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Substrate stiffness regulates cadherin-dependent
collective migration through myosin-Il contractility

Mei Rosa Ng, Achim Besser, Gaudenz Danuser, and Joan S. Brugge

Department of Cell Biology, Harvard Medical School, Boston, MA 02115

he mechanical microenvironment is known to influ-

ence single-cell migration; however, the extent to

which mechanical cues affect collective migration
of adherent cells is not well understood. We measured
the effects of varying substrate compliance on individual
cell migratory properties in an epithelial wound-healing
assay. Increasing substrate stiffness increased collective cell
migration speed, persistence, and directionality as well
as the coordination of cell movements. Dynamic analy-
sis revealed that wounding initiated a wave of motion co-
ordination from the wound edge into the sheet. This was

Introduction

Cells often migrate collectively as part of a group, sheet, or
strand maintained by cell—cell junctions (Friedl and Gilmour,
2009; Tlina and Friedl, 2009; Rgrth, 2009; Weijer, 2009). Col-
lective migration is involved in Dictyostelium discoideum
slug formation (Firtel and Meili, 2000), border cell migra-
tion during Drosophila melanogaster oogenesis (Prasad and
Montell, 2007), zebrafish posterior lateral line primordium
development (Revenu and Gilmour, 2009), gastrulation (Keller,
2005; Weijer, 2009), morphogenesis of organs such as mam-
mary glands (Ewald et al., 2008, 2012) and kidney (Vasilyev
et al., 2009), and reepithelialization during wound healing
(Martin, 1997). Collective migration has also been observed in
cancer explants in vitro (Friedl et al., 1995) and invasive tumors
in vivo (Friedl et al., 2004; Hidalgo-Carcedo et al., 2011).
Within tissues, cells encounter microenvironments that
may range in compliance from tens of pascals in the softest
tissues, such as brain, to gigapascals in the stiffest tissues,
such as bone (Discher et al., 2005; Butcher et al., 2009). Such
variation in matrix mechanical properties has long been known
to play a role in regulating single-cell behaviors, including
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accompanied by a front-to-back gradient of myosin-Il
activation and establishment of cell polarity. The propa-
gation was faster and farther reaching on stiff substrates,
indicating that substrate stiffness affects the transmis-
sion of directional cues. Manipulation of myosin-Il ac-
tivity and cadherin—catenin complexes revealed that
this transmission is mediated by coupling of contractile
forces between neighboring cells. Thus, our findings sug-
gest that the mechanical environment integrates in a
feedback with cell contractility and cell-cell adhesion to
regulate collective migration.

migration (Pelham and Wang, 1997; Flanagan et al., 2002;
Engler et al., 2004, 2006; Discher et al., 2005; Guo et al.,
2006; Ingber, 2006). Sparsely seeded cells migrate from a
soft to a rigid surface, a mechanoresponsiveness referred to
as durotaxis (Lo et al., 2000). Microenvironmental stiffness has
also been implicated in breast cancer cell invasion in vitro
and metastasis in vivo (Wozniak et al., 2003; Paszek et al.,
2005; Kostic et al., 2009; Levental et al., 2009), both of which
may involve collective cell migration.

