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Src- and confinement-dependent FAK activation
causes E-cadherin relaxation and p-catenin activity

Charléne Gayrard, Clément Bernaudin, Théophile Déjardin, Cynthia Seiler, and Nicolas Borghi
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In epithelia, E-cadherin cytoplasmic tail is under cytoskeleton-generated tension via a link that contains B-catenin. A
cotranscription factor, p-catenin, is also active in morphogenetic processes associated with epithelial-to-mesenchymal
transition. p-Catenin signaling appears mechanically inducible and was proposed to follow phosphorylation-induced
B-catenin release from E-cadherin. Evidence for this mechanism is lacking, and whether E-cadherin fension is involved
is unknown. To test this, we combined quantitative fluorescence microscopies with genetic and pharmacological pertur-
bations of epithelial-to-mesenchymal transition-induced cells in culture. We showed that f-catenin nuclear activity fol-
lows a substantial release from the membrane specific to migrating cells and requires multicellular deconfinement and
Src activity. Selective nuclear translocation occurs downstream of focal adhesion kinase activation, which targets
E-cadherin tension relaxation through actomyosin remodeling. In contrast, phosphorylations of the cadherin/catenin
complex are not substantially required. These data demonstrate that E-cadherin acts as a sensor of intracellular mechan-

ics in a crosstalk with cell-substrate adhesions that target f-catenin signaling.

Introduction

In multicellular organisms, cells generate and experience me-
chanical forces that may convert into biochemical signals. This
process assumes that force-induced conformation changes in
proteins alter their affinities, and thus their activities (Sawada et
al., 2006), triggering signaling pathways that ultimately lead to
changes in cell activity and fate.

In a simple epithelium, cells form tissue sheets by directly
adhering to one another through adherens junctions (Borghi
and Nelson, 2009). The adherens junction E-cadherin is a trans-
membrane protein whose extracellular domain forms intercellu-
lar dimers between adjacent cells. Its cytoplasmic tail provides
mechanical coupling between the plasma membrane and the
cortical cytoskeleton (Tabdanov et al., 2009) and is under consti-
tutive cytoskeleton-generated tension sensitive to extracellular
cues (Borghi et al., 2012; Rolland et al., 2014). Any biochem-
ical events downstream of these tension changes are unknown.

A direct interaction between the E-cadherin tail and p-cat-
enin is obligatory to tether adherens junctions to the actin cy-
toskeleton via a-catenin (Buckley et al., 2014), but f-catenin
is also a transcription cofactor well known as an effector of
Whnt, which down-regulates f-catenin degradation (Clevers and
Nusse, 2012). E-cadherin is also a regulator of -catenin signal-
ing, in a fashion independent of, yet synergistic with, Wnt (Nel-
son and Nusse, 2004; Benham-Pyle et al., 2016). E-cadherin
may regulate -catenin transcriptional activity by sequestering
it out of the nucleus (Sanson et al., 1996; Orsulic et al., 1999),
but the mechanisms are more complex than mere modulation of
E-cadherin tail levels, because -catenin nuclear activity appears
to also require E-cadherin expression (Howard et al., 2011),
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and its extracellular domain in particular (Benham-Pyle et al.,
2015). However, there is no evidence that nuclear B-catenin ac-
tually originates from a previously membrane-bound pool.

-Catenin nuclear localization and transcriptional activity
appear mechanically inducible in health and disease models.
This induction occurs during morphogenetic events sharing fea-
tures with epithelial-to-mesenchymal transition (Farge, 2003;
Hens et al., 2005; Whitehead et al., 2008; Brunet et al., 2013;
Benham-Pyleetal., 2015; Ferndndez-Sanchez etal., 2015). Such
nuclear translocation and activity generally require the activity
of the Src kinase and appear to involve p-catenin tyrosine phos-
phorylation (Desprat et al., 2008; Whitehead et al., 2008; Bru-
net et al., 2013; Benham-Pyle et al., 2016) at a site targeted by
Src in vitro that lowers B-catenin affinity for E-cadherin (Roura
et al., 1999). Mechanical induction of pB-catenin transcriptional
activity might thus result from its release from E-cadherin be-
cause of a weakened interaction induced by the Src-dependent
phosphorylation of f-catenin. The initial mechanotransduction
events, and the implication of changes in E-cadherin molecular
tension, remain unknown.

To address this, we performed live-cell fluorescence im-
aging of localization, activity, and tension reporters of E-cad-
herin, pB-catenin, and selected signaling pathway components
together with genetic and pharmacological perturbations in
cultured epithelial cells induced to migrate by exposure to he-
patocyte growth factor (HGF) or by wound healing, both known
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E-cadherin tension relaxation correlates with p-catenin nuclear accumulation. (A) Wounded sheet of MDCK cells expressing EcadTSMod.

Top: Direct YFP fluorescence. Middle: Corresponding FRET index map. Note that this map does not display protein levels. Bottom: FRET index in leader
cells lamellipodia (n = 315 cells) and cell—<ell contacts at the back (~500 pm; n = 410) 10 h postwound. (B) GFP-B-catenin in a wounded MDCK sheet.
Top: Typical map. Bottom: GFP intensity (relative to back cells) in leader cells (n = 32 cells) and cells at the back (n = 120; ~500 pm) 10 h postwound.
(C) TOPAGFP in a wounded MDCK sheet. Top: Typical map. Bottom: GFP intensity (relative to back cells) in leader cells (n = 20 cells) and cells at the back
(n=21; ~500 pm) 10 h postwound. (D) FRET index of EcadTSMod in cells with and without HGF (50 ng/ml). Top: Typical maps. Bottom: FRET index
change at cell—cell contacts 5 h after HGF addition (n = 72 cells) versus control (n = 173). (E) GFP-B-catenin in cells with and without HGF (50 ng/ml).
Top: Typical maps. Bottom: GFP intensity in the nucleus (relative to cytoplasm) 5 h after HGF addition (n = 47 cells) versus control (n = 42). Bars: (wound
healing) 100 pm; (HGF) 20 pm. Two-ailed Mann-Whitney test. Values plotted are mean + SEM.

to induce epithelial-to-mesenchymal transition, at least partially
(Thiery and Sleeman, 2006).

