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P-cadherin promotes collective cell migration via a
Cdc42-mediated increase in mechanical forces
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Collective cell migration (CCM) is essential for organism development, wound healing, and metastatic transition, the
primary cause of cancer-related death, and it involves cell-cell adhesion molecules of the cadherin family. Increased
P-cadherin expression levels are correlated with tumor aggressiveness in carcinoma and aggressive sarcoma; however,
how P-cadherin promotes tumor malignancy remains unknown. Here, using integrated cell biology and biophysical
approaches, we determined that P-cadherin specifically induces polarization and CCM through an increase in the
strength and anisotropy of mechanical forces. We show that this mechanical regulation is mediated by the P-cadherin/
B-PIX/Cdc42 axis; P-cadherin specifically activates Cdc42 through p-PIX, which is specifically recruited at cell-cell con-
tacts upon CCM. This mechanism of cell polarization and migration is absent in cells expressing E- or R-cadherin. Thus,
we identify a specific role of P-cadherin through B-PIX-mediated Cdc42 activation in the regulation of cell polarity and

force anisotropy that drives CCM.

Introduction

Collective cell migration (CCM), the coordinated movement of
cells connected by cell—cell adhesion, is a fundamental process
in development, tissue repair, and tumor invasion and metasta-
sis (Friedl and Gilmour, 2009; Rgrth, 2009; Friedl et al., 2012).
Both epithelial (carcinoma) and mesenchymal (sarcoma) cancer
cells undergo CCM (Theveneau and Mayor, 2011). Cells within
a moving collective group have two types of interactions: one
with the substratum (which is often the ECM, but also other
cells) and one with neighboring moving cells through cell—cell
interactions. Two protein families typically mediate these inter-
actions and the generation of mechanical forces: integrins (with
the underlying ECM) and cadherin trans-dimers (at intercellu-
lar adhesion sites). Classic cadherins, a central component of
cell—cell and adherens junction formation, are major drivers of
CCM (Halbleib and Nelson, 2006). Mechanical coupling be-
tween migratory cells may result in the production of force-de-
pendent signals by which the cells can influence their collective
behavior (Trepat et al., 2009; Tambe et al., 2011; Mertz et al.,
2012, 2013; Hirashima et al., 2013) and also force transmission
to the ECM (Jasaitis et al., 2012; Mertz et al., 2013). Besides the
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physical forces per se, their orientation also influences CCM,
because a broad variety of cell types migrate along the direction
of maximal intercellular tension (Tambe et al., 2011).

The mechanotransduction pathways whereby cadherin-
mediated cell-cell adhesion promotes CCM, and in particular
the molecular mechanisms that couple mechanical forces to
the correlated cell motion, remain largely to be elucidated. One
major process during CCM is the coordination of migration,
polarization, and rearrangement of cytoskeletal elements by
cells that are moving collectively. Rho GTPases play a crucial
role in this coordination (Weber et al., 2012; Das et al., 2015a).
RhoA and RhoE activity modulation appears to be involved in
decreasing cell contractility at cell-cell contacts, an event that is
important for CCM (Hidalgo-Carcedo et al., 2011; Omelchenko
and Hall, 2012) and for the formation and maintenance of the
migration fingers observed in epithelial MDCK cells (Reffay et
al., 2014). In vivo studies using border cells moving in the Dro-
sophila melanogaster ovary—a well-studied model of CCM—
or using neural crest cells have demonstrated that Racl is
activated at the front of migrating cells and participates in CCM
(Theveneau et al., 2010; Wang et al., 2010). Recently, positive
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feedback between E-cadherin and Racl signaling was shown
to occur in border cell migration (Cai et al., 2014). Moreover,
Cdc4?2 localizes at the astrocyte migrating front and controls
polarity during the collective migration of fibroblasts and astro-
cytes (Cau and Hall, 2005; Osmani et al., 2006). However, it is
not known how the cadherin-mediated response regulates Rho
GTPase activity during CCM. We decided to tackle this prob-
lem by focusing on P-cadherin. Indeed, aberrant P-cadherin
expression has been described in many tumor types, including
carcinoma and aggressive sarcoma (Paredes et al., 2012; Thu-
ault et al., 2013; van Roy, 2014). In these tumors, P-cadherin is
expressed in invasive rather than in in situ lesions, showing that
aberrant expression of P-cadherin could be a useful marker for
the invasion capacity of tumor cells. Additionally, P-cadherin
expression is associated with cell invasiveness (Thuault et al.,
2013), and P-cadherin knockdown in MCF10A cells resulted
in a reduction of cell migration directionality and persistence
during wound healing (Ng et al., 2012).

In this study, to directly investigate the role of P-cadherin
during migration, we used mesenchymal C2C12 myoblasts that
do not express P-, E-, and R-cadherin and analyzed the impact
of P-cadherin expression in a 2D migration assay upon removal
of a physical barrier. Because N- and M-cadherin, the two
cadherins expressed in C2C12 myoblasts, are downregulated
upon P-cadherin expression (Thuault et al., 2013), P-cadherin
becomes the main cadherin expressed in these cells. As con-
trols, we generated C2C12 cells that express E- or R-cadherin.
By measuring velocity, persistence, directionality, and polarity,
we demonstrated that expression of P-cadherin, but not E- or
R-cadherin, induces efficient CCM. Using micropatterned cell
monolayer and traction forces and monolayer stress micros-
copy, we dynamically mapped—for the first time in migrat-
ing mesenchymal cells—the mechanical forces developed and
demonstrated that P-cadherin has a major and specific role in
the induction of intercellular and traction force anisotropy in the
cell layer. We also found that P-cadherin specifically activates
Cdc42 during CCM through the guanine nucleotide exchange
factor (GEF) f-PIX and identified the P-cadherin/pB-PIX/Cdc42
axis as crucial for P-cadherin—mediated CCM.

Results

P-cadherin induces CCM

Because P-cadherin is up-regulated in aggressive tumors and
associated with cell invasiveness, we investigated its role in
cell migration by monitoring mouse C2C12 cells that express
P-cadherin (C2C12 Pcad; Fig. 1 a) after removal of a physical
barrier to provide free space into which confluent cells could
migrate. As a control, C2C12 cells expressing only empty vec-
tor (C2C12 LZRS), E-cadherin (C2C12 Ecad), or R-cadherin
(C2C12 Rcad) were used (Fig. 1 a). All cadherins were ex-
pressed at a similar level and reached the plasma membrane
in a similar way (Fig. 1 b and Fig. S1, a and b). By combining
time-lapse microscopy, cell tracking, and computational analy-
sis, we characterized cell movements and cell—cell coordination
in the sheet from O to 15 h after barrier removal (Fig. 1, c—i;
and Fig. S1, c and d). Within the first 2 h, cells became progres-
sively motile in the direction perpendicular to the free edges.
The mean cell migration velocity and persistence were not sig-
nificantly different in the four cell lines. Conversely, after 2-3 h,
only P-cadherin expression, which induced a reorganization
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of the cell layer, increased the velocity and persistence of mi-
gration (Fig. 1, ¢ and d; Fig. S1, ¢ and d; and Video 1). Track-
ing the cells in the first three rows indicated directed movement
in P-cadherin—expressing cells, whereas control cells (vector
alone and E- or R-cadherin—expressing cells) tended to spread
in all directions. Measuring the trajectory angle distribution re-
vealed that P-cadherin expression increased the directionality of
the movement of individual cells (Fig. 1 e). E- or R-cadherin ex-
pression in C2C12 cells also downregulated N- and M-cadherin
as in P-cadherin expressing cells (Fig. 1 a and Fig. S1 a), but it
did not promote cell layer reorganization (Fig. S1, ¢ and d; and
Video 2) and increase in velocity, persistence, and directional-
ity observed upon P-cadherin expression (Fig. 1, c—e). These
data demonstrate the specific effect of P-cadherin expression
in CCM induction. P-cadherin—mediated CCM requires P-cad-
herin homotypic interaction because (a) isolated P-cadherin—
expressing cells migrated randomly with a persistence similar
to that of control cells (Fig. S2, a—e), and (b) calcium chelation
by incubation with EGTA perturbed cadherin homophilic cell-
cell adhesion and decreased persistence (Fig. S2, f and g). Con-
versely, mitomycin C treatment did not modify migration speed
or persistence, thus excluding the involvement of cell prolifer-
ation (unpublished data). We also analyzed cell polarization by
monitoring the position of the centrosome and the Golgi appa-
ratus relative to the nucleus (Ridley et al., 2003; Yadav et al.,
2009): P-cadherin expression, but not E- or R-cadherin expres-
sion, induced a marked orientation of the centrosome and Golgi
in front of the nucleus and toward the protruding edges (Fig. 1, f
and g). To map cell velocities within entire layers, we used par-
ticle image velocimetry (PIV) analysis, a technique that com-
putes correlations between successive images (Petitjean et al.,
2010) to visualize individual displacement fields across the cell
sheet. P-cadherin expression oriented the velocity fields, and in
these cells, the angle distribution was narrower than in control
cells (Fig. 1 h). This analysis also confirmed a significant and
specific increase in velocity after P-cadherin expression in the
entire cell layer (Fig. 1 1).