The effects of substrate stiffness on cell sheets may not be
as significant as those on single cells. Studies using polyacryl-
amide (PAA) gel-based substrates have shown that the differ-
ences in cell spreading area observed in single fibroblasts and
endothelial cells cultured on soft versus stiff substrates disap-
peared once the cells become a confluent monolayer (Yeung
et al., 2005). Similarly, the expansion of endothelial cell colonies
is indifferent to changes in substrate stiffness (Trepat et al.,
2009). The relative indifference of these properties to substrate
rigidity has been attributed to the maintenance of cell—cell adhe-
sions, which increases the effective stiffness cells sense beyond
that of the underlying compliant substrate (Yeung et al., 2005;
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Figure 1. Collective migration of MCF10A epithelial cell sheets on PAA gel substrates of various compliances. (A) Progression of wound healing on soft
(3 kPa) and stiff (65 kPa) substrates. Red lines trace the wound edge; blue line on 12-h images reflects the wound edge at O h after wounding. (B) The
distance advanced by cell sheets over 14 h of wound healing on various substrate stiffnesses. (C) Tracks of cell movements overlaid with images of
H2B-mCherry-labeled nuclei in cell sheets at 12 h after wounding on soft (3 kPa) and stiff (65 kPa) substrates. (D and E) Mean speed (D) and mean
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Trepat et al., 2009). However, other studies concluded that sub-
strate stiffness does affect collective migration. Increasing sub-
strate stiffness was found to promote the scattering and migration
of fibroblasts and epithelial cells from cell clusters in vitro
(de Rooij et al., 2005; Guo et al., 2006; Saez et al., 2007) as well
as the migration of neonatal rat heart tissue cells from tissue
explants ex vivo (Guo et al., 2006). For confluent epithelial
sheets, modulating the viscoelasticity of the substrate was
also found to influence coordination in cell movement veloci-
ties (Murrell et al., 2011).

Our study sought to systematically investigate whether
and how substrate stiffness affects epithelial sheet migration.
We developed a wound-healing assay suitable for the study of
collective migration on PAA gel substrates with a range of
compliances and performed long-term fluorescent time-lapse
imaging to monitor the movement of MCF10A epithelial cell
sheets into the wound region. Using nuclei detection and track-
ing software, we characterized cell movements and cell—cell
coordination in the sheet and analyzed effects of substrate stiff-
ness, cell-cell adhesion, and myosin contractility. Our results
indicate that cells at the wound edge sense substrate stiffness,
and this information is relayed to cells further back in the sheet
through mechanical cell-cell interactions, which depend on
cadherin-mediated cell—cell adhesions and actomyosin contrac-
tility. We also show that the efficiency of this mechanical com-
munication gradually decays over larger distances from the
wound edge in a substrate stiffness-dependent fashion. Overall,
our analysis of collective cell migration under various mechanical
and molecular conditions offers new insights into how the me-
chanical microenvironment and cell-cell adhesions regulate
sheet migration.

Results

We investigated how substrate stiffness affects collective mi-
gration of immortalized mammary epithelial cell (MCF10A)
sheets using a wound-healing assay on compliant PAA gel
substrates. To prevent damage to the substrates by wound scratch-
ing, we used a constraint removal method that involves place-
ment of a physical barrier over a portion of the matrix substrate
(Block et al., 2004; van Horssen et al., 2006; Poujade et al.,
2007). Removal of the barrier opens up a “wound,” into which
the cells migrate (Fig. S1, A and B; and Video 1). By varying
the cross-linking ratios of the PAA gel, we modulated the
stiffness of the substrate in the range from 2 to 65 kPa.

Substrate stiffness affects the speed of
epithelial cell sheet migration

We measured the sheet edge advancement over a time period of
14 h after barrier removal using automated tracing of the wound
edge (Fig. 1 A). Irrespective of the substrate stiffness, the sheet

edge accelerated within the first few hours, reaching a steady-
state speed 8—10 h after wounding. The overall distance cov-
ered by the migrating sheet in 14 h increased with increasing
substrate stiffness (Fig. 1 B and Video 1). This correlation was
also observed with collagen-I coating (Fig. S1 C).

The contribution of cell proliferation to wound healing
was minimal on both soft and stiff substrates, similar to previ-
ous observations on glass substrates (Poujade et al., 2007). In-
hibition of cell division with mitomycin C (Wrobel et al., 2004)
did not significantly decrease sheet edge advancement (Fig. S1,
D and E). Rather, the advancement of the sheet was achieved by
spreading and translocation of existing cells. This is further in-
dicated by the decrease in cell density as the sheets advanced
into the wound (Fig. S1 F) and the increase in mean cell area at
the wound edge (Fig. S1 G). The increase in cell area was
greater on stiffer substrates and was likely not accompanied by
a change in cell volume because the mean cell height was lower
on stiffer substrates (Fig. S1 H).

