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Mechanical cues are sensed and transduced by cell adhesion com-
plexes to regulate diverse cell behaviors. Extracellular matrix (ECM)
rigidity sensing by integrin adhesions has been well studied, but
rigidity sensing by cadherins during cell adhesion is largely un-
explored. Using mechanically tunable polyacrylamide (PA) gels func-
tionalized with the extracellular domain of E-cadherin (Ecad-Fc), we
showed that E-cadherin–dependent epithelial cell adhesion was sen-
sitive to changes in PA gel elastic modulus that produced striking
differences in cell morphology, actin organization, and membrane
dynamics. Traction force microscopy (TFM) revealed that cells pro-
duced the greatest tractions at the cell periphery, where distinct types
of actin-based membrane protrusions formed. Cells responded to sub-
strate rigidity by reorganizing the distribution and size of high-
traction-stress regions at the cell periphery. Differences in adhesion
and protrusion dynamics were mediated by balancing the activities of
specific signaling molecules. Cell adhesion to a 30-kPa Ecad-Fc PA gel
required Cdc42- and formin-dependent filopodia formation, whereas
adhesion to a 60-kPa Ecad-Fc PA gel induced Arp2/3-dependent lamel-
lipodial protrusions. A quantitative 3D cell–cell adhesion assay and
live cell imaging of cell–cell contact formation revealed that inhibition
of Cdc42, formin, and Arp2/3 activities blocked the initiation, but not
the maintenance of established cell–cell adhesions. These results in-
dicate that the same signaling molecules activated by E-cadherin ri-
gidity sensing on PA gels contribute to actin organization and
membrane dynamics during cell–cell adhesion. We hypothesize that
a transition in the stiffness of E-cadherin homotypic interactions reg-
ulates actin and membrane dynamics during initial stages of cell–
cell adhesion.

E-cadherin | rigidity | formins | Cdc42 | actin dynamics

Cell adhesion is essential for tissue structure and function. Cells
use specialized types of adhesions to interact with the sur-

rounding environment, including integrin-based focal adhesions at
cell–extracellular matrix (cell–ECM) contacts and cadherin-based
adhesions at cell–cell contacts (1). Integrins bind to the ECM and
intracellular proteins that link to the actin cytoskeleton and im-
portant signaling pathways (2). Similarly, cadherins regulate cell–
cell recognition and adhesion (3) and, through cytoplasmic adaptor
proteins (catenins, vinculin) (4, 5), also link to the actin cytoskel-
eton and other proteins with signaling and scaffolding functions (6).
Initiation of cell–cell adhesion requires significant reorganization

of the actin cytoskeleton and is tightly controlled by the activities of
actin nucleating proteins and Rho GTPases. Adhesion is initiated
when filopodia from opposing cells come into contact with one
another (7, 8), and this process is regulated by Cdc42 activity (9, 10)
and formin-dependent actin polymerization (11–14). Intermediate
stages of cell–cell contact formation involve lateral expansion of the
contact by Rac1-induced and Arp2/3-dependent lamellipodial ac-
tivity (15, 16). Finally, compaction of cell–cell adhesion is driven by
RhoA-induced actomyosin contraction at the distal edges of the
contact (15).
Cell adhesion is also regulated by mechanical cues. This has been

studied extensively in the context of cellular responses to increased
ECM rigidity, which showed that integrin adhesions grow in size
and are strengthened by local assembly of the actin cytoskeleton

and activation of actomyosin contraction (17–19). These mechan-
ical cues have physiological consequences, as ECM rigidity influ-
ences stem cell fate and cell differentiation (20). Cadherins are also
mechanosensitive proteins (21, 22). E-cadherin is under constitu-
tive tension at cell–cell junctions and dynamically responds to
changes in tension (23). Cellular responses to exogenous tension
applied directly to cadherins using functionalized beads have been
studied extensively (22, 24, 25). However, few studies have in-
vestigated how cadherins sense and respond to changes in rigidity
of cell–cell interactions. Using N-cadherin–functionalized sub-
strates, a previous study showed that N-cadherin adhesions in
C2 myogenic cells grew in size and exerted greater traction forces
in response to increased substrate rigidity (21). However, it re-
mains unknown whether such cellular responses to 2D substrate
rigidity involve different actin nucleating proteins and Rho
GTPases or correlate with stages of native cell–cell adhesions.
Here, we investigated how cells responded to changes in sub-

strate rigidity at E-cadherin homotypic interactions within the
physiological range of elastic moduli (30–60 kPa) found in vivo.
Using mechanically tuned polyacrylamide (PA) gels functionalized
with the extracellular domain of E-cadherin (Ecad-Fc), we found
significant differences in the morphology and membrane dynamics
of Madin–Darby canine kidney (MDCK) epithelial cells in response
to a change in Ecad-Fc PA gel elastic modulus (30–60 kPa). In
contrast, there were relatively minor alterations in the morphology
and adhesion dynamics of cells adhered to 30-kPa and 60-kPa PA
gels functionalized with collagen I. Traction force microscopy
(TFM) showed that the distinct cell morphology and protrusion
dynamics on 30-kPa and 60-kPa Ecad-Fc PA gels corresponded to
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differences in PA substrate strain and the distribution of high-
traction-stress regions at the cell periphery. We showed that there
is a delicate balance of different actin nucleating proteins and Rho
GTPase activities required for these cellular responses to changes
in E-cadherin substrate modulus, which also correlated with their
roles in different stages of native cell–cell adhesion. These results
indicate that E-cadherin–dependent rigidity sensing and local signal
transduction contribute to initial cell–cell contact formation.

Results
We prepared PA gels of different elastic moduli functionalized
with either the ECM protein collagen I or the correctly oriented
extracellular domain of E-cadherin fused at the C terminus with
human Fc (Ecad-Fc) (26); these proteins were covalently linked to
the surface of the PA gel with the protein–substrate linker sulfo-
SANPAH. Substrates immobilized with Ecad-Fc mimic cell–cell
interactions, and cellular E-cadherin protein dynamics at the
Ecad-Fc interface are similar to those found at endogenous cell–
cell junctions (27, 28). Saturating amounts of Ecad-Fc were bound
to substrates to ensure maximum engagement of E-cadherin in
adhering cells (23).
The stiffness of epithelial cell–cell contacts in vivo is unknown