In wound healing assays, normal epithelial MDCK cells mi-
grated collectively, some exhibiting the characteristic leader
phenotype with large lamellipodia at the wound edge (Om-
elchenko et al., 2003). Using cells expressing the E-cadherin
tension fluorescence resonance energy transfer (FRET) biosen-
sor EcadTSMod, which predominantly localized at the mem-
brane and was enriched at cell-cell contacts as the endogenous
protein (Borghi et al., 2012; Fig. 1 A), we measured FRET ex-
clusively at cell—cell contacts in all cells (Fig. S1 A), plus at the
lamellipodia in leader cells only, as we have previously shown
that E-cadherin may be under tension at the membrane whether
or not at cell—cell contacts (Borghi et al., 2012). We uncovered
a gradient of FRET index, with FRET decreasing from leader
cells lamellipodia to cell—cell contacts hundreds of micrometers
back, indicative of a gradient of E-cadherin tension from low in
leader cells to high in the back (Fig. S1 B). Significantly, leader
cells exhibited a higher FRET than follower cells hundreds of
micrometers back (Fig. 1 A), whereas no such difference could
be observed in cells that expressed an E-cadherin tensionless
control, which lacks its C-terminal catenin-binding and ac-
tin-recruiting part (EcadTSModACyto; Borghi et al., 2012; Fig.
S1, C and D). FRET increased in the first hours of migration,
followed by a plateau and a decrease upon contact of opposing
migrating sheets, such that the confluent sheet would recover its

homogenous FRET value before wounding (Fig. S1 E). Note
that the total amount of E-cadherins in the EcadTSMod cell
line was ~1.5 times that in the parent MDCK cell line (Fig.
S1F), an increase well below the EcadTSMod expression level
differences observed in transiently transfected cells to yield
overexpression artifacts visible on FRET (Borghi et al., 2012).
Altogether, these results indicate that wound-induced collec-
tive migration leads to spatially graded, reversible relaxation of
cytoskeleton-dependent E-cadherin tension, with lower E-cad-
herin tension in leader cells than in followers.

Next, we sought to assess the localization of B-catenin.
Cells stably expressing f-catenin-GFP exhibited total 3-catenin
levels statistically indistinguishable from those in the parent cell
line, associated with a significant decrease of endogenous p-cat-
enin expression (Fig. S1 G). f-Catenin-GFP localized at cell—cell
contacts as expected and was massively enriched in the nuclei
of front cells in a wounded sheet. Significantly, leader cells ex-
hibited an up to fivefold increase in f-catenin-GFP nuclear level
compared with followers at 10 h after wounding (Fig. 1 B). In
contrast, stably expressed a-catenin-GFP, whose level also in-
creased in the cytoplasm of leader cells compared with follow-
ers, appeared relatively excluded from the nucleus (Fig. S1 H).
To assess whether this selective f-catenin nuclear accumulation
was accompanied by an increase in its transcriptional activity,
we used cells carrying the TOPdGFP sensor, which expresses
destabilized GFP under the control of the LEF-1/TCF promoter
(Dorsky et al., 2002; Maher et al., 2009). Significantly, leader
cells expressed twice as much GFP as followers (Fig. 1 C). Alto-
gether, these results show that wound-induced migration results
in nuclear accumulation and transcriptional activity of -catenin
in leader cells, together with E-cadherin relaxation.

To assess whether such a correlation holds in other condi-
tions, we stimulated MDCK colonies with HGF. HGF induces
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MDCK scattering (de Rooij et al., 2005) and LEF-1/TCF-
dependent gene expression (Howard et al., 2011), although
evidence for concomitant B-catenin nuclear accumulation is
unclear. Here, subconfluent MDCK colonies underwent sig-
nificant cell-substrate spreading during the first 2 h after HGF
exposure (Fig. S1 I). Cell—cell contact disruption progressively
followed over the next hours, which ultimately resulted in mes-
enchymal cells migrating individually, as previously reported.
In addition, EcadTSMod FRET increased at cell—cell contacts
under HGF stimulation, such that HGF-stimulated cells exhib-
ited significantly higher FRET than unstimulated cells, at times
(5 h) before complete cell—cell contact disruption (Fig. 1 D). In
contrast, EcadTSModACyto cells exhibited no such change in
FRET upon HGF stimulation (Fig. S1 J). Finally, we showed
that HGF induced a twofold increase in nuclear p-catenin-GFP,
to a level significantly higher than that of nontreated cells
(Fig. 1 E). Altogether, these results support that a correlation
between E-cadherin tension relaxation and f-catenin nuclear
accumulation and activity is a common feature of cells induced
to migrate through various perturbations.

Membrane f-catenin substantially
contributes to f-catenin nuclear
accumulation
To assess the possibility of a translocation of cadherin-bound
[B-catenin to the nucleus, we made a cell line that stably ex-
pressed the green-to-red photoconvertible p-catenin-mMaple.
Under HGF stimulation, photoconverted cell-cell contact
[-catenin-mMaple translocated to the nucleus (Fig. 2 A). Quan-
titatively, the nuclear concentration of photoconverted f-cat-
enin-mMaple within 5 min after photoconversion reached up
to 50% of that of cell-cell contacts before photoconversion
(Fig. 2, B and C). In contrast, the nuclear concentration of
photoconverted p-catenin-mMaple within the same time frame
reached no more than 20% of that of cell-cell contacts before
photoconversion in unstimulated cells (Figs. 2 C and S2 A). In
addition, during wound healing, the nuclear concentration of
photoconverted p-catenin-mMaple of leader cells reached up to
60% of that of the lamellipodium before photoconversion at a
rate consistent with that of a membrane-bound pool rather than
that of a cytoplasmic pool (Fig. 2, C and D; and Fig. S2 B).
Thus, whether at a cell-cell contact or not, f-catenin-mMaple
feeds the nucleus from a membrane-bound pool. To confirm
this, we measured by FRAP the entry rate of p-catenin-GFP
in the lamellipodia and at cell-cell contacts of migrating cells,
that of E-cadherin-GFP in the same subcellular regions, and the
turnover rates of free GFP and cytoplasmic B-catenin-GFP in
cells treated with LiCl, an inhibitor of the p-catenin degrada-
tion complex component GSK3p. p-Catenin-GFP entry rates in
lamellipodia and cell—cell contacts of migrating cells were sig-
nificantly different from that of free GFP and f-catenin-GFP in
LiCl-treated cells and, together with the corresponding mobile
fractions, correlated with that of membrane-bound E-cadherin
instead (Fig. S2 C). This is consistent with a membrane-bound
pool of B-catenin associated with E-cadherins, both in lamelli-
podia and at cell-cell contacts. Altogether, these results show
that upon HGF- or wound-induced migration, the nuclear con-
centration of previously membrane-bound f-catenin reaches
within minutes more than half of that of intercellular contacts,
a proportion two to three times larger than without stimulation.
Besides dissociation of the E-cadherin/p-catenin com-
plex, changes in B-catenin nuclear-to-membrane ratio (N/M)

may in principle also result from changes in rates of f-cat-
enin synthesis and degradation, the latter process known to
occur in the cytoplasm as well as at the membrane (Maher et
al., 2009), or mere changes in E-cadherin levels, although not
likely to occur under HGF stimulation within the timeframe of
our experiments (Weidner et al., 1990; de Rooij et al., 2005;
Loerke et al., 2012). To account for these possibilities, we built
a phenomenological, three-reservoir model of f-catenin level
homeostasis in which a cytoplasmically synthesized p-catenin
pool can exchange with membrane and nuclear pools and be
degraded in all three pools independently (Fig. S2 D). We found
that changes, if any, in membrane pool capacity, degradation, or
synthesis rates affected N/M only if degradation rates were sig-
nificant compared with apparent exchange rates or membrane
pool saturation was reached (Fig. S2 D).

