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P-cadherin-induced decorin secretion is required for collagen fiber
alignment and directional collective cell migration

Mailys Le Borgne-Rochet', Lucie Angevin', Elsa Bazelliéres?, Laura Ordas’, Franck Comunale’,
Evgeny V. Denisov®#4, Lubov A. Tashireva3, Vladimir M. Perelmuter?, lvan Biéche5, Sophie Vacher>,
Cédric Plutoni®, Martial Seveno’, Stéphane Bodin' and Cécile Gauthier-Rouviére’*

ABSTRACT

Directional collective cell migration (DCCM) is crucial for
morphogenesis and cancer metastasis. P-cadherin (also known as
CDH3), which is a cell-cell adhesion protein expressed in carcinoma
and aggressive sarcoma cells and associated with poor prognosis, is a
major DCCM regulator. However, it is unclear how P-cadherin-
mediated mechanical coupling between migrating cells influences
force transmission to the extracellular matrix (ECM). Here, we found
that decorin, a small proteoglycan that binds to and organizes collagen
fibers, is specifically expressed and secreted upon P-cadherin, but not
E- and R-cadherin (also known as CDH1 and CDH4, respectively)
expression. Through cell biological and biophysical approaches, we
demonstrated that decorin is required for P-cadherin-mediated DCCM
and collagen fiber orientation in the migration direction in 2D and 3D
matrices. Moreover, P-cadherin, through decorin-mediated collagen
fiber reorientation, promotes the activation of B1 integrin and of the
B-Pix (ARHGEF7)/CDC42 axis, which increases traction forces,
allowing DCCM. Our results identify a novel P-cadherin-mediated
mechanism to promote DCCM through ECM remodeling and
ECM-guided cell migration.

KEY WORDS: Collagen fibers, Directional collective cell migration,
Traction forces, P-cadherin, Decorin

INTRODUCTION

Directional collective cell migration (DCCM) is characterized by
groups of cells that migrate in a coordinated manner, and is a key
process during morphogenesis, regeneration and cancer invasion
(Friedl and Gilmour, 2009; Friedl et al., 2012; Haeger et al., 2014).
DCCM of mesenchymal and epithelial cells is observed during
embryo development and also during carcinoma and sarcoma cell
invasion (Scarpa and Mayor, 2016; Friedl et al., 2012; Friedl and
Gilmour, 2009; Gaggioli et al., 2007). The extracellular matrix
(ECM) provides a physical scaffold for cell adhesion and migration
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by acting on cell tension and by activating signaling pathways
through ECM receptors (Egeblad et al., 2010).

During mesenchymal and epithelial DCCM, cadherin-mediated
cell—cell adhesion plays an essential role in maintaining cell—cell
cohesion and also in allowing mechanosignaling. This is a complex
but crucial signaling process elicited at cell—cell contact sites
and leading to the generation of traction forces that promote
migration. P-cadherin (also known as CDH3), which is
overexpressed in epithelial (breast, ovarian, prostate, endometrial,
skin, gastric, pancreas and colon) and mesenchymal tumors
(rhabdomyosarcomas) with important tumor-promoting effects (van
Roy, 2014; Thuault et al., 2013; Vieira and Paredes, 2015), induces
DCCM through activation of the B-Pix (also known as ARHGEF7)/
CDC42 polarity axis (Halbleib and Nelson, 2006; Plutoni et al.,
2016). This polarity regulatory pathway is also involved in DCCM of
astrocytes (Cau and Hall, 2005; Osmani et al., 2006) and of anterior
visceral endoderm cells in early mouse embryos (Omelchenko et al.,
2014). P-cadherin expression predicts the level of intercellular tension
in epithelial and mesenchymal cells, and increases intercellular stress
anisotropy (Bazellieres et al., 2015; Plutoni et al., 2016). This mode
of local cell guidance, called plithotaxis, allows the efficient
translocation of the entire cell layer, because cells are aligned and
migrate along the direction of transmitted stresses. Importantly, this is
associated with the development of traction forces that
counterbalance the intercellular forces (Maruthamuthu et al., 2011)
and drive the cell layer movement. Traction forces are the cell
migration engine, and cadherin-based intercellular adhesion
stimulates cell-ECM traction forces (Jasaitis et al., 2012; Plutoni
etal., 2016; Mertz et al., 2013). However, it is largely unknown how
cadherin-mediated mechanical coupling between migrating
cells influences force transmission to the ECM. Cadherin
mechanosignaling-dependent processes could induce changes in
ECM organization that modify ECM—cell interactions in favor of
efficient traction force generation. Here, to determine the mechanism
of P-cadherin role in DCCM, first we performed a transcriptomic
analysis of mesenchymal C2C12 cells that overexpress P-cadherin
and the parental line. We found that the matrisome was the main
affected group and that Dcn, the gene encoding the collagen
remodeling molecule decorin, was among the most upregulated genes
in mesenchymal C2C12 cells that overexpress P-cadherin compared
with the parental line. We then confirmed that P-cadherin expression
in C2C12 myoblasts induces decorin expression and secretion, and
that decorin is required for P-cadherin-induced DCCM. By
performing 2D and 3D migration assays, we found that P-cadherin
expression promotes type I collagen fiber alignment in the direction
of'migration, in a decorin-dependent manner. We then showed that, in
breast cancer specimens, collagen fiber alignment is a prominent
feature of P-cadherin/decorin-expressing cells at invasion sites.
Moreover, decorin is required for P-cadherin-mediated B1 integrin
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and CDC42 activation, via activating threonine dephosphorylation of
B-Pix. Finally, through micro-patterned cell monolayers and traction
forces microscopy, we demonstrated that decorin is required for
P-cadherin-mediated traction force increase and anisotropy.

