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CELL BIOLOGY

Local contractions regulate E-cadherin rigidity sensing

Yi-An Yang', Emmanuelle Nguyen', Gautham Hari Narayana Sankara Narayana?, Melina Heuzé?,
Chaoyu Fu’, Hanry Yu'?*>, René-Marc Mége?, Benoit Ladoux'*, Michael P. Sheetz'®7*+

E-cadherin is a major cell-cell adhesion molecule involved in mechanotransduction at cell-cell contacts in tissues.
Because epithelial cells respond to rigidity and tension in tissue through E-cadherin, there must be active processes
that test and respond to the mechanical properties of these adhesive contacts. Using submicrometer, E-cadherin-
coated polydimethylsiloxane pillars, we find that cells generate local contractions between E-cadherin adhesions
and pull to a constant distance for a constant duration, irrespective of pillar rigidity. These cadherin contractions
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require nonmuscle myosin IIB, tropomyosin 2.1, a-catenin, and binding of vinculin to a-catenin. Cells spread to
different areas on soft and rigid surfaces with contractions, but spread equally on soft and rigid without. We further
observe that cadherin contractions enable cells to test myosin IIA-mediated tension of neighboring cells and sort
out myosin lIA-depleted cells. Thus, we suggest that epithelial cells test and respond to the mechanical character-

istics of neighboring cells through cadherin contractions.

INTRODUCTION

For the proper organization of tissues, cells need to probe the me-
chanical properties of their microenvironment including both extra-
cellular matrix and neighboring cells through adhesive contacts.
These mechanical properties are then transduced into biochemical
information to regulate cell functions (1), including single and col-
lective cell motility (2, 3), proliferation (4), or differentiation (5). Of
the many mechanical properties that cells control, stiffness appears
to be an important parameter that is distinctive for a tissue and is
reflected in the cells that constitute the tissue (6). It follows that cells
should be able to measure the stiffness of their neighbors to enable
them to regulate their cell-cell contacts and cytoskeletal rigidity and
to organize cell monolayers. Thus, it is important to understand how
E-cadherin rigidity might be sensed. Recent studies have found that
epithelial cells spread to larger areas on rigid cadherin-coated sur-
faces than soft (7). The testing of cadherin adhesion rigidity (8)
appears to share similarities with the testing of matrix rigidity de-
scribed for fibroblasts (9). In the context of epithelial cell dynamics,
this mechanism may allow cells to adapt to changes in the local
stiffness of their neighbors due to cytoskeleton remodeling and
reinforcement (10-12).

Cadherin rigidity is a complex mechanical parameter because it
is defined as the force per unit area needed to displace a cadherin
adhesion by a given distance. In the case of matrix rigidity sensing,
cells pull matrix contacts to a constant deflection and measure the
force generated (13-15). The local matrix rigidity sensor is a sarcomere-
like contraction complex (2 um in length) that contracts matrix
adhesions by ~120 nm, and if the force exceeds 25 pN, then a rigid-
matrix signal is activated in the cell. The contractions are controlled
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by receptor tyrosine kinases in terms of the magnitude of deflection,
the duration, and the activation of the contractions (16, 17). The
sarcomere-like contraction system consists of antiparallel actin fila-
ments anchored by o-actinin, a bipolar myosin filament, and a num-
ber of actin-binding proteins including tropomyosin (Tpm) 2.1 (14, 15).
Although there are many obvious differences between cadherin and
integrin adhesions (18), a similar mechanism may be used to sense
the rigidity of the E-cadherin contacts, i.e., neighboring cells.

Integrin and cadherin adhesions have many features in common,
including that adhesions are built upon distinct nanometer-sized
clusters of adhesion molecules (19, 20) and are linked to many
actin-binding proteins (18). In tissues, cadherin clusters form
homophilic interactions that maintain adhesions between cells (21)
helping to hold the tissue together. As primary components of
adhesive contacts, cadherins are major parts of the mechanotrans-
ducing systems between cells (22, 23) and are important for tissue
morphology (24). Many cytoplasmic proteins link these adhesions
to the cytoskeleton and provide mechanical continuity across the
cell through a dynamic actomyosin network and other filamentous
elements (25). In addition, a “sarcomeric belt” structure is present
at apical cell-cell boundaries of epithelial cells, with nonmuscle
myosin II-mediated actomyosin structures interpolated in between
cell-cell adhesive complexes at a constant spacing (26, 27). Other
mechanical activities of epithelial monolayers also appear to involve
actin and myosin contractions of the cadherin adhesions including
the formation of cell-cell contacts (28), the contraction and bending
of cell monolayers (27, 29), and tissue extension. The cadherin
adhesion complexes are consequently a major element in mechano-
sensing events that ultimately shape the tissue and are involved in
rigidity sensing and many other processes.

Previous studies have shown that cells generated high forces on
large N-cadherin-coated pillars through cellular level contractions
that are similar but not identical to matrix traction forces (8, 30).
N-cadherin junctions that form on N-cadherin-coated pillar surfaces
resemble the morphology and dynamics of native epithelial cell-cell
junctions (8). Moreover, substrate stiffness modulates the level of
force on E-cadherin adhesions that correlates with changes in cell
spread area (7). If the cadherin-based rigidity-sensing module is
similar to the integrin-based sensor, then it should be evident in the
deflection patterns of submicrometer diameter pillars (9). When we
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placed E-cadherin—expressing cells on submicrometer E-cadherin
pillars, we observed local contractile units of 1.2 to 2.4 um that
pulled E-cadherin junctions together to a constant distance of
130 nm, independent of rigidity over a 20-fold range. Unlike the
integrin-based contractions, E-cadherin contractions did not require
myosin ITA but were rather dependent on myosin IIB, o-catenin,
and vinculin and also involved Tpm2.1. When the contractions were
depleted, cells spread equally on rigid and soft cadherin, and there
was improper sorting of mixed monolayers. The density of cadherin
contractions (CCs) correlated with the area of cells on cadherin
surfaces, which was consistent with the increased spreading of
Madin-Darby canine kidney (MDCK) cells and MCF-10A cells on
stiffer E-cadherin surfaces. Thus, it seems that cells create local
contraction units between E-cadherin contacts to test mechanical
properties of neighboring cells for proper organization of epithelial
monolayers.

