *p < 0.05, **p < 0.01, ***p < 0.001,
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Ca- to not significantly affect focal adhesion formation
(paxillin staining) (Fig. S8) as it diminishes cell-cell inter-
actions (E-cadherin staining) (Fig. S4). In addition, we
performed experiments applying E-cadherin antibody, con-
centration of 5 mg/mL, to selectively block E-cadherin
(Fig. 3 E and F) and 1 mM dithiothreitol (DTT) (Fig. 3 G
and H) to degrade extracellular proteins via disulfide ex-
change (29,68,69). These additional methods have been
used in previous works to repress cell-cell adhesions while
retaining calcium levels (29,68,70). All three experiments
exhibited similar increases in aspect ratio in cells on S527
(Fig. 3 I), validating the result of our Ca-experiment.

Overall, our results suggest that altering the intercellular
adhesion greatly impacts the cell morphology response to
substrate stiffness. The important role of intercellular adhe-
sion in regulating cell-substrate interactions is also illus-
trated in our confluence experiment, in which aspect ratio
differences between substrate conditions persisted until the
17-h time point (Fig. S5). This finding suggests that higher
cell packing, and thus a further establishment of intercel-
lular junctions, is required to mask the influence of substrate
stiffness on morphology. Our finding is consistent with a
recent study where the phenotype of smooth muscle cells
was found to depend on both the matrix stiffness and cell
density (71).
A

B C
To further investigate how Ca- treatment affects the
MDCK response to the substrate stiffness, we quantified
gene expression using the previously described panel.
Although expression of most of the genes remained the
same in this measurement, we found that SERPINE1 and
TIMP3 were downregulated (Fig. 4 A). The specific fold
changes of these gene expressions can be more clearly
observed in the bar charts, in which Ca- treatment was found
to greatly exacerbate the differential expression for both
genes (Fig. 4 B and C). We also found that SERPINE1
expression was downregulated by the softer substrate stiff-
ness, regardless of intercellular adhesion condition (Figs.
1 C, D, 4 A, and B). Studies have demonstrated that a poten-
tial upregulation pathway of SERPINE1, a serin proteinase
inhibitor (72,73), is through YAP signaling, which has been
shown to be activated by stiff substrates (74–78). Therefore,
we obtained immunofluorescence images of confluent
Caþ/- samples stained for YAP (Fig. S9). Here, we found
cells grown on S527 to exhibit decreased YAP nuclear trans-
location activity compared to those grown on TCP, quanti-
fied by the nucleus/cytoplasm intensity ratio (Fig. S9 E).
This is consistent with the observed SERPINE1 downregu-
lation by soft substrates (Fig. 4 B). Additionally, YAP activ-
ity was increased by application of Ca- media due to the loss
of intercellular adhesions, which again supports the
FIGURE 4 (A) Volcano plot of log2 ratio versus p

value compares genes expressed by cells grown on

TCP and S527 under the Ca- treatment condition.

Although �96% of tested genes show similar

expression, SERPINE1 and TIMP3 were found to

be significantly downregulated by the softer sub-

strate. These genes are both related to wound healing

and cell-extracellular matrix adhesion. Bar charts for

SERPINE1 (B) and TIMP3 (C), using data from

Figs. 1 C and 3 A, provide a visual comparison of

relative expression across conditions. These illus-

trate that Ca- treatment exacerbates the difference

in gene expression derived from the substrate stiff-

ness effect. For (A), n ¼ 6. *p % 0.05, **p % 0.01.
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upregulation of SERPINE1 in cells by calcium deficiency
(Fig. 4 B). Overall, our findings suggest that SERPINE1 is
biomechanically regulated through YAP signaling. Unlike
SERPINE1, TIMP3, a matrix metalloproteinase inhibitor
(79,80), has not been well examined in a mechanobiological
context. In our experiments, expression of TIMP3 was not
found to strongly depend on the substrate stiffness under
the normal calcium condition (Fig. 4 C, Table S2). However,
upon application of Ca- media, substrate stiffness dictates a
change in TIMP3 expression (Fig. 4 C). This suggests that
how substrate stiffness affects TIMP3 expression may be
calcium dependent.