Our results show that P-cadherin acts a key mediator of DCCM
through a new signaling pathway that induces decorin upregulation
leading to collagen fiber orientation in the direction of cell migration,
and activation of Bl integrin and of the B-Pix/CDC42 axis.

RESULTS

P-cadherin expression is correlated with decorin expression
To identify the underlying molecular mechanisms of P-cadherin-
induced DCCM, we compared gene expression, by performing a
transcriptome analysis, in C2C12 myoblasts that express P-cadherin
(C2C12 Pcad) and control C2C12 cells that express only the LZRS
vector (C2C12 LZRS; herein denoted C2C12 CTL). We identified
176 genes that were significantly up- or down-regulated (fold
change >3) upon P-cadherin expression (Table S1). Gene ontology
(GO) cluster analysis of these genes using PANTHER and
GORILLA revealed that P-cadherin expression was associated
with a transcriptomic signature of ECM, and particularly of collagen
(Fig. 1A; Tables S2 to S5). We also compared the list of genes
differentially modified between C2C12 CTL and C2C12 Pcad cell
samples to the mouse matrisome signature established in a meta-
analysis combining ECM proteomics data from 14 different tissues
and tumors (Naba et al., 2016). One third of the modified genes
upon P-cadherin expression belonged to the mouse matrisome
signature (Fig. 1B). Interestingly, the gene encoding decorin, a
collagen-remodeling protein, was one of the five most upregulated
genes upon P-cadherin expression (Fig. 1C). We confirmed that
decorin mRNA and protein levels were increased in C2C12 Pcad
cells compared with C2C12 CTL cells (Fig. 1D,E). Similarly,
decorin secretion into the medium was higher in C2C12 Pcad than
in C2C12 CTL cells (Fig. 1F), particularly the core protein (38 kDa)
that binds to fibrillar collagen (Orgel et al., 2009). This effect
was P-cadherin specific because decorin was not upregulated in
E-cadherin- (C2C12 Ecad) and R-cadherin-expressing cells (C2C12
Rcad) (Fig. 1D,E). Moreover, P-cadherin-mediated upregulation of
decorin required P-cadherin homotypic interaction, because decorin
expression was not induced in isolated (non-confluent) C2C12 Pcad
cells (Fig. S1A). These results indicate that P-cadherin expression
promotes decorin expression and secretion.