Substrate stiffness affects the migratory
behaviors of single cells within a cell sheet
Next, we examined the migratory properties of individual
cells within the sheet using a custom nuclei detection and
tracking software (Fig. 1 C and Video 2; Jagaman et al., 2008).
The migration speed of individual cells within the cell sheet
increased with increasing substrate stiffness (Fig. 1 D), con-
sistent with faster wound closure on stiffer substrates. Inter-
estingly, the epithelial sheet showed a broader range of rigidity
sensing and response compared with sparsely seeded cells,
which displayed high sensitivity of migration speed to sub-
strate stiffness between 2 and 3 kPa but little sensitivity in the
range of 8-65 kPa (Fig. S2 A).

We also found that the migration speed of individual
cells decreased as a function of the cells’ distance from the
wound edge (Figs. 1 D and S2 B). The presence of this gradi-
ent is independent of substrate stiffness and has been ob-
served in a previous study using glass substrates (Farooqui
and Fenteany, 2005).

To assess the directionality of individual cell move-
ments, we projected the velocities of cells undergoing collec-
tive migration onto the direction of wound closure (Figs. 1
E and S2 C). On the softer substrates (2 and 3 kPa), the mean
projected cell migration velocity was lower compared with
that on stiffer substrates (35 and 65 kPa) and dropped rapidly
toward zero for cells further from the wound edge in the cell
monolayer. In contrast, on the stiffer substrates, cells >500 um
from the wound edge contributed positive velocity in the di-
rection of wound healing. These results indicated that cells
migrate with greater directionality toward the wound and sug-
gested that guidance cues extended further into the sheet on
stiffer substrates.

wound-directed velocity (E) of individual cells within the collectively migrating cell sheet at 12 h after wounding, plotted as a function of cell distance from
the wound edge. (F) Mean cell migration persistence for cells positioned at various distances from the wound edge after 5 h of migration starting at 8 h
after wounding. N = number of experiments; n = fotal number of cells measured from N experiments. Error bars show 95% confidence interval of the mean
(95% SEMY); all nonoverlapping error bars are statistically significant with P < 0.05. Bars, 100 pm.
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Figure 2. Coordination of cell movements on soft and stiff substrates. (A) Depiction of normalized cell pair separation distance measurement. Measure-
ments were made starting 8 h after wounding (t). See Materials and methods for details. (B) Mean normalized cell pair separation distance over a time
course (f) of 5 h for all neighboring cell pairs within 160 pm from the wound edge. (inset) Mean cell pair separation distance at the end of the 5-h observa-
tion window for different substrate stiffness. (C) Mean normalized cell pair separation distance as a function of cell position from the wound edge for differ-
ent substrate stiffness. (D) Depiction of velocity correlation measurement. The migrating cell sheet was divided into bands of 160 pm starting from the wound
edge. (inset) For each band, the velocities (arrows) of all cells were correlated with those of other cells falling in a ring of radius R and width AR and then
averaged. See Materials and methods for details. (E) Velocity correlation 12 h after wounding for cells 160 pym from the wound edge for different substrate
stiffness. (F) Velocity correlation as a function of cell—ell distance R, for cells in different distance bands from the wound edge and at different time points
after wounding. N = number of experiments. Each plot displays means of 150-3,000 cell measurements pooled from N experiments. All nonoverlapping

error bars (95% SEM) are statistically significant with P < 0.05.

We also examined the difference in migration persistence
between cells on soft and stiff substrates. We measured the ratio
of the net path length over the total path length for a period of
5 h starting at 8 h after wounding, the time point when the collec-
tive migration rate reached a constant value (Figs. 1 F and S2 D).
On both soft and stiff substrates, cells closer to the wound edge
migrated more persistently than cells further from the wound
edge. However, cells across all distances from the wound edge
migrated more persistently on stiffer than on softer substrates.
In addition, on the stiff substrates, cells 0—160, 160-320, and
320480 um from the sheet edge all migrated with similarly
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high persistence. Together with the speed and directionality
measurements, these data indicated that substrate stiffness mod-
ulates the migration of individual cells within the sheet, with in-
creased stiffness correlating with increased cell migration speed,
directional migration toward the wound, and persistence.

