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ABSTRACT Vinculin is a protein found in both focal adhesions (FAs) and adherens junctions
(AJs) which regulates actin connectivity to these structures. Many studies have demonstrated
that mechanical perturbations of cells result in enhanced recruitment of vinculin to FAs and/
or AJs. Likewise, many other studies have shown “cross-talk” between FAs and AJs. Vinculin
itself has been suggested to be a probable regulator of this adhesion cross-talk. In this study
we used MDCK as a model system of epithelia, developing cell lines in which vinculin recruit-
ment was reduced or enhanced at AJs. Careful analysis of these cells revealed that perturbing
vinculin recruitment to AJs resulted in a reduction of detectable FAs. Interestingly the cross-
talk between these two structures was not due to a limited pool of vinculin, as increasing
expression of vinculin did not rescue FA formation. Instead, we demonstrate that vinculin
translocation between AJs and FAs is necessary for actin cytoskeleton rearrangements that
occur during cell migration, which is necessary for large, well-formed FAs. Last, we show us-
ing a wound assay that collective cell migration is similarly hindered when vinculin recruit-
ment is reduced or enhanced at AJs, highlighting that vinculin translocation between each
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compartment is necessary for efficient collective migration.

INTRODUCTION

Adherens junctions (AJs) and focal adhesions (FAs) are macromo-
lecular protein assemblies localized in the cell membrane at cell—cell
and cell-matrix interfaces, respectively. By forming the mechanical
link between the actomyosin network within the cell and the exter-
nal environment, AJs and FAs withstand the forces generated by the
actomyosin network within the cell and forces generated externally
by the surrounding environment (Humphries et al., 2007; Vasquez
and Martin, 2016). To dynamically sense and respond to this bidirec-
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tional force transmission, AJs and FAs recruit mechanosensitive
adaptor proteins that mechanically couple transmembrane adhe-
sion proteins to the intracellular actomyosin network. The recruit-
ment and activity of these adaptor proteins, including cytoskeletal
association, have been shown to be regulated by mechanical and
biochemical signals (Campbell and Humphries, 2011; Geiger and
Yamada, 2011; Mui et al., 2016; Vasquez and Martin, 2016; De Pas-
calis and Etienne-Manneville, 2017). These adaptor proteins regu-
late AJ and FA dynamics, including adhesion strength and turnover.
Together, the wide milieu of proteins that act at AJs and FAs sensi-
tize these structures to mechanical signals. This mechanosensitivity
allows cells to integrate and respond to cues received during dy-
namic physiological phenomena such as collective cell migration
(De Pascalis and Etienne-Manneville, 2017).