To test these possibilities, we first measured p-catenin
degradation rates by following the decay of whole-cell, photo-
converted f-catenin-mMaple. Regardless of whether cells were
under HGF stimulation, leader, or follower cells, the half-life
of P-catenin-mMaple was around several hours (Fig. S2 E),
much longer than the membrane entry and exit half-times of
[-catenin in migrating cells (Fig. S2, B and C). In addition, its
dependence on HGF exposure and cell position in the migrating
sheet was inconsistent with a role in f-catenin nuclear accu-
mulation: cells away from a wound edge exhibited the slowest
f-catenin degradation rate (Fig. S2 E) while having shown no
[B-catenin nuclear accumulation (Fig. 1 B). Moreover, we did
not observe differential decay between compartments, which,
unless compartment-specific degradation rates are all equal, im-
plies that apparent exchange rates are higher, consistently with
exchange rates measured earlier (Fig. 2 B and Fig. S2, B and C).
To fully confirm this, we measured f-catenin-mMaple exit and
[-catenin-GFP entry rates in the membrane pool, with or with-
out HGF. All apparent exchange rates were within the minute
timescale (Fig. S2, F and G), where the nucleus exchange rates
were also previously found (Krieghoff et al., 2006). Altogether,
these results show that degradation rates are too slow and their
changes too small to account for an increase in B-catenin N/M
in migration-induced cells.

If the B-catenin membrane pool was saturated, N/M could
in principle change also as a result of changes in synthesis rates
or membrane pool capacity (Fig. S2 D). We thus monitored by
whole-cell FRAP B-catenin-GFP synthesis, which may undergo
endogenous translational regulation (Song et al., 2015). Times
required to recover pre-FRAP f(-catenin-GFP levels exceeded
5 h and were insensitive to HGF stimulation (Fig. S2 H). Fi-
nally, we assessed total E-cadherin-GFP levels and found no
decrease up to at least 10 h after HGF stimulation (Fig. S2 I).
Altogether, these results show that if the p-catenin membrane
pool was saturated, this could nevertheless not account for
changes in B-catenin nuclear accumulation in migrating cells.

Finally, we sought to assess whether p-catenin transloca-
tion from the membrane was not merely a generic process oc-
curring whenever f-catenin accumulates in the nucleus. We thus
monitored p-catenin-mMaple membrane-to-nucleus transport in
cells exposed to LiCl (Fig. 2 E). The nuclear concentration of
photoconverted membrane-bound f-catenin-mMaple was not
significantly different from that in untreated cells 5 min after pho-
toconversion (30%), in contrast to that in HGF-treated or leader
cells (Fig. 2, B and C). Moreover, LiCl-treated cells experienced
no E-cadherin tension relaxation (Fig. 2 F). This result further
supports that f-catenin membrane-to-nucleus translocation is

E-Cadherin tension and p-catenin translocation ¢« Gayrard et al.

1085

920z Ateniged g0 uo 3senb Aq ypd-€1090.10Z A0l/1 22909 1/€901/€/. 1 Z/4pd-8jonie/qol/Bio"sseidnu//:dny woy pepeojumoq



1066

pre-conversion ssion post-conversion

w

transmi

»

-
)

=]
o
1

leaders
I1T113
ITITILIL

+HGF

control
T T T T T

0 5 10 15 20

green channel

=]
-
1
=
=4
| o o]

=
kS
1

photoconversion .+
o

o

)

Nuclei(t) / Membrane
(tphotoconversmn) red channel

o
=)

red channel

time (min)

10 min >

transmission

pre-conversion

post-conversion

Cc

©
=
{ ==
©
=
G
o
©
o}
=
©
o
o
£
[}
=
~
=
=
£
)
=
©
o
=
P4

<0.0001
<0.0001

60

n.s
40 I
201
0+

-HGF +LiCl leaders +HGF

o)
c
c
80 | 2
3}
{ )
[}
Qo
)

photoconversion ®

leader cells

red channel

-1

E pre-conversion  transmission post-conversion F
© 2
c
c U7 10
g A w \ ns
5 ‘ < o —
c o o
o [ S %7
o i [ &
) : = [5}
o S PR Tpp—
g _ x) 2
+ [0} o =
= o = -
< - S % -5
-(CJ L
8 4 -10 T T
] ;
2 - LiCl + LiCl
-1

20 min »
Ll

Figure 2. Nuclear B-catenin significantly comes from the membrane. (A) Localization of photoconvertible mMaple-B-catenin through time in cells 4 h after
HGF. (B) Photoconverted mMaple-p-catenin in the nucleus through time (red intensity in the nucleus at t relative to red intensity in photoconverted region at
t=0s) for leader cells in a wound (n = 18 cells), cells 4 h after HGF (n = 23 cells), unstimulated cells (n = 14), and 5 h post-LiCl (n = 37). (C) Photoconverted
mMaple-B-catenin red intensity in the nucleus at 5 min relative to red intensity in photoconverted region at t= O s for leader cells in a wound (n = 18 cells),
cells 4 h after HGF (n = 23), unstimulated cells (n = 14), and 5 h postLiCl (n = 37). (D) Localization of photoconvertible mMaple-p-catenin through time in
leader cells of a wounded sheet. (E) Localization of photoconvertible mMaple-p-catenin through time in cells 5 h post-LiCl (30 mM). (F) FRET Index change of
EcadTSMod in MDCK cells after 5 h of LiCl stimulation (30 mM; n = —/+ 41/132 cells). Bars, 20 pm. Solid line indicates the nuclei based on transmission
image. Dotted line indicates region of 405-nm photoconversion at t = 0 s. White arrow shows nuclear accumulation of photoconverted mMaple-p-catenin
within minutes. Two-tailed Mann-Whitney or Kruskal-Waillis tests. Values plotted are mean = SEM. ns, not significant.

concomitant with E-cadherin relaxation and shows in addition

that E-cadherin relaxation is not a consequence of f-catenin nu-

clear accumulation or of any of its subsequent effects.
Altogether, these results show that specifically in migra-

tion-induced cells, B-catenin nuclear accumulation is a conse-
quence of a substantial B-catenin release from the membrane
that is concomitant with E-cadherin relaxation and cannot be
explained by changes in synthesis, degradation, or membrane
pool capacity. Instead, a change in E-cadherin/p-catenin affinity
may explain the results.