To validate these findings, we performed gene expression
analysis of our antibody and DTT experiments (Fig. S10).
Similar to our Ca- results, both treatments show significant
downregulation of SERPINE1 due to substrate stiffness. In
addition, the similarity between gene expressions for the
Ca- and antibody experiments likely indicates that Ca- treat-
ment is relatively specific for inhibiting E-cadherin. Our
findings collectively suggest that SERPINE1 expression in
epithelial cells is primarily governed by the substrate stiff-
ness, as the softer substrate was shown to downregulate its
expression irrespective of cell-cell adhesion in all tested
conditions.

To visualize how the substrate stiffness and intercellular
interaction jointly influence gene expression, we combined
the data from Figs. 1 C and 3 A to perform an unsupervised
hierarchical clustering analysis (Fig. 5). The Caþ and Ca-
FIGURE 5 Average unsupervised hierarchical clustering analysis was perform

trends in gene expression due to substrate stiffness and cell-cell adhesion. Ca- t

suggesting that interference of intercellular adhesions may not always induce E

342 Biophysical Journal 121, 336–346, January 18, 2022
data used in this analysis were acquired in the same exper-
iment run to ensure the condition consistency. The clear
distinction between Caþ and Ca-clusters indicates that the
influence of substrate stiffness on MDCK cell gene expres-
sion is less significant compared to that of intercellular ad-
hesions (Fig. 5). We also found Ca- treatment to increase
CDH1 transcription (Fig. 5), despite reduction of E-cadherin
protein local enrichment at cellular junctions in the absence
of extracellular calcium (Fig. S4 C andD). This activity may
be indicative of an innate homeostatic mechanism to recover
epithelial phenotype under mild perturbation.
Cell motility response to the substrate stiffness
and intercellular adhesion effect

Lastly, we investigated how cell motility is influenced by the
cell-substrate and cell-cell interactions. Understanding how
the surrounding microenvironment governs the motility
phenotype is important as such a relationship has been
shown to dictate many biological processes in tissue devel-
opment, injury repair, and disease progression (81–83). To
characterize the cell dynamics, we acquired time-lapse
videos of MDCK monolayers for 48 h post Caþ/- treatment
and performed PIV to track the movements of individual
cells. This method has previously been applied to epithelial
monolayers to characterize the coarse-grained and instanta-
neous velocity field in cells within the contexts of collective
migration (84), wound healing (85,86), and jamming
ed using the same data sets used for Figs. 1 C and 4 A to visualize overall

reatment was found to downregulate FN1 and VIM and upregulate CDH1,

MT. Extreme outliers were removed.
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transition (87,88). Only the last 12 h of the viewing period
were used to maximize the difference in mean cell veloc-
ities, as each condition showed differential velocities over
time (Fig. S11). As shown in Fig. 6 A, we found that either
lowering the substrate stiffness or reducing the cell-cell
adhesion approximately doubled the cell mean velocity.
We also found that lowering the substrate stiffness under
the Ca-condition did not further increase the cell migration
speed significantly. Here, each data point in Fig. 6 A repre-
sents a mean speed averaged over a 672 mm � 672 mm field
of view, corresponding to �2500 cells. We also found that
the mobility increase is correlated with the reduced cell den-
sity (Fig. S7), consistent with previous findings in jamming
transition experiments (87,89,90).