Increase in substrate stiffness increases
coordinated motion during

collective migration

The dependency of migration parameters on substrate stiff-
ness suggested that the coordination of cell movements during



collective migration could be responsive to the mechanical micro-
environment. To test this, we determined cell—cell coordination
using two measures. First, we measured the change in relative
distance between two neighboring cells over a 5-h time period
(Fig. 2 A). To render the measurement invariant to differences
in cell migration speed, we normalized the cell pair separation
distance by the mean traveled distance of the two cells. Thus, an
increase in the normalized cell pair separation distance would
indicate greater cell dispersion or cell mixing. For all stiffness
levels, the normalized cell pair separation distance measured
between 8 and 13 h after wounding gradually increased before
reaching a steady state. The steady-state cell pair separation dis-
tance was significantly higher on soft substrates (2 and 3 kPa)
than on stiff substrates (35 and 65 kPa; Fig. 2 B), both for cells
near the wound edge and cells located hundreds of micrometers
behind the wound edge (Fig. 2 C).

Second, we measured the distance-dependent correlation
in migration velocities between cells at specific time points
(Fig. 2 D). Correlation values were calculated for cell-cell dis-
tances in the range of 0-500 pm and averaged in bands of 160 um
from the wound edge. This provided a measurement of the long-
range motion coordination of cells as a function of cell position
within the sheet. On both soft and stiff substrates, the velocity
correlation decreased with increasing cell—cell distance. Impor-
tantly, velocity correlation between cells for all cell-cell dis-
tances is higher on stiffer substrates (Fig. 2 E), consistent with
the normalized cell pair separation distance. Furthermore, on
both soft and stiff substrates, the correlation increased as wound
healing progressed over time, with cells near the wound edge
being more correlated in their migration velocities than cells
farther from the wound edge (Fig. 2 F, 4 h and 8 h). Establish-
ment of high velocity correlation propagated into the cell sheet
as time progressed. By 12 h after wounding, cells >480 um from
the sheet edge were correlated in their migration velocities sim-
ilar to cells near the wound edge on stiff, but not on soft, sub-
strates (Fig. 2 F). This is reminiscent of our observation that
cells at a greater distance from the wound edge were able to mi-
grate more directionally and persistently on stiff compared with
soft substrates.

We noted that the migration of individual cells was signif-
icantly less coordinated when an epithelial sheet was unwounded
or when cells were seeded sparsely (Fig. 3). Moreover, the ex-
tent of velocity correlation in unwounded sheets or sparsely
seeded cells displayed little dependency, if any, on substrate
stiffness (Fig. 3, B and C). Hence, only when cells respond to a
directional cue, do they coordinate their movements in a sub-
strate stiffness-dependent fashion.

Substrate stiffness affects Golgi
orientation and the direction

of lamellipodial protrusions

Previous studies have shown that cell polarization is important
for the directionality and persistence of cells migrating either as
single cells (Ridley et al., 2003) or as leader cells during collec-
tive migration (Reffay et al., 2011). We therefore examined the
direction of cell polarization by measuring the position of GFP-
labeled Golgi with respect to the nuclei and the wound edge
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Figure 3. Andlysis of coordination of cell movements in unwounded
monolayers and between sparse cells. (A and B) Mean normalized cell
pair separation distance (A) and mean velocity correlation (B) for conflu-
ent, unwounded MCF10A monolayers on soft (3 kPa) and stiff (65 kPa)
substrates compared with those for cells within 160 pm of wound edge
undergoing collective migration at 12 h after wounding. (C) Mean velocity
correlation for sparsely seeded MCF10A cells on various substrate stiff-
ness. N = number of experiments. All nonoverlapping error bars (95%
SEM) are statistically significant with P < 0.05.