These results indicate that P-cadherin expression spe-
cifically promotes efficient CCM by increasing cell velocity,
directionality, and persistence toward the free space. More-
over, compared with E- and R-cadherin, P-cadherin expres-
sion efficiently and specifically promotes polarization of
cells and cell movement.

P-cadherin expression modifies cellular

and focal adhesion (FA) organization

and turnover

We then analyzed the overall cellular and FA organization in
the four cell lines. Immunostaining analysis of the actin cyto-
skeleton revealed the specific formation of large protrusions
in the direction of migration by the first multicellular row of
P-cadherin—expressing cells (Fig. 2, a and b). Moreover, cryp-
tic lamellipodia, which are structures characteristic of cells that
migrate collectively, were detected at the front edge of cells in-
side the multicellular layer (Fig. 2 c; Farooqui and Fenteany,
2005). EGTA addition to P-cadherin—expressing cells decreased
the orientation of the protrusion in the direction of migration
(Fig. S2, h—j). Immunostaining for paxillin, a marker of most
adhesion sites (Zaidel-Bar et al., 2003), showed that P-cadherin
expression was associated with a marked increase in the num-
ber of small nascent FA at the leading edge (within the first
10 um from the cell edge) and with an important reorientation
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Figure 1. P-cadherin expression induces CCM. (a) Protein extracts (20 pg/well) from the indicated cells were immunoblotted to detect E-, P-, R-, N-, and
M-cadherin and B-actin. (b) Quantification of the indicated cadherins at the plasma membrane, normalized to the total amount of the corresponding cad-
herin, calculated from three independent experiments. (c and d) Persistence over 10 h affer removal of the insert (c) and mean velocity and persistence
measured between 4 and 15 h after removal of the insert (d). n = 242 C2C12 LZRS and 249 C2C12 Pcad cells from 15 independent experiments and
230 C2C12 Ecad and 171 C2C12 Read cells from 4 independent experiments. a.u., arbitrary units. (e) Trajectories over 15 h of 17 representative cells.
Rose plots of angle trajectories (i.e., directionality). The magnitude of each bar shows the fraction of cells with the indicated angle trajectory. n = 193.
(f) Migrating cells (8 h after insert removal) stained for nucleus, centrosome, and Golgi distribution. Arrows indicate the migration direction. (g) Histogram
representing the percentage of migrating cells in which the centrosome and Golgi are located in the quadrant facing the free space in front of the nucleus
(see cartoon) as an indication of cell polarization. n = 80 cells from five independent experiments. (h) Velocity fields and corresponding phase-contrast
images and velocity vector orientation measured using MatPIV in the entire cell layer 10 h after insert removal. n = 983 C2C12 LZRS, 1006 C2C12 Pcad,
677 C2C12 Ecad, and 633 C2C12 Rcad. (i) Mean velocity measured in the entire cell layer from 4 to 15 h. All panels: means + SEM. *, P < 0.05;
** P <0.005; ***, P <0.0005. Bars: (f) 15 pm; (h) 100 pm.
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of mature FAs parallel to the direction of migration across the
entire cell layer (Fig. 2, d—f). Moreover, monitoring FA dynam-
ics with paxillin-GFP in migrating cells using time-lapse video
microscopy (Fig. 2 g and Video 3) revealed that P-cadherin ex-
pression induced a dramatic increase in FA assembly and disas-
sembly rates (Fig. 2 h).

Our results show that P-cadherin expression remodels the
actin cytoskeleton with the formation of a large protrusion in
the first cell row and of cryptic lamellipodia. It also remodels
FAs, with the formation of many nascent FAs at the leading
edge of the multicellular migrating row. Moreover, P-cadherin
expression specifically promotes the polarization of the mem-
brane protrusion and of FAs toward the direction of migration.
These events appeared to be specific of P-cadherin, and not of
E- or R-cadherin expression.

P-cadherin expression increases traction
forces, intercellular stresses, and plithotaxis
During CCM, mechanical forces play a major role in mono-
layer expansion. Particularly, traction forces, which are exerted
by cells on the underlying substrate, and intercellular stresses
allow long-range cell guidance (Trepat et al., 2010; Tambe et
al., 2011). Collectively migrating cells also migrate preferen-
tially along the direction of maximum principal stress, a process
called plithotaxis (Trepat and Fredberg, 2011).

Using a micropatterned cell monolayer and traction-force
microscopy (Trepat et al., 2009), we investigated whether P-, E-,
or R-cadherin expression influenced the traction forces. C2C12
cells on collagen-coated polyacrylamide gels assumed mor-
phologies comparable to those on a more rigid culture substrate
(i.e., glass or plastic; Fig. S3 a and Video 4), and P-cadherin
expression similarly increased both the velocity and persistence
of migration (Fig. S3, b and c¢). We measured traction forces
along the x direction (Tx; i.e., parallel to the direction of mi-
gration) over 8 h within an advancing cell sheet cultured on a
collagen-coated polyacrylamide gel. Tx values were higher in
P- and E- than in R-cadherin—expressing and control cells in
the first 40 um behind the leading edge (Fig. 3, a and b; and
Video 5). The mean Tx value from O to 40 pym was highest in
P-cadherin—expressing cells (Fig. 3 c¢). In contrast, Ty values
(i.e., traction forces perpendicular to the direction of migra-
tion) were significantly decreased after 40 um in P-cadherin—
expressing cells, whereas they were increased in control and E-
and R-cadherin—expressing cells (Fig. 3 a). Thus the Tx/Ty ratio
was significantly increased in P-cadherin compared with E- or
R-cadherin—expressing and control cells, suggesting a polariza-
tion of cell movement in P-cadherin—expressing cells. Indeed,
the analysis of traction-force orientation from O to 40 um and
from 60 to 140 um from the leading multicellular row toward
the center of the cell layer revealed that P-cadherin expression
promoted traction-force reorientation in the entire cellular layer
toward the direction of migration (Fig. 3 d).