While the fundamental assemblies comprising AJs and FAs are
strikingly distinct in their biomolecular makeup and subcellular local-
ization, studies of mechanical signaling within cells have shown that
information can be communicated between cell-cell and cell-matrix
interfaces via changes in the tensile actin network, frequently referred
to as “cross-talk” (Weber et al., 2012; Mui et al., 2016). An increase
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in substrate stiffness sensed by FAs, for example, enhances the force-
dependent activation and recruitment of adaptor proteins at AJs
(Seddiki et al., 2018). More recently, it has been shown that biochem-
ical signals can be transmitted between AJs and FAs via shared
adaptor proteins (Mui et al., 2016). Namely, the mechanosensitive
adaptor protein vinculin has been shown to regulate adhesion dy-
namics at both the cell-cell and the cell-matrix interface (Bays and
DeMali, 2017). At Als, the cytosolic domain of the transmembrane
protein cadherin interacts with o-catenin and B-catenin to form the
cadherin—catenin complex. This complex forms the minimum me-
chanical link between neighboring cells and the internal actin cyto-
skeleton via cadherin’s transinteraction with cadherins on the surface
of neighboring cells and a-catenin’s interaction with F-actin. Follow-
ing an increase in intercellular tension, o-catenin undergoes a con-
formational change that exposes a cryptic binding site for vinculin,
allowing vinculin to be recruited to AJs (Yonemura et al., 2010; Sum-
ida et al., 2011). It is worth noting that vinculin also interacts with -
catenin at AJs, though this interaction appears to be force indepen-
dent (Peng et al, 2012). Together, a-catenin and vinculin
cooperatively recruit F-actin to the cadherin—catenin complex. Nu-
merous studies have shown that perturbing the force-dependent
recruitment of vinculin to the cadherin—catenin complex reduces the
sensitivity of AJs to changes in intercellular tension, alters cell—cell
adhesion dynamics, and regulates barrier function. (Yonemura et al.,
2010; Matsuzawa et al., 2018; Noethel et al., 2018; Seddiki et al.,
2018; Koirala et al., 2021; Monster et al., 2021). Vinculin plays a simi-
lar role at FAs following its recruitment by talin, a protein which com-
plexes with the transmembrane receptor integrin and other adaptor
proteins like paxillin (Humphries et al., 2007; Del Rio et al., 2009;
Campbell and Humphries, 2011). Once recruited, vinculin links the
FA complex to the actin cytoskeleton and regulates the activity of
other FA proteins. Though vinculin is not required for FA formation,
perturbing recruitment of vinculin to FAs has been shown to inhibit
the generation of traction force needed to enable cell migration and
alters cell-matrix adhesion dynamics (Huttenlocher and Horwitz,
2011; Carisey et al., 2013; Mertz et al., 2013; Bays and DeMali, 2017).
Since vinculin has been identified as an important regulator of
both AJ and FA dynamics, it represents a probable regulator of
cross-talk between these adhesions. Notably, vinculin has been
shown to translocate from FAs to AJs following assembly of AJs and
in response to cyclic stretch, with this effect correlating with a signifi-
cant reduction in FA coverage (Noethel et al., 2018). Blocking this
translocation to AJs with a mutant of a-catenin lacking the vinculin
binding domain inhibited the alignment of actin fibers in response
to stretch, an important indicator of cellular sensitivity to strain.
These observations suggest that the translocation of vinculin from
FAs to AJs transfers mechanosensitivity to AJs, and that this is im-
portant for sensitizing the collective epithelium to mechanical stimu-
lus (Noethel et al., 2018). Additionally, it was shown that enhancing
vinculin recruitment to AJs inhibits collective cell migration in epi-
thelial monolayers by inhibiting anisotropic force transmission nec-
essary for efficient communication of mechanical cues between mi-
grating cells (Matsuzawa et al., 2018). However, the role of vinculin
translocation to AJs on regulation of FAs is still largely unclear.
Given the role of vinculin in mechanosensitivity at both types of
cell adhesions, it stands to reason that force-dependent transloca-
tion of vinculin to AJs may create changes in intercellular tension
that induce remodeling of FAs. As previously mentioned, an in-
crease in substrate stiffness at the cell-matrix interface strengthens
intercellular junctions, suggesting that mechanical homeostasis
must be achieved at both interfaces via cooperative remodeling
(Seddiki et al., 2018). However, an antagonistic relationship has also
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been observed, where increased mechanical stimulation at one in-
terface weakens adhesion strength in the other (Mui et al., 2016).
Since both models appear to be true under different experimental
conditions, cellular integration of complex biomechanical signals
likely involves both cooperative and antagonistic remodeling. Un-
derstanding the role of vinculin translocation in response to external
mechanical stimulus may help to further elucidate how cell-cell and
cell-ECM adhesions coordinate remodeling at distinct cellular inter-
faces. To study this hypothesis, we developed Madin-Darby canine
kidney (MDCK) cells with either enhanced or reduced o—catenin-
dependent vinculin recruitment to AJs. We observed impaired FA
formation in response to enhanced or reduced vinculin recruitment
to AJs. The disrupted FA morphology was, however, not rescued by
vinculin overexpression, indicating that the AJ to FA cross-talk is not
likely regulated by a limited cytosolic “pool” of vinculin. However,
FA morphology in cells with enhanced vinculin recruitment to AJs
was rescued with calcium depletion, indicating that AJs directly
regulate FA dynamics. Additionally, we observed that both en-
hancement and reduction of vinculin recruitment to AJs equally in-
hibited collective cell migration, indicating that vinculin transloca-
tion between AJs and FAs is necessary for collective migration. We
propose that a—catenin-dependent vinculin recruitment to AJs is
involved in coordinating the formation and disassembly of FAs dur-
ing collective cell migration via control of subcellular force transmis-
sion between the cell-cell and the cell-matrix interface.