and reported elastic moduli of living cells vary widely. Some studies
have indicated that the elastic modulus of the cell cortex is
∼1–5 kPa (29), but Ecad-Fc PA gels of ∼1 kPa and 9 kPa did not
support MDCK cell adhesion or spreading (Fig. S1 and Table S1).
Other work indicated that the elastic modulus of an MDCK cell
monolayer is 33 kPa (30); this was derived by microscale in-
dentation of multicellular groups with cell–cell contacts, which may
be more relevant when considering the stiffness at cell–cell con-
tacts. Therefore, we chose elastic moduli of ∼30 kPa and 60 kPa
for this study, as these values are within the physiological range of
tissues in vivo (0.1–100 kPa) (31, 32), are similar to values pre-
viously reported for an MDCK cell monolayer (∼33 kPa), and
support MDCK adhesion and spreading (Fig. 1). Mechanically
tunable PA gels were made by adjusting the total polymer content
(%T) and cross-linker concentration (%C) in solution (33). The
elastic moduli of the two gel formulations used in this study were
verified by atomic force microscopy (AFM): 10%T, 1%C, 27.5–
31.8 kPa (median: 29.07 kPa) and 10%T, 2.5% C, 52.6–67.2 kPa
(median: 57.34 kPa) (Table S1). We also prepared glass coverslips
(with an elastic modulus of ∼100 GPa) coated with Ecad-Fc, which
have been used in most other studies (34–37).
Ecad-Fc binding on the surface of the gels was quantified with

SYPRO Ruby red protein stain. Whereas saturating amounts of
E-cadherin were used to ensure maximal E-cadherin binding, more
Ecad-Fc bound to the surface of 60-kPa PA gels compared with
that to the surface of 30-kPa PA gels (Fig. S2A). The percentage of
cells that attached to Ecad-Fc gels increased with increasing sub-
strate modulus, ranging from 57% to 83% (Fig. S2B). To test the
specificity of cell adhesion to Ecad-Fc substrates, we used three
controls: (i) Substrates functionalized with BSA did not support
cell adhesion (4–15% of cells adhered) and blocked cell spreading
(Fig. S2B); (ii) blocking Ecad-Fc adhesion with an E-cadherin
function-blocking antibody (rr-1) (38) inhibited cell adhesion to
Ecad-Fc substrates (<5% of cells adhered), and the few cells that
attached remained rounded and did not spread (Fig. S2B); and
(iii) to test whether secreted ECM proteins facilitated cell adhesion
to Ecad-Fc PA gels, cells were fixed and stained for the integrin-
based focal adhesion protein paxillin. Paxillin staining in cells at-
tached to and spread on Ecad-Fc PA gels was diffuse throughout
the cytoplasm and focal adhesion-like clusters were not detected
(Fig. S2C); in contrast, cells attached to collagen-functionalized
gels showed a clear enrichment of paxillin at focal adhesions
around the cell periphery (Fig. S2C). Taken together, we conclude
that MDCK cell adhesion to Ecad-Fc PA gels involves specific
engagement of cellular E-cadherin with Ecad-Fc to promote cell
attachment and spreading.

To assess the effects of substrate rigidity on cell morphology and
adhesion organization, single MDCK cells were plated on colla-
gen-I– or Ecad-Fc–functionalized 30-kPa or 60-kPa PA gels or
glass coverslips. MDCK cells were chosen for this study because
cell–cell adhesion dynamics in these cells have been extensively
studied and are well defined (7, 15), and single cells were exam-
ined to avoid competition with native cell–cell adhesions in larger

Fig. 1. Effects of integrin– and E-cadherin–based rigidity sensing on adhe-
sion organization and cell morphology. (A) Confocal images of MDCK cells
fixed and stained for F-actin (phalloidin) (Left) and paxillin (Center) on col-
lagen-I–coated substrates of different moduli. (A, Right) The dotted box in
each image is merged and expanded (F-actin, green; paxillin, red). (Scale bar,
10 μm.) (B–D) Quantification of morphological features, including cell spread
area (B), aspect ratio (C), and circularity (D). Cumulative data from three
experiments are represented in a dot plot, where each dot represents one
cell. The solid black line indicates the median and the upper and lower bars
represented the interquartile range (n > 140 cells per condition). (E) Con-
focal images of MDCK cells stably expressing E-cadherin:dsRed fixed and
stained for F-actin (phalloidin) on Ecad-Fc–functionalized substrates of dif-
ferent moduli. (E, Right) Dotted box in each image is merged and expanded
(F-actin, green; E-cadherin:dsRed, red). (Scale bar, 10 μm.) (F–H) Quantifica-
tion of morphological features, including cell spread area (F), aspect ratio
(G), and circularity (H). Cumulative data from three independent experi-
ments are represented in a dot plot, where each dot represents one cell. The
solid black line indicates the median and upper and lower bars represent the
interquartile range (n > 115 cells per condition). Statistics were determined
using a Kruskal–Wallis test with Dunn’s posttest for multiple comparisons,
**P < 0.001, ***P < 0.0002, ****P < 0.0001. Noncumulative averages and
statistics for the three independent experiments presented in B–D and F–H
are listed in Table S2.
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cell aggregates. Five hours after plating, cells were fixed and pro-
cessed for immunofluorescence microscopy.
First, we examined cells adhered to collagen-I–coated substrates

by imaging phalloidin to mark F-actin, and paxillin to mark
integrin-based focal adhesions (Fig. 1A). Regardless of substrate
modulus (ECM rigidity), all cells were flat and circular with a
circumferential ring of F-actin and paxillin foci just beyond the F-
actin belt and around the cell periphery (Fig. 1A). The size of
paxillin-positive focal adhesions appeared to increase as the ECM
rigidity increased. Quantification of morphological features of cells
revealed that the cell area increased with increased ECM rigidity
(Fig. 1B and Table S2), in agreement with previous studies (17, 39,
40). There were also relatively small, but statistically significant
changes in the aspect ratio and circularity of cells with changes in
ECM rigidity (Fig. 1 C and D and Table S2).
Next, we examined MDCK cells stably expressing E-cadherin:

dsRed adhered to Ecad-Fc substrates of different moduli; the total
level of E-cadherin expression in these cells was similar to that in
control MDCK cells (Fig. S2D). Confocal imaging of cells 5 h after
plating revealed that cell spread area and morphology differed
significantly between cells adhered to Ecad-Fc substrates of dif-
ferent rigidity (Fig. 1 E–H). On Ecad-Fc–functionalized glass, cells
were very flat and round, with large focal adhesion-like cadherin
plaques at the end of thick radial F-actin bundles around the pe-
riphery (Fig. 1E), similar to observations in previous studies (34–
37). These prominent F-actin and E-cadherin structures were very
different from the organization of these proteins in cells adhered to
Ecad-Fc PA gels. On a 30-kPa Ecad-Fc PA gel, cells appeared to
have very few F-actin bundles, and E-cadherin was generally diffuse
with weak staining in small protrusions at either end of the cell (Fig.
1E). Cells adhered to a 60-kPa Ecad-Fc PA gel had a few small F-
actin bundles and an enrichment of F-actin at the edge of broad
protrusions, whereas E-cadherin was generally diffuse and did not
appear to be organized into prominent puncta or plaques (Fig. 1E).
In contrast to cells adhered to collagen-I substrates, cell mor-