To visualize the cell motility distribution, we plotted the
velocity heatmaps for all tested conditions and showed
representative images in Fig. 6 B–E. By comparing these
heatmaps, we readily observed the change in the mean ve-
locity illustrated in Fig. 5 A. In addition, we observed sub-
stantial dynamic heterogeneities in the samples that
exhibited an increasing motility (Fig. 6 C–E). For example,
although some cells showed increased migration speeds
(yellow and red regions), many cells remained relatively
quiescent (blue regions). The magnitude of such a heteroge-
neity can be characterized by the SD of the mean velocity
values, as indicated by the error bars shown in Fig. 5A.
FIGURE 6 (A) Cell mean velocity was measured by PIV analysis performed

Regions of interest, with a field of view of 672 mm � 672 mm, were registered

softening of the substrate modulus and disruption of cell-cell contacts were show

maps for each condition illustrate this trend. Additionally, samples with lower m

Scale bar represents 100 mm. For (A), n ¼ 32. *p % 0.05, **p % 0.01, ***p %
With this characterization, we found that the dynamic het-
erogeneity is most significant for the Ca-/TCP condition
(dark purple).

Our finding of the soft substrate-induced cell motility is in
contrast to previous single-cell results, where the cell speed
increases with increasing substrate stiffness (91,92). In these
previous experiments, the separated cells grown on a rigid
substrate form rigidity-sensing stress fibers and exert stron-
ger traction forces on the substrate, leading to a higher
motility. However, these rigidity-induced cell motions are
usually nondirectional in the absence of external factors
(93–95) and could potentially have a small effect on the
overall cell motility in a confluent culture.

Specifically, each cell in a confluent monolayer is blocked
by its neighbors, requiring coordinated motion for cell
migration. Although the underlying mechanism of our soft-
ness-induced motility remains unknown, it might be related
to downregulated SERPINE1 expression found in Fig. 4.
Further experiments such as SERPINE1 knockout tests
will have to be performed to validate this hypothesis.
CONCLUSION

In this work, we comprehensively characterized the cell
phenotype and gene expression of MDCK monolayers
with systematic adjustments of the substrate stiffness and
on time-lapse images of cell monolayers treated with Ca þ or Ca- media.

and imaged for 48 h post-Caþ/- treatment at an interval of �4 min. Both

n to increase cell motility to different degrees. (B–E) Representative heat-

ean migration showed greater homogeneity in local velocity magnitudes.

0.001.
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FIGURE 7 The present study identifies how substrate stiffness and cell-

cell adhesion affect epithelial morphology, gene expression, and motility.

Specifically, for morphology, we found that both factors are able to mask

the influence of each other, requiring reduction of both substrate moduli

and intercellular interactions for significant morphological change

(AND). For motility, however, modulation of both factors was able to

induce increases in cell mean velocity (OR). Lastly, SERPINE1 specifically

was found to be consistently downregulated on soft substrates, suggesting

that the intercellular adhesions are not as influential on SERPINE1 expres-

sion as the substrate.

Choi et al.
intercellular adhesion. We summarized how cell-substrate
and cell-cell interactions jointly regulate cell behavior us-
ing a logic diagram (Fig. 7). First, we showed that
confluent MDCK monolayers have a distinct morpholog-
ical and transcriptional response to substrate stiffness
compared to single cells. Specifically, in these established
monolayers, intercellular interactions were shown to domi-
nate over the diminished effect of substrate stiffness on the
morphology of MDCK cells (AND gate in Fig. 7). This
finding supports a central hypothesis of the vertex model,
in which the cell shape is primarily determined by the
cell-cell interaction. This numerical framework has been
widely used to describe the morphology, migration, and
mechanical phenotypes of epithelial cells within mono-
layers (89,96,97). We also found that either the substrate
rigidity or intercellular adhesion can alter the cell motility
(OR gate in Fig. 7). Furthermore, the presence of cell-cell
contacts led to an unexpected increase in cell motility due
to a substrate modulus reduction. Lastly, SERPINE1
expression was found to be primarily governed by substrate
adjustments (upper box in Fig. 7). Our results collectively
suggest that the substrate and intercellular interactions have
intertwined impacts on the cells, and results identified us-
ing single-cell experiments should be individually vali-
dated before applying to confluent cultures.
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