Decorin is required for P-cadherin-induced DCCM

Decorin is a class I member of the small leucine-rich proteoglycan
family and has a single glycosaminoglycan chain composed of
dermatan or chondroitin sulfate with 12 leucine-rich tandem repeats
(Tozzo and Schaefer, 2015). Decorin core protein binds to type 1
collagen fibrils (Scott and Orford, 1981; Pogany and Vogel, 1992),
and its GAG chain extends laterally from adjacent collagen fibrils to
maintain interfibrillar spacing (Scott, 1988; Weber et al., 1996). To
understand decorin role in P-cadherin-induced DCCM, we
generated stable C2C12 Pcad cell lines that express anti-Dcn
shRNA (C2C12 Pcad Dcn shRNA) by retroviral infection. This
reduced decorin protein and mRNA expression to the same level as
in control C2C12 CTL cells (Fig. 1D,E). By combining time-lapse
microscopy, cell tracking and computational analyses, we
monitored and quantified cell movements in a 2D migration
assay. These experiments showed that after removal of the physical
barrier, Dcn silencing (C2C12 Pcad Den shRNA cells) hindered the
P-cadherin-dependent increase in cell velocity and migration
persistence observed in C2C12 Pcad cells (Fig. 2A—C; Movie 1).

Moreover, analysis of the trajectory angle distribution revealed
that decorin expression was needed for P-cadherin-induced
directionality increase of individual migrating cells (Fig. 2D). To
map cell velocities within entire layers of cells, we used particle
image velocimetry analysis (Petitjean et al., 2010). We found that
Dcn silencing (C2C12 Pcad Den shRNA cells) decreased the
orientation in the direction of migration of velocity fields and their
angle distribution compared with C2C12 Pcad cells (Fig. 2E). As P-
cadherin expression increases intercellular stress and plithotaxis
within the monolayer during cell migration (Plutoni et al., 2016), we
investigated whether decorin contributes to this mechanism. Dcn
silencing prevented P-cadherin-dependent increase of intercellular
stress (Fig. 2F) and plithotaxis (Fig. 2G). Moreover, in C2C12 Pcad
Dcn shRNA cells that stably expressed human decorin (insensitive
to the mouse shRNA; C2C12 Pcad Dcn shRNA Rescue cells), all
the examined parameters were similar to those of C2C12 Pcad cells.
Decorin protein level reached the level of C2C12 Pcad cells
(Fig. 1D), and P-cadherin accumulated at cell—cell contacts in both
C2C12 Pcad Dcn shRNA and C2C12 Pcad Den shRNA Rescue
cells (Fig. S1B). As decorin binds to growth factors (Jarvinen and
Prince, 2015), we also analyzed cell proliferation and global
tyrosine phosphorylation levels in C2C12 CTL, Pcad and Pcad Dcn
shRNA cells (Fig. S1C), but did not find any differences.

P-cadherin-induced decorin is needed for cell polarization
and focal adhesion orientation

We next analyzed cell organization and cell polarization in the
different cell lines. P-cadherin expression induced the formation ofa
large and oriented protrusion in the direction of migration. The
protrusion orientation, but not length was impaired by Dcn silencing
and was restored in C2C12 Pcad Dcn shRNA Rescue cells
(Fig. 3A). Next, we monitored cell polarity by quantifying the
position of the centrosome and Golgi relative to the nucleus (Yadav
et al., 2009), and found that decorin was required for P-cadherin-
induced cell polarization. Indeed, the orientation of the centrosome
and Golgi in front of the nucleus toward the protruding edges was
perturbed in C2C12 Pcad Den shRNA cells, but not in C2C12 Pcad
Dcn shRNA Rescue cells (Fig. 3B). Finally, we analyzed focal
adhesion (FA) organization by paxillin immunostaining (Zaidel-Bar
et al., 2003). The FA orientation in the direction of migration
observed in C2C12 Pcad cells was completely abolished by Dcn
silencing and restored by human decorin expression (Fig. 3C).
Analysis of global CDC42 activation using a pulldown assay
revealed that P-cadherin-induced CDC42 activation was lost upon
Dcn silencing (Fig. 3D). Taken together, these results indicate that
decorin is required for P-cadherin-mediated CDC42 activation, and
orientation of the membrane protrusion, cell organelles and FAs in
the migration direction.

Decorin is required for P-cadherin-induced collagen
orientation during migration in 2D and 3D matrices

Dcn™~ mice show defects in collagen fibril formation and
organization (Danielson et al., 1997), and it has been suggested
that decorin could regulate FA reorganization and endothelial cell
motility on collagen I (Fiedler et al., 2008). Therefore, we
investigated whether P-cadherin-induced decorin expression could
affect type I collagen fiber organization.