Using micropatterned cell and monolayer stress micros-
copy, we measured local intercellular stress within the mono-
layer during cell migration (Tambe et al., 2011). This technique
is based on the principle that, according to Newton’s laws, trac-
tion forces applied at the cell-gel interface must be balanced
by intra- and intercellular forces (Trepat et al., 2009; Marutha-
muthu et al., 2011). We measured 6,,, the stress component in
the direction of expansion of the monolayer. We refer to it inter-
changeably as monolayer stress or intercellular stress (Tambe et
al., 2011). Similarly to persistence, monolayer stress increased
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monotonically with time and tended to reach a plateau, the
magnitude of which was significantly higher for P-cadherin—
expressing cells (Fig. 4, a—c; and Video 6). When local mono-
layer stress was represented as an ellipse with axes corre-
sponding to local maximum and minimum stresses, P-cadherin
expression increased stress anisotropy (Fig. 4 d). Moreover, the
cell velocity vectors tended to orient with the orientation of the
maximum principal stress, and this phenomenon was more pro-
nounced in regions of high stress anisotropy (Fig. 4 e). This
mechanism for collective cell guidance is called plithotaxis
(Tambe et al., 2011; Trepat and Fredberg, 2011) and was ob-
served exclusively after P-cadherin, but not E- or R-cadherin,
expression in C2C12 cells.

These results show that P-cadherin expression increases
the anisotropy and strength of traction forces and of intercellu-
lar stresses in the entire layer and also plithotaxis.

P-cadherin expression specifically activates
Cdcda2 to promote CCM

Because P-cadherin expression specifically promoted the po-
larization of many cell processes and structures (i.e., cell or-
ganelles, cell trajectories, intercellular stresses, traction forces,
and FAs), we asked whether P-cadherin expression induced
the activation of Cdc42, a major regulator of polarity (Eti-
enne-Manneville and Hall, 2001; Zegers and Friedl, 2014).
Global Cdc42 activation during migration after massive
wounding was assessed using a pull-down assay. Cdc42 was
specifically activated in P-cadherin—expressing cells, but not in
E- or R-cadherin—expressing and control cells (Fig. 5 a). This
P-cadherin—dependent Cdc42 activation required P-cadherin
homotypic interactions and CCM, because the level of Cdc42
activation was not increased upon P-cadherin expression in iso-
lated migrating (Fig. 5 b) and nonmigrating (Fig. 5 ¢) confluent
cells. Using the Forster resonance energy transfer (FRET) bi-
osensor Raichu-Cdc42 (Itoh et al., 2002), we mapped Cdc42
activity within migrating cells and detected elevated Cdc42 ac-
tivity at the leading edge of migrating cells located at the multi-
cellular leading row and inside the multicellular layer in cryptic
lamellipodia (Fig. 5 d). Moreover, we measured global Racl
activity and showed that P-cadherin expression increased Racl
activity in a Cdc42-dependent manner (Fig. 5 e). In contrast,
P-cadherin expression was not correlated with RhoA activation
(Fig. 5 f) or with an overall increase in myosin light chain phos-
phorylation (Fig. 5 g).

To identify potential regulators of Cdc42 activation
downstream of P-cadherin, we performed a proteomic analy-
sis of molecules that were immunoprecipitated with P-cadherin
and identified B-PIX (Table S1 and Fig. S4), a GEF involved
in Cdc42 and Racl activation and CCM in vivo (Osmani et
al., 2006; Omelchenko et al., 2014). B-PIX association with
P-cadherin was confirmed by coimmunoprecipitation (Fig. 6 a).
Knockdown of B-PIX using a specific sShRNA (Fig. S5 b) im-
paired P-cadherin-induced Cdc42 activation during CCM
(Fig. 6 b). Cdc42 activation in C2C12 Pcad f-PIX shRNA cells
could be rescued by expression of shRNA-resistant wild-type
B-PIX (B-PIXWT), but not by a p-PIX GEF dead mutant (-PIX
GD; Fig. S5 g). We then monitored the contribution of Cdc42
to P-cadherin-induced CCM by depleting Cdc42 using spe-
cific shRNA or in B-PIX-depleted cells (Fig. S5, a and b). In
both cases, P-cadherin accumulation at cell-cell contacts was
not affected (Fig. S5, e and f). As a control, we used C2C12
Pcad Luciferase shRNA cells, the migration behavior of which
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was indistinguishable from that of the parental C2C12 Pcad
cells (Fig. S5, ¢ and d). We found that Cdc42 was required for
P-cadherin—induced CCM. Cdc42 or B-PIX depletion did not
affect migration velocity but did impair the P-cadherin—depen-
dent increase in migration persistence (Fig. 6 c), as did Cdc42
specific inhibition with the chemical inhibitor ML-141 (Fig. S5
¢). B-PIX depletion in E- or R-cadherin—expressing cells did not
decrease their migration velocity or persistence (Fig. 6 ¢). More-
over, expression of shRNA-resistant f-PIXWT, but not of p-PIX
GD, in C2C12 Pcad p-PIX shRNA cells significantly rescued
the decrease in migration persistence (Fig. S5 g). These data
show the specific role of $-PIX in P-cadherin—expressing cells.

We also found that Cdc42 and B-PIX are required for
P-cadherin—induced cell polarization (Fig. 6 d and Fig. S5 h;
compare with Fig. 1 g). Tracking the cells in the first three rows
(Fig. 6 e, and Fig. S5 I, and Video 7) and PIV analysis of the
entire cell layer (Fig. 6 f and Fig. S5 j) showed that Cdc42 and
B-PIX are required for P-cadherin—induced polarized migration.
Finally, we demonstrated that Cdc42 and B-PIX are required
for P-cadherin—induced membrane protrusion (Fig. 6 g), FA re-
modeling and orientation in the direction of the multicellular
layer migration (Fig. 6, h—j; compare with Fig. 2, d—f), and FA
dynamics (Fig. 6 k and Video 8). These results show that P-cad-
herin, but not E- or R-cadherin, activates Cdc42 in a p-PIX—
dependent manner and that f-PIX and Cdc42 are required for
P-cadherin—induced CCM.

p-PIX and Cdc42 are required for
P-cadherin-induced mechanical force
generation
We next investigated whether Cdc42 and B-PIX contribute to
P-cadherin—induced intercellular stresses and traction-force
generation. Inhibition of Cdc42 (by knockdown) or of B-PIX
completely prevented P-cadherin—dependent increases of inter-
cellular stresses (Fig. 7 a and Video 9), stress anisotropy (com-
pare Fig. 7 b with Fig. 4 d), and plithotaxis (Fig. 7 c).
Moreover, Cdc42 inhibition prevented P-cadherin—de-
pendent increase of the traction-force Tx/Ty ratio (Fig. 7 d and
Video 10). Analysis of the traction-force orientation from 0 to
40 um showed that Cdc42 knockdown impaired P-cadherin—
induced traction-force reorientation toward the direction of mi-
gration (Fig. 7 e). Altogether, these data demonstrate that §-PIX
and Cdc42 are required downstream of P-cadherin to increase
monolayer stress and traction-force strength and anisotropy.

p-PIX is specifically recruited at P-cadherin-
mediated cell-cell junctions (CCJs)

during CCM

B-PIX could associate with P-cadherin and also with N-, E-,
and R-cadherin (Fig. 8 a), but not with a-tubulin or Hsp90, two
abundantly expressed proteins (Fig. S5 1). However, detailed
analysis of B-PIX colocalization with these cadherins revealed
that only P-cadherin recruited p-PIX at CCJs (Fig. 8, b-d).
B-PIX recruitment at P-cadherin—mediated CCJs occurred only

in collectively migrating cells and not in confluent nonmigrating
cells and required P-cadherin homophilic interaction (Fig. 8 b).