That E-cadherin relaxed at and p-catenin translocated from
both intercellular contacts and contact-free regions raised the
question whether these processes were cell autonomous. To test
this, we examined p-catenin localization and E-cadherin tension
in individual cells exposed to HGF (Fig. 3 A). In those cells,
f-catenin did not translocate to the nucleus and E-cadherin did
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not relax upon HGF exposure (Fig. 3, B and C). Thus, these
processes are non—cell autonomous.

Moreover, we noticed that individual cells did not ex-
hibit increased spreading on the substrate upon HGF exposure
(Fig. 3 A), although their areas before stimulation were visi-
bly larger than that of cells in subconfluent colonies (Fig. 3 A).
Thus, we speculated that cell spreading was associated with
E-cadherin relaxation and p-catenin translocation, and that cells
controlled each other through mere confinement. Indeed, wound
healing assays show consistently that unconfined leader cells ex-
hibited relaxed E-cadherin and nuclear p-catenin, whereas con-
fined cells in the back did not (Fig. 1). To directly test that the
release of cell confinement from neighbor cells was required,
we monitored p-catenin localization and E-cadherin tension in
cells exposed to HGF at confluence, unable to escape confine-
ment (Fig. 3 D). In those cells, confluence prevented both p-cat-
enin translocation and E-cadherin relaxation (Fig. 3, F and E).

Altogether, these results support that E-cadherin relaxation
and p-catenin translocation require a non—cell-autonomous re-
lease of cell confinement that allows cell-substrate spreading.
We next sought to determine the molecular players involved.

E-cadherin relaxation and f-catenin
translocation require Src family kinase
activity independently of E-cadherin or
pf-catenin phosphorylations
In several model systems, mechanically induced p-catenin nu-
clear localization and activity permissively require the kinase
Src (Desprat et al., 2008; Whitehead et al., 2008; Brunet et al.,
2013; Benham-Pyle et al., 2016). Src can induce tyrosine phos-
phorylation of B-catenin in vitro, which lowers the affinity of
[-catenin for E-cadherin (Roura et al., 1999), and is widely as-
sumed to suffice for the complex dissociation in situ.

We assessed Src activity requirement with its inhibi-
tor PP1. On HGF-treated MDCK colonies, Src inhibition was
accompanied by an arrest in cell spreading, scattering, and

Cc Figure 3.
E-cadherin relaxation

E-cadherin relaxation

E-cadherin relaxation and p-catenin
translocation are non—cell autonomous. (A) Top:
Typical micrographs of GFP-B-catenin cells either
single or doublet cells with or without HGF (50
ng/pl). Bottom: Normalized area of cells with or
without HGF (data from Fig. S1 1) after 2 h and
for single cells after 2 h of HGF treatment (n =
K 10 cells). (B) GFP intensity in the nucleus (relative

«

< 0.0001

s
L

FRET index change

BFES to cytoplasm) of GFP-B-catenin 5 h with or without

o] G5 . HGF (50 ng/ml; data from Fig. 1 E) and for sin-
™ gle cells under HGF (n = 26 cells). (C) FRET index

s St change at cell-cell contacts of EcadTSMod cells
HGF - 4+ & 5 h with and without HGF (50 ng/ml; data from
= single  Fig. 1 D), and for single cells at the basal mem-

LD cel brane 5 h with HGF (n = 53 cells). (D) Typical

micrographs of GFP-p-catenin cells with and with-
F out HGF (50 ng/ml) for island of cells at low den-
sity (LD) and confluent cells at high density (HD).
(E} GFP intensity in the nucleus (relative to cy-

15 T50001 toplasm) of GFP-p-catenin 5 h with or without
qg’? HGF (50 ng/ml) at LD (data from Fig. 1 E), and
8 " confluence (HD; n = —/+ 75/40 cells). (F) FRET
S g index change at cell-cell contacts of EcadTSMod
S ou in cells 5 h with and without HGF (50 ng/ml) at
E Y ERRREE . % LD (data from Fig. 1 D) and confluence (HD; n =
W +/— 27/30 cells). Bars, 20 pm. Two-ailed Krus-
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B-catenin-GFP nuclear accumulation (Fig. 4, A and B). The
inhibition also resulted in a prominent and severe impairment
of E-cadTSMod tension relaxation (Fig. 4 C), supporting a Src
activity upstream of cell spreading and both p-catenin translo-
cation and E-cadherin relaxation. To confirm this, we treated
cells undergoing wound healing with PP1. Src inhibition was
associated with a dramatic decrease in sheet migration velocity,
as expected (Matsubayashi et al., 2004), and leader cell num-
bers (Fig. 4 D). In addition, the inhibition also led to a signifi-
cant drop in p-catenin-GFP nuclear translocation and impaired
EcadTSMod tension relaxation in front (for lack of leader)
cells (Fig. 4, E and F).

We next sought to assess whether Src activity was consti-
tutive with an adapted FRET-based sensor of Src kinase activity
(Wang et al., 2005; Fig. S3 A). Upon cell exposure to HGF,
the stably expressed Src sensor exhibited no decrease in FRET
(Fig. S3 B). In contrast, coexpression with an mCherry-tagged
constitutively active form of Src (Y527F) led to FRET decrease,
confirming the sensor sensitivity. Conversely, addition of PP1
increased FRET, as expected for an inhibition of Src activity.
These results confirm that Src activity is constitutive and are
consistent with its requirement for f-catenin nuclear transloca-
tion, but also E-cadherin relaxation.

Next, we sought to assess whether B-catenin was the rel-
evant Src target. We generated cell lines that stably expressed
B-catenin-GFP phospho mutants Y654E or Y654F, which have
affinities for E-cadherin lower than that of Src-phosphorylated
B-catenin and equal to that of unphosphorylated p-catenin,
respectively (Roura et al., 1999). In cell colonies, the Y654F
mutant exhibited a predominant membrane localization as
expected, but the Y654E did as well (Fig. 4 G). Under HGF
stimulation, both mutants exhibited a significant increase in
nuclear localization, as WT B-catenin did (Fig. 4, G and H).
These results show that f-catenin 654-tyrosine-phosphoryla-
tion is neither necessary nor sufficient for substantial nuclear
translocation in migration-induced cells. Nevertheless, nuclear
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levels of Y654E and Y654F mutants suggest that p-catenin ty-
rosine phosphorylation may marginally contribute to nuclear
translocation (Fig. 4 H).