First, we embedded C2C12 cell spheroids in type I collagen
matrix, and monitored 3D cell invasion through the matrix by time-
lapse phase-contrast microscopy. After 3 days, C2C12 CTL and
C2C12 Pcad cells evaded from the spheroid to colonize the
surrounding matrix (Fig. S2A,B). The precise morphological
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Fig. 1. Decorin expression is promoted by P-cadherin, but not by E- or R-cadherin. (A) The 176 differentially expressed genes identified by transcriptomic
analysis in C2C12 Pcad versus to C2C12 CTL were analyzed with GORILLA (Eden et al., 2009). The resulting enriched GO terms are visualized using a
DAG representation with color coding reflecting their degree of enrichment. (B) Venn diagrams showing the comparison of the differentially expressed genes
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Fig. 2. P-cadherin-induced directional collective cell migration is decorin-
dependent. (A) Phase-contrast images of 2D cell migration at the indicated
time points (0, 6 and 18 h) after barrier removal. (B,C) Velocity (B) and
persistence (C) of migration measured between 4 and 24 h after barrier
removal. (D) Trajectories during 24 h of 20 representative cells (left) and rose
plots showing the mean trajectory angle (right) for the indicated cell lines.
The magnitude of each bar represents the fraction of cells with the indicated
trajectory angle. Black arrowhead, angle of the direction of migration (90°).
The standard deviation is indicated on each rose plot. (E) Velocity fields,
corresponding phase-contrast images and rose plots showing the velocity
vector orientation as measured using the MatPIV tool in the entire cell layer
10 h after barrier removal. The magnitude of each bar shows the fraction of
cells with the indicated angle trajectory. Black arrowhead, angle of the direction
of migration (90°). The standard deviation is indicated on each rose plot.

(F) Histogram showing the maximum principal intercellular stress parallel to the
migration direction (stress xx) measured during 10 h in the indicated cell lines.
(G) Cumulative probability distribution of the angle between cellular velocity
and maximum principal stress (¢) for the highest quintile of stress anisotropy
(as determined by measuring the maximum shear stress, p) of the different cell
lines. All data are the meants.e.m. for at least four independent experiments
(fortracking, n=111 C2C12 CTL cells, n=133 C2C12 Pcad cells, n=130 C2C12
Pcad Dcn shRNA cells, and n=141 C2C12 Pcad Dcn shRNA Rescue cells).
*P<0.05; **P<0.01; ****P<0.0001; ns, not significant (two-tailed Student’s
t-test). Scale bars: 100 pm.

analysis indicated that C2C12 CTL spheroids migrated as an
elongated group of cells that detached one from the other during
migration (Fig. S2D, and quantification of the number of cells that
detached from the spheroids during the 72 h migration in Fig.
S2C). Conversely, C2C12 Pcad cells migrated as a collective
group of cells that maintained intercellular contacts and did not
detach (Fig. S2C,D). Dcn silencing strongly inhibited the invasive
potential of C2CI12 Pcad cells in the 3D collagen matrix
(Fig. S2A,B). This effect was specific to P-cadherin expression
because C2C12 Ecad and Rcad cells did not migrate in the 3D
collagen matrix.

Then, we analyzed type I collagen fiber organization in the 3D
matrix surrounding the cell spheroids using second harmonic
generation (SHG) microscopy (Fig. 4A). Cells of the spheroid were
revealed by Rhodamine—phalloidin staining. After 72 h, type I
collagen fibers assembled as a complex network of fibers that
formed intricate meshes. When cells started to invade the 3D
collagen matrix, collagen fibers were re-organized in C2C12 CTL
cells, and particularly in C2C12 Pcad cells, where cell migration
was associated with massive collagen fiber alignment radially from
the spheroid in the direction of cell invasion. Quantification of
directional collagen fiber orientation, as determined through a
Fourier component analysis of directionality on images obtained
by second-harmonic generation (SHG) microscopy, showed that
P-cadherin, but not E- or R-cadherin, expression promoted collagen
fiber orientation towards the direction of migration (Fig. 4B,C). This
effect was impaired by Dcn silencing.