phologies were very different, depending on the Ecad-Fc substrate
rigidity. Cells adhered to a 30-kPa Ecad-Fc PA gel were narrow
and elongated with a large, flat membrane lamellipodium with
small, thin membrane protrusions at either end of the cell body
(Fig. 1F and Table S2). Cells adhered to a 60-kPa Ecad-Fc PA gel
were generally flatter and more circular, with a larger spread area
and many broad, lamellipodia-like protrusions (Fig. 1F). Finally,
cells adhering to Ecad-Fc–functionalized glass had the largest
spread area and few protrusions beyond the prominent cortical
F-actin ring (Fig. 1F and Table S2). Cell spreading on 30-kPa and
60-kPa Ecad-Fc PA gels and Ecad-Fc–functionalized glass was
similarly dependent on myosin II, as treatment with ML-7 resulted
in a 30% decrease in spread area but did not result in complete
rounding of cells (Fig. S3). The elongated cell morphology on a
30-kPa Ecad-Fc gel had a significantly higher aspect ratio than that
of cells adhered to a 60-kPa Ecad-Fc PA gel or glass (Fig. 1G and
Table S2); as expected, there were corresponding increases in cell
circularity with increasing Ecad-Fc rigidity (Fig. 1H and Table S2).
Together, these results indicate that increasing the ECM (collagen)
rigidity had relatively small effects on overall cell morphology or
the organization of F-actin and adhesive structures. In contrast,
increasing the Ecad-Fc substrate rigidity significantly affected cell
morphology and the organization of F-actin and E-cadherin.
A caveat to this conclusion is that more Ecad-Fc ligand bound to

the surface of the 60-kPa PA gel compared with a 30-kPa PA gel
(Fig. S2A), and thus differences in cell morphology might be due to
differences in ligand density, rather than gel modulus. Previous
studies demonstrated that protein tethering to the surface of PA
gels can be modulated by varying the concentration of the sub-
strate–protein cross-linker sulfo-SANPAH (SS) (41). Therefore, a
range of SS concentrations (0.5–2.0 mg/mL) were used to func-
tionalize a 60-kPa PA gel, and Ecad-Fc ligand binding was mea-
sured using an anti–E-cadherin antibody (Fig. S4A). This allowed

us to establish 60-kPa PA gel conditions in which Ecad-Fc ligand
density was equal to (1.4 mg/mL SS) or lower than that of a 30-kPa
gel (0.5 mg/mL and 1.0 mg/mL SS) (Fig. S4 A and B). We mea-
sured levels of cellular E-cadherin fluorescence at the cell–sub-
strate interface on 30-kPa PA gels and 60-kPa PA gels with
different levels of Ecad-Fc ligand density. Whereas there was a
slight trend in lower levels of cellular E-cadherin fluorescence with
lower Ecad-Fc ligand density (Fig. S4 C and D), the difference in
cellular E-cadherin levels between all 30-kPa and 60-kPa Ecad-Fc
PA gels was not statistically significant. Importantly, the amount of
cell spreading and overall morphology on a 60-kPa PA gel did not
change as a result of decreasing Ecad-Fc ligand density, and cells
adhered to different 60-kPa PA gel Ecad-Fc ligand densities had a
spread area and morphology that were statistically different from
those of cells adhered to a 30-kPa gel (Fig. S4 E–G). These data
indicate that differences in cell spreading and morphology on 30-
kPa and 60-kPa Ecad-Fc PA gels are due to substrate rigidity and
not differences in Ecad-Fc ligand density, and that the similar
levels of cellular E-cadherin on these Ecad-Fc substrates likely
reflect saturated binding over this range of ligand densities.
Given the striking difference in cell spreading and plasma

membrane protrusions between Ecad-Fc–functionalized 30-kPa
and 60-kPa PA gels (Fig. 1E), we measured plasma membrane
dynamics in MDCK cells expressing GFP-LifeAct. Cells adhered
to a 30-kPa Ecad-Fc PA gel had a large, flat, and rather stable
membrane lamellipodium at both ends of the elongated cell body,
from which dynamic filopodia-like extensions rapidly extended and

Fig. 2. Ecad-Fc substrate rigidity influences actin dynamics in adhering cells.
(A) Time-lapse images of MDCK cells expressing GFP-LifeAct adhered to Ecad-
Fc–functionalized surfaces of varying rigidities. (Scale bar, 10 μm.) (B) Repre-
sentative kymograph images of membrane protrusions from MDCK cells
expressing GFP-LifeAct adhered to Ecad-Fc substrates. (Scale bar, 2 μm.) (C–F)
Quantification of number of protrusions (C), protrusion velocity (D), protrusion
length (E), and protrusion persistence (F) over a 15-min interval. Four regions
from at least 10 different cells were analyzed for each substrate, resulting in
quantification of 209 protrusions (30 kPa), 143 protrusions (60 kPa), and
43 protrusions (glass). Results are represented in a box and whisker format, in
which the ends of the box mark the upper and lower quartiles, the horizontal
line in the box represents the median, and whiskers outside the box extend to
the highest and lowest value within the 1.5× interquartile range. Statistics were
determined using a Kruskal–Wallis test with Dunn’s posttest for multiple
comparisons, *P < 0.05, ***P < 0.0002, ****P < 0.0001.
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retracted (Fig. 2A and Movie S1); few, if any, lamellipodia or
filopodia were detected along the sides of these elongated cells. In
contrast, cells adhered to a 60-kPa Ecad-Fc PA gel had large,
dynamic lamellipodia that ruffled around the entire cell periphery
(Fig. 2A and Movie S2); few filopodia were detected in these cells,
compared with cells on a 30-kPa Ecad-Fc PA gel. Cells adhered to
Ecad-Fc–functionalized glass were flat and circular, and the plasma
membrane at the periphery was relatively undynamic and extended
very few protrusions (Fig. 2A and Movie S3). Kymograph analysis
of live cell images (Fig. 2B) showed that the number (Fig. 2C) and
velocity (Fig. 2D) of membrane protrusions decreased in cells
adhered to Ecad-Fc substrates of increasing rigidities; in general,
cells adhered to 30-kPa and glass Ecad-Fc substrates extended
shorter and less persistent protrusions, compared with cells ad-
hered to the 60-kPa PA gel (Fig. 2 E and F).
Next, we sought to determine whether differences in protrusion