We thus sought another Src target. Up-regulation of Src
activity results in E-cadherin phosphorylation of Y754-755-756
(Fujita et al., 2002), and Src-phosphorylated E-cadherin has a
lower affinity for pB-catenin (Catimel et al., 2006). Moreover,
Y754-755-756 phosphorylations favor E-cadherin binding to

the ubiquitinase Hakai at the expense of p120, which is thought
to promote E-cadherin endocytosis (Ishiyama et al., 2010). In-
deed, Y-to-F mutations in 754 to 756 prevent Hakai binding
(Mukherjee et al., 2012). Consistently with impaired endocyto-
sis, the triple phospho-impaired E-cadherin-FFF-GFP exhibited
a lower mobile fraction than its WT counterpart (Fig. S3 C).
Conversely, the phosphomimetic mutant E-cadherin-EEE-GFP
exhibited a slightly higher mobile fraction (Fig. S3 C). To test
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whether these phospho-dependent affinity and endocytic mech-
anisms may lead to E-cadherin tension relaxation, we generated
a cell line that stably expressed the triple phospho-impaired
mutant EcadTSMod-FFF (Fig. S3 D). Upon HGF stimulation,
colonies of those cells exhibited a significant FRET increase
compared with unstimulated colonies (Fig. S3 E). Consistently,
leader cells exhibited a higher FRET than followers in a wound
healing assay (Fig. S3 E). Both FRET increases were in magni-
tude comparable to that of EcadTSMod in the same conditions
(Fig. 1). These results show that neither a change in E-cadher-
in/B-catenin affinity nor endocytosis caused by Y754-755-756
phosphorylations is required for E-cadherin relaxation. Alto-
gether, these results show that Src-dependent phosphorylations
of P-catenin or E-cadherin involved in the complex affinity or
its endocytosis are not the major causes of E-cadherin relax-
ation and B-catenin translocation in migration-induced cells.

E-cadherin relaxation and f-catenin
translocation require Src activation of FAK
We sought to localize Src activity in migration-induced cells
away from the cadherin/catenin complex. Because conditional
overexpression of Src recapitulates HGF-induced epithelial cell
scattering (Behrens et al., 1993), we used SrcY527F, which pro-
moted membrane protrusions in transiently transfected cells,
as expected (Fig. S4 A). In addition, EcadTSMod exhibited a
higher FRET in SrcY527F-positive cells than in nontransfected
cells (Fig. S4, A and B), and SrcY527F-expressing cells showed
a twofold increase of nuclear B-catenin-GFP compared with
nontransfected cells (Fig. S4, A and C). Moreover, Src Y527F
also localized at focal adhesions in those protrusions (Fig. S4
D), as previously seen in cancer cells (Avizienyte et al., 2002).
These results show that Src activity above endogenous levels
can bypass a wound- or HGF-induced E-cadherin relaxation
and f-catenin translocation, and suggest that this is a conse-
quence of Src activity at focal adhesions. FAK is a Src substrate
(Calalb et al., 1995) involved in the regulation of cell migration
and cell—cell adhesion (Schaller, 2010). FAK phosphorylation
is also required to impair E-cadherin recruitment to cell—cell
contacts upon exogenous expression of constitutively active Src
in cancer cells (Avizienyte et al., 2002). FAK may thus be the
Src target responsible for E-cadherin relaxation and p-catenin
translocation in migration-induced normal epithelial cells.
Under HGF treatment, cells stably expressing an adapted
FRET-based sensor of FAK activity (Seong et al., 2011) exhib-
ited lower FRET than nonstimulated cells (Fig. 5, A and B),
revealing that HGF increased FAK activity, in contrast with
the steady activity of Src in the same conditions. In addition,
pharmacological inhibition of FAK by PF228 increased FRET
compared with nontreated cells, as expected, as did Src family
kinases inhibition by PP1 (Fig. 5 B). Because E-cadherin re-
laxation and fB-catenin translocation appeared concomitant with
non-cell autonomous cell spreading (Fig. 3), we assessed FAK
activity in isolated cells upon HGF exposure. FAK activity was
insensitive to HGF addition in isolated cells, just like E-cadherin
tension and P-catenin localization (Fig. 5 B). This shows that
FAK activation is non—cell autonomous too. Thus, we directly
assessed whether FAK activation required multicellular decon-
finement and found that FAK activation by HGF was impaired
by confluence (Fig. 5 B). Altogether, these results support that
multicellular deconfinement and Src constitutive activity are re-
quired for FAK activation and are consistent with a role of FAK
upstream of E-cadherin tension and -catenin localization.

To confirm FAK activation, we monitored FAK tyro-
sine-phosphorylation by Western blot of whole-cell lysates.
FAK contains Y397, which is the target of FAK itself and is in-
volved in a Src interaction when phosphorylated, and Y576/577
and Y861, which are Src targets and prevent FAK autoinhibi-
tion by its FERM domain when phosphorylated (Lietha et al.,
2007; Fig. 5 C). Under HGF stimulation, Y397 and Y576/577
phosphorylations increased compared with untreated cells
(Fig. 5, C and D). Consistently, inhibition by PF228 in HGF-
treated cells resulted in a decrease in all phosphorylations to
levels below that of untreated cells (Fig. 5, C and D). In addi-
tion, inhibition by PP1 in HGF-treated cells decreased the phos-
phorylation of its targets Y576/577 and Y861 to levels below
that of untreated cells, and to a lesser extent that of the FAK
autophosphorylation site Y397 (Fig. 5, C and D). Altogether,
these results match a model in which HGF induces some FAK
autophosphorylation independently of Src, which is further en-
hanced by Src after its FAK binding—dependent phosphoryla-
tion of Y576/577 and Y861.

Finally, we sought to directly test the requirement of FAK
activity for B-catenin translocation and E-cadherin relaxation
in migration-induced cells. In HGF-treated cells, inhibition of
FAK by PF228 abolished cell spreading and led to a complete
impairment of B-catenin-GFP translocation and EcadTSMod
FRET increase (Fig. 5, E-G), in a fashion similar to that of
Src kinase inhibition (Fig. 4, A-C). In wound-induced migrat-
ing cell sheets, inhibition of FAK by PF228 severely impaired
sheet migration (Fig. 5 H), in a fashion similar to that of Src
inhibition (Fig. 4, D-F). Altogether, these results support that
induction of cell migration activates FAK by permissive Src ac-
tivity, which subsequently results in cell spreading, E-cadherin
relaxation, and p-catenin translocation.