These results show that although B-PIX can associate
with P-, N-, E-, and R-cadherin, it is specifically recruited by
P-cadherin at CCJs only during CCM.

Discussion

P-cadherin is expressed in invasive carcinoma and sarcoma and
is associated with poor prognosis (Paredes et al., 2012; Thu-
ault et al., 2013). To analyze P-cadherin’s role in cell migration,
we used a validated 2D system to investigate cell migration in
response to the sudden removal of boundaries (Poujade et al.,
2007; Trepat et al., 2009; Petitjean et al., 2010; Tambe et al.,
2011; Ng et al., 2012). This in vitro system mimics the col-
lective cell movement of tumor cells occurring as 2D mono-
layers migrating along tissue clefts (Alexander et al., 2013). It
allows investigating questions concerning the complex process
of CCM by combining mechanical force measurements and
molecular imaging. C2C12 myoblasts are of mesenchymal or-
igin, express only N- and M-cadherins, and form and maintain
cell—cell contacts. However, they do not endogenously exhibit
CCM as do MCF10A or MDCK epithelial cells. In contrast,
upon P-cadherin expression, C2C12 cells adopt a very efficient
CCM phenotype with features characteristic of a collective mi-
gration model. We show that P-cadherin expression is associ-
ated with an increase in cell velocity, persistence, directionality,
and polarization. All the cells in a layer expressing P-cadherin
exhibit a similar behavior and migrate in a coordinated, di-
rectional fashion in a cell-cell interaction—dependent manner.
CCM induction in this mesenchymal cell model is specific to
P-cadherin expression and is not observed upon expression of
E- or R-cadherin. Moreover, N- and M-cadherin were similarly
downregulated upon expression of P-, E-, or R-cadherin. This
indicates that P-cadherin—induced CCM was not caused by
the downregulation of these cadherins, thus further supporting
a P-cadherin—specific role in CCM. A previous study demon-
strated that P-cadherin knockdown in epithelial MCF10A cells
perturbed directionality and persistence during CCM (Ng et al.,
2012). Thus, P-cadherin is involved in CCM not only in mesen-
chymal cells but also in epithelial cells.

Importantly, we demonstrated that P-cadherin specifically
increases intercellular forces, both intercellular stress and trac-
tion forces. Interestingly, P-cadherin expression was recently
shown to be predictive of the level of intercellular tension in
epithelial cells (Bazellieres et al., 2015). Our study not only
confirms this observation in mesenchymal cells by comparing
P-, E-, and R-cadherin; it also demonstrates that P-cadherin spe-
cifically increases the anisotropy of intercellular stresses across
CClJs and the alignment between cell velocities and the maxi-
mal principal stress direction. This mode of local cell guidance,
called plithotaxis, enables the efficient translocation of the en-
tire cell layer, because cells are aligned and migrate along the

were analyzed from 30 cells. ***, P < 0.0005. (f) Rose plot showing the distribution of the orientation angles of the FAs calculated using the monolayer
migration direction as the reference axis (90°). The area of each bin represents the number of FAs in that direction. More than 2000 FAs were analyzed
from three independent experiments. (g) Paxillin-GFP dynamics in cells at the first multicellular row were monitored at 8 h after removal of the insert at 5-s
intervals for 15 min; inverted contrast images are shown. Dashed lines indicate the nontransfected surrounding cells. The insets indicate a cell area shown
at three time points. Inverted contrast images of paxillin-GFP are in gray. Ratio images were generated to illustrate FA dynamics. Bars, 15 pm. (h) FA area
was quantified over a period of 15 min, and mean values normalized to the area of the FA as well as the change in mean intensity are given. The means

+ SEM of five independent cells are shown. a.u., arbitrary units.
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direction of the transmitted stress (Tambe et al., 2011). Although
described mostly in epithelial cells and tumor cells (Friedl et al.,
1995; Friedl and Gilmour, 2009), mesenchymal cells also exhibit
CCM (Arboleda-Estudillo et al., 2010; Theveneau and Mayor,
2011). Nevertheless, it was unknown whether and how cadherins
expressed in mesenchymal cells could have a mechanical role and
how they could be involved in force transmission during CCM.
We demonstrate here that P-cadherin specifically induces CCM
and polarization through an increase in the strength and anisot-
ropy of mechanical forces. The advancement of the P-cadherin—

JCB » VOLUME 212 « NUMBER 2 « 2016

expressing cell sheet was achieved not in a cell proliferation—
dependent process but through the development of traction
forces that counterbalance intercellular forces (Maruthamuthu
et al., 2011) and drive the movement of the cell layer. Our data
showing that P-cadherin increases polarization and intercellular
stress nicely confirm the predictive theory of soft active matter on
force—velocity relationships in 1D and 2D living systems (Mar-
chetti et al., 2013). This theory proposes that high polarization
and high viscosity or stress would lead to rapid and cohesive ex-
pansion under high intercellular tension (fast-strong phenotype).
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PAK (GST-CRIB) in lysates obtained from cells 5-6 h affer wounding (a), in migrating isolated cells (b), and in confluent (c) C2C12 LZRS and C2C12 Pcad
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of five independent experiments is shown. (d) Cdc42 activity was mapped using the FRET reporter Raichu-Cdc42. Examples of increased Cdc42 activity
affer P-cadherin expression at the leading edge of the migrating cells and at cell-cell contacts inside the cellular layer are shown. Histograms represent
the quantification of the FRET index at the front of C2C12 LZRS and C2C12 Pcad migrating cells (top) and the ratio of the FRET index between the front
and back in these cells (bottom). n = 42 for C2C12 LZRS and 56 for C2C12 Pcad cells. The mean = SEM of four independent experiments is shown.
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was analyzed using antibodies that recognize mono- and di-phospho-MLC in cell lysates of C2C12 LZRS and C2C12 Pcad cells 6 h after wounding. Shown
are representative Western blot images from three independent experiments. a.u., arbitrary units. **, P < 0.005.
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P-cadherin expression not only polarizes mechanical
forces but also extensively remodels cells and polarizes them
toward the migration direction. At the front, a large and polar-
ized protrusion is generated; inside the multicellular layer, cells
display a polarized organization and develop polarized cryptic
lamellipodia, which help maintain a coordinated and efficient
migration, as recently reported (Das et al., 2015b). P-cadherin—
dependent induction of CCM in C2C12 cells is characterized
by the formation or development of a multicellular leading row,
as reported for other cell types (Khalil and Friedl, 2010). This
is in contrast to the pluricellular migration fingers preceded by
leader cells in MDCK cell layers (Poujade et al., 2007; Reffay
etal., 2014). Interestingly, migration fingers are associated with
the activity of RhoA (Reffay et al., 2014), a GTPase not acti-
vated in P-cadherin—-mediated CCM of C2C12 cells (Fig. 5 1),
suggesting that distinct molecular pathways control these two
types of collective cell guidance.