By using micro-patterned cell monolayers and scanning electron
microscopy (SEM), we analyzed collagen fiber organization during
2D migration on type I collagen for 6 h (Fig. 4D). Again, P-cadherin
expression was associated with collagen fiber organization and
alignment in the migration direction. In control (C2C12 CTL) cells,
collagen fibers overlapped and interweaved. Conversely, in C2C12
P-cad cells, collagen fibrils were organized and aligned in the
direction of migration. Dcn silencing impaired P-cadherin-mediated
collagen fiber orientation during migration, while human decorin
expression restored collagen fiber orientation in the migration
direction. Quantification of directional collagen fiber orientation,
through Fourier component analysis of directionality on SEM
images, revealed that P-cadherin, but not E- or R-cadherin,

expression promoted collagen fiber orientation towards the
direction of migration in a decorin-dependent manner (Fig. 4E).

Finally, we assessed whether decorin is expressed in invasive
breast tumors in which microdensity increase has been associated
with higher collagen density (Skandalis et al., 2011). We did not
observe DCN mRNA upregulation in a cohort of 527 breast tumor
samples, most probably because decorin is expressed both by
normal and tumoral cells (Fig. 4F, left panel, the asterisk shows a
normal acinus surrounded by tumoral cells). However, low DCN
mRNA level was significantly associated with a better prognosis in
two breast tumor types [triple negative and hormone receptor
(HR)™, ERBB2"] (Fig. S3A). The analysis of CDH3 and DCN
expression in different morphological structures of breast tumors
revealed that their highest levels were found in cells presenting a
morphological organization characteristic of invasive tumor cells
(Fig. S4D). In human breast tumor samples, decorin protein was
expressed by cytokeratin 7 (CK7, also known as KRT7)-positive
tumor cells and, to a lower extent, by a-smooth muscle actin
(a-SMA)-positive stromal cells (Fig. 4F,G; Table S6). Moreover,
immunohistochemistry of serial breast tumor tissue sections
allowed identifying migrating tumor cells that co-expressed
P-cadherin and decorin and that were surrounded by tracks of
aligned collagen fibers (Fig. 4H; Table S6). We also found that
specific CDH3:DCN ratios were associated with poor disease-free
survival in patients with HR"/ERBB2~ and HR/ERBB2" breast
tumors (Fig. S3B).

Altogether, these results obtained in 2D and 3D migration assays
in type I collagen matrix indicate that P-cadherin expression
promotes collagen fiber alignment in the direction of migration and
that decorin is required for this process. Moreover, collagen fibers
form parallel fascicles that surround P-cadherin and decorin-
expressing breast tumor cells in invasive regions.

Decorin is needed for P-cadherin-mediated 1 integrin and
CDC42 activation, and for increasing traction force
anisotropy and strength