Src-FAK-dependent actomyosin remodeling
is sufficient for E-cadherin relaxation, and
dissociation of f§-catenin is not required

Cell spreading suggests dramatic cytoskeletal remodeling, and
FAK targets several regulators of the actomyosin cytoskeleton
architecture and dynamics (Schaller, 2010). Thus, we sought
to characterize the Src-FAK-dependent remodeling of actomy-
osin in migrating cells.

Cells exposed to HGF exhibited about twice as much
phalloidin-stained, ventral actin stress fibers distinct from cell—
cell contacts and stemming from FAK-positive focal adhesions
as cells not exposed to HGF (Fig. 6, A and B; and Fig. S5 A).
Exposure of HGF-treated cells to PP1 or PF228 led in both
cases to a significant decrease in stress fiber number to values
similar to or below that of cells not exposed to HGF (Figs. 6 B
and S5 B). Thus, HGF-induced cell migration associates with
the formation of prominent ventral stress fibers in a Src-FAK—
dependent manner. The distribution of phosphorylated myosin
light chain (pMLC) between those stress fibers and the cortex
revealed an enrichment of pMLC at noncortical stress fibers
upon HGF treatment (Fig. 6 A). In untreated MDCK colonies,
pMLC density was about twice as high at the cortex as in ven-
tral stress fibers (Fig. 6 C). Exposure to HGF reversed this dis-
tribution, as a result of a significant increase of pMLC density
in stress fibers up to a value almost twice as high as at the cortex
in the same condition (Fig. 6 C). In addition, exposure of HGF-
treated cells to PP1 or PF228 abolished the pMLC distribution
reversal induced by HGF (Figs. 6 C and S5 B). Altogether, these
results show that migrating cells undergo a Src-FAK-dependent
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enrichment of ventral stress fibers that capture pMLC at the
expense of the cortex.

To assess to what extent this cytoskeleton remodeling
contributed to E-cadherin relaxation in migrating cells, we gen-
erated a molecular tension sensor of an E-cadherin-a-catenin
chimera (E-a-TSMod) in which the p-catenin—binding site of
E-cadherin was replaced by a truncated a-catenin lacking the
B-catenin—binding domain (Fig. 6 D). By design, such a con-
struct can relax only upon cytoskeleton relaxation or detach-
ment from the actin-binding domain of a-catenin. Inhibition of
actin polymerization led to a significant increase of FRET at
cell—cell contacts in cells stably expressing E-a-TSMod com-
pared with untreated cells (Fig. S5 C), consistent with a relax-
ation of cytoskeleton-induced tension. We tested next whether
such a mere relaxation of cytoskeleton could suffice to relax
E-a-TSMod tension in migration-induced cells. In wounded
monolayers, E-a-TSMod exhibited a FRET higher in leader
cells than in followers (Fig. 6 E), just as EcadTSMod did
(Fig. 1 A). Consistently, E-a-TSMod exhibited a FRET higher
in HGF-treated cells than in untreated cells (Fig. 6 F), just as
EcadTSMod did (Fig. 1 D). Altogether, these results show that
fB-catenin release is dispensable for the tension relaxation of its
E-cadherin in migration-induced cells, and are consistent with
a tension relaxation only caused by cytoskeleton remodeling.

Thus, Src-FAK—dependent actomyosin remodeling appears suf-
ficient to explain E-cadherin relaxation.

We used molecular tension microscopy (Gayrard and Borghi,
2016) to assess E-cadherin tension in epithelial cells induced to
migrate upon exposure to HGF or after wound healing. Using
instrument-specific FRET index to FRET efficiency calibration
(Fig. S5 D; see Materials and methods) and previously published
FRET efficiency to force calibration (Grashoff et al., 2010), we
estimate that E-cadherin tension typically loses a couple picone-
wtons in cells induced to migrate (Fig. 1), a variation consistent
with previous observations in this protein and others (Grashoff
et al., 2010; Borghi et al., 2012). This tension decrease is spa-
tially and temporally graded, and is reversible in collectively
migrating cells (Fig. S1 B). The gradient of E-cadherin tension
is reminiscent of that of intercellular tugging forces predicted
from cell substrate traction stress previously reported in large
epithelial colonies (Trepat et al., 2009). Thus, molecular and
cell-scale force variations appear to correlate between E-cad-
herin and cell-cell contacts at the multicellular scale, just as
they do between vinculin and focal adhesions at the cell scale
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(Sarangi et al., 2017). Intriguingly, however, E-cadherin ten-
sions and cell—cell tugging forces do not appear to correlate in
cell pairs (Sim et al., 2015), perhaps because such a correlation
is an emergent property of large multicellular assemblies.

In addition, we showed that f-catenin nuclear accumula-
tion and transcriptional activity associate with E-cadherin relax-
ation, in both HGF- and wound-induced migrating cells (Fig. 1),
supporting it is a common feature of cells induced to migrate
upon various stimulations. Moreover, we showed that §-catenin
nuclear accumulation is selective and a consequence of a sub-
stantial release from the membrane, specifically in migrating
cells (Fig. 2), consistently with the cytoplasmic accumulation of
a-catenin (Fig. S1 H), because a-catenin must be released from
the membrane if B-catenin is. Quantitative models have been
devised to describe -catenin cellular homeostasis and signaling
kinetics (MacLean et al., 2015), initially focusing on -catenin
destruction complex and the influence of Wnt (Lee et al., 2003),
to later include sequestration by E-cadherin (van Leeuwen et al.,
2007), and shuttling between nucleus and cytoplasm (Schmitz
et al., 2013). Assuming no specific underlying molecular mech-
anisms, we encapsulate these features in a model sufficient to
test the contribution of membrane-bound f3-catenin release to the
nuclear pool. We show that no changes in -catenin degradation
and synthesis rates or membrane pool capacity explain p-cat-
enin nuclear accumulation in migration-induced cells (Fig. S2).
Indeed, although we observe that HGF stimulation slows down
[B-catenin degradation (Fig. S2 E), as previously seen in other

model systems (Papkoff and Aikawa, 1998; Ishibe et al., 2006;
Koraishy et al., 2014), degradation is too slow compared with
exchange between pools, and is notably lower in confluent cells,
which exhibit no nuclear p-catenin, than in leader cells, which
exhibit nuclear B-catenin. Thus, noticeable variations of -cat-
enin degradation rate can occur and yet be insufficient for a reg-
ulation of nuclear f3-catenin. More important changes are needed
to regulate previously documented p-catenin signaling from the
cytoplasm. Indeed, we confirm that pharmacological impairment
of degradation leads to f-catenin nuclear accumulation (Fig. 2).
However, we further show that such impairment does not result
in membrane f-catenin release, nor does it affect E-cadherin
tension (Fig. 2). Therefore, E-cadherin tension relaxation associ-
ates with -catenin release from the membrane, rather than with
[-catenin nuclear accumulation itself, and may not be attributed
to downstream effects of B-catenin—dependent gene expression.