RESULTS
COS-7 and MDCK cells form contractile units on
E-cadherin-coated pillars
Previous studies indicated that cadherin adhesion clusters were
constantly spaced (28, 31), and E-cadherin clusters were spaced at a
distance of ~1.4 um (28). On the basis of those observations, we
prepared pillar substrates with a diameter of 600 nm and 1.2-um
center-to-center spacing. When pillars were coated with E-cadherin,
cells attached and developed force on the pillars (fig. S1A). To char-
acterize E-cadherin-dependent force generation, we used COS-7 cells,
an SV-40-transformed derivative of African green monkey kidney
fibroblasts, and MDCK epithelial cells. COS-7 cells were of particular
interest because these fibroblast-like cells expressed E-cadherin (32)
while lacking a major myosin II isoform, myosin IIA (33), that was
needed to produce local contractions on fibronectin matrices (17).
Unexpectedly, COS-7 cells were able to adhere to, spread on, and
pull E-cadherin pillars and generated local contractions (Fig. 1A, left).
The spreading and force generation were similar to earlier studies
using large cadherin-coated pillars (8, 34); however, unlike the case
with cells on the larger cadherin pillars, these submicrometer pillars
revealed local contraction units of 1 to 2 um like those previously
found for integrin-based adhesions (9). The criteria for the local
contractions were that pairs of pillars moved toward each other for
a limited period, and maximum displacements occurred at approxi-
mately the same time point (see description below). When COS-7
cells spread on E-cadherin-coated pillars, there were many exam-
ples of local contractions (Fig. 1A, right), which were not observed
with larger pillars before, indicating that these smaller pillars were
able to reveal local contractions in addition to the radial contractions.
In general, it was difficult to separate all local contractile units
from radial contractions because multiple contractile units often
overlapped, resulting in complex pillar displacements. Although some
local contractions were not recorded, we used the very stringent re-
quirement for pairs that two pillars move toward each other and
relax at the same time. The computer identification of pillar pairs
involved two major criteria: (i) two pillars moved toward each other
with their deflections greater than half value of the average maximum
deflection for a duration more than 8 s, and (ii) the maximum deflec-
tions of both pillars occurred within 5 s time window. We then char-
acterized paired contractions of pillars by two parameters: Dp,y, the
maximum pillar deflection value from the original position, and
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Fig. 1. Cell generates local contractile units on E-cadherin-coated pillars.
(A) Left: Pillar deflection vector map under a COS-7 cell. Red vectors indicate non-
paired deflections, green vectors indicate paired deflections, and gray line indicates
cell boundary. Scale bar, 5 um. Right: Amplification of contraction-generation cell
spreading area. (B) Deflection plot of paired pillars under one contraction event,
correlated with pillars indicated in (A) in yellow dashed ellipse. (C) Histogram
plots of total Dnax distribution of MDCK cells were higher than those of COS-7 cells,
and dashed lines show mean Dy, value of MDCK and COS-7 cells in respective color.
For MDCK cells, Dyax = 76.92 + 4332 nm, n = 112 from five cells in two experiments;
for COS-7 cells, Dmax=35.7 £ 0.7837 nm, n =661 from nine cells from two experi-
ments. (D) Histogram plots of Dpax distribution of paired deflecting pillars in MDCK
and COS-7 cells are similar. For MDCK cells, Dmax=71.1 +3.268 nm, n =70 from
five cells in two experiments; for COS-7 cells, 59.65 £ 2.678 nm, n = 80 from nine cells
from two experiments.

T2, half-peak contraction time that was the length of time that the
pillar was pulled farther than half of the Dy, value in a single pulling
event (indicated in Fig. 1B). After analyzing the time course of pillar
movements under spreading cells for ~30 min, there was a substantial
density of local contractile units, in which pillars deflected and relaxed
in a synchronized manner (Fig. 1B; local contractions were noted by
dotted line circled pillars in Fig. 1A). Characterization of the con-
tractile units provided a quantitative analysis of the local contrac-
tions (more than 2000 contractile pairs were identified in more than
50 cells), and we designated those paired E-cadherin adhesion-
dependent contractile events as CCs. Thus, the CCs were substan-
tial in density and were distinct from other pillar displacements.
To determine whether CCs were present in other cells, we chose
MDCK epithelial cells. After spreading on E-cadherin pillars for
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3 hours, they generated CCs in a similar fashion to COS-7 cells (fig. S1B).
Analysis of the D,y of all pillar deflections showed that overall con-
tractility was much greater with MDCK cells than with COS-7 cells
because of the presence of myosin ITA in MDCK cells (Fig. 1C), while
the magnitude of CC deflection was closer between both cell lines
(Fig. 1D). These results supported the idea that CCs were generated
in a similar fashion and were a common activity across different cell
types in contrast to variations in overall force generation. Further-
more, analyses of the pillar deflections showed that the velocities of
contraction and relaxation were similar in CCs (fig. S1C), whereas
the contraction velocities were significantly higher than relaxation
velocities for overall contractions in both MDCK and COS-7 cells
(fig. S1D). We also suggest that the CC pairs were unlike integrin-
dependent contractions because they formed in the absence of
myosin IIA in COS-7 cells. In contrast, large contractions were
much less frequent in overall deflections of COS-7 cells, indicating
that large contractions observed in overall displacements by MDCK
cells were powered by myosin ITA.

Because the local CCs were distinct and highly regular in terms
of both D,y and duration of contractions, we quantified the CC
parameters under a variety of conditions, including different pillar
rigidities. When MDCK cells were spread on pillars with different
rigidities due to their different heights, the local CCs had very similar
Dimax values (71.1 + 3.27 nm on 0.75-um high pillars and 66.9 +
2.81 nm on 1.5-um high pillars that had spring constants of 95 and
12 pN/nm, respectively; fig. S2A), indicating that contraction distance
was rigidity independent, which was similar to previous observation
in local matrix contractions (14, 15). Similar feature was also observed
for CCs generated by COS-7 cells spreading on E-cadherin pillars
(Drmax 0f 59.6 + 2.68 nm on 0.75-pm high pillars and of 60.9 + 1.19 nm
on 2-um high pillars that had spring constants of 95 and 5 pN/nm)
(fig. S2B). Furthermore, the average T, values were about 20.0 s for
both COS-7 and MDCK cells (fig. S3A). These results further
reinforced the idea that paired contractions were powered by the
same process in MDCK and COS-7 cells. Together, both MDCK and
COS-7 cells produced CCs that were rigidity independent and had
similar Dy, and T}, values. Thus, both MDCK and COS-7 cells
pulled to a constant deflection on E-cadherin, and then the force of
the contractions was proportional to the rigidity.