In contrast, our data show that Cdc42 is specifically acti-
vated by P-cadherin, but not by E- or R-cadherin, during CCM
and is required for P-cadherin—mediated polarized cell organi-
zation and CCM. Cdc42 activation during P-cadherin—mediated
CCM is logical because (a) polarization of cells, trajectories,
membrane protrusions, and FA is the obvious P-cadherin—me-
diated downstream effect, and (b) Cdc42 was previously shown
to control polarity during the collective migration of fibroblasts
and astrocytes (Cau and Hall, 2005; Osmani et al., 2006). The
key finding is that for the first time we demonstrate a Cdc42 role
in mechanical force control in general and more specifically in
cadherin-dependent force generation. We show that Cdc42 con-
trols both plithotaxis and traction-force polarization and gen-
eration to enable the efficient P-cadherin—mediated collective
displacement of cells. Our identification of a P-cadherin—me-
diated/Cdc42-mediated polarity pathway as the major regulator
of mechanical-force generation provides insight into the role
of cell—cell contacts in directing cell migration. C-cadherin en-
gagement (only when stress is applied) allows Xenopus laevis
mesodermal cells to polarize and extend protrusions in the di-
rection of migration (Weber et al., 2012). We confirmed this
process here upon P-cadherin expression in C2C12 cells that
generates a large and polarized protrusion at the front of the first
row of migrating cells and cryptic lamellipodia at the front of
migrating cells across the layer. Interestingly, substrate micro-
patterning was used to demonstrate that traction forces increase
with the cell spreading area (Reinhart-King et al., 2003; Tan et
al., 2003; Stricker et al., 2011). Moreover, FA polarization in
the migration direction may enable force-vector orientation, re-
sulting in an increased Tx/Ty ratio, thus making FA orientation
an interesting predictive parameter of traction force across the
entire cell. The generation of small FAs, as we observed upon
P-cadherin expression, can also participate in increasing trac-
tion forces at the leading edge of migrating cells (Beningo et
al., 2001). These morphological modifications (i.e., membrane
protrusion and small FA formation) were lost in P-cadherin—
expressing cells in which Cdc42 was inhibited. These mod-
ifications are characteristic of the activation of Racl, a small
G protein downstream of Cdc42 that we found to be activated
upon P-cadherin expression.

Proteomic analysis of the molecules that are immunopre-
cipitated together with P-cadherin revealed the presence of the
Cdc42 GEF p-PIX. It was previously reported that 3-PIX directs
CCM of anterior visceral endoderm cells in early mouse em-
bryos (Omelchenko et al., 2014). Here, we provide data showing

that f-PIX is crucial for P-cadherin—mediated plithotaxis, trac-
tion force orientation in the direction of migration, and their
increase and thus CCM. Although B-PIX can associate with
all tested cadherins (P-, E-, R-, and N-cadherin), we show that
B-PIX is specifically required for P-cadherin—-mediated CCM.
B-PIX is activated and recruited at CCJ exclusively by P-cad-
herin, but not by N-, E-, or R-cadherin, and only during CCM.
Future studies should determine whether the higher intercellular
tension generated by P-cadherin during monolayer extension,
identified in this study by comparing P-, E-, and R-cadherin
(Fig. 4), and also in Bazellieres et al. (2015) by comparing P-
and E-cadherin, could be responsible for B-PIX recruitment to
P-cadherin—mediated CClJs. Indeed, tension generated at cad-
herin adhesion sites is emerging as an important process in pro-
tein recruitment at CCJs (Buckley et al., 2014; Yao et al., 2014).
Our data also suggest that Cdc42 is activated at the cell front,
where P-cadherin is not engaged in CCJs. How B-PIX is acti-
vated there and whether an external stimulus is involved, as de-
scribed during cell migration in fibrillar collagen environments
(Kutys and Yamada, 2014), remain to be determined.

In conclusion, we demonstrated that P-cadherin, a pro-
tein upregulated in carcinomas and sarcomas, promotes CCM
through an increase in the strength and anisotropy of physical
forces (Fig. 9, a and b). Moreover, we identified Cdc42, acti-
vated by the GEF B-PIX, as a major regulator of intercellular
stresses and traction-force polarization and generation in the
induction of P-cadherin—dependent CCM. Our study brings im-
portant clues about a biological mechanism that links mechani-
cal forces to the resulting cell movement.

Materials and methods

Cell lines

C2C12 mouse myoblasts expressing either the LZRS empty vector
(from K. Johnson, University of Nebraska Medical Center, Omaha,
NE; C2C12 LZRS), LZRS-MS-neo-hPcad plasmid (from K. Johnson;
C2C12 Pcad), LZRS-MS-neo-Ecad plasmid (from A. Reynolds, Van-
derbilt University Medical Center, Nashville, TN; C2C12 Ecad), or
LZRS-MS-neo-hRcad (the plasmid pLZRS-Ms-Neo-R-cadherin was
generated by cloning the mouse R-cadherin cDNA from K. Johnson
between Afel and Sfil sites in pLZRS-Ms-Neo; C2C12 Rcad) were
generated as well as C2C12 Pcad, C2C12 Ecad, and C2C12 Rcad cell
lines that stably express 3-PIX shRNA using the retroviral vector pSIR
EN-RetroQ. The pSIREN-RetroQ vector, which targets the firefly lucif-
erase (Luci shRNA), was used as a control. Cell lines were generated
by infection with recombinant retroviruses produced by Phoenix cells
transfected with the corresponding vectors. Infection was performed
on exponentially growing C2C12 myoblasts (5 x 10° cells per 60-mm
dish) by using 5 ml viral supernatant. Stably transfected cells were se-
lected with 1 mg/ml G418, and different clones were isolated by lim-
ited dilution. Cdc42 knockdown was performed by transient infection
of Cdc42 shRNA. Cells were analyzed 48—72 h after infection.

shRNA

shRNA constructs were generated using the retroviral vector pSIR
EN-RetroQaccording tothe manufacturer’s protocol (BD Biosciences).
To suppress endogenous Cdc42 expression, the annealed double-strand
oligonucleotides 5-GATCCGATTCCCATCGGAATATGTATTC
AAGAGATACATATTCCGATGGGAATCTTTTTTACGCGTG-3’
(forward) and 5-AATTCACGCGTAAAAAAGATTCCCATCG
GAATATGTATCTCTTGAATACATATTCCGATGGGAATCG-3’
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Figure 9. Model for the role of P-cadherin in CCM. (a) P-cadherin expression promotes CCM through an increase in the strength and anisotropy of
physical forces; it is associated with an increase in intercellular stresses anisotropy and strength that promotes collective cell guidance called plithotaxis.
P-cadherin expression also increases traction-force anisotropy (through increasing the Tx/Ty ratio) and strength that pull the cell layer. (b) P-cadherin ex-
pression induces polarization because it activates Cdc42 through the GEF B-PIX; this generates biological cues, such as polarization of the cell layer, of
cryptic lamellipodia and FAs in the migration direction, polarized membrane protrusion generation and FA dynamics, thereby controlling mechanical force

anisotropy and strength.