Finally, photoconversion experiments show that although
membrane B-catenin translocates into the nucleus within min-
utes, it escapes the nucleus in the meantime (Fig. 2). Thus, to
maintain high nuclear 3-catenin levels for durations up to hours,
as we observe upon HGF stimulation or wound healing, cells
must constantly feed the nucleus, meanwhile replenishing their
membrane reservoir. As for Wnt-induced p-catenin signaling,
continuous P-catenin synthesis appears to also be required in
migration-induced cells.

Src-induced phosphorylation of p-catenin was proposed
to cause p-catenin dissociation from E-cadherin and subsequent
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nuclear activity whether upon mechanical cues (Desprat et al.,
2008; Whitehead et al., 2008; Brunet et al., 2013; Benham-Pyle
et al., 2016), or stimulation by HGF (Monga et al., 2002). Here,
we confirm Src activity requirement for B-catenin nuclear trans-
location and activity but also demonstrate it for E-cadherin re-
laxation (Fig. 4). This suggests that E-cadherin behaves as a
mechanosensor of intracellular activity acting downstream of,
rather than in combination with, Src. We also show that Src ac-
tivity is permissive (Fig. S3 A), as in the gastrulating Drosoph-
ila melanogaster embryo (Desprat et al., 2008). In support for a
role for B-catenin phosphorylation in this context, the affinity of
the E-cadherin/f-catenin complex was shown to decrease upon
f-catenin phosphorylation by Src in vitro, to a level similar to
that of the phospho-impaired p-catenin tyrosine mutant Y654E
(Roura et al., 1999), which also displays impaired affinity for
E-cadherin in vivo (van Veelen et al., 2011). However, increased
f-catenin phosphorylation does not appear to affect the com-
plex stability in Src-transformed cells, whether MDCK or other
lines (Hamaguchi et al., 1993; Reynolds et al., 1994; Papkoff,
1997), and P-catenin appeared dispensable for cadherin-based
adhesion weakening upon overexpression of Src (Takeda et al.,
1995). In addition, evidence for a substantial release of phos-
phorylated p-catenin from the membrane was unclear (Zeng et
al., 2006; van Veelen et al., 2011; Brunet et al., 2013). More-
over, the same phospho-impaired mutant is able to rescue in-
tercellular adhesion in a null background in culture and in vivo
(Tominaga et al., 2008; van Veelen et al., 2011). Here, we show
that phospho-impaired and phospho-mimic f-catenin mutants
display an overall behavior similar to that of their WT counter-
part upon HGF stimulation, all showing a membrane localiza-
tion before nuclear translocation (Fig. 4), ruling out B-catenin as
the most relevant direct Src target causing the complex disrup-
tion and effects attributed to it.

We further show that neither E-cadherin nor p120 are rele-
vant direct Src targets. Indeed, the E-cadherin phospho-impaired
mutant that favors p120 binding against endocytosis-inducing
Hakai (Ishiyama et al., 2010) behaves just like WT E-cadherin
in response to HGF or wound stimulation (Fig. 4). A previous
study had proposed a role for endocytosis, either of E-cadherin
or of other factors required for f-catenin transcription, in -cat-
enin signaling (Howard et al., 2011). Our results thus invalidate
the requirement of Src-induced increase of E-cadherin endocy-
tosis for E-cadherin relaxation and f-catenin translocation and
are more consistent with a nuclear B-catenin originating from an
E-cadherin pool at the plasma membrane.

Moreover, an E-cadherin chimera that can relax only
through remodeling of the cytoskeleton to which it binds exhib-
its the same behavior as WT E-cadherin upon HGF or wound
stimulation (Fig. 6). These results support a model by which
E-cadherin relaxation and p-catenin release occur after cyto-
skeleton remodeling involving remote Src targets, rather than
as a consequence of dissociation of the complex triggered by
local Src-dependent phosphorylations. Consistently, a mini-
mal E-cadherin/f-catenin/a-catenin complex dissociates faster
from the actin cytoskeleton when mechanically relaxed in vitro
(Buckley et al., 2014), by virtue of a catch-bond between, pre-
sumably, a-catenin and actin. In our experiments, simultaneous
E-cadherin relaxation and p-catenin nuclear translocation from
the membrane may just reflect a similar bond behavior between
E-cadherin and f-catenin.

In cancer cells, exogenous expression of constitutively
active Src impairs E-cadherin recruitment to cell-cell contacts

JCB » VOLUME 217 « NUMBER 3 » 2018

in a FAK phosphorylation-dependent manner (Avizienyte et al.,
2002). Here, we show in normal epithelial cells that the Src-FAK
pathway is in fact involved in the regulation of E-cadherin and
B-catenin at the membrane downstream of HGF and wounding
(Fig. 5). More precisely, FAK activity is required downstream
of permissive Src activity for E-cadherin relaxation and f-cat-
enin nuclear translocation in migration-induced cells. Notably,
FAK is activated upon HGF stimulation whereas Src is not, and
the phosphorylation pattern of FAK upon HGF stimulation also
shows partial, Src-independent autophosphorylation. The de-
pendence of FAK autophosphorylation on Src and non-Src cues
supports an integrative role of this kinase, which would thereby
be able to sum signals of different types into a single graded
output. This ability may also explain how Src Y527F bypasses
HGF or wound stimulations without itself being downstream
of these cues (Fig. S4).

As FAK activation is non—cell autonomous and requires
multicellular deconfinement just as E-cadherin relaxation and
f-catenin translocation do, we propose that the mere release of
steric constraints from neighbor cells is the Src-independent
cue that contributes to FAK activation. Consistently, under
HGEF stimulation, MDCK colonies can scatter and disrupt their
cell—cell contacts only provided invadable room is available
(Maruthamuthu and Gardel, 2014), and confluence prevents
FAK interactions despite activation of HGF receptor cMET in
other epithelial cell lines (Ishibe et al., 2006). Moreover, mul-
ticellular deconfinement is thought to underlie the similar ef-
fects on proliferation of wound healing and tissue stretching
(Gudipaty et al., 2017), which, together with a variety of other
mechanical cues such as substrate stiffness, has been involved
upstream of FAK activation (Zebda et al., 2012). FAK’s ability
to self-activate by autophosphorylation, thus possibly autono-
mously from any other biochemical input, and computational
evidence for a force-induced FAK activation (Zhou et al., 2015)
support a direct role of mechanical tension on FAK in its acti-
vation. Finally, we show that FAK is required for cell spread-
ing and concomitant cytoskeleton remodeling (Figs. 6 and S5).
In turn, actomyosin remodeling involves a redistribution of
phospho-myosin to ventral stress fibers at the expense of the
cortex, where, consistently, cytoskeleton relaxation or detach-
ment from the cadherin/catenin complex is sufficient to induce
E-cadherin relaxation (Fig. 6).