RESULTS

Rescue of a-catenin knockout cells with o-catenin mutations
to perturb vinculin recruitment to AJs

To perturb vinculin translocation between AJs and FAs, mutants of
o-catenin with modifications to the vinculin binding site were devel-
oped in MDCK Il cells based on previously published work. o-Catenin
KO cells were rescued with either o-catenin-WT, o-catenin L344P
(Peng et al., 2012), which was shown to inhibit recruitment of vinculin
to Als, or the o-catenin conformationally active (CA) mutant, which
was shown to enhance recruitment of vinculin to AJs (Matsuzawa
et al., 2018). All a-catenin mutants included an N-terminal mCherry
fluorescent tag. Schematics of o-catenin mutants are shown in Figure
1A. Western blotting was performed to confirm the knockout and
rescue of a-catenin in all cell-lines (Figure 1B). To evaluate o—catenin-
dependent changes in vinculin recruitment to AJs, mutant cell lines
were stained for a-catenin and vinculin (Figure 1C). As expected,
vinculin was not observed at cell-cell contacts in o-catenin KO cells.
WT, L344P, and CA mutants rescued vinculin recruitment to AJs.
Quantification of vinculin recruitment to AJs relative to average cyto-
plasmic signal showed that vinculin recruitment to AJs was enhanced
in CA cells and reduced in L344P cells relative to WT (Figure 1D).

Perturbing vinculin recruitment to AJs alters FA abundance
and distribution in migrating cells

To evaluate the role of vinculin recruitment to AJs in regulating FAs,
subconfluent colonies of cells were stained for a-catenin, vinculin,
and the FA markers paxillin (Figure 2A) and talin (Supplemental
Figure S1). Images were collected at the migrating edge of the
monolayer. Instead of focusing on the apical region of the cell popu-
lated by AJs as was done in Figure 1, images were taken at the basal
region of the cell to better visualize FAs. Two distinct populations of
vinculin were observed at this plane, one colocalized with o-catenin
at basally positioned AJs and the other population saturating the
cell-matrix interface in scattered foci, a distribution characteristic of
FAs. In o-catenin WT cells, vinculin distribution was strongly biased
toward FAs, with little to no vinculin observed at cell-cell contacts.

Molecular Biology of the Cell
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Development of a-catenin mutants perturbing vinculin recruitment to AJs. (A) Schematic showing the
positions of a-catenin mutations in rescue cell lines. (B) Western blot of a-catenin rescue cell lines blotted for a-catenin.
(C) Confluent cell monolayers expressing o-catenin mutants were stained for vinculin. Scale bar represents 10 pm
(D) Quantification of vinculin recruitment to cell-cell contacts. Vinculin intensity was measured at cell-cell contacts and
at three randomly selected points within the cytoplasm. Ratios of junctional and average cytoplasmic vinculin intensity
were plotted; n = 6 images from two independent experiments. One-way ANOVA with Tukey comparison test was

performed to determine significance.

FAs were abundant and distributed across the cell-matrix interface.
This phenotype was observed in both cells at the leading edge
(leader cells) of the monolayer and cells without free edges (follower
cells). By contrast, vinculin recruitment to AJs persisted in all ob-
served o-catenin CA cells. Strikingly, while FAs were detected in CA
leader cells, follower cells exhibited a reduction in FA abundance.
When compared with WT, L344P cells exhibited similar amounts of
FAs in both leader and follower cells, though there was an apparent
increase in abundance of small FAs.

To quantify these phenotypes, a previously developed automated
approach for labeling FAs (Horzum et al., 2014) was employed. Quan-
tification of FAs revealed that both CA and L344P cells exhibited an
overall reduction in FA number per cell, with the difference being
most dramatic in CA cells (Figure 2C). It is likely that the discrepancy
between the observed phenotype and the quantified reduction in FA
number seen in L344P cells is accounted for by the higher proportion
of small FAs that are not detected by this automated analysis (see
Methods and Supplemental Figure S2). Substantiating a functional
consequence for this drop in FAs, CA cells had significantly smaller
areas at the edges of the cell monolayer when compared with WT
(Figure 2B). On average, L344P cell areas were of an intermediate
value between o-catenin WT and CA cells, though this result was not
statistically significant. Importantly, in confluent conditions, there
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were no differences in average cell area across the three cell types
(Figure 2B). The number of detectable FAs per a given area, or FA
density, was also quantified, with CA and L344P cells exhibiting
smaller densities on average (Figure 2D). Combined, the FA defects
observed in CA and L344P cells suggests that perturbing vinculin to
AlJs results in impairment of the assembly of large FAs during migra-
tion, likely accounting for the failure of a-catenin CA cells to effec-
tively spread out. In all three cell lines, vinculin remains present in
paxillin-labeled (Figure 2A) and talin-labeled FAs (Supplemental
Figure S1), indicating that FAs in all three cell lines contain vinculin.