E-cadherin-mediated rigidity response correlates

with CC density

In previous studies of cell spreading on matrix, rigidity of the matrix
was indicative of the density of contractile units and the cell spread-
ing area (14, 17). We then tested whether there was a similar cor-
relation between CC density and spread area on E-cadherin-coated
substrata. CC density was measured as the average number of CCs
generated by a spreading part of cell during 10 min in a constant
area (36 um®, which is the area of 25 pillars). When MDCK cells spread
on soft and stiff polydimethylsiloxane (PDMS) surfaces coated with
E-cadherin, the final spread area was larger on stiff (~2 MPa) than
on soft gels (~5 kPa) (Fig. 2A). As predicted from the local matrix
contractions, the CC density was lower on the soft than on the
rigid pillars (Fig. 2B), which correlated with the lower spread area
on soft pillars (Fig. 2C). Similarly, the human breast epithelial cells,
MCEF-104, also generated more CCs on rigid E-cadherin-coated
pillars (Fig. 2D) and spread to larger areas (Fig. 2E), indicating that
the correlation between CC generation and spreading exists in dif-
ferent epithelial cell lines.
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Fig. 2. CC density correlates with cell spreading area on E-cadherin. (A) On
E-cadherin—coated PDMS gel, MDCK cells spread more on stiff 2-MPa gel (left panels)
than on soft 5-kPa gel (right panels). Scale bars, 10 um. (B) CC density is higher when
MDCK cells spread and pull on stiffer (95 pN/nm) pillars (8.31+ 1.60 um? n=9
spreading events from six cells in four experiments) than on softer (5 pN/nm) pillars
(1.60+0.95 pmz, n=4spreading events from two cells in two experiments). (C) MDCK cells
spread more on stiffer pillars (650.1 + 78.1 um?, n =10 cells in two experiments) than
on softer pillars (338.8 +47.8 um?, n =10 cells in two experiments). (D) CC density is
higher when MCF-10A cells spread on and pull stiffer pillars (3.50 +0.89 um? n=9
spreading events from five cells in three experiments) than on softer pillars (1.76 +
047 um?, n=9 spreading events from six cells in two experiments). (E) MCF-10A cells
spread more on stiffer pillars (254.0 + 18.0 um?, n =20 cells in three experiments)
than on softer pillars (203.7 + 12.9 um? n=21 cells in two experiments). (F) Density
of CC generated by COS-7 cells is higher on softer pillars (6.38 +0.88 um? n=8
spreading events in four cells in two experiments) than on stiffer pillars (3.36 + 0.72 um?,
n=9 spreading events in four cells in two experiments). (G) COS-7 cells spread more
on softer pillars (1106.1 + 147.4 umz, n =26 cells in two experiments) than on stiffer
pillars (598.1+27.5 umz, n=39 cells in two experiments). *P < 0.05; **P <0.01; data
are presented as means + SEM.
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However, the density of COS-7 CCs increased on the soft pillars
(Fig. 2F). This unexpected result stimulated us to examine the
spreading of COS-7 cells on rigid and soft cadherin-coated surfaces.
We observed that COS-7 cells spread to a larger area on soft (~5 pN/nm)
than on rigid (~95 pN/nm) pillars (Fig. 2G), which correlated with
higher CC density on soft pillars. These results indicated that CC
formation was rigidity sensitive and promoted cell spreading. How-
ever, COS-7 cells, which are transformed cells, did not respond to
rigid cadherin in the same way as MDCK cells or MCF-10A cells.
COS-7 cells also present abnormal mechanosensing on fibronectin
substrates. They spread and grew equally well on soft and rigid
fibronectin substrates (35). Thus, the general rigidity-sensing (cell-
matrix and cell-cell) and rigidity responses of these cells may be
altered, leading to a different response of COS-7 cells to CC gener-
ation compared to MDCK and MCF-10A cells. In addition, the dif-
ferent responses in stiffness sensing between COS-7 and the other
cell types may also be explained by various relative cell-to-substrate
stiffness ratios (36). COS-7 cells that do not express myosin IIA may
be softer than MDCK or MCF-10A cells, leading to different re-
sponses within a similar range of stiffnesses.

a-Catenin and vinculin cooperatively regulate CC

To further investigate the role of cadherin adhesion proteins in CCs,
we examined involvement of the major actin-binding proteins in
the E-cadherin adhesions, a-catenin and vinculin. Previous studies
showed that a-catenin was under force in the cadherin adhesion (37)
and potentially acted as a molecular mechanosensitive switch (38).
There was also evidence for involvement of vinculin in linking
E-cadherin adhesion complexes to actin (39) that was consistent
with its role as a force transducer. When a-catenin knockdown
(KD) MDCK cells were placed on E-cadherin-coated pillars, CC
density was greatly reduced (Fig. 3A). After a-catenin was restored
in the KD MDCK cells, a normal level of CCs was observed (Fig.
3B, paired CCs marked by green vectors), showing that a-catenin
was critical in forming CCs (Fig. 3C). In addition, we also found that
a-catenin KD reduced T}/, value and Dy, of the overall contractions,
which was restored through o-catenin rescue (fig. S3, B and C).
These results indicated that a-catenin was a crucial component in
CCs and was generally involved in linking cadherin adhesions to
the contractile cytoskeleton.

We next tested whether the association of vinculin with o-catenin
was important. Although vinculin’s role in regulating force genera-
tion remained unclear, the interaction between vinculin and a-catenin
depended upon the unfolding of a-catenin (38, 40). To test whether
o-catenin-vinculin binding affinity affected CC, we rescued o-catenin
KD MDCK cells with an a-catenin mutant L344P that did not bind
vinculin (41). Upon L344P mutant rescue, local CC density and con-
traction duration remained significantly reduced compared with
wild-type (WT) cells (Fig. 3C and fig. S4, A and E). However, con-
tractile force generation was restored in magnitude (fig. S4F). Thus,
the interaction between vinculin and a-catenin was important for
CC formation.