(Fig. 4 A). On stiff substrates, a majority of wound edge cells
were polarized with the Golgi anterior to the nucleus early on in
the wound-healing process (Fig. 4 B), consistent with other
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studies (Desai et al., 2009; Dupin et al., 2009). In addition, cells
several rows behind the wound edge were similarly polarized
(Fig. 4 C). This correlated with the high coordination of cell
movements on stiff substrates, which also extended from the
wound edge into the cell sheet. On soft substrates, the polariza-
tion direction was less coordinated. Although the majority of
wound edge cells were polarized at 12 h after wounding with
the Golgi anterior to the nucleus, the Golgi orientation varied
greatly just one cell layer behind the wound edge (Fig. 4 C).
Because Golgi orientation is influenced by microenvironmental
conditions (Pouthas et al., 2008; Desai et al., 2009; Doyle et al.,
2009; Dupin et al., 2009), our results suggest that cell polariza-
tion on soft substrates is more influenced by local cell—cell,
cell-matrix, and other morphological cues, whereas cells on
stiff substrates are coupled globally.

Lamellipodial protrusions are also known to guide cell
migration (Small et al., 2002; Ridley et al., 2003). During col-
lective migration, cells at the wound edge and within the cell
sheet all actively migrate, the latter with the aid of cryptic
lamellipodial protrusions extended beneath adjacent cells
(Farooqui and Fenteany, 2005). We therefore also evaluated the
direction of lamellipodial or cryptic lamellipodial protrusions
by confocal time-lapse microscopy of cells expressing GFP-
paxillin. On stiff substrates, the protrusions extended mostly
toward the direction of the wound closure, even for cells >500 pm
from the wound edge. On soft substrates, the directions of the
protrusions were more randomly distributed the farther the cells
were located away from the wound edge (Fig. 4 D and Video 3).
These results were consistent with our normalized cell pair
separation distance and velocity correlation measurements.
Together with the Golgi orientation measurements, they pro-
vided a cellular level explanation for the observation that
cells migrate more coordinately on stiffer substrates.

Myosin-ll contractility mediates the

effects of substrate stiffness on collective
migration properties

Analyses of single-cell migration revealed that cellular levels of
myosin-II activity vary with substrate stiffness and that myosin-ITI-
mediated contractility regulates cell spreading and migration
(Schwarz et al., 2003; Peyton and Putnam, 2005; Gupton and
Waterman-Storer, 2006). Therefore, we hypothesized that the
sensitivity of collective migration properties toward substrate
stiffness may be related to differential modulation of myosin-II
activity. Indeed, cells on stiff substrates had higher myosin ac-
tivity in MCF10A monolayers, as indicated by the higher level
of serinel9—phosphorylated myosin-II regulatory light chain
(pMLC) detected by immunostaining (Fig. 5 A). pMLC stain-
ing was localized along actin fibers that aligned along the long
axes of cells, and its level was higher in cells at the wound edge
than in cells embedded >400 pm within the cell sheet on both

soft and stiff substrates (Fig. 5 B). Furthermore, cellular myosin
activity correlated with focal adhesion size, which was higher
in collectively migrating cells on stiff substrates, particularly at
the wound edge (Figs. 5 C and S3 A). These results are consis-
tent with previous studies of single cells having higher myosin
activity (Engler et al., 2006; Clark et al., 2007a; Kuo et al., 2011)
and larger focal adhesions (Pelham and Wang, 1997; Engler
et al., 2004; Prager-Khoutorsky et al., 2011) on stiffer sub-
strates. These data suggested that the decrease in coordinated
movement between cells on soft substrates may be caused by
reduced myosin-II activity and that myosin-II activity may be
important for relaying directional guidance cues from the wound
edge into the sheet.