Altogether, these results are consistent with a general role
of cadherins as mechanosensors of intracellular mechanics,
here the cortical/ventral contractility balance downstream of
Src- and multicellular confinement—dependent FAK activation
and cell spreading, and, selectively, upstream f-catenin signal-
ing (Fig. 7). Independently of phosphorylations of the cadherin/
catenin complex causing its dissociation or endocytosis from
the membrane, membrane f-catenin is moreover sufficient to
feed the nuclear pool, to which other p-catenin signaling reg-
ulatory mechanisms do not appear to contribute substantially.

Materials and methods

Cell lines

MDCK type II G cells were cultured at 37°C and 5% CO, in DMEM
supplemented with 10% (vol/vol) FBS with low glucose (1 g/liter)
and 200 mM G418 for stably expressing tagged proteins of interest
(EcadTSMod, E-a-TSMod, EcadTSModACyto, E-cadherin-GFP, mMa-
ple or GFP-B-catenin, Src Sensor, FAK sensor, TOPdGFP, FAK-GFP, and
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corresponding mutants). Cell lines expressing E-cadherin-GFP, a-cat-
enin-GFP and GFP-f-catenin were a gift from W.J. Nelson (Stanford
University, Stanford, CA), and TOPdGFP was a gift from C. Gottardi
(Northwestern University, Chicago, IL). Before stimulation with HGF,
cells were grown in DMEM supplemented with 0.5% FBS for 12 h.

Plasmids were transfected using Turbofect according to the in-
structions of the manufacturer (Thermo Fisher Scientific). Stable cell
lines were obtained by FACS after 2 wks of selection at 400 nM G418.
MDCKs expressing f-catenin constructs were selected from clones that
stably expressed low levels, to avoid overexpression artifacts charac-
terized by constitutive pf-catenin accumulation in the cytoplasm and
the nucleus (Fig. S1 G).

Plasmids

Mutants of GFP-p-catenin (Y654—E or F), EcadTSMod (Y754-Y755-
Y756—FFF), E-cadherin-GFP (Y754-Y755-Y756—FFF or EEE),
and mCherry-c-Src (Y527—F) were made with the Quikchange II
XL site-directed mutagenesis kit (Agilent) on pEGFP-C1 B-catenin
(from E. Schuman, Max Plank Institute for Brain Research, Frankfurt,
Germany; 16071; Addgene), EcadTSMod, and mCherry c-Src (from
M. Davidson, Florida State University, Tallahassee, FL; 55002; Ad-
dgene) with the following respective primers: 5'-CCAGGAATGAGG
GTGTTGCAACAGAAGCAGCTGCAGTGC-3', 5-CTGCAGCTG
CAAATGTTGCAACACCCTCATTCC-3’,  5'-GATGACACCCGG
GACAATGTTTTTTTCTTTGATGAAGAAGGAGGTGG-3', 5'-GAT
GACACCCGGGACAATGTTTTTTTCTTTGATGAAGAAGGAGGT
GG-3/, 5’-GATGACACCCGGGACAATGTTGAAGAGGAAGAT
GAAGAAGGAGGTGG-3', and 5-CAGAGCCCCAGTTCCAGC
CTGGAGAG-3' and the corresponding reverse primers.

Lyn-FAK and Kras-Src biosensors were adapted from biosensors
(78302 and 78299; Addgene) shared by Y. Wang (University of Califor-
nia, San Diego, San Diego, CA) using In-fusion HD cloning kit (TaKaRa
Bio): Lyn-FAK PCR forward 5'-GCCCGCATGCATTGGTATTTT

GGG-3', reverse 5'-GGTCTTCATGTCCACGCCGT-3'; Kras-Src PCR
forward 5'-GCCCGCATGCATTGGTATTTTGGG-3', reverse 5'-GGG
ATCCTTATCGTCATCGTCGT-3'. CFP was replaced by mTFP1 from
the EcadTSMod construct: PCR forward 5'-ACGGCGTGGACATGA
AGACCATGGTCTCGAAAGGCGAAGAAACAAC-3', reverse 5'-
ATACCAATGCATGCGGGCCTTGTAAAGTTCATCCATTCCAT-3'
for Lyn-FAK; PCR forward 5'-CGACGATGACGATAAGGATCC
CATGGTCTCGAAAGGCGAAGAAACAAC-3', reverse 5'-ATA
CCAATGCATGCGGGCCTTGTAAAGTTCATCCATTCCAT-3"  for
Kras-Src. pEGFP-FAK was a gift from J.-L. Guan (University of Cin-
cinnati, Cincinnati, OH).

E-a-TSMod was generated from EcadTSMod aa 1-810 (PCR
forward 5'-TTTTAAAGCGGCCGCGACTCTAGATCAT-3’, reverse
5"-TTTGTTTCCAATTTCATCAGGATTGGCAGG-3') and a-E-cat-
enin 270-906 (PCR forward 5-CCTGATGAAATTGGAAACGGT
ACCCAGGGTGGCAGTGGCGGAGAGCTGGCATA-3', reverse 5'-
GTCGCGGCCGCTTTAGTCGACGATGCTGTCCATGGCTTTGAA
CTCGCTCAGG-3") from pEGFP-a-E-catenin (shared by W.J. Nelson)
using In-fusion HD Cloning kit.

mMaple-p-catenin was generated from mMaple cDNA (shared
by M. Nolmann, Centre National de la Recherche Scientifique, Uni-
versité Montpellier, Montpellier, France) into the pEGFP vector (PCR
forward 5'-CAGCAGTCATATCTGGACTCT-3', reverse 5'-AAACAT
AATGAGGACCTACAC-3"). Constructs were verified by digestion,
gel electrophoresis, and sequencing of coding regions.

Chemical inhibitors and biochemical perturbations

HGF was used at 50 ng/ml final concentration on starved cells (H5691;
20 pg/ml in PBS stock; Sigma-Aldrich). Cytochalasin B was used at
10 uM final concentration (10 mg/ml in DMSO stock; C6762; Sigma-
Aldrich). Specific Src family inhibitor PP1 (10 mM in DMSO stock;
567809; Merck Chemicals) or specific FAK inhibitor PF228 (10 mM
in DMSO stock; PZ0117; Sigma-Aldrich) were used at a final concen-
tration of 25, 75, and 10 uM, respectively. LiCl solution was used at
30 mM final concentration (105679; Merck Chemicals).