dynamics were mediated by differences in clustering of cellular
E-cadherin. MDCK cells stably expressing E-cadherin:dsRed plated
on Ecad-Fc gels were fixed and processed for structured illumina-
tion microscopy (SIM) 5 h after seeding. Similar to confocal image
analysis (Fig. 1E), SIM analysis showed that E-cadherin localization
on 30-kPa and 60-kPa Ecad-Fc PA gels was generally diffuse
throughout the cell body and at membrane protrusions, but at
higher resolution with SIM, small puncta were now visible (Fig.
3A). The level of E-cadherin in and the size of these puncta were
similar in cells on 30-kPa and 60-kPa Ecad-Fc PA gels (Fig. 3 B and
C). Because Ecad-Fc ligand density on the surface of the gel could
contribute to E-cadherin clustering, we also measured E-cadherin
puncta on 30-kPa and 60-kPa PA gels with matched Ecad-Fc ligand
density and found little or no difference in puncta density and size
(Fig. S4 H–J). In contrast, focal adhesion-like E-cadherin plaques
were present around the periphery of cells on Ecad-Fc–function-
alized glass, and the level of E-cadherin and size of these clusters
were significantly greater than the small E-cadherin puncta on
30-kPa and 60-kPa Ecad-Fc PA gels (Fig. 3 B and C). These data
indicate that differences in E-cadherin organization and clustering
are not responsible for the differences in cell shape or membrane
protrusion dynamics on 30-kPa and 60-kPa Ecad-Fc PA gels.
To test the possibility that differences in substrate deformation

and traction stress on 30-kPa and 60-kPa Ecad-Fc PA gels may
contribute to differences in protrusion dynamics, we performed
TFM by tracking the displacement of fluorescent beads embedded
in Ecad-Fc PA gels (42). Heat maps of traction stress magnitude in
cells on 30-kPa and 60-kPa Ecad-Fc PA gels showed that regions of
highest stress were located at the cell periphery, where membrane
protrusions were found. Cells with elongated morphologies on
30-kPa Ecad-Fc PA gels produced regions with the greatest stress
only at either end of the cell, whereas cells on 60-kPa Ecad-Fc PA
gels had the high-stress regions distributed all around the periphery
(Fig. 3D). As a result, the distribution of high-traction-stress re-
gions differed in cells on 30-kPa and 60-kPa Ecad-Fc PA gels. Cells
produced fewer regions of high stress on 30-kPa Ecad-Fc PA gels
but these regions were larger in area. Cells generally produced a
greater number of high-stress regions on 60-kPa Ecad-Fc PA gels,
but these regions were smaller in area (Fig. 3D). The mean traction
stress magnitude within the cell boundary was remarkably similar
on 30-kPa and 60-kPa Ecad-Fc PA gels and differences were not
statistically significant (Fig. 3E). However, we measured a signifi-
cantly larger substrate strain (using mean bead displacement, Fig.
3F) within cell boundaries on 30-kPa PA gels than on 60-kPa PA
gels. Taken together, these data indicate that high-stress regions
are located at the cell periphery near membrane protrusions, and

Fig. 3. Cells adhered to 30-kPa and 60-kPa Ecad-Fc PA gels exhibit similar
cadherin clustering and mean traction stress, but the distribution of stress
and strain differs. (A) Representative SIM images of cells stably expressing
E-cadherin:dsRed and stained for actin (phalloidin). (A, Lower) Dotted box in
the E-cadherin image is expanded. (Scale bar, 10 μm.) (B) Quantification of
E-cadherin puncta per square micrometer represented in a box and whisker
format, in which the ends of the box mark the upper and lower quartiles,
the horizontal line in the box represents the median, and whiskers outside
the box extend to the highest and lowest value within the 1.5× interquartile
range. Data shown are cumulative from three independent experiments.
(C) Quantification of E-cadherin puncta size represented in a box and
whisker format. Data shown are cumulative from three independent ex-
periments. For quantification (B and C), five 1-μm2 regions within cell pro-
trusions were analyzed per cell and at least 10 cells per condition were
quantified. Statistics were determined using a Kruskal–Wallis test with Dunn’s
posttest for multiple comparisons, *P < 0.05, ****P < 0.0001. (D) Heat maps of
the traction stress (magnitude shown) produced by cells adhered to Ecad-Fc PA
gels, with cell boundary as overlay in white. (Scale bar, 10 μm.) (E) Mean
traction stress (measured within cell boundaries) produced by cells on 30-kPa
and 60-kPa Ecad-Fc PA gels. Results are represented in box and whisker format.
n = 27 cells (30 kPa) and 19 cells (60 kPa). Statistics were determined using a

Mann–Whitney test. (F) Mean bead displacements within 30-kPa and 60-kPa
Ecad-Fc PA gels resulting from cell tractions. n = 27 (30 kPa) and 19 (60 kPa).
Statistics were determined using a Mann–Whitney test. ***P = 0.0005.
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the localized areas of high traction stress and strain exerted by cells
on the substrate are greater in cells adhering to 30-kPa than to
60-kPa Ecad-Fc PA gels.
We hypothesized that differences in cadherin rigidity sensing on

30-kPa and 60-kPa Ecad-Fc PA gels involved the activation of
different signaling pathways that regulate actin dynamics and con-
tribute to cell shape and membrane protrusion dynamics. We could
not use siRNA knockdown of protein expression or dominant-
negative mutants, as constitutive knockdown or inhibition of pro-
teins of interest is known to affect cell–cell adhesion and thus would
disrupt initial cell attachment and spreading on PA gel substrates.
Therefore, we used small molecule inhibitors that could be added
and then washed out at specific times after cell attachment; target
protein disruption by a given inhibitor was validated by immuno-
fluorescence microscopy (formins, Arp2/3) or activity pull-down
assays (Cdc42, Rac1) (Fig. S5).
First, we sought to determine whether differences in actin dy-

namics were mediated by distinct actin nucleating proteins. MDCK
cells stably expressing E-cadherin:dsRed were plated on a 30-kPa
or 60-kPa Ecad-Fc PA gel and imaged by fluorescence microscopy

and differential interference contrast (DIC) microscopy. Cells ad-
hered to Ecad-Fc–functionalized glass were not examined in this
assay because they appeared to be relatively undynamic and ex-
tended very few actin-based protrusions (Fig. 2 and Movie S3).
DIC (Fig. S6) and fluorescence images (Fig. 4) were collected for
15 min, and baseline protrusive area and plasma membrane activity
were measured from fluorescence images; DIC contrast was poor
due to light interference from the PA gel. Small molecule in-
hibitors were added to inhibit formins (20 μM SMIFH2) and
Arp2/3 (100 μMCK666) activity. These concentrations have been
shown previously to disrupt formin and Arp2/3 activities in
MDCK cells without inducing cytotoxic or off-target effects (14,
43–45). Importantly, the effects of these inhibitor concentrations
are reversible so that recovery of normal function can be moni-
tored. Small molecule inhibitors were added, cells were imaged
for 60 min, and then the inhibitor was washed out and imaging was
continued for a further 60 min.
Formins induce the polymerization of long, parallel actin fila-

ment bundles found in filopodia (46, 47) that are similar to the
dynamic plasma membrane protrusions observed in cells adhered