To examine this possibility, we reduced myosin-II activ-
ity in cell sheets on soft and stiff substrates either using blebbi-
statin treatment or by knockdown of nonmuscle myosin-II
isoform A (MITA) or myosin-II isoform B (MIIB; Fig. S3,
B and C). Treatment with blebbistatin decreased cell migration
speed on stiff substrates to values similar to those on soft
substrates (Fig. 5 D). Interestingly, the treatment had almost
no effect on cell speed on soft substrates, consistent with the
overall lower level of myosin-II activity. Knockdown of the
individual myosin-II isoforms also significantly decreased cell
migration speed on stiff substrates, although to a lesser extent
than blebbistatin treatment, most likely because of residual
myosin-II activity by the myosin-II isoform not targeted (Fig. S3,
D and E). Moreover, decreased myosin-II activity also in-
creased cell pair separation distance and decreased velocity
correlation during collective migration (Figs. 5, E and F; and S3,
F-I; and Video 4). Together, our data show that myosin-II-
mediated contractility contributes significantly to differences in
cell migration speed, persistence, and cell—cell coordination on
matrices of different compliances.

Regulation of cell-cell coordination by
substrate stiffness depends on
cadherin-mediated cell-cell adhesions

We next investigated how perturbations in cell-cell adhesion
proteins affect cellular responses to variations in substrate
stiffness. Cell—cell adhesion molecules have been shown to be
important for collective migration in vitro (Macpherson et al.,
2007; Simpson et al., 2008; Vitorino and Meyer, 2008) and
in vivo (Niewiadomska et al., 1999) and are thought to be criti-
cal for coordinating cell movements (Arboleda-Estudillo et al.,
2010; Murrell et al., 2011; Tambe et al., 2011). We chose to
focus our investigation on cadherin-mediated cell-cell adhe-
sions as those are particularly relevant for maintenance of
epithelial cell sheets (Simpson et al., 2008). Although disrup-
tion of adherens junctions by siRNA-mediated knockdown of
P-cadherin (siCDH3) increased the migration speed of cells near
the wound edge, it had no significant effect on the advancement

the angular Golgi orientations, whereas the magnitude of each bar shows the fraction of cells with the indicated Golgi orientations. (C) Rose plots of Golgi
orientations at 12 h after wounding for cells at various rows behind the wound edge cells. (D) The primary direction of lamellipodial protrusions in cells on
soft (3 kPa) and stiff (65 kPa) substrates was quantified as in the direction of wound healing, opposite the direction of the wound, and toward other direc-
tions. Measurements were obtained for >30 cells at various distances from the wound edge from N experiments. Error bars show SEM.
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Figure 5. The effects of myosin-Il contractility on collective migration on soft and stiff substrates. (A) Maximum intensity projection of z-stack images of col-
lectively migrating cells on soft and stiff substrates immunostained with pMLC (green), phalloidin as actin marker (red), and DAPI as the nuclei marker (blue).
Bar, 50 pm. (B) Spatial variation of pMLC fluorescent intensity normalized by cell numbers. Error bars show SEM. (C) Focal adhesion lengths on stiff and
soft substrates. Blue bars within box plots indicate means and SEM; data points outside the whiskers are outliers. (D) Effects of 25 yM blebbistatin treatment
on the mean speed of individual cells at 12 h after wounding on soft and stiff substrates. (E and F) Effects of 25 pM blebbistatin on mean normalized cell
pair separation distance (E; after 5 h of observation starting 8 h after wounding, see Fig. 2) and velocity correlation at 12 h after wounding (F) on soft and
stiff substrates for cells 160 pm from the wound edge. N = number of experiments; n = total number of cells measured from N experiments. *, P < 0.05;
** P <0.005; ***, P < 0.0005. Nonoverlapping error bars in D-F (95% SEM) are statistically significant with P < 0.05.

of the wound edge compared with control cells on either stiff
or soft substrates (Fig. 6, A and B). This is because the in-
crease in migration speed was offset by reduced directional
migration (Fig. 6 C), lowered migration persistence (Fig. 6 D),
and disrupted coordinated motion (Fig. 6, E and F). Similar
results were obtained when adherens junctions were dis-
rupted by overexpression of a dominant-negative E-cadherin
(DN-Ecad) variant (Onder et al., 2008) as well as siRNA-
mediated knockdown of the cadherin-associated protein
a-catenin (SiCTNNAT; Fig. S4 and Video 5). Reduction of
cell-cell adhesions also disrupted the coordination in Golgi
orientation on both soft and stiff substrates (Fig. 6, G and H).