(reverse; for Cdc42 shRNA1) and 5'-GATCCGCTCACCACTGTC
CAAAGACTTCAAGAGAGTCTTTGGACAGTGGTGAGCTTTT
TTACGCGTG-3’ (forward) and 5-AATTCACGCGTAAAAAAG
CTCACCACTGTCCAAAGACTCTCTTGAAGTCTTTGGACAG
TGGTGAGCG-3’ (reverse; for Cdc42 shRNA2) were inserted into
the RNAi-Ready pSIREN-RetroQ vector (Clontech). Bold letters cor-
respond to positions 246263 or 469-486 of the mouse Cdc42 cDNA
sequence (NCBI Reference Sequence accession no. NM_009861.3). To
suppress endogenous 3-PIX expression, the annealed double-strand oli-
gonucleotides were used: 5'-GATCCGAGGAGTTCGCTGTGCGC
AATTCAAGAGATTGCGCACAGCGAACTCCTCTTTTTTACG
CGTG-3" (forward) and 5'-AATTCACGCGTAAAAAAGAGGAG
TTCGCTGTGCGCAATCTCTTGAATTGCGCACAGCGAACTC
CTCG-3' (reverse) for p-PIX shRNA1 and 5-GATCCGGCAAAGA
CCATGTTCGCCATTCAAGAGATGGCGAACATGGTCTTTGC
CTTTTTTACGCGTG-3' (forward) and 5-AATTCACGCGTAA
AAAAGGCAAAGACCATGTTCGCCATCTCTTGAATGGCGAA
CATGGTCTTTGCCG-3' (reverse) for p-PIX shRNA2. Bold letters
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correspond to position 1,961-1,978 or 3,867-3,884 of the mouse -PIX
(Arhgef7) cDNA sequence (NCBI Reference Sequence accession no.
NM_017402.4). The siRNA constructs Luciferase shRNA was made
by inserting the oligonucleotide 5'-GATCCGTGCGTTGCTAGT
ACCAACTTCAAGAGAGTTGGTACTAGCAACGCACTTTTTT
GCTAGCGAATTC-3'. Bold letters correspond to oligonucleotide
1,310-1,328 of the Photinus pyralis (firefly) luciferase sequence (Gen-
Bank accession no. M15077.1).

For rescue experiments, the retroviral vector pMSCV-Hygro-
GFP-B-PIXc-“shRNAresist” was generated as follows. Site-directed
mutagenesis was performed using peGFP-L11-3-PIXc (from mouse
origin; NCBI Reference Sequence accession no. NM_017402) as
a template to introduce silent mutations in the sequence targeted by
the B-PIXc shRNA: 5-AGGAGTTCGCTGTGCGCAA-3’ in 5'-AGG
AATTCGCTGTACGCAA-3" (underlined letters are the mutated
bases). The obtained GFP—3-PIXc shRNA-resistant sequence was then
amplified by PCR and subcloned in pMSCV-Hygro (Clontech) between
the Xhol and Agel restriction sites. The retroviral vector pMSCV-


NM_009861
.3
NM_017402
.4
M15077
.1
NM_017402

Hygro-GFP-GEF-dead-p-PIXc LL-“shRNAresist” was obtained
from the pMSCV-Hygro-GFP-B-PIXc-“shRNAresist” template by
site-directed mutagenesis to generate the L238S and 1.239S mutations.

Antibodies and reagents
Mouse antibodies against P-cadherin (Invitrogen), M-cadherin
(Charrasse et al., 2004), E-cadherin, pMLC (S19), and dipMLC
(S19T18; Cell Signaling); R-cadherin (MRCDS; gift from Takeichi);
Cdc42, Racl, Paxillin, Hsp90, N-cadherin, and p- and p120 catenin (BD
Biosciences); GIT1 (sc-9657; Santa Cruz); and p-actin, Pan-cadherin
(from rabbit), FLAG (from rabbit), and myosin light chain (MLC)
(Sigma-Aldrich) were used. Rabbit polyclonal antibodies against Peri-
centrin (Eurogentec) and a-tubulin (Sigma-Aldrich) were also used.
Rabbit polyclonal antibodies were raised in-laboratory against the ex-
tracellular domain (aa 184-519) of human P-cadherin and against the
SH3 domain of B-PIX (aa 1-65). F-actin was labeled with Alexa Fluor
405 or 546 phalloidin conjugates (Molecular Probes and Interchim),
nuclei with Hoechst 33342 (Sigma-Aldrich), and Golgi using Alexa
Fluor 488 lectin conjugates from Helix pomatia (Molecular Probes).
Primary antibodies were detected with Alexa Fluor 488— or 546—
conjugated goat anti-mouse or anti-rabbit IgG (Molecular Probes).
The Cdc42 inhibitor (ML-141; Tocris) was used at 20 uM. Cells were
pretreated for 4 h before insert removal, and fresh medium with the
drug was added before analysis.

Time-lapse imaging

Cells were plated in Ibidi Culture-Inserts (BioValley; 20,000 cells per cham-
ber) until they reached the desired density level. The insert was removed
to allow the cells to migrate into the cell-free areas. The cells were imaged
using an Axiovert inverted microscope (Carl Zeiss) equipped with a motor-
ized stage, as well as a heated and CO,-regulated incubator. Phase-contrast
images were taken every 5—15 min overnight using a 10x/0.3 NA PHI1
DICI objective and captured with a CCD MicroMax 1300 Y/HS camera
(Roper Scientific) controlled with the MetaMorph 7.0 software.

Measurements of cell velocity, persistence, and directionality

Manual cell tracking and x/y cell position recording (of each cell at
each time point) were performed using MetaMorph software. Individ-
ual cell mean speed, cell persistence, and cell directionality were calcu-
lated and illustrated using Ibidi’s Chemotaxis tool. Angles were plotted
using Rose.net software.

Particle velocimetry analysis

The velocity field in monolayers was mapped via PIV analysis
(available at http://folk.uio.no/jks/matpiv/index2.html; Poujade et al.,
2007). Stacks of images were analyzed using the MatPIV toolbox (http
://[www.mn.uio.no/math/english/people/aca/jks/matpiv/) for MATLAB
(MathWorks). We used an in-laboratory loop protocol in MATLAB to
analyze sequential time frames for velocity and angle measurements
(see dataset in the online supplemental material). Velocities were
plotted in GraphPad Prism and angles in Rose.net software. The time
between successive analyzed images was 5 or 10 min. The window size
was set to 32 or 64 pixels, with no noticeable differences.

Preparation of polyacrylamide gels

In brief, polyacrylamide gels with a Young’s modulus of 12 kPa were
prepared as previously described (Yeung et al., 2005; Kandow et al.,
2007; Serra-Picamal et al., 2012) using a solution containing 19%
acrylamide, 8% bis-acrylamide, 0.5% ammonium persulfate, 0.05% te-
tramethylethylenediamine, 0.64% of 200-nm-diameter red fluorescent
carboxylate-modified beads, and 2 mg-ml~! NH-acrylate. After polym-
erization, the gels were incubated overnight with 0.1 mg/ml collagen 1.

Polydimethylsiloxane (PDMS) membrane fabrication

PDMS membranes were fabricated according to previously described
procedures (Ostuni et al., 2000; Poujade et al., 2007; Serra-Picamal
et al., 2012). SU8-50 masters containing rectangles of 300 x 2,500
um were generated using conventional photolithography. Uncured
PDMS was spin-coated onto the masters to a thickness lower than the
height of the SU8 feature and cured for 2 h at 60°C. A thick border
of PDMS was left at the edges of the membranes for handling pur-
poses. The PDMS was then peeled off from the master and stored in
ethanol at 4°C until use.

Cell monolayer patterning and time-lapse microscopy

To pattern the cells on top of the polyacrylamide gels, a PDMS mem-
brane with a rectangular opening was deposited on top of the polyacryl-
amide gel. We then seeded 20,000 cells within the rectangle defined
by the PDMS stencils; the cells were allowed to adhere and proliferate
on the gel for a few hours. Before the time-lapse analysis, the PDMS
membrane was carefully removed, enabling the cells to migrate toward
the available substrate. The time-lapse imaging was performed using an
automated inverted microscope (10x lens; Eclipse Ti; Nikon) equipped
with thermal, CO,, and humidity control with MetaMorph (Universal
Imaging) software. The recording started ~30 min after removal of
the PDMS membrane and lasted for 15 h. Images were obtained every
3 min over a period of 1-15 h.