Fibrillar collagen activates the B-Pix/CDC42 axis through Bl
integrin (Kutys and Yamada, 2014), and P-cadherin regulates
DCCM through B-Pix-mediated CDC42 activation (Plutoni et al.,
2016). Therefore, we assessed whether P-cadherin-mediated
decorin expression regulates Bl integrin activation during DCCM.
To this aim, we plated cells on a 2D collagen matrix because
P-cadherin induces collagen fiber alignment through decorin both in
2D and 3D (Fig. 4), and because 2D cell migration along fibers
recapitulates migration in a 3D matrix (Doyle et al., 2009). The level
of active Bl integrin was high in C2C12 Pcad cells, but not in
C2C12 Ecad and Rcad cells, whereas the total 1 integrin level was
comparable in all tested cell lines (Fig. 5A; Fig. S5A). Decorin
addition, known to increase C2C12 myoblast migration persistence
(Goetsch et al., 2011), was associated with an increase of active 1
integrin. Conversely, the level of active Bl integrin was strongly
decreased in C2C12 Pcad Dcn shRNA cells, and was restored by
human decorin expression (Fig. 5A). We then used the soluble
arginine-glycine-aspartic acid (RGD) peptide, which inhibits Bl
integrin in our experimental setting (Fig. S5B). We showed that
RGD peptide addition affected P-cadherin-induced persistence of
migration and cell polarization to the same extent as Dcn silencing
(Fig. 5B,C; compare with Figs 2A and 3B). Moreover, RGD peptide
addition to the collagen type I impaired 3D matrix invasion by
C2C12 Pcad cells (Fig. 5D). Nevertheless, in this condition, we still
observed collagen reorganization in the areas around the spheroid,
but to a lower extent than with C2C12 Pcad migrating cells
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Fig. 3. Decorin is required for P-cadherin-induced polarization of the front
protrusion, of cells and of focal adhesions. (A) Visualization of F-actin
(inverted contrast image) and nuclei (red) at the migrating front after 6 h of
migration allowed monitoring the front protrusion (white bars). Rose plots
showing the front protrusion angle distribution are below each cell line. The
magnitude of each bar indicates the front protrusion fraction with the indicated
angle. Black arrowhead, angle of the direction of migration (90°). The standard
deviation is indicated on each rose plot. The histogram (right) indicates the front
protrusion length (n=71 C2C12 CTL cells, n=69 C2C12 Pcad cells, n=80
C2C12 Pcad Dcn shRNA cells, and n=79 C2C12 Pcad Dcn shRNA Rescue
cells) from four independent experiments. (B) Migrating cells at the
multicellular front (6 h after barrier removal) were stained with Hoechst 33342
(nuclei; blue), anti-pericentrin antibody (centrosomes; red) and Alexa Fluor
488-lectin conjugates (Golgi; green). The histograms show the percentage of
migrating cells in which the nucleus, centrosome and Golgi are similarly
aligned (i.e. are aligned in the same direction, representing polarized cells) (left
panel) and located in the quadrant facing the free space in front of the nucleus,
as an indication of cell polarization in the migration direction (right panel)
(n=127 C2C12 CTL cells, n=145 C2C12 Pcad cells, =144 C2C12 Pcad Dcn
shRNA cells, and n=152 C2C12 Pcad Dcn shRNA Rescue cells) from four
independent experiments. White arrowheads in A and B indicate the direction
of migration. (C) Confocal images of the front of migrating cells after staining
with an anti-paxillin antibody (FAs) and with Hoechst 33342 (nuclei; red). The
rose plots show the angle orientation distribution of FAs calculated using the
monolayer migration direction as the reference axis. The area of each bin
represents the number of FAs in that direction. Black arrowhead, angle of the
direction of migration (90°); green and blue arrowheads show the FA
orientations and migration direction of the cell, respectively. The standard
deviation is indicated on each rose plot. FAs were analyzed from three
independent experiments in n=53 C2C12 CTL cells, n=45 C2C12 Pcad cells,
n=43 C2C12 Pcad Dcn shRNA cells, and n=49 C2C12 Pcad Dcn shRNA
Rescue cells. (D) The level of GTP-bound CDC42 was evaluated in lysates
from the indicated cell lines 6 h after wounding. GTP-bound CDC42 was
detected by immunoblotting and quantified (histogram on the right) after
normalization to total CDC42. All panels show the meants.e.m. **P<0.01;
***P<0.001; ****P<0.0001; ns, not significant [two-tailed Mann—Whitney test,
P-values (D), two-tailed Student’s t-test (A,B)]. Scale bars: 10 um.

(Fig. SE). This indicates that efficient collagen fiber reorganization
requires both decorin secretion and integrin-mediated adhesion. We
then asked whether P-cadherin-mediated decorin expression was
involved in the activation of the B1 integrin/B-Pix/CDC42 signaling
axis. Incubation of C2C12 Pcad cells with the RGD peptide
decreased CDC42 activation, indicating that integrins are activated
downstream of P-cadherin to allow CDC42 activation (Fig. 5F). As
B-Pix must be dephosphorylated at threonine 526 to induce CDC42
activation (Kutys and Yamada, 2014), we monitored B-Pix
threonine phosphorylation during migration after DCCM in
C2C12 Pcad cells, control C2C12 CTL and C2C12 Pcad Dcn
shRNA cells. P-cadherin expression was associated with lower
B-Pix threonine phosphorylation (Fig. 5G) and concomitant
increase of CDC42 activity (Fig. 3D). Conversely, in C2C12 Pcad
Dcn shRNA cells, the B-Pix threonine phosphorylation level was
comparable to that of control C2C12 CTL cells (Fig. 5G), while
CDCA42 activation was markedly reduced (Fig. 3D).