Hence, cadherin-mediated cell-cell adhesions were indeed
crucial for cell-cell coordination during collective migration,
irrespective of substrate stiffness.

Interestingly, all methods used to reduce cadherin-
mediated cell-cell adhesions not only lowered cell-cell co-
ordination but also rendered the coordination in movements
between these cells less responsive to differences in substrate
stiffness. For example, the difference in the normalized cell
pair separation distance between stiff and soft substrates be-
came insignificant when adherens junctions were perturbed
(Figs. 6 E and S4, H and N). Similarly, the difference in ve-
locity correlation between cells on soft and stiff substrates
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Figure 6. The effects of P-cadherin knockdown (siCDH3) on migration properties during wound healing. (A) Effects of siCDH3 treatment on mean distance
advanced by the cell sheet. (B-F) Migration properties of siCDH3-reated cells undergoing wound healing on soft (3 kPa) and stiff (65 kPa) substrates,
compared with control cells, plotted at same time points after wounding and distances from wound edge as in Figs. 1 and 5. (G and H) Golgi orientation
at 12 h after wounding on soft (3 kPa) or stiff (65 kPa) substrates. N = number of experiments; n = total number of cells measured from N experiments.
All nonoverlapping error bars (95% SEM) are statistically significant with P < 0.05.

was reduced when adherens junctions were targeted, espe-
cially for cells further apart (Figs. 6 F and S4, I and O). This
showed that the influence of substrate stiffness on collective
migration required the maintenance of cell-cell adhesions by
adherens junctions.

To further investigate the role of cell-cell adhesions in
rigidity sensing, we examined focal adhesions, actin struc-
tures, and pMLC levels in cells on soft and stiff substrates
with or without disrupting cell-cell adhesions. Cells with
siCDH3 or siCTNNA1 still had significantly larger focal ad-
hesions on stiff substrates compared with on soft substrates.
Nevertheless, the difference in focal adhesion sizes between
wound edge cells and cells >400 pm from the wound edge on
stiff substrates was reduced when adherens junctions were

knocked down (Fig. S5, A and B). Perturbing cell-cell adhe-
sions also disrupted the supracellular actomyosin fibers that
aligned across multiple cells (Fig. 7 A). siCDH3 or siCTNNA1
also altered the pMLC level in cells. Although collectively
migrating control cells showed higher pMLC levels at the
wound edge compared with within the cell sheet (Fig. 5,
A and B), disrupting cell-cell adhesions resulted in a dimin-
ished pMLC gradient for cells within 200 um of the wound
edge on stiff substrates, where the knockdown cells were
mostly scattered (Fig. 7, A and B). Beyond 400 pm from the
wound edge, where the knockdown cells were still in a
monolayer, the pMLC immunofluorescence intensity was
greatly decreased relative to the wound edge cells, and the
decrease was more dramatic compared with that for control
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Figure 7. The effects of siCDH3 and siCTNNAT1 on actin organization and pMLC level in cells during wound healing. (A) Maximum projections of confocal
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images. Bars, 50 pm. (B) Quantification of pMLC fluorescence intensity per cell, normalized to that of the control wound edge cells on stiff substrates.
(C) pMLC fluorescence intensity per cell on stiff (65 kPa) substrates, normalized to that of wound edge cells for each condition. Error bars show SEM.
N = number of independent experiments. *, P < 0.05; **, P < 0.005; ***, P < 0.0005.

cells (Fig. 7 C). Hence, cells with reduced cell—cell adhesion
seem unable to activate myosin-II-mediated contractility at
large distances from the wound edge.