Fig. 4. Cell adhesion to a 30-kPa and 60-kPa Ecad-Fc PA gel requires the activities of distinct signaling molecules. (A–D) Representative montage of MDCK cells
stably expressing E-cadherin:dsRed adhered to a 30-kPa or 60-kPa Ecad-Fc PA gel. Each panel is representative of the effects on cell protrusive area following the
addition and washout of different inhibitors: (A) pan-formin inhibitor, SMIFH2; (B) Arp2/3 inhibitor, CK666; (C) Cdc42 inhibitor, ML141; and (D) Rac inhibitor,
NSC23766. (Scale bar, 10 μm.) (A–D, Right) Line graphs represent the mean protrusive area for each condition throughout the time course of the experiment. For
each line graph, the mean protrusive area of cells on a 30-kPa Ecad-Fc PA gel and on a 60-kPa Ecad-Fc PA gel is indicated by the green and blue lines, respectively.
The gray region between the dotted lines indicates the period in which the inhibitor was present. n ≥ 10 cells per condition from at least three independent
experiments; error bars represent SEM.
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to a 30-kPa Ecad-Fc PA gel (Fig. 2A). Addition of the pan-formin
inhibitor SMIFH2 disrupted formin localization (Fig. S5A) and
caused cells on a 30-kPa Ecad-Fc PA gel to rapidly lose adhesion
to the substrate and round up; after SMIFH2 washout, the cells
regained an elongated shape and reextended a large, flat plasma
membrane lamellipodium with filopodia-like protrusions at both
ends of the cell (Fig. 4A and Movie S4). Addition of SMIFH2 to
cells adhered to a 60-kPa Ecad-Fc PA gel resulted in a smaller
decrease in spread area and a reduction in the size of protrusions
extending from the cell body; however, cells remained well spread
on this substrate compared with complete cell rounding on the
30-kPa PA gel in the presence of SMIFH2 (Fig. 4A and Movie S5).
Washout of SMIFH2 resulted in cell respreading on the 60-kPa
Ecad-Fc PA gel concomitant with the reappearance of large
lamellipodia around the cell periphery (Fig. 4A).
Next, we tested the role of Arp2/3, which nucleates branched

actin networks commonly found in lamellipodia (48, 49) that are
similar to plasma membrane protrusions observed in cells adhered
to a 60-kPa Ecad-Fc PA gel (Fig. 2A). The small molecule inhibitor
CK666 disrupted Arp2/3 localization (Fig. S5B) and decreased
plasma membrane protrusive area and activity in cells adhered to a
30-kPa Ecad-Fc PA gel, although cells did not lose adhesion to the
same extent as they did in the presence of SMIFH2. Inhibitor
washout resulted in the reextension of protrusions at the distal ends
of the elongated cell body (Fig. 4B and Movie S6). Inhibition of
Arp2/3 in cells adhered to a 60-kPa Ecad-Fc PA gel resulted in a
decrease in the cell spread area and retraction of large lamellipodia;
washout of CK666 resulted in cell respreading concomitant with the
reappearance of large lamellipodia (Fig. 4B and Movie S7).
Overall, these results indicate that formins are required for cell

adhesion, spreading, and membrane protrusive activity on a 30-kPa
Ecad-Fc PA gel. Formins do not appear to be required for cell ad-
hesion to a 60-kPa Ecad-Fc PA gel, but contribute to cell spreading
and protrusive area. Arp2/3 activity does not appear to be required
for cell adhesion to either a 30-kPa or a 60-kPa Ecad-Fc PA gel, but
contributes to the cell spread area and formation of lamellipodia
independent of substrate rigidity.
We next examined the role of Rho GTPases as downstream

transducers of E-cadherin rigidity sensing and regulators of actin-
based membrane protrusion dynamics. We focused on Cdc42 ac-
tivity, which is largely associated with filopodia formation (and early
stages of cell–cell adhesion) (7, 9, 10), and Rac1 activity, which is
associated with lamellipodial activity (and intermediate stages of
cell–cell adhesion) (15, 16, 50). We did not investigate the role of
RhoA because its activity is important in late stages of cell–cell
adhesion and compaction (15).
Addition of 20 μM ML141, a small molecule inhibitor of Cdc42

activity (51, 52), resulted in a 65% decrease in Cdc42 activity
(Fig. S5C) and a significant decrease in cell protrusive area and
spreading on a 30-kPa Ecad-Fc PA gel; washout of ML141 resulted
in the reestablishment of an elongated cell shape and the reap-
pearance of large, flat lamellipodia with filopodia-like protrusions at
both ends of the cell (Fig. 4C and Movie S8). In contrast, Cdc42
inhibition appeared to have little or no effect on cells adhered to a
60-kPa Ecad-Fc PA gel (Fig. 4C and Movie S9). We next tested the
role of Rac1 activity, using the small molecule inhibitor NSC23766
(100 μM), which was shown previously to inhibit Rac activity in
MDCK cells (53, 54) and resulted in a 63% reduction of Rac ac-
tivity (Fig. S5D). We observed little or no effect of NSC23766 on
cell adhesion or protrusive area on a 30-kPa Ecad-Fc PA gel
(Fig. 4D and Movie S10) and only a modest decrease in cell pro-
trusive area on a 60-kPa Ecad-Fc PA gel (Fig. 4D and Movie S11).
Taken together, we conclude that different Rho GTPases con-
tribute to membrane dynamics and cell spreading/adhesion on
Ecad-Fc gels of specific moduli: Cdc42, but not Rac1 activity is
required for cell adhesion and spreading on a 30-kPa Ecad-Fc PA
gel; Rac1, but not Cdc42 activity plays a modest role in cell
spreading on a 60-kPa Ecad-Fc PA gel.