To determine whether vinculin was also involved in CC forma-
tion, we tested vinculin-depleted MDCK cells and characterized
their CCs on pillars. We found that vinculin KD cells had a much
lower density of CCs when compared with WT MDCK cells, while
reexpression of vinculin restored CC density to normal levels
(Fig. 3D and fig. S4, B and C). Unexpectedly, vinculin KD in MDCK
cells did not decrease overall contractions (fig. S4D), which resembled
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Fig. 3. Depletion of a-catenin and vinculin in MDCK cells alters CC generation.
Pillar deflection vector maps show that a-catenin KD MDCK cells fail to generate
CC (A) (red vectors indicate noncontractile deflections), while a-catenin rescue re-
stores CCin KD cells (B) (CC in green vectors). Patel yellow line indicates cell boundary.
Scale bars, 2 um. (C) Quantification of CC density indicates that MDCK cells suffer
from decreased CC density upon a-catenin KD (0.59 + 0.34, n =9 spreading events
from four cells in two experiments) compared with WT MDCK cells (8.31 + 1.60,
n=9 spreading events from six cells in four experiments), while L344P mutated
a-catenin fails to restore CC (1.26 £0.71, n =6 spreading events from three cells in
two experiments), and WT a-catenin restores CC to normal density level (7.59 +2.23,
n =4 spreading events from two cells in two experiments). (D) Vinculin KD de-
creases CCdensity in MDCK cells (1.02 £+ 0.36, n = 4 spreading events from four cells
in two experiments) compared with WT MDCK cells (8.31 + 1.60, n =9 spreading
events from six cells in four experiments), while vinculin rescue on KD background
restores CC density (4.45 +0.97, n =6 spreading events from two cells in one ex-
periment). (E) MDCK cells spread into larger areas on 2-MPa E-cadherin-coated
gels (1049.4 + 99.9 um?, n =23 cells from two experiments) than on 5-kPa gels
(591.4 +101.0 um?, n =15 cells from two experiments), while a-catenin KD
diminishes such rigidity dependence (464.8 +61.8 um? on 2-MPa gel, n =26 cells
from two experiments; 338.8 +38.1 um? on 5-kPa gel, n =35 cells from two ex-
periments), so is vinculin KD (392.6 + 57.1 um? on 2-MPa gel, n = 30 cells from
two experiments; 350.9 + 46.2 um? on 5-kPa gel, n=19 cells from two experi-
ments). ns, nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.001; data are presented
as means + SEM.
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the effect of L344P mutant rescue upon o-catenin KD that disabled
vinculin binding to o-catenin (fig. S4F). Thus, vinculin was critically
involved in the CC mechanism, although vinculin depletion had no
significant effect on overall cell contractility.

To further investigate the role of CC activity of MDCK cells in
cell spreading, WT cells as well as o-catenin- or vinculin-depleted cells
were spread on soft and rigid E-cadherin surfaces. We observed that
WT MDCK cells spread more on rigid than on soft substrates, in
agreement with previous results on pillars with varying stiffness
(Figs. 2D and 3E). When cells lost the ability to form CCs due to
o-catenin or vinculin depletion, the cells spread similarly on soft and
stiff substrates. In both cases, depleted cells spread less on the 2-MPa
rigid substrate than did WT cells (Fig. 3E). This was consistent with
the hypothesis that CCs were involved in stabilizing the spread state,
and they required o-catenin and vinculin to form.

Nonmuscle myosin IIB and Tpm2.1 mediate CC
When MDCK cells spread on E-cadherin-coated pillar arrays, they
were able to form individual E-cadherin clusters on pillar tips, and
phosphorylated myosin light chain (pMLC) was found between
E-cadherin clusters (fig. S4A). This resembled fibroblast spreading
on fibronectin-coated pillars in that integrins concentrated on pillars,
whereas pMLC was in between (9). We also observed that treatment
with Y-27632, a Rho-associated protein kinase (ROCK) inhibitor,
fully abolished CC formation in COS-7 cells (fig. S5B). These results
indicated that myosin activity was critical for CC formation.
Previous studies indicated that all three types of nonmuscle
myosin II activity were involved in E-cadherin contact dynamics
(27, 42) and E-cadherin-based force generation (8). However,
COS-7 cells lacked nonmuscle myosin ITA and expressed primarily
myosin IIB plus a minor fraction of myosin IIC (33). Because the CC
density was similar in COS-7 and MDCK cells, it was unlikely that
myosin ITA was involved in CCs. To determine whether myosin IIB
or myosin IIC were involved in CCs, we immunostained COS-7 cell
spread on E-cadherin substrata for different myosin II isoforms and
observed that myosin IIB immunostaining colocalized with pMLC
at the cell edge, where most of the CCs were found (fig. S5C). At a
super-resolution level, phosphorylated myosin IIB bipolar minifila-
ments were observed between two contracting pillars (Fig. 4A),
indicating direct involvement of myosin IIB in CC formation. To
confirm that myosin IIB powered CC formation, we tested MDCK
cells with either myosin ITA or myosin IIB KD (43) and observed
that both myosin ITA and myosin IIB KD decreased CC formation
compared with WT MDCK cells (Fig. 4B). Myosin IIB KD MDCK
cells also failed to spread in a rigidity-sensitive manner on E-cadherin
and spread significantly less than either control or myosin IIA KD
cells (Fig. 4C). It is worth noting that myosin IIB KD results in a
more significant reduction of CC generation and less difference in
spreading area on pillars with different rigidity compared with
myosin ITA KD. These results indicated that both myosin IIA and
myosin IIB were involved in CC formation in MDCK cells, while myo-
sin IIB appeared to be more indispensable for CC generation and
E-cadherin rigidity sensing. To further confirm whether myosin ITA
or myosin IIB was able to power CC formation solely, we knocked
down myosin IIB with short hairpin RNA (shRNA) and introduced
myosin IIA-green fluorescent protein (GFP) in COS-7 cells at the
same time to create myosin IIA- and myosin IIC-positive and
myosin IIB-negative COS-7 cells (fig. S5D). We found that these cells
had significantly fewer CCs than normal COS-7 cells (fig. S5E),
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Fig. 4. Nonmuscle myosin IIB and Tpm2.1 mediate CC formation. (A) Immuno-
staining of pMLC (green) and myosin IIB heavy chain (red) in COS-7 cell on E-cadherin
pillars. Right panel shows phosphorylated myosin 1B minifilament (shown in
dashed ellipse) between contracting pillars, deflections of which represented in
orange arrows. Scale bars, 5 um/0.5 um (left/right panel). (B) Myosin IIA KD results
in decrease of CC generation (3.12 + 0.24, n = 6 spreading events from four cells in
one experiment) compared with WT MDCK cells (8.31 + 1.60, n =9 spreading events
from six cells in four experiments), and myosin IIB KD also results in significant
disruption of CC generation compared with WT cells (1.64 +0.47, n=6 spreading
events from four cells in two experiments). (C) KD of myosin II1B in MDCK cells re-
sults in similar spreading area on E-cadherin—coated gels with stiffness of 2 MPa
(402.3+44.97 umz, n=21 cells from two experiments) or 5 kPa (384.9 + 33.46 pmz,
n=15 cells from two experiments), a behavior different from WT cells. KD of
myosin IIA also results in similar spreading areas for cells on gels of 2 MPa (1275 +
175.8 pmz, n=19 cells from two experiments) or 5 kPa (889.4 + 135.7 umz, n=11cells
from two experiments), with nonsignificant increase compared with WT cells.
(D) Tpm2.1 KD in MCF-10A cells results in decreased CC density (1.06 £0.59,n=6
spreading events from four cells in two experiments) compared with WT cells
(3.50+0.89, n=9 spreading events from five cells in three experiments). (E) MCF-10A cells
spread into larger areas on 2-MPa E-cadherin—coated gel (611.7 + 54.18, n =29 cells from
two experiments) than on 5-kPa gel (336.4 +22.57, n=39 cells from two experiments),
while Tpom2.1KD in MCF-10A cells alters the spreading to be similar on 2 MPa
(310.8+£19.55, n=23 cells from two experiments) and 5 kPa (300.1 +23.43, n =34 cells
from two experiments) gels, and spreading area on 2-MPa gels decreases compared
with WT cells. *P < 0.05; **P < 0.01; ****P < 0.0001; data are presented as means + SEM.

confirming that despite involvement of myosin IIA in CC genera-
tion, myosin IIB, rather than myosin ITA or myosin IIC, was neces-
sary for CC generation.