To determine whether o-catenin CA cells (which exhibited the
most significant impairment of FAs) have altered traction forces, we
examined the traction forces exerted by small colonies of MDCK
expressing CA or WT o-catenin (Figure 2E). Traction force micros-
copy revealed no significant differences between WT or CA (Figure
2F). Thus, while the CA mutant induces a significant impairment FA
formation as evidenced by immunostaining, overall traction forces
were not reduced.

FA disruption is rescued in response to AJ disruption but
not overexpression of vinculin

The distinct decrease in FA abundance observed in CA cells, par-
ticularly that of follower cells (Figure 2A), suggested a hypothesis

Vinculin regulates adhesion cross-talk | 3
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blot of vinculin in a-catenin mutants showing overexpression of vinculin-venus (B) Vinculin localization in vinculin-
overexpressing cells was analyzed with immunofluorescent staining. White arrows point to vinculin foci at FAs
(C) Vinculin localization in calcium-depleted cells was analyzed with immunofluorescent staining. White boxes label
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that vinculin recruitment to AJs is antagonistic to the formation of
FAs. We sought to examine two possible mechanisms as to why
enhancing vinculin recruitment to AJs resulted in altered FAs: 1) a
limited “pool” of vinculin results in insufficient vinculin molecules to
be effectively incorporated at both AJs and FAs or 2) formation of
vinculin-positive AJs directly alters FA dynamics. To test the first
mechanism, we sought to dramatically increase the level of vinculin
protein expression to determine if additional molecules of vinculin
would rescue FA formation in CA cells. Importantly, expressing vin-
culin-venus in MDCK did not affect endogenous vinculin expression
(Figure 3A); thus in total these cells had a much higher expression
level of vinculin. CA cells overexpressing vinculin also had impaired
FA formation that was similar to CA cells without vinculin overex-
pression (Figure 3B).

To test the second potential mechanism of direct antagonism
of FAs by AJs, we examined if AJ disruption by calcium depletion
would restore FA formation. Calcium depletion resulted in disrup-
tion of AJs, as indicated by the lack of a-catenin staining at cell-
cell interfaces (Figure 3C). In WT calcium-depleted cells, FAs in
cells at the edge of the monolayer reorganized to populate the
periphery of the cell, with little to no FAs observed further within
the boundaries of the cell (Figure 3C). Importantly, FA distribution
in calcium-depleted CA cells mirrored that seen in calcium-de-
pleted WT cells. This result shows that in the absence of a-catenin
at intercellular contacts, CA cells are able to form FAs in a way that
recapitulates what is seen in WT cells, a result that supports the
hypothesis that recruitment of vinculin to AJs specifically is directly
antagonistic to FAs.

Enhancing vinculin recruitment to AJs alters FA morphology and density of migrating cells. (A) Periphery of
cell monolayers expressing o-catenin mutants were stained for vinculin and the FA markers paxillin and talin. Dotted
white boxes indicate zoomed-in region. (B) Quantification of average cell area; n = 8 images from two independent
experiments for confluent condition; n > 33 images from six independent experiments for periphery condition.

(C) Quantification of average FA number per cell at periphery of monolayer; n > 39 images from six independent
experiments (D) Quantification of FA density. n > 28 images from six independent experiments. One-way ANOVA with
Tukey comparisons was performed for all statistical analyses. (E) Phase image of cell islands with traction stress vectors
(red vectors) superimposed and heat map representation of the traction stress of the cell island. (F) Box plot comparison
of the traction magnitude distribution for parental control and o-catenin-CA cell islands. Statistical properties are as
follows: mean (open square), box (25/75% quartile), whisker (5/95% quartile), diagonal cross (maximum/minimum). No
statistical difference (p > 0.05) was observed for traction magnitudes between WT and CA conditions.
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L344P and CA o-catenin similarly impair collective cell
migration
Next, we wanted to probe the functional consequence of perturbed
FA remodeling that arises as a result of impaired vinculin transloca-
tion. As previously mentioned, force-dependent recruitment of vin-
culin to AJs has been shown to mediate intercellular force transmis-
sion during collective cell migration (Matsuzawa et al., 2018).
However, the role of vinculin translocation to AJs in regulating FAs
and their associated contractile machinery at the cell-matrix inter-
face is not well understood. For this reason, we performed a collec-
tive cell migration assay and compared the phenotype of vinculin-
labeled FAs and their associated actin cytoskeleton in cells at the
leading edge of migrating monolayers.