For comparison, we also tested whether formin, Arp2/3, Cdc42, or
Rac1 activities were required for cell adhesion and spreading on
30-kPa or 60-kPa collagen-I (ECM) PA gels. Significantly, addition
of SMIFH2, CK666, ML141, or NSC23766 reduced the protrusion
area of cells on both 30-kPa and 60-kPa collagen-I PA gels to a
similar extent (Fig. S7), indicating that all of these activities are re-
quired for integrin-based cell adhesions regardless of ECM rigidity.
To substantiate our signal transduction results in a more bi-

ologically relevant system, we extended our reductionist approach of
single-cell adhesion on Ecad-Fc PA gels to native cell–cell adhesion
between MDCK cells in 2D and 3D. We first measured cadherin-
based cell–cell adhesion, using a hanging-drop assay, in which
MDCK cells form large, 3D aggregates in a Ca2+- (Fig. S8) and
cadherin-dependent manner (55) in suspension in the absence of
integrin-dependent ECM adhesion or cell migration (Fig. 5). In-
hibitors of formin, Arp2/3, Cdc42, or Rac1 activity were added to a
suspension of single cells, and cell aggregate formation was quan-
tified for up to 5 h, when large 100+ cell aggregates had formed in
the control (DMSO). Addition of CK666 or NSC23766 had little or
no effect on the kinetics of cell aggregation compared with the
control (Fig. 5). In contrast, ∼75% of cell aggregates in the presence
of SMIFH2 and 90% of cell aggregates in the presence of
ML141 comprised less than 20 cells after 5 h (Fig. 5). These results
indicate that Cdc42 and formins, but not Rac1 or Arp2/3 activities
are required for initial cell–cell adhesion.
To examine the formation of individual cell–cell adhesions in

detail, we used live cell imaging of initial adhesion between pairs of
MDCK cells stably expressing E-cadherin:dsRed. MDCK cell–cell

Fig. 5. Formin or Cdc42 inhibition disrupts cell–cell adhesion in a 3D hanging-
drop assay. (Left) Bright-field images showing aggregation of MDCK cells at 0-h
and 5-h time points in the presence of the indicated inhibitors. (Scale bar,
50 μm.) (Right) Quantification of hanging-drop assays in the presence of the
indicated inhibitors. Cells were binned into cluster classes: 1–10 cells, 11–20 cells,
21–50 cells, 51–100 cells, or >100 cells. The percentage of cells in each cluster
size for each time point is indicated. The data shown are averaged from three
independent experiments and errors bars represent SEM.
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contact was initiated when filopodia from opposing cells came into
contact with one another (Fig. 6, DMSO) (7). The contact between
cells then spread laterally by lamellipodial protrusions that in-
creased membrane interactions between neighboring cells along the
expanding cell–cell contact until compaction (Fig. 6, DMSO) (15).
As cells initiated contacts, SMIFH2, CK666, ML141, or NSC23766
was added to the media and the expansion of the cell–cell contact
was imaged for 90 min, and then the inhibitor was washed out and
imaging continued for an additional 90 min (Fig. 6A, images). The
rate of cell–cell contact expansion 15 min before, during, and after
inhibitor addition was measured from time-lapse movies and
plotted; note that the rate of contact expansion in the control
(DMSO) is replotted for comparison with each inhibitor (Fig. 6B,
bar graphs).
The contact expansion rate before inhibitor addition varied

slightly across conditions, depending on the time at which initial
contact between pairs of cells was established during the 15-min
interval before inhibitor addition (Fig. 6B, “Pre-”). However, once
contact was established, the rate of contact expansion was the same
in all conditions. In the presence of the formin inhibitor SMIFH2,
existing cell–cell adhesions that had formed before the addition of
the inhibitor remained, but did not grow in length; however, when
the inhibitor was washed out, contact expansion resumed at a rate
similar to the control (DMSO) (Fig. 6 A and B). Treatment with
CK666 or ML141 also reduced the rate of initial contact expan-
sion, which was reversed upon inhibitor washout (Fig. 6 A and B).
Addition of NSC23766 had little or no effect on any stage in early
cell–cell adhesion (Fig. 6 A and B). We also measured the center of

mass motion during cell–cell adhesion (Fig. S9). Although we de-
tected a decrease in the center of mass motion in the presence of
any of the inhibitors, the effect was similar for all inhibitors, sug-
gesting that changes in cell contact expansion rate were not directly
due a migration defect but likely involved other activities such as
changes in membrane protrusion dynamics.
Cdc42 and formins appeared to be required for the initial, but

not later stages of cell–cell adhesion, as indicated by live-cell im-
aging (Fig. 6) and cell aggregation in 3D (Fig. 5). If this was the
case, we predicted that addition of Cdc42 or formin inhibitors to the
3D cell adhesion assay when intermediate-sized cell aggregates had
formed would inhibit further cell aggregation, but not affect existing
(mature) adhesions. Cells were allowed to form intermediate-sized
aggregates for 3 h in 3D, at which time actin and Rho GTPase
inhibitors were added for 2 h (Fig. 7). Cells treated with CK666 or
NSC23766 continued to form large aggregates at rates similar to the
DMSO control. In contrast, addition of SMIFH2 orML141 blocked
further enlargement of the aggregates beyond the size achieved at
3 h. These results indicate that initiation of new cell–cell interac-
tions requires Cdc42 and formin activities, whereas the maintenance
of mature adhesions does not.

Discussion
The effects of ECM rigidity on integrin-based cell adhesions have
been studied extensively (20, 56, 57), but comparable studies on
cadherin-based cell–cell adhesion are lacking. This is due in part to
the difficulty in gaining direct access to cadherin–cadherin inter-
actions to measure their stiffness and contribution to the rigidity