Tpm was identified as a major component in integrin contractile
units, and cells were incapable of forming contractions or sensing
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rigidity when Tpm?2.1 protein level was down-regulated (14). Previous
studies have indicated that several types of Tpm, notably Tpm2.1 and
Tpm3.1/3.2, were involved in E-cadherin adhesion integrity (44, 45).
We found that Tpm2.1 accumulated in between E-cadherin-coated
pillars in newly spread areas where CCs formed in the periphery of
COS-7 cells (fig. S6A), which resembled its localization in integrin
contractile units (14). We also found that pMLC localized to Tpm?2.1-
rich regions at the cell periphery (fig. S6A) and bridged between two
contracting pillars (fig. S6B). To confirm its involvement in CC
formation, we knocked down Tpm?2.1 in COS-7 cells (see loss of
Tpm?2.1 staining pattern in KD cells; fig. S6D). Tpm2.1 KD in
COS-7 cells resulted in a drastic reduction in the density of CC for-
mation (fig. S6C), indicating that Tpm?2.1 played an important role
in CC assembly. To further confirm the involvement of Tpm2.1 in
CC generation, especially in cells with normal rigidity-sensing be-
havior, we knocked down Tpm2.1 in MCF-10A cells and observed
that KD cells generated fewer CCs (Fig. 4D) and spread similarly on
E-cadherin substrates with different rigidity (Fig. 4E), indicating
loss of rigidity sensitivity. We also observed that upon Tpm2.1 KD,
overall contractions of MCF-10A cells remained unaltered in mag-
nitude compared with WT cells (fig. S6E), indicating that the loss of
E-cadherin-mediated rigidity sensitivity upon Tpm2.1 KD is due to
the loss of CC, instead of loss of traction force, similar to vinculin
KD MDCK cells (Fig. 3, D and E, and fig. S4D). Thus, we suggested
that the CC unit between E-cadherin adhesions was distinct molec-
ularly from local contractions of matrix (fig. S7).

CC regulates myosin IIA-dependent epithelial cell sorting
Previous studies indicated that cell-cell adhesion and cortical ten-
sion regulated cell sorting (46, 47), and it was logical to determine
whether E-cadherin-mediated mechanotransduction at the cellular
level was involved in this process. To test the role of CCs in cell
sorting, we first mixed MDCK and COS-7 cells, both capable of
forming CCs. Unexpectedly, when MDCK and COS-7 cells (lacking
myosin ITA) were mixed and cocultured, the mixed cells exhibited
clear segregation, with MDCK cells pushing out COS-7 cells into
islands surrounded by MDCK cells (fig. S8A). Previous studies
indicated that cell-cell adhesion and cortical tension regulated cell
sorting (46, 47), and it was logical to determine whether E-cadherin-
mediated mechanotransduction at the cellular level was involved in
this process. To test the role of CCs in cell sorting, we first mixed
MDCK and COS-7 cells, both capable of forming CCs. Unexpectedly,
when MDCK and COS-7 cells (lacking myosin ITA) were mixed and co-
cultured, the mixed cells exhibited clear segregation, with MDCK cells
pushing out COS-7 cells into islands surrounded by MDCK cells
(fig. S8A). WT MDCK cells identified myosin IIA-deficient COS-7
cells as stiffness-aberrant cells by CC-dependent stiffness sensing
and segregated from them despite their ability of generation CCs. In
contrast, CC-deficient o-catenin KD MDCK cells commonly mingled
with COS-7 cells and formed islands surrounded by COS-7 cells
(fig. S8A). It appeared that a-catenin KD MDCK cells were unable
to respond to the lower E-cadherin rigidity expected for the COS-7
cells and were unable to segregate COS-7 cells but rather more
randomly mingled with them. Thus, it appeared that CCs were in-
volved in organizing epithelial monolayers by testing myosin IIA-
dependent cortical tension of neighboring cells.

To test the generality of this hypothesis, we mixed MDCK cells
with or without CCs and myosin IIA KD MDCK cells. Mingling was
quantified from the segregation area of myosin ITA-positive cells.
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We found that WT MDCK cells sorted themselves from myosin IIA
KD cells and formed large areas of isolated cell islands. CC-deficient
MDCK cells, caused by depletion of either a-catenin, vinculin, or
myosin IIB, produced much smaller cell islands and showed greater
mingling with myosin IIA KD MDCK cells (Fig. 5A, quantified in
Fig. 5B). It is worth noting that vinculin KD cells and myosin IIB
KD cells mingled with myosin ITA KD cells at a similar level but less
mingled compared with a-catenin KD cells. Thus, it appeared that
myosin ITA KD cells were segregated from myosin IIA-positive
normal cells that were capable of generating CCs.

We also quantified the time dependence of the segregation using
the segregated cell area. WT cells produced a much greater segre-
gated cell area than the myosin ITA KD cells from 24 to 48 hours
after mixing, while CC-deficient cells (o-catenin KD cells) showed
no change in the level of segregation from myosin IIA KD cells be-
tween 24 and 48 hours (fig. S8B, quantified in Fig. 5C). These results
indicated that CCs were sensing the cortical tension, which was
regulated by myosin ITA, in their neighboring cells, and that sensing
was necessary for their segregation from myosin IIA-deficient cells
(Fig. 5D).