Cell monolayers were allowed to migrate into a cell-free space
over the course of 6 h (Figure 4A). Collective migration rate quanti-
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fication showed significant impairments to CA and L344P collective
migration speed when compared with WT (Figure 4B). This result
highlights that either enhancement or inhibition of vinculin recruit-
ment to AJs has a similar reduction in the rate of migration. To visu-
alize FAs and their associated actin fibers during directional collec-
tive migration, cell monolayers were allowed to migrate for é h prior
to fixation and staining. Both CA and L344P cells had impaired FA
formation (Figure 4C) consistent with results seen in Figure 2, D-E.
Actin stress fibers in migrating WT cells were abundant and en-
gaged with both intercellular junctions and cell-matrix adhesions. In
contrast, actin in migrating CA and L344P cells remained primarily
concentrated at the cell cortex (Figure 4C). Time-lapse imaging was
performed for migrating WT, CA, and L344P cells expressing vincu-
lin-venus to visualize FAs and the associated actin network. Slower
rates of FA formation and disassembly were observed for both CA

Molecular Biology of the Cell



and L344P cells during migration (Supplemental Movies S1-S3).
Membrane protrusion size and frequency appeared to be attenu-
ated in CA and L344P cells when compared with WT as well.

DISCUSSION

In this work we directly compared two existing o-catenin mutations,
L.344P (inhibition of vinculin recruitment) and CA (M319G/R326E,
enhancement of vinculin recruitment), to understand how changes
in vinculin recruitment to cell-cell adhesions modulate epithelial cell
behavior. Although the effects of these mutants have been exam-
ined in epithelial cells in a number of prior studies (Peng et al., 2012;
Yao et al., 2014; Matsuzawa et al., 2018; Seddiki et al., 2018;
Sakakibara et al., 2020; Yang et al., 2022), our work is the first to si-
multaneously compare CA and L344P o-catenin mutations, includ-
ing a careful examination of how these mutations affect FAs. The
major finding of this study is that enhancement or inhibition of o~
catenin-dependent vinculin recruitment to cell-cell adhesions an-
tagonizes the formation of cell-matrix adhesions, resulting in an
impaired rate of collective cell migration and defective reorganiza-
tion of the actin cytoskeleton during migration. Restoration of nor-
mal FA phenotype in CA cells as result of AJ disruption (Figure 3C)
indicates that this antagonism is labile. Thus, it appears the ability of
vinculin to move between cell-cell and cell-ECM adhesions is a criti-
cal component of collective cell migration.

In this context, the specific mechanism by which perturbed vincu-
lin translocation antagonizes FA formation remains unclear, though
our findings provide several important insights. Based on previous
studies highlighting the importance of vinculin translocation be-
tween the cell-cell and the cell-matrix interface for cellular sensitiv-
ity to external forces (Noethel et al., 2018), we propose that impair-
ment of FAs is a consequence of defective force transmission
between cell-cell and cell-matrix adhesions. In CA cells, enhanced
vinculin recruitment to AJs prevents traction force generated in
leader cells from being effectively transmitted to follower cells across
intercellular contacts (Matsuzawa et al., 2018). In L344P cells, inhibi-
tion of vinculin recruitment to AJs inhibits force-dependent recruit-
ment of actin to AJs and alters cadherin-associated contractility, il-
lustrating defective mechanical signaling at AJs (Seddiki et al., 2018;
Yang et al., 2022). Here we illustrate impaired FA formation (Figure
2, D and E) and actin reorganization (Figure 4C) in migrating cells
with perturbed vinculin translocation, suggesting that the mechani-
cal polarization generated by the transmission of traction forces
across intercellular contacts is necessary for proper FA assembly.