Fig. 6. Disruption of cell–cell contact expansion between pairs of MDCK cells, using small molecule inhibitors. (A, Left) Images of pairs of MDCK cells stably
expressing E-cadherin:dsRed during the formation and expansion of cell–cell contacts. (Scale bar, 10 μm.) (A, Right) Quantification of cell–cell contact length
over time. The solid line is representative of the mean contact length for each condition; the DMSO control line is copied in each of the graphs of the in-
hibitors as a reference. The gray region indicates the period during which the inhibitor was present (n ≥ 10 contacts per condition from at least three in-
dependent experiments; error bars indicate SEM). (B) Bar graphs for the expansion rate for cell–cell adhesion for each condition during pretreatment,
addition of the inhibitor, and washout period, normalized to the rate in the DMSO control for each time point (value of 1). Statistics were performed using a
Student’s t test. *P < 0.05, **P < 0.001, ***P < 0.0001.
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sensed by adhering cells. Previous work showed that cells adhering
to a more rigid (95-kPa) N-cadherin–coated PA gel were flat and
well spread with large N-cadherin adhesion plaques (21), similar to
cells adhered to Ecad-Fc–coated glass coverslips (∼100 GPa)
(Fig. 1E) (34–37). In contrast, cells adhered to a softer (10-kPa)
N-cadherin–coated PA gel had a reduced spread area and smaller
N-cadherin adhesions (21), similar to small E-cadherin clusters in
cells adhering to 2D-supported membranes functionalized with the
E-cadherin extracellular domain (58), 30-kPa and 60-kPa Ecad-Fc
PA gels (Figs. 1E and 3A), and native cell–cell junctions (59). We
could not measure adhesion to 9-kPa PA gels functionalized
with Ecad-Fc as MDCK cells attached poorly and did not spread
(Fig. S1 and Table S1). This difference might be due to differences
in cell type, cell adhesion to Ncad-Fc and Ecad-Fc, the PA gel
formulations used, or the type of mechanical characterization used
to derive the elastic modulus of the substrates (micro- vs. mac-
roscale indentation). Nevertheless, these studies indicate that
cell–cell adhesion is sensitive to the stiffness and/or mobility of
cadherin-based homotypic interactions. However, the mecha-
nisms underlying stiffness-dependent differences in cadherin
adhesions and the relationship, if any, between those differ-
ences and native cell–cell adhesions were unknown. Our ex-
perimental design sought to address these knowledge gaps.
Our results showed that cell behavior and morphology appeared

to be very sensitive to relatively small changes in Ecad-Fc substrate
rigidity, whereas ECM rigidity sensing within the same range of
elastic moduli did not result in significant differences in cell be-
havior or morphology. Furthermore, inhibition of actin nucleating
proteins or Rho GTPases affected adhesion similarly on all ECM
substrates regardless of substrate rigidity, whereas adhesion to
Ecad-Fc gels of different moduli required the activity of different
actin nucleating proteins and Rho GTPases.

Adhesion to Ecad-Fc substrates of different moduli, independent
of ligand density, had a profound effect on cell morphology,
membrane dynamics, and actin organization. These differences did
not appear to be due to different cellular E-cadherin organization
imaged by superresolution microscopy, which revealed that
E-cadherin was organized into small puncta of similar size and
density on 30-kPa and 60-kPa Ecad-Fc PA gels, independent of
Ecad-Fc ligand density. E-cadherin puncta had an average area of
0.014 μm2, with an estimated diameter of 120–130 nm. This esti-
mation approaches the spatial resolution limit of our microscope
and, therefore, may overestimate the diameter of E-cadherin
clusters. The size of these puncta is similar to that of E-cadherin
clusters at cell–cell contacts in A431D cells (112 nm), but larger
than that of E-cadherin clusters in EphA4 cells (60 nm) (60). It is
possible that E-cadherin cluster size differs in distinct cell types
and at different stages of cell–cell adhesion (61), but additional
studies at high resolution are required to track E-cadherin puncta
size and organization over time.
TFM studies revealed nearly identical mean traction stress

magnitude within cell boundaries on 30-kPa and 60-kPa Ecad-Fc
PA gels (Fig. 3E). The number and area of these high-stress regions
differed in cells on 30-kPa or 60-kPa Ecad-Fc PA gels, but the mean
traction stress within these regions was similar. Whereas it is not
possible to perform SIM and TFM experiments simultaneously
with our current experimental setup, we were able to extrapolate
meaningful, comparative data from both. We calculated the average
force per E-cadherin punctum within the high-stress regions based
on the area and mean stress magnitude within high-stress regions
from our TFM studies and the density of E-cadherin puncta from
SIM. We estimated the same mean force of ∼2 pN per E-cadherin
punctum in cells on both the 30-kPa and 60-kPa PA gels (com-
paring the median value of our calculations for both substrates).
This estimate assumes that the E-cadherin density in regions of high
traction stress is the same as those measured by SIM, although we
do not know the number of “active” E-cadherin molecules bearing
force within each punctum. Nevertheless, this result is consistent
with previous work showing that E-cadherin molecular tension re-
mains constant between pairs of cells, regardless of differences in
cell shape, traction stress, or cell–cell force (62).
We showed that differences in adhesion and cell spreading on

Ecad-Fc PA gels required a delicate balance of distinct Rho
GTPases (Table S3). Cdc42 activity is required for cell adhesion
and spreading on a 30-kPa Ecad-Fc PA gel, but not on a more rigid
60-kPa Ecad-Fc PA gel (Fig. 4C). Moreover, Cdc42 activity was
required for the initiation of new cell–cell adhesions in 3D ag-
gregates (Figs. 5 and 7) and contact expansion of initial contacts
between pairs of cells (Fig. 6), but not for the maintenance of
mature cell–cell adhesions in either assay (Figs. 6 and 7). Previous
studies of the role of E-cadherin engagement and Cdc42 activity
have generated conflicting results (9, 10, 63, 64) but, based on our
results, it is possible that these differences could be due to the
mechanical properties of cell–cell adhesions in different cell types.
Rac1 inhibition had little or no effect on cells adhered to a 30-kPa

Ecad-Fc PA gel and only a modest effect on cells adhered to a 60-kPa
Ecad-Fc PA gel (Fig. 4D). This was surprising, because studies
have indicated that Rac1 is essential for cell–cell adhesion (10, 13,
15, 36). However, Rac1 may play a role in maintaining cadherin
adhesions at stiffer elastic moduli that may be representative of
cell–cell adhesions that are more mature than those studied here.
Our results also revealed that the role of different actin nucle-

ating protein activities is influenced by the rigidity of the Ecad-Fc
substrate. In general, inhibition of formin or Arp2/3 activities
caused more cell rounding (Fig. 4) than inhibition of actomyosin
activity (Fig. S3), indicating that maintenance of cell adhesion re-
quires active actin and membrane dynamics and that myosin-
dependent forces on stable actin structures may play a secondary
role on these PA substrates. In particular, formin activity, which
polymerizes long, parallel actin bundles found in filopodia (46, 47),