DISCUSSION

In this study, we find that an important aspect of mechanosensing
in epithelial cells involves paired contractions of E-cadherin adhe-
sions, which correlates with the ability of the cells to sense cadherin
rigidity and also to choose neighbors. During CCs, pillar pairs are
contracted by a total of 120 to 140 nm for a period of about 20 s
irrespective of pillar rigidity over a 19-fold range of rigidity (from
~5 to ~95 kPa). As predicted from previous studies of the proteins
in cadherin junctions, a-catenin, vinculin, myosin IIB, and Tpm?2.1
are needed for the CC units to form (Fig. 4E). Of the cadherin adhe-
sion complex proteins, o-catenin and vinculin could anchor actin
filaments to the adhesions, and Tpm?2.1 could stabilize the filaments for
myosin IIB contraction. The CCs are distinct from local fibronectin
matrix contractions in that myosin IIB, rather than myosin IIA, is
necessary for CC generation as well as vinculin and o-catenin.
Furthermore, they are distinct from overall radial contractions of
E-cadherin—coated pillars in length of deflection and velocity. Although
CC pairs form preferentially in newly spread areas of the cell, they
continue after cells are spread and are involved in maintenance and
dynamics of cell-cell adhesions. Also, we find CC density to be
rigidity sensitive because density increases with increasing rigidity
in MDCK and MCF-10A cells and decreases with increasing rigidity
in COS-7 cells. Furthermore, CC density changes correlate with
changes in spread area on different rigidity cadherin surfaces. The
organization of epithelial monolayers is highly dependent upon the
CC:s for both the morphology of the monolayer and the sorting of
cells in the monolayer. Thus, it seems that the CCs are important for
the formation and maintenance of normal epithelia.

Local contractions between E-cadherin adhesions provide a
simple mechanism for testing the rigidity of neighboring cells that
is analogous to local matrix, rigidity-sensing contractions, although
the details are distinct. Many physiological processes are postulated
to involve cadherin adhesion mechanosensing such as convergent
extension (48) and epithelial tissue movements (49). In those cases,
changes in monolayer morphology are coupled with continued cell-
cell sensing, and this indicates that there are multiple general mecha-
nisms of E-cadherin sensing in tissues (6). Recent studies indicate
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Fig. 5. CC regulates nonmuscle myosin IIA-dependent MDCK cell sorting. (A) Myosin [IA immunofluorescence indicates populations of MDCK cells (WT, a-catenin KD,
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that the rigidity of cadherin-coated surfaces affects cellular responses,
indicating that the cells can sense cadherin rigidity (7, 8); however,
little is known about how cells use force-generating molecular com-
plexes to test rigidity through cadherin adhesions. The presence of
the local contractions provides a simple mechanism for probing cell
rigidity, because the force generated by a fixed displacement of an
E-cadherin adhesion provides a simple measure of the rigidity of
the neighboring cell’s cytoskeleton that is coupled to the adhesion.
In a general context, although there is only a poor understanding
of how contractile force is converted into a signal for rigidity, the

Yang etal., Sci. Adv. 8, eabk0387 (2022) 28 January 2022

many similarities between matrix rigidity sensing and cadherin
rigidity sensing make it logical to propose that analogous mecha-
nisms are involved.

In the case of the cell-matrix rigidity sensing, the complex is
similar to a sarcomere in terms of the components and the organi-
zation. Basically, antiparallel actin filaments cover the 1.5- to 2.5-um
gap between matrix adhesions, and myosin II bipolar filaments con-
tract them at a very slow rate of 2 to 3 nm/s. Similarly, the CCs are
driven by myosin II between two adhesions, and the velocity of
contractions is 2 to 3 nm/s, which is similar to the rate of matrix
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contractions. The major differences are in the type of myosin II, with
myosin IIB powering CCs and myosin IIA powering matrix con-
tractions, and in the primary cadherin complex proteins, a-catenin
and vinculin, that anchor actin filaments involved in CCs.

In terms of the mechanism of linkage with the actin cytoskeleton,
the CCs depend strongly upon a-catenin and vinculin. Both proteins
are involved in actin binding to the E-cadherin complex (10). KD of
o-catenin reduces the number of contraction events. This indicates
that a-catenin serves as an important mechanical linker between
cadherin adhesions and actomyosin. In addition, a-catenin is gen-
erally an important component for force transmission at the cellular
level. Similarly, depletion of vinculin causes a marked decrease in
the density of CCs. Furthermore, decreasing the vinculin binding affin-
ity of o-catenin also reduces CCs. If vinculin binding is important
for stable actin linkages to o-catenin (37, 50), then it is expected
that alterations that weaken vinculin binding to a-catenin inhib-
it CC formation.

The roles of a-catenin and vinculin in CCs extend to their regu-
latory roles in tissue integrity. o-Catenin has been identified as a
tumor suppressor, and its depletion could trigger YAP-1-mediated
overgrowth (51). Similarly, disruption of myosin-powered contrac-
tility also induces YAP-associated contact inhibition failure (52).
We find that both a-catenin and vinculin KD cause disorder in cell
monolayers as previously reported. An unexpected finding is that
depletion of vinculin, unlike depletion of o-catenin, does not alter
overall force magnitude of cells (figs. S3C and S4D). However, CC
density drops, actin organization is altered, and E-cadherin is mis-
localized at cell-cell boundaries with vinculin depletion. This high-
lights the fact that the function of contractile units, instead of overall
contractile force, is a major factor in epithelial organization.

Tpm?2.1 is critical in matrix rigidity sensing because it helps in
the organization of functional actin filaments that support myosin
contractions. That it is involved in CCs highlights the similarities
between CCs and integrin contractions. Because many transformed
cancer cells are deficient in Tpm2.1, there may be an alteration of
cadherin rigidity sensing in cancer cells (14, 35). Cancer cells are
insensitive to matrix rigidity, and without CCs, they will not be able
to test and respond properly to the rigidity of neighboring cells in a
tissue. These results further support a critical role for Tpm2.1 in the
regulation of tissue integrity and potential cancer suppression
through E-cadherin mechanotransduction, in addition to its role in
cell-matrix rigidity sensing (14).

Classical theories that explain cell sorting describe cell segrega-
tion as the result of differential adhesion (53) and tension (46). Recent
studies propose that active forces at cell-cell and cell-substrate inter-
faces play a major role in cell segregation (54). These active forces
may be locally regulated by cell-cell rigidity sensitivity. Our findings
indicate that an asymmetry in rigidity can fluidize junctions causing
movements at cell-cell boundaries, if myosin ITA contractility is de-
ficient. Thus, normal cells will have more stable cell-cell junctions
than at normal cell-myosin IIA-null cell junctions, which will aid
sorting. However, cells lacking CCs cannot sense their neighbors and
then comingle with cells lacking myosin ITA. Among CC-deficient
cell types, vinculin KD cells and myosin IIB KD cells share more
similarity because only CC generation, instead of overall E-cadherin-
dependent mechanotransduction, was disrupted rather than total
abolishment of coupling between E-cadherin adhesion complex and
actomyosin network, which is likely to be the case in a-catenin KD
cells. Such similarity and difference are highlighted by the results

Yang etal., Sci. Adv. 8, eabk0387 (2022) 28 January 2022

that vinculin KD cells and myosin IIB KD cells mingled with
myosin ITA KD cells at a lower level than o-catenin KD cells (Fig. 5B),
indicating that while CC formation is a key regulator in epithelial
cell sorting, total abolishment of E-cadherin-actin coupling could
further undermine cell sorting beyond the effect of CC deficiency.