Traction force microscopy

As cells migrate, they exert traction forces on the substrate. Traction
forces are computed from the gel deformations induced by the cells
at the interface with the gel substrate. These gel deformations are ob-
served by imaging the displacements of fluorescent beads embedded
in the gel. Beads displacements between any experimental time point
and a reference image obtained after cell trypsinization are computed
using custom-made particle imaging velocimetry software. To reduce
systematic biases in subpixel resolution and peak-locking effects, we
implemented an iterative process (up to four iterations) based on a con-
tinuous window shift technique (Serra-Picamal et al., 2012). Traction
vectors 7i,j(t) within the field of interest are obtained from displace-
ment vectors ui,j(f) for all time points # = 1,..., n and locations (i,j) of
the M x N gel interface matrix. Traction field vectors 7i,j are computed
by superimposing the equilibrium solution for a 3D linear-elastic gel
substrate in the Fourier space (Trepat et al., 2009).

Monolayer stress microscopy
To compute maps of mechanical inter- and intracellular tension within
the monolayer sheets, we used monolayer stress microscopy as previ-
ously described (Tambe et al., 2011). According to Newton’s law, traction
forces applied at the cell-gel interface must be balanced by intra- and in-
tercellular forces (Tambe et al., 2011, 2013; Serra-Picamal et al., 2012).
In a 2D approximation, monolayer stress is fully captured by a tensor
possessing two independent normal components (cxx and cyy) and two
identical shear components (cxy and cyx; Tambe et al., 2011). At every
pixel of the monolayer, these four components of the stress tensor define
two particular directions of the plane, one in which the normal stress
is maximum and one in which it is minimum. These directions, which
are mutually orthogonal, are called principal stress orientations, and the
stress values in each principal orientation are called maximum (c11) and
minimum (622) stress components. The mean normal stress is defined
ason = (cl1 + 622)/2, and the maximum shear stress is defined as o5 =
(611 — 622)/2. The spatial resolution and force precision of MSM are
formally set by those in the original traction maps (Tambe et al., 2013).
The alignment angle between the major axis of the principal
stress ellipse and the direction of the cellular motion was measured as
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described (Serra-Picamal et al., 2012). The maximum principal stress
direction was obtained at each point by diagonalization of the stress
tensor. These principal directions were compared with the directions of
cell displacement obtained by PIV to obtain the angle between princi-
pal stress and cellular motion.

Gel electrophoresis and immunoblotting

Protein extracts (20-60 ug) prepared as described elsewhere (Thuault
et al., 2013) were resolved on 10% or 15% polyacrylamide gels and
transferred to Immobilon-FL. membranes (Millipore). The membranes
were incubated with indicated antibodies as described previously (Thu-
ault et al., 2013). For protein detection and quantification, the Odyssey
Infrared Imaging System (LI-COR Biosciences) was used. Immuno-
blots were quantified via densitometry using Odyssey version 3.0 and
ImagelJ (National Institutes of Health).

Immunoprecipitation

Cell lysates were obtained as described previously (Thuault et al.,
2013). Polyclonal anti—B-PIX or P-cadherin antibodies or IgG (1 ug)
were incubated with protein G (Dynabeads; Invitrogen) at RT for 30
min. After washing, 1 mg protein extract was added at RT for 1 h.

Immunohistochemistry
Cells were plated in Ibidi’s culture inserts on 12-mm-diameter cover-
slips until they reached the desired density level. 5-10 h after insert
removal, the cells were fixed in 3.2% paraformaldehyde (in PBS) for 15
min, followed by a 2-min permeabilization with 0.1% Triton X-100 (in
PBS) and saturation with 2% BSA (in PBS). The cells were incubated
with primary and secondary antibodies in PBS containing 2% BSA.
Images were taken using a confocal SP5-SMD (Leica) with
40x/1.3 or 63x/1.4 oil HCX PL APO CS objectives (Leica) and cap-
tured with a hybrid detector (Leica HyD) controlled using C software.
Colocalization data originating from multichannel fluorescence stacks
were collected using a Leica SP5 microscope. For each stack, a single
value of the Pearson’s coefficient (ranging from —1 to 1) was measured
at the CCJ, imposing a threshold value (calculated based on the algo-
rithms by Costes et al. [2004]) for green and red channels using the
colocalization analysis section of Imaris (Bitplane).

Cell surface biotinylation

Cells grown on 60-mm dishes were incubated in cold PBS for 5 min and
then with 1 mg/ml sulfosuccinimidyl-2-(biotinamido)ethyl-dithiopropri-
onate (sulfo-NHS-SS-biotin; Pierce Chemical Co.), followed by washing
with sulfo-NHS-SS-biotin blocking reagent (50 mM NH,CI in PBS con-
taining 1 mM MgCl, and 0.1 mM CaCl,) to quench free sulfo-NHS-SS-
biotin, followed by several further washes in PBS. Cells were then scrapped
and lysed as described in Thuault et al. (2013) before centrifugation to
obtain a detergent-soluble supernatant. At this stage, an aliquot of 10 ul
was kept (= total fraction), and the remainder was incubated with strepta-
vidin beads to collect biotinylated proteins. Samples were then analyzed
by SDS-PAGE and immunoblotting to identify cadherins using an anti—
pan-cadherin antibody. Quantification of at least three independent exper-
iments was performed using the Odyssey system (LI-COR Biosciences).

GTPase activity assays

For global GTPase activity measurements, we induced CCM by injur-
ing a confluent monolayer using a device designed to perform multiple
calibrated and reproducible injuries with a spiral scarificator (Turchi
et al., 2002). After 6 h of migration, the cells were processed as de-
scribed to measure Cdc42 and Racl activities (Meriane et al., 2002)
and RhoA activity (Charrasse et al., 2002). Migrating isolated and con-
fluent cells were also used.
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Cdc42 activity measurement

To analyze local Cdc42 activity, we used FRET measurement with
the Raichu-Cdc42 biosensor (1,054x). More details about the probes
are available at http://www.fret.lif.kyoto-u.ac.jp/e-phogemon/vector
.htm. Cells transfected with the biosensor were plated in Ibidi inserts.
After 24 h, the inserts were removed, and after an additional 5 h the
cells were imaged using an inverted microscope (TE Eclipse; Nikon)
equipped for a 37°C and 5% CO, humidified atmosphere. The CFP
and FRET mages were taken using a Nikon 100x PL APO VC 1.4
oil objective, an excitation filter and dichroic mirror for CFP, and an
emission filter wheel containing the CFP emission wavelength filter
and another filter for the YFP emission wavelength. Fluorescence
was captured with an electron-multiplying CCD camera (C9100-13;
Hamamatsu ImagEM) controlled using MetaMorph 7.0 software. A
ratio image of FRET/CFP was created to represent FRET efficiency,
which correlated with the activity of Cdc42. Pseudocolored ratio
images were generated from images from CFP and FRET channels
as described previously (Hodgson et al., 2006). Background values
were calculated from a mean intensity value within a region of
interest outside the cell and subtracted from the entire image. We
create a binary mask based on the intensity threshold performed on
the FRET image. We applied this mask to CFP and FRET images.
Image ratios were calculated by pixel-wise divisions of the masked
CFP and masked FRET images. Imagel Fire LUT was applied to a
fixed dynamic range of the 32-bit ratio image.

Cell polarity measurement

5-10 h after Ibidi insert removal, the cells were fixed, and the nuclei,
centrosomes, and Golgi apparatus were stained. The cells in the first
four rows were analyzed. Measurements of cell polarity toward a global
monolayer direction (centrosomes located in front of the nucleus and
behind the Golgi apparatus within the quadrant facing the wound) were
scored as correctly oriented (Osmani et al., 2006).