While CA and L344P cells share altered force transmission at cell—
cell contacts, their unique FA distributions (Figure 2A) suggest that
the mechanism causing failure of FA assembly is also unique. It stands
to reason that in CA cells, engagement of the actomyosin network at
cell—cell interfaces resulting from enhanced vinculin recruitment limits
the network’s association with the cell-matrix interface (Noethel et al.,
2018), preventing forces transmitted from neighboring cells from be-
ing effectively levied at this interface. Evidence against an alternative
hypothesis in which sequestration of vinculin at AJs leaves insufficient
vinculin molecules for FAs is provided by the result that vinculin over-
expression does not rescue impaired FA formation (Figure 3B). In
L344P cells, defective mechanical signaling at intercellular contacts
appears to have the functionally similar effect of attenuating force
transmission from cell-cell contacts to the cell-matrix interface as de-
termined by similarly defective FA formation in these cells.

Although CA cells exhibited the most dramatic defects in FA for-
mation and cell spreading (Figure 2, A-D), traction force measure-
ments suggest that these cells do not have reduced traction force
(Figure 2, E and F). Although this result may seem contradictory, as
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described previously, it is likely that proper intercellular and interad-
hesion transmission of these equivalent traction forces is required
for proper FA formation. Alternatively, it is possible that although
the FA number is reduced, these FAs transmit higher loads, thereby
resulting in equivalent traction forces. These data are also sup-
ported by the observation that loss of vinculin had minimal effects
on cell-ECM adhesion strength in fibroblasts (Gallant et al., 2005).
Last, we note there are significant differences in ECM stiffness be-
tween immunostaining in Figure 2A (cells grown on glass) and trac-
tion force microscopy in Figure 2B (cells grown on silicone). Vinculin
recruitment to both FAs and cell-cell adhesions has already been
shown to be dependent on substrate stiffness (Zhou et al., 2017;
Seddiki et al., 2018). It will be interesting to see if vinculin transloca-
tion between cell-cell and cell-matrix adhesions is important for cel-
lular sensing of substrate stiffness.

A surprising finding of this work is that o-catenin CA and L344P
each exhibited a similar reduction in migration speeds as compared
with cells expressing WT o-catenin (Figure 4, A and B). Reduced col-
lective migration velocity has already been reported for o-catenin CA
cells, which was attributed to impaired directional cooperativity as a
result of altered intercellular force transmission (Matsuzawa et al.,
2018). Although we are the first to report delayed collective migration
speeds in o-catenin L344P cells in a wound-healing context, we note
that another study previously observed decreased movement corre-
lation in constrained cell collectives, as well as decreased cell contact
lifetimes (Seddiki et al., 2018). It is tempting to speculate that our
observation of reduced FA formation in migrating CA and L344P cells
(Figures 2A, 3B, and 4C) simultaneously results from and contributes
to deficient mechanical polarization of these cells toward the axis of
migration. Finally, our findings are additional evidence to support the
hypothesis that epithelial cells can have either, but not both, mechan-
ically strong cell—cell junctions or mechanically strong cell-ECM adhe-
sions (Scott et al., 2020), for example, during EMT cells transition from
a state of higher cell—cell forces to a state of higher ECM forces
(Gomez et al., 2010; Narayanan et al., 2020; Scott et al., 2020). Taken
together, our data in this manuscript indicate that collective cell
migration during wound healing requires translocation of vinculin
between cell-cell and cell-matrix adhesions. The effect of this trans-
location is likely most important for mechanical and structural changes
to the actin cytoskeleton required for efficient migration.

Overall our data indicate that vinculin translocation between
cell-cell and cell-ECM adhesions is an essential process in the ho-
meostasis of the epithelium. Increased vinculin recruitment to cell-
cell adhesions may not only strengthen cell-cell adhesions (Huve-
neers and de Rooij, 2013) but also appears to destabilize cel-ECM
adhesions. It is tempting to speculate that vinculin translocation in
itself is sufficient to drive transitions between a cortical-dominated
actin stress fiber network to a stress-fiber dominated network
(Chalut and Paluch, 2016).

METHODS
Request a protocol through Bio-protocol.

Cell culture

MDCK Il cells were cultured in DMEM medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS) at
37°C with 5% CO,.

To generate a-catenin knockout cells, CRISPR/Cas? was used
(gRNA sequence: TCTGGCAGTTGAAAGACTGT in the Sigma into
All-in-One U6-gRNA/CMV-Cas9-tGFP Vector). This gRNA sequence
was previously shown to be effective in the knockout of canine a-
catenin (Ozawa, 2018). Cells were transiently transfected with this
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vector, followed by clonal expansion. Clones were screened for a-
catenin loss using Western blotting.