In terms of the relation to surface rigidity, the CCs on rigid pillars
will develop stronger contacts than on soft and hence will cause the
cell to spread more on rigid pillars. Spreading of the myosin ITA-
null COS-7 cells on E-cadherin pillars could be the result of the
transformed nature of those cells or a result of the loss of linkage
between the sensing system and myosin ITA contractile networks. It
is worth mentioning that the mechanical resistance that provides
“rigidity” for CC from neighboring cell to test could be dynamic
because of the slow rate of contraction. In muscle systems, rapid
changes in the rigidity of the attachments do not alter the rate of
contraction (55). There can be rapid recruitment or activation of
molecular components that alter the strength of E-cadherin-actin
linkage and actomyosin contractility in response to pulling by neigh-
boring cells. The mechanotransducers related to E-cadherin in cell
sorting are potentially critical in long-term epithelial functions, be-
cause they can identify weak or dying cells and can facilitate their
isolation or removal.

Although myosin activity has been reported as central for junc-
tional E-cadherin recruitment (23, 56), two recent publications have
unraveled previously unknown adaptations of cadherin molecular
interactions at the nanoscale level that rely (i) on the switch of orga-
nization from oligomeric to crystal-like organization depending
on cis and trans interactions and affecting the recruitment of addi-
tional accessory proteins to the core cadherin-catenin com-
plexes (E-cadherin/B-catenin/a-catenin stoichiometric complexes)
(57) as well as (ii) on actomyosin activity (58). The abovementioned
process of E-cadherin cluster strengthening that drives cell-cell
adhesions into further maturation shares similarities with CC gener-
ation regarding the dependence on adhesion protein recruitment and
myosin contractility. The size of these oligomers/clusters (tens of
molecules) is compatible with the size of CC described, and they
are mechanosensitive and thus may take place downstream or up-
stream of CC formation in cadherin adhesion mechanosensing.
Therefore, we hypothesize that the E-cadherin clusters described
above are able to sustain myosin-mediated CCs, which promotes
recruitment of additional adhesion proteins to E-cadherin adhesion
complexes, and ultimately facilitates the maturation of adherens
junctions. In this manner, CCs are potentially important for cis
clustering of E-cadherin, and CCs also require trans interaction of
E-cadherin to probe the cortical tension of the neighboring cells.

The transient nature of the E-cadherin contraction units is con-
sistent with the transient nature of many cellular mechanosensing
processes (59). In the MDCK cells, the transient contractions cause
a response of more contractions on rigid pillars than on soft pillars,
which correlates with greater spread area. There is a need to under-
stand mechanisms of mechanosensory feedback that affect further
motility. In cell sorting assays, cells with low myosin IIA levels may
naturally sort away from those with high levels because of such
downstream responses, implying that the contraction by one cell
should elicit a myosin IIA-dependent response from the neighboring
cell. CCs provide a simple mechanism for cells to sense the state of
their neighbors.

In general, epithelial monolayers undergo a variety of characteristic
changes in morphology that involve dynamic physical feedback
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between cells. Previous studies indicated that cortical tension is
related to myosin ITA activity (60). Those motility processes need to
be controlled by mechanosensitive signals in order for the proper
shape to be reached. In the case of the bending of the Drosophila cells,
several contraction steps are followed by “consolidation and sensing”
steps that determine whether there will be another contraction step
(61). Thus, it is very important to have the proper mechanosensing
signals from measurements of the mechanical aspects of the cell
environment such as shape or rigidity. The local CCs provide a
means of measuring rigidity that can affect adhesion dynamics and
cell boundary motility. Much more is needed to fully understand
the motility processes that are affected by the rigidity-sensing CCs.

MATERIALS AND METHODS

Cell lines and culture

All MDCK cell lines [American Type Culture Collection (ATCC)]
and COS-7 cells (ATCC) were cultured in high-glucose, L-glutamine-
containing Dulbecco’s modified Eagle’s medium (DMEM) with 10%
of fetal bovine serum (FBS). For all assays using E-cadherin-coated
surfaces, high-glucose, L-glutamine-containing DMEM without FBS
and supplemented with penicillin (100 U/ml)/streptomycin (100 pg/ml)
was used in experiments. All reagents mentioned above were from
Thermo Fisher Scientific. MDCK cell lines (GFP- and mCherry-
tagged E-cadherin and a-catenin stable KD cell line), as well as the
o-catenin stable KD MDCK cell line, were gifts from W. J. Nelson
group (62). The vinculin KD MDCK cell line was a gift from
S. Yamada group (63). Myosin ITA KD and myosin IIB KD
MDCK cells were from R.-M.M. group (43). COS-7 cell line was
from M.P.S. laboratory.

Plasmids and transfection

Nonmuscle myosin IIB shRNA and vinculin-GFP plasmid were a gift
from A. Bershadsky laboratory in Mechanobiology Institute, and
vinculin-GFP originated from M. Davidson laboratory in Florida
State University. a-Catenin plasmids (WT and L344P mutant) and
GFP-E-cadherin plasmids were described earlier (41). Tpm2.1 small
interfering RNA (siRNA) (Qiagen) was used for KD purpose in
COS-7 and MCF-10A cells (14).

The Neon Transfection System (Thermo Fisher Scientific) was used
for electroporation of MDCK and MCF-10A cells. Lipofectamine 2000
(Thermo Fisher Scientific) was used for chemical transfection of
COS-7 cells.

Preparations of nanopillar arrays and flat gel substrates

We used submicrometer-size pillars for recording and analyzing cell
contraction behavior. The pillars were in a square pattern, 600 nm
in diameter (D), and with three different heights (L) of 750, 1500,
and 2000 nm. Pillars were made of PDMS (Sylgard 184 Silicone
Elastomer Kit), mixed at a ratio of 10:1, spin-coated on silicon molds,
and cured at 80°C for 2 hours. For pillars of 600 nm in diameter,
bending stiffness was calculated to be ~95 nN/um for 750-nm tall
pillars, ~12 nN/um for 1500-nm tall pillars, and ~5 nN/um for
2000-nm tall pillars, and actual stiffnesses were quantified as previ-
ously published (9). Pillars were patterned in a square grid, with
neighboring centroid-to-centroid distance of 1.2 pm [two-dimensional
(2D)] or 2.4 um (4D). Flat PDMS gel surfaces were prepared on glass
coverslips with a Sylgard 184 silicone elastomer kit (Dow Corning).
PDMS surfaces with a Young’s modulus of 2 MPa were made with
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an elastomer to curing agent ratio of 10:1, and 5-kPa surfaces were
made with a ratio of 75:1, as previously published (64).