Finally, using micro-patterned cell monolayers and traction-force
microscopy, we investigated whether decorin participates in
P-cadherin-mediated traction force strength and polarization
exerted by the cells on the underlying substrate that drive the cell
layer movement. We measured the traction forces parallel (Tx,
Movie 2) and perpendicular (Ty) to the direction of migration and
calculated the Tx:Ty ratio. As previously shown (Plutoni et al.,
2016), P-cadherin expression increased the Tx:Ty ratio. The Tx:Ty
ratio was reduced in C2C12 Pcad Dcn shRNA cells (Fig. SH) and
restored in C2C12 Pcad Dcn shRNA Rescue cells. Analysis of the
traction force orientation from 0 to 40 pum and from 60 to 140 um
from the leading multicellular row toward the center of the cell layer

showed that P-cadherin-induced traction force orientation towards
the direction of migration was impaired in C2C12 Pcad Dcn shRNA
cells (Fig. 51; Fig. S5C) and restored in C2C12 Pcad Dcn shRNA
Rescue cells.

Taken together, these data demonstrate that P-cadherin-mediated
decorin expression specifically activates Bl integrin and decreases
B-Pix threonine phosphorylation. This promotes CDC42 activation,
leading to an increase in traction force strength and anisotropy
towards the migration direction, which are processes required for
DCCM.

DISCUSSION

In this study, we identified an original mechanism through which
cadherin-mediated mechanical coupling between migrating cells
results in force transmission to the ECM to promote cell migration.
P-cadherin, a major DCCM inducer, increases the traction force
anisotropy and strength that pull the cell layer (Bazellicres et al.,
2015; Ng et al., 2012; Plutoni et al., 2016). We demonstrated that
P-cadherin, but not E- or R-cadherin expression, is associated with
collagen fiber organization and alignment in the migration direction
and identified decorin, a secreted proteoglycan, as a key player in
this process. Collagen fiber alignment facilitates cancer cell
invasion by providing tracks on which cells migrate and has a bad
prognostic value (Conklin et al., 2011; Drifka et al., 2016; Gjorevski
et al., 2015; Levental et al., 2009; Lyons et al., 2011; Provenzano
etal., 2008; Riching et al., 2014). Conversely, inhibition of collagen
fibril alignment, without affecting ECM composition, blocks tumor
cell invasion (Grossman et al., 2016). Here, we experimentally
showed that P-cadherin expression specifically promotes collagen
fiber alignment concomitantly with polarization of the front
protrusion and of FAs in the migration direction and with B1
integrin activation. This is consistent with the observation that FAs
are localized along collagen fibers (Wolf et al., 2007). The
reorganization of the collagen ECM leads to local stiffening,
which enhances integrin-dependent mechanotransduction. Using a
mathematical model that takes into account matrix ligand density,
stiffness and alignment, it was previously proposed that the
increased migration persistence is due to ligand presentation along
an axis allowing cells to form and stabilize FAs in a given direction,
leading to more efficient migration (Riching et al., 2014). A recent
report showed that cadherin-11-mediated cell-cell adhesion
regulates the synthesis of ECM proteins, such as collagen and
elastin (Row et al., 2016). Our identification of an ECM signature
associated with P-cadherin expression also supports the hypothesis
that cadherin-mediated adhesion could regulate both ECM
production and organization.

We also showed that P-cadherin-induced collagen fiber
alignment is mediated by decorin, a secreted proteoglycan that
binds to type I collagen fibers and promotes and regulates collagen
fibril formation and stability (Chen and Birk, 2013; Kalamajski and
Oldberg, 2010; Neame et al., 2000). Dcn knock-out in mice leads to
perturbed collagen fiber morphology and skin fragility (Danielson
et al., 1997). Decorin is known to be involved in several cellular
functions, such as morphological changes, cell migration, cell
signaling and autophagy (Gubbiotti et al., 2015, 2016; Tufvesson,
2003; Goetsch et al., 2011). Decorin is detected in the tumor
microenvironment and can either suppress tumor growth (Bozoky
et al., 2014; Csordas et al., 2000; Santra et al., 2000) or promote
tumor invasiveness, metastasis and angiogenesis (Dil and Banerjee,
2012, 2011; Banerjee et al., 2003; El Behi et al., 2013; Cawthorn
et al., 2012). In two breast tumor types (triple negative and HR™/
ERBB2"), we found that low DCN mRNA expression level is
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