To develop mutant rescue o-catenin cell lines, we developed
mCherry N-terminally tagged versions of wild-type (available as Ad-
dgene plasmid 178646), L344P (available as Addgene plasmid
178647), and M319G/R326E (constitutively active or CA, available
as Addgene plasmid 178648) using the pmCherryC1 vector (Clone-
tech). Human sequences for pGEX4T1 wild-type and L344P o-
catenin were a kind gift of Kris DeMali (Peng et al., 2012) and were
subcloned from pGEXA4T1 plasmids into pmCherryC1. A human o-
catenin sequence containing the previously identified M319G/
R326E mutations (Matsuzawa et al., 2018) was synthetically cloned
by GeneArt Gene Synthesis (ThermoFisher) and subsequently sub-
cloned into pmCherryC1. These vectors were transiently transfected
into a-catenin KO MDCK cells, followed by G418 selection (500 pg/
ml for 7 d). Cells expressing high levels of mCherry fluorescence
were manually selected using cloning rings.

Additional mCherry o-catenin cell lines were generated overex-
pressing vinculin. Lentivirus was generated using a pRRL vinculin-
venus plasmid (gift of Brenton Hoffman), which contains chicken
vinculin with a C-terminal venus fluorescent tag. Wild-type, CA, and
L344P cells were infected, and positive cells were isolated using
fluorescent cell sorting. Western blotting for vinculin was used to
confirm overexpression (expression of both endogenous and fluo-
rescently tagged vinculin).

Western blotting

Cells were washed with phosphate-buffered saline (PBS) and lysed
using RIPA buffer supplemented with protease and phosphatase in-
hibitors. Standard SDS-PAGE and Western blotting techniques
were performed using PDVF membranes. Resulting membranes
were then incubated in 5% bovine serum albumin (BSA) PBS for 1 h
at room temperature before being incubated overnight in primary
antibody solution in 5% BSA PBS. The following day, samples were
rinsed in 0.2% Tween PBS and incubated for 45 min with HRP sec-
ondary antibody in 0.2% Tween-100x PBS. Samples were rinsed
with PBS and imaged using chemiluminescence using a Bio-Rad
ChemiDoc system. Primary antibodies used for Western blotting
were anti-rabbit o-catenin (Sigma, catalogue# C2081), vinculin
(clone hVIN-1, Sigma), and anti-mouse tubulin (clone DM1A, Cell
Signaling).

Immunofluorescence

Thirty-five-mm glass-bottom dishes (CellVis) were coated with bo-
vine fibronectin (Sigma) for 15 min. Dishes were then washed with
PBS and seeded with cells. After overnight incubation, cells were
fixed with 2% paraformaldehyde for 15 min at room temperature and
then permeabilized with 0.5% Triton X-100 in PBS for 20 min at room
temperature. Cells were then incubated in 5% BSA PBS for 1 h at
room temperature before being incubated overnight in primary anti-
body in 5% BSA PBS. The following day, cells were rinsed in PBS and
incubated for 45 min with secondary antibodies in PBS. Cells were
rinsed in PBS and incubated with Hoechst 33342 (ThermoFisher) di-
luted 1:10000 in PBS. Cells were mounted in 40 pl Prolong Gold
Antifade. Fluorescent imaging was performed using either a Zeiss
710 LSM confocal microscope and a Zeiss 980 LSM confocal micro-
scope with Airyscan.

The following antibodies were used for immunofluorescence as-
says: anti-mouse vinculin (clone hVIN-1, Sigma, Catalog #V9131),
anti-rabbit vinculin (clone EPR8185, Abcam, Catalog #ab129002),
anti-mouse paxillin (Clone 117, BD Catalog #610568), and anti-
rabbit E-cadherin (Clone 24E10, Cell Signaling Catalogue #3195S).
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Alexa Fluor-conjugated secondary antibodies (ThermoFisher) were
used in all staining experiments.