For E-cadherin coating, PDMS films with polymerized pillars
were peeled from silicon molds, placed on 12-mm glass-bottom
dishes (Iwaki), and treated with O, plasma for 5 min. Then, they
were incubated with anti-human Fc antibody (10 ug/ml; Jackson
Research, goat anti-human) in 0.1 M borate buffer (pH 8) at
4°C overnight. For flat PDMS substrates, samples were treated by
the same procedure without surface plasma treatment. Coated sub-
strates were washed three times with Dulbecco’s phosphate-buffered
saline (DPBS), reacted with E-cadherin-Fc chimera protein (10 pg/ml;
R&D Systems, diluted in DPBS containing Mg** and Ca®*) for 2 hours
in room temperature, and washed three times with DPBS before use.

Cell spreading assay, drug treatment, and immunostaining
MDCK cells (WT and all KD lines) were trypsinized and replated
onto E-cadherin-coated pillar arrays at low density in serum-
free medium as mentioned above and incubated at 37°C for 3 hours
for cells to properly adhere to pillars before transfer to the mi-
croscope for imaging. For spreading assays on PDMS gels, cells
were replated onto E-cadherin-coated PDMS gels at low den-
sity in serum-free medium and incubated at 37°C for 6 hours
before fixation and staining. COS-7 cells were trypsinized and re-
plated onto E-cadherin-coated pillars and imaged immediately
since they started to spread in a rapid manner. For Y-27632
(Y0503, Sigma-Aldrich) treatment, COS-7 cells were treated with
10 uM Y-27632 for 2 hours, resuspended with drug-containing
serum-free medium, and seeded onto pillar substrates for image
acquisition.

For cell immunostaining in general, cells were fixed with 3.7% para-
formaldehyde (diluted in DPBS containing Mg** and Ca**) for 15 min
at 37°C, permeabilized with 0.1% Triton X-100 for 10 min at room
temperature, and blocked with 1% bovine serum albumin/DPBS
solution (blocking buffer) for 1 hour before staining with primary
antibody in blocking buffer at 4°C overnight. Samples were washed
four times with DPBS before secondary antibody staining in blocking
buffer for 1 hour at room temperature and washed four times after-
ward before 4',6-diamidino-2-phenylindole (DAPI) staining for
5 min. Phalloidin staining was applied together with secondary
antibody incubation for 1 hour.

Primary antibodies used in these experiments are listed as follows:
phospho-myosin light chain 2 [Ser'®, mouse monoclonal antibody
(mADb) #3675 and rabbit mAb #3671, Cell Signaling Technology],
nonmuscle myosin ITA (M8064, Sigma-Aldrich), nonmuscle
myosin IIB (CMII 23, Developmental Studies Hybridoma Bank),
nonmuscle myosin IIC heavy chain (PRB-444P, Covance), Tpm2.1
(TM311, Sigma-Aldrich), Tpm3.1/3.2 (ab180813, Abcam), and
E-cadherin (610181, BD Biosciences).

Cell sorting assay

For MDCK cell-COS-7 cell mixture, MDCK cells (WT or o-catenin
KD) and COS-7 cells were trypsinized, counted and mixed at a 1:1
ratio, and seeded at a total density of 5.6 x 10° cells per dish after
centrifugation and resuspension. For MDCK cell mixture, myosin
ITA-positive MDCK cells (WT, a-catenin KD, vinculin KD, or my-
osin IIB KD) were mixed with myosin ITA KD MDCK cells at a 1:4
ratio and seeded at a total density of 7 x 10 cells per dish. Mixed
cells were incubated in 12-mm glass-bottom dish (Iwaki) for 48 hours
before immunostaining unless otherwise specified.
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Myosin ITA was stained as mentioned above in all mixed mono-
layers to distinguish between MDCK and COS-7 cells or between
myosin ITA-positive and myosin IIA-negative MDCK cells. Cell areas
with positive myosin ITA immunostaining intensity were thresholded
and quantified to indicate the level of sorting segregation between
different types of cells. Fluorescence-positive segregated areas below
190 um* were excluded to avoid dead cell aggregates exhibiting
autofluorescence.

Microscopy imaging and data analysis

Cell spreading on pillars was imaged with a DeltaVision system
attached to an Olympus IX71 inverted microscope with 60x water
immersion objective or 100x oil immersion objective and Photo-
metrics CoolSNAP HQ2 (charge-coupled device) camera. SoftWoRx
(4.10) software was used to control the imaging configuration and
recording. Fluorescence images of cells on pillars or PDMS gels were
acquired using a spinning-disc confocal microscope (PerkinElmer)
attached to an Olympus IX81 inverted microscope. Super-resolution
confocal images were acquired using Live-SR (Roper Scientific)
module attached to a Nikon Eclipse Ti-E inverted microscope body,
controlled by MetaMorph (7.10.1.161), iLas (1.2.0), and Live-SR
(1.7.3) software.

Pillar position detection was conducted in Image] [National
Institutes of Health (NIH)] through tracking plugins designed by
F. Margadant. Pillar deflection analysis was conducted through
MATLAB (MathWorks).

To identify CC units reflected in pillar movements as paired con-
tractions, we used the method developed in a previous study (17).
Data files with the position coordinates of cellular pillars (pillars being
covered and pulled by cell during imaging) and reference pillars
(pillars outside cell area throughout imaging) were imported to a
MATLAB program to automatically generate force vector maps for
the detected CC units (in green vectors, in contrast to nonpaired
pillar deflections in red vectors) and output the number of CC units
per frame. Threshold parameters were set by users to identify CC
units, including the time threshold, displacement threshold, and
pillar spacing. For analysis of each time-lapse image, we fixed the
time threshold as 8 s and pillar spacing as 1200 nm and defined the
displacement threshold as half of the average D,y value calculated
from overall pillar deflections of the movie. We also demanded that
Dinax of both pillars occurred within a time window of 5 s to be
identified as a paired deflection. Therefore, CC units were identified
on freshly contacted pillars with a detection criterion requiring that
two or more neighboring pillars were pulled toward each other over
the displacement threshold for more than 8 s.

Statistical analysis and graph plotting were generated using Prism
(GraphPad Software), and all bar plots were presented as means +
SEM. All data were presented as means + SEM unless otherwise
specified. Analyses of statistical significance levels were performed
using Mann-Whitney test.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk0387

View/request a protocol for this paper from Bio-protocol.
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