FA quantification and orientation

Confocal images of paxillin staining were taken 6 h after removal of
the Ibidi insert. The images were binarized to create a mask based
on a manually selected threshold level that enabled the visualiza-
tion of all FAs containing paxillin using an in-laboratory protocol
with Cell Profiler software (dataset in supplemental material). The
subareas 0—10 pm or 10—40 um from the leading edge were scored
manually using masks, and the FA surface area was measured from
binarized images using Image].

FA orientation was measured using ImageJ (dataset in sup-
plemental material), and angle values were plotted using Rose.Net
software. FA orientation was determined according to the monolayer
migration direction as a reference axis.

FA dynamics

Cells were transfected with the pBabe-paxillin-GFP vector (a gift from
C. Albiges-Rizo, Université Joseph Fourier, Grenoble, France); after
24 h, the FAs were imaged during cell migration at 37°C using a confo-
cal microscope (SP5-SMD) equipped with thermal, CO,, and humidity
control. Images were taken using a 63x/1.4 oil HCX PL APO CS objec-
tive (Leica) and captured with a hybrid detector (Leica HyD) controlled
using Leica LAS AF software. Images were taken every 5 s at 5 h after
Ibidi insert removal and lasted for 10 to 15 min.

Confocal images of paxillin-GFP—expressing cells were bina-
rized and thresholded using ImagelJ. The rate of FA area gains and
losses was quantified over 15 min, and mean values were normalized
to the FA area in addition to the change in mean intensity. Ratio images
were generated using the same procedure.
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Statistical analysis

For experiments with n > 30, a Student’s 7 test was used to assess sig-
nificant differences between two experimental conditions. For experi-
ments with n < 30, the nonparametric Mann—Whitney U test was used.
At least three independent experiments were performed.

Protein separation and identification by LC-MS/MS$

C2C12 Pcad cells grown in light and heavy stable isotope labeling
with amino acids in cell culture (SILAC) media for 1 wk were used to
compare changes in specific P-cadherin interaction partners between
control immunoprecipitation using an anti-FLAG antibody (heavy) and
immunoprecipitation with a rabbit anti—-P-cadherin antibody (light) of
cell extracts obtained from confluent cells (IP1) or cells after 6 h of col-
lective migration (IP2) using a device designed to perform multiple cal-
ibrated and reproducible injuries with a spiral scarificator (Turchi et al.,
2002). 5 mg cell lysates obtained as described in Thuault et al. (2013)
were incubated overnight at 4°C with antibody/cross-linked protein A
beads, as indicated by the manufacturer (Abcam). After three washes
with lysis buffer, beads were recovered by centrifugation and boiled in
15 ul DTT at 95°C for 5 min. Samples from heavy and light conditions
were then mixed to obtain a final volume of 30 pl.

Proteins were separated on SDS-PAGE gels (12% polyacryl-
amide; Mini-Protean TGX Precast Gels; Bio-Rad) and stained with
Page Blue Stain (Fermentas). Gel lanes were cut into several gel pieces
and destained by three washes in 50% acetonitrile and 50 mM trieth-
ylammonium bicarbonate (TEABC). After protein reduction (with
10 mM dithiothreitol in 50 mM TEABC at 56°C for 45 min) and al-
kylation (55 mM iodoacetamide TEABC at RT for 30 min), proteins
were in-gel digested using trypsin (1 pg/band; Gold; Promega). Di-
gested products were dehydrated in a vacuum centrifuge and reduced
to 3 pl. The generated peptides were analyzed online by nano-flow
HPLC-nanoelectrospray ionization using an LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) coupled to an Ultimate 3000
HPLC (Thermo Fisher Scientific). Sample desalting and preconcentra-
tion were performed on-line on a Pepmap precolumn (0.3 x 10 mm;
Dionex). A gradient consisting of 0-40% B for 60 min and 80% B for
15 min (A = 0.1% formic acid, 2% acetonitrile in water; B = 0.1% for-
mic acid in acetonitrile) at 300 nL/min was used to elute peptides from
the capillary reverse-phase column (0.075 x 150 mm, Acclaim Pep-
map 100 C18; Thermo Fisher Scientific). Eluted peptides were electro-
sprayed online at a voltage of 2.2 kV into an LTQ Orbitrap XL mass
spectrometer. A cycle of one full-scan mass spectrum (400-2,000 m/z)
at a resolution of 60,000 (at 400 m/z), followed by five data-dependent
MS/MS spectra was repeated continuously throughout the nanoL.C sep-
aration. All MS/MS spectra were recorded using normalized collision
energy (35%, activation Q 0.25, and activation time 30 ms) with an
isolation window of 3 m/z. Data were acquired using Xcalibur software
(version 2.0.7). For all full-scan measurements with the Orbitrap detec-
tor, a lock-mass ion from ambient air (m/ 445.120024) was used as an
internal calibrator. Raw data analysis was performed using MaxQuant
software (version 1.5.0.0). Peak lists from IP1 and IP2 were searched
against the UniProt mouse database, 250 frequently observed contam-
inants, as well as the reversed sequences of all entries. Search param-
eters were the default parameters when using MaxQuant: the search
precursor mass tolerance was set at 20 ppm and the main search (after
recalibration) at 7 ppm. Enzyme specificity was set to trypsin, and a
maximum of two missed cleavages were allowed. Carbamidomethyl-
ation was set as fixed cysteine modification and oxidation was set as
variable methionine modification for searches. The false discovery rate
was set at 0.01 for peptides and proteins and the minimal peptide length
at 7. Quantification was also performed using standard parameters; we
considered only proteins with at least two peptides identified/quantified,

after elimination of reverse and contaminant entries. The statistical va-
lidity of the results and the determination of significant proteins were
assessed using significance A, as defined using Perseus (version 1.5.2.6,
standard parameters), on the logarithmized ratio (base 2). Identified
proteins and peptides are included in the supplementary table. The
graphic representation (Fig. S4) was generated using Perseus software.

Online supplemental material

Fig. S1 and Videos 1 and 2 show the migration of the four used cell
lines and the quantification of cadherin expression levels. Fig. S2
shows that P-cadherin engagement is required for CCM and membrane
protrusion polarization. Fig. S3 and Video 4 show C2C12 LZRS and
C2C12 Pcad cell morphology and behavior on acrylamide gels. Videos
3 and 8 illustrate FA organization and dynamics. Fig. S4 shows the
proteomic analysis. Videos 5, 6, 9, and 10 show the mechanical forces
generated by parental and Cdc42 or f-PIX knockdown C2C12 LZRS
and C2CI12 Pcad cell lines. Video 7 shows the migration of C2C12
Pcad cells in which Cdc42 or B-PIX was knocked down. Fig. S5 shows
Cdc42 and B-PIX shRNA efficiency and their effects on velocity,
persistence, cadherin accumulation at CCJ, polarity, directionality, and
FA number. Rescue experiments show the effect on Cdc4?2 activity and
persistence of expressing p-PIXWT or B-PIX GD in silenced cells.
Three datasets are provided for the MatPIV toolbox used to analyze
sequential time frames for velocity and angle measurements, the
method for FA detection using Cell Profiler software, and the ImageJ
macro to measure FA orientation. Table S1 lists all the proteomic data.
Online supplemental material is available at http://www.jcb.org/cgi/
content/full/jcb.201505105/DC1. Additional data are available in the
JCB DataViewer at http://dx.doi.org/10.1083/jcb.201505105.dv.
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