Quantification of vinculin recruitment to AJs was performed as
described (Heier et al., 2021). FA identification in immunostained
images was performed as described (Horzum et al., 2014) using vin-
culin as a marker of FAs. FAs could not be detected above cytoplas-
mic signal with paxillin and talin labeling. Optimization to achieve
optimal identification of vinculin labeled FAs resulted in a size
threshhold of 80 pixels, or 0.161 pm2. To account for false-positive
FA labeling resulting from vinculin signal at cell-cell contacts,
identification of FAs was omitted from cell-cell contact regions as
defined by a mask generated with a threshhold of mCherry o-catenin
signal (Supplemental Figure S2). ImageJ was used to quantify num-
ber of FAs per cell and per area.

Calcium depletion assay

Thirty-five-mm glass-bottom dishes CellVis were coated with bovine
fibronectin (Sigma) for 15 min. Dishes were then washed with PBS
and seeded with 0.65 * 10¢ cells. After overnight incubation, cells
were rinsed six times with calcium/FBS free media (DMEM without
calcium, ThermoFisher). Cells were then incubated in either cal-
cium/FBS free media or regular media without FBS for 24 h. Follow-
ing this 24 h period, cells were fixed and stained as normal.

Collective cell migration assay
Cells were seeded in ibidi Culture-Insert 2 Well in 35-mm p-dishes
and incubated overnight. The culture-insert well was removed the
next day and 2 ml of DMEM medium supplemented with 5% FBS
and 1% PS was added to each dish. Three different cell-free areas
between the migrating colonies per dish were imaged every 2 h for
6 h. ImageJ was used to quantify the reduction in cell-free area over
time. This area reduction was divided by the length of the frame to
calculate migration rate. Migration rates were then normalized
against a-catenin WT cells.

Time-lapse imaging was performed using a Zeiss 980 LSM con-
focal microscope with Airyscan at 37°C. Filamentous actin was la-
beled using SiR-actin (Cytoskeleton).

Preparation of substrates for traction force microscopy

Soft silicone (Qgel from CHT USA Inc, Cassopolis, Ml) was prepared
by mixing Qgel 300A and Qgel 300B in a ratio of 1: 2.2 by weight.
0.1 g of this Qgel mixture was pipetted onto a 22 x 22-mm glass
coverslip (no. 1.5) and cured using a hot plate at 100°C for 1 h.
Then, the cured silicone substrate was exposed to 305 nm UV light
(UVP cross-linker, Analytik Jena AG, Upland, CA) for 5 min. The sub-
strate was then incubated with a solution consisting of 10 mg/ml
EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride), 5 mg/ml sulfo-NHS (N-hydroxysulfosuccinimide), 1T mg/ml fi-
bronectin (Millipore Sigma, Burlington, MA), and 0.65 mg/ml red
fluorescent beads of diameter 0.44 pm (Spherotech Inc., Lake For-
est, IL) for 30 min at room temperature; afterward, the sample was
washed two times with PBS and then used for plating cells. The sili-
cone substrate’s Young'’s modulus was determined to be 8.7 kPa as
determined by shear rheology using an Anton Paar MCR 302
rheometer.

Imaging for traction force measurements

Phase images and bead images were obtained using a Leica DMi8
epifluorescence microscope (Leica Microsystems, Buffalo Grove, IL)
consisting of a 10 x 0.3 NA objective, a Clara cooled CCD camera
(Andor Technology, Belfast, Northern Ireland), and an airstream
incubator (Nevtek, Williamsville, VA). The “cell off” bead image
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(reference bead image of the substrate top surface) was obtained
after releasing the cells off the substrate with 0.5% SDS.

Data analysis for and after traction force microscopy

The “cell on” and “cell off” bead images were aligned using Image J
(Martiel et al., 2015) and the bead displacement was then calculated
using MATLAB (MathWorks, Natick, MA) as before (Sabass et al.,
2008; Dumbali et al., 2017). From the displacement field, traction
force reconstruction was performed using Fourier transform traction
cytometry that uses the Boussinesq solution (Sabass et al., 2008;
Maruthamuthu and Gardel, 2014). The total frequency (number of
traction data points) considered for the two cases (MDCK and MDCK
o-cat KO with CA o-cat) was equalized by normalizing the total fre-
quency of traction magnitudes for MDCK by the ratio of the total area
of MDCK islands to that of islands of MDCK o-cat KO with CA a-cat
(obtained by manual segmentation using ImageJ [Collins, 2007]). The
traction stress magnitudes above background (> 50 Pa) were selected
and plotted using Mathematica (Wolfram Research, Champaign, IL).
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