Fig. 7. Formin or Cdc42 inhibition disrupts the formation of new adhesions,
but not the maintenance of existing adhesions. (Left) Bright-field images
showing MDCK cell aggregation at times before (0 h, 3 h) and after (5 h)
addition of inhibitors at 3 h. (Scale bar, 50 μm.) (Right) Quantification of
hanging-drop assay in the presence of the indicated inhibitors. Cells were
binned into cluster classes: 1–10 cells, 11–20 cells, 21–50 cells, 51–100 cells,
or >100 cells. The percentage of cells in each cluster size for each time point is
indicated. The data shown are averaged from three independent experiments
and errors bars represent SEM.
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appeared to be essential for cell adhesion and dynamic filopodia-
like protrusions on a 30-kPa Ecad-Fc PA gel, but not on a 60-kPa
Ecad-Fc PA gel. These results are consistent with previous studies
that demonstrated a role for the diaphanous formin mDia1 (11, 65,
66) and formin-like proteins FMNL2 and FMNL3 (12, 13) in the
recruitment of actin and E-cadherin and the formation of filopodia
at initial cell–cell contacts. At present, we do not know which for-
min(s) is (are) regulated by the stiffness of E-cadherin interactions.
However, formin1 binds directly to the E-cadherin complex
through α-catenin (67), and it is possible that forces at E-cadherin
adhesions activate α-catenin binding to formins via force-dependent
changes in α-catenin conformation (68), perhaps similar to that
required for binding to F-actin (5). In this context, FMNL3 re-
cruitment to junctions is tension dependent and regulated by Cdc42
(14). Our results indicate that the requirement for Cdc42 and for-
min activity becomes less important as substrate modulus increases,
which could be related to the roles of mDia1 and FMNL3 in sta-
bilizing early junctions and decreasing E-cadherin mobility (14).
Inhibition of Arp2/3 affected cell adhesion on 30-kPa and 60-kPa

Ecad-Fc PA gels (Fig. 4B). In both cases, cells adhered to the sub-
strate with lamellipodia, albeit with very different organizations—a
large, flat membrane lamellipodium at either end of the cell body
adhered to the 30-kPa PA gel, and large circular lamellipodia in
flat, well-spread cells adhered to the 60-kPa Ecad-Fc PA gel. Arp2/3
inhibition in cells adhered to the 30-kPa Ecad-Fc PA gel could
affect formin-dependent actin polymerization during filopodia ini-
tiation (69, 70). Similarly, Arp2/3 inhibition disrupted native cell–cell
contact formation between pairs of cells, which also required
Cdc42 and formin activities (Fig. 6). However, Arp2/3 inhibition did
not affect formation of 3D cell aggregates in the hanging-drop assay
(Figs. 5 and 7). These apparently contradictory results could be due
to differences in E-cadherin adhesion in 2D vs. 3D. In 3D suspen-
sion, cells are rounded and aggregate by minimally spreading on
neighboring cells, which would not necessarily require extensive
Arp2/3-dependent lamellipodia activity (Figs. 5 and 7). In contrast,
cells in 2D are flat and spread out and migrate with protrusive
lamellipodia to make contact with each other, where upon expan-
sion of the cell–cell contact area by lamellipodia is required, which
would require Arp2/3 activity (Fig. 6). In line with this idea, in-
hibition of Arp2/3 (as well as formins, Cdc42, and Rac) resulted in a
reduction in center of mass motion during cell–cell contact expan-
sion, suggesting decreased cell migration.
We do not know the stiffness of E-cadherin interactions during

native cell–cell adhesion. However, insights can be extrapolated
from our TFM results and a comparison of cell behaviors and the
requirements of different Rho GTPases and actin nucleators in our
reductionist assay using Ecad-Fc PA gels and our 2D and 3D na-
tive cell–cell adhesion assays. Our TFM data indicate that cells
may sense and react to differences in effective E-cadherin stiffness
by changing the distribution of traction stress and strain on the
substrate. Cells adhered to a 30-kPa Ecad-Fc PA gel exerted a
higher strain on the gel than cells adhered to a 60-kPa Ecad-Fc gel
(Fig. 3F), and high-traction-stress regions were often located at the

distal edges of elongated cells on 30-kPa Ecad-Fc PA gels where
dynamic filopodial protrusions originate (Fig. 3D). Previous work
has shown that fibroblasts extend filopodia as a rigidity-sensing
mechanism and levels of strain on the resulting substrate influ-
ence cellular behavior (71). Our data indicate that a similar
mechanism may exist during cell–cell contact formation. We
showed that Cdc42 and formin activities are the dominant signaling
molecules that regulate cell adhesion on a 30-kPa Ecad-Fc PA gel
during initial cell–cell adhesion in 2D and 3D. Therefore, it is
possible that Cdc42- and formin-dependent actin polymerization
supports high levels of strain exerted by opposing cells during early
stages of cell–cell adhesion (8, 67). During intermediate stages of
cell–cell contact, when the area of the contact increases and
E-cadherin is stabilized at the junction, strain and stress at the con-
tact would redistribute as the contact expands (similar to the changes
in stress distribution observed in 30-kPa and 60-kPa Ecad-Fc PA gels,
Fig. 3D). Our data indicate that this transition would result in a
change in actin-based protrusions that are less dependent on for-
min and Cdc42 activities and more dependent on Arp2/3 actin
polymerization and lamellipodia as the contact expands (15).
Taken together, we suggest that different stages of cell–cell ad-
hesion may involve a transition in E-cadherin rigidity sensing at the
contact that results in reorganization of stress between opposing
cells and corresponding changes in the downstream signaling
pathways involved in actin reorganization and plasma membrane
dynamics. Direct evidence of this transition will need the devel-
opment of methods to assay cell–cell adhesion stiffness directly.

Materials and Methods
Full materials and methods are available in SI Materials and Methods. Briefly, PA
gels of varying elastic moduli were made by adjusting the amounts of acrylamide
and bis-acrylamide in the prepolymer gel solution (33). Gels were functionalized
by UV activation of 0.5–2.0 mg/mL SS (72) and subsequent incubation with col-
lagen I or protein A/G and Ecad-Fc. MDCK type II G cells (73) and MDCK type II G
cells stably expressing E-cadherin:dsRed (74) were used in this study. MDCK cells
expressing GFP-LifeAct were imaged 24 h after transfection. All inhibitors were
diluted in DMSO and used at concentrations previously shown to inhibit activities
without inducing cytotoxic or off-target effects inMDCK cells: 20 μMSMIFH2 (14),
100 μM CK666 (45), 20 μM ML-141 (52), and 100 μM NSC-23766 (54). Three-
dimensional hanging-drop assays used single-cell suspensions in droplets hang-
ing from an inverted 35-mm Petri dish lid. Samples were triturated before fixation
and 20 random images were collected for each time point. Image analysis was
performed using ImageJ and statistical analyses were performed using a Student’s
t test, Mann–Whitney test, or Kruskal–Wallis test in GraphPad Prism Software.
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