We noted that the reduction of cell-cell adhesions disrupted
coordinated migration to a lesser extent on soft substrates, sug-
gesting that low contractility attenuates the loss of coordination
induced by the weakening of cell-cell adhesions (Fig. 6, E and F).
In support of this possibility, cells in which both MIIA and
a-catenin were down-regulated displayed better coordination
and increased velocity correlation compared with cells in which
a-catenin alone was down-regulated (Figs. 8, A and B; and
S5 C). To further address the relationship between myosin con-
tractility and cell-cell adhesion, we compared the effects of in-
creasing concentrations of blebbistatin on control and P-cadherin
down-regulated cells. Treatment of control cells with increasing
concentrations of blebbistatin decreased cell—cell coordination.
However, in cells treated with siCDH3 (which displayed weak
cell—cell coordination), low concentrations (5 and 10 uM) of
blebbistatin partially rescued the weak coordination (Figs. 8
Cand S5, D and E; and Video 6). This suggests that cell contractil-
ity may promote or disrupt coordinated movement depending
on the strength of cell-cell adhesions.

The data collected in this study demonstrated significant differ-
ences in the speed, persistence, directionality, and coordination
of individual cells during collective migration on soft versus
stiff substrates. Strikingly, the coordination of cell movements
extended deeper into the cell sheet from the wound edge on
stiffer substrates. Similar to single migrating cells, mechano-
sensing and response of collectively migrating cells involve
changes in myosin-II contractility levels (Figs. 5 and S3; Engler
et al., 2006; Clark et al., 2007a; Kuo et al., 2011). However, the
response to substrate stiffness was different between collective
and single-cell migration (Figs. S1 and 3), suggesting distinct
mechanisms for mechanosensing. We find that the presence of
a directional cue, the maintenance of cell-cell adhesions, and
the activity of myosin-II contractility are essential factors in
collective rigidity sensing and response.

The presence of a common directional cue, in our case an open
wound region, is required for a differential collective response
of the cell sheet to varying substrate stiffness. Sparsely seeded
cells migrating in the absence of a chemotactic or durotactic
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Figure 8.

Effects of lowering myosin contractility in cells with reduced cell-cell adhesions. (A and B) Normalized cell pair separation distance (A) and

velocity correlation (B) for control cells, cells treated with siCTNNAT, MIIA knocked down cells, and MIIA knocked down cells treated with siCTNNAT on
stiff (65 kPa) substrates. (C) Velocity correlation for control and siCDH3-treated cells on glass after blebbistatin treatment. Inset shows velocity correlation
at R = 225 pm for siCDH3 cells. N = number of experiments. All nonoverlapping error bars (95% SEM) are statistically significant with P < 0.05. For the
inset in C, statistical significance was specifically calculated for O, 5, and 10 pM blebbistatin treatments to highlight the partial rescue in velocity correlation

with low dose blebbistatin treatment. **, P < 0.005; ***, P < 0.0001.

gradient, or cells in a confluent but unwounded monolayer, dis-
played little to no correlation in migration velocities on either
soft or stiff substrates (Fig. 3). This is consistent with a recent
study showing that on elastic substrates, epithelial cells in an
intact, confluent sheet exhibited only short-ranged cell—cell ve-
locity correlation (Murrell et al., 2011). It may also explain why
we detected significant differences in the behavior of cells on
different substrate stiffness, whereas a previous study measur-
ing unwounded, confluent cells did not (Yeung et al., 2005).
Both our study and previous studies showed that the di-
rectional cue is transmitted to cells embedded within the cell
sheet by cells at or near the wound edge (Farooqui and Fenteany,
2005; Vitorino and Meyer, 2008; Trepat et al., 2009; Vitorino
et al., 2011). For example, cells closer to the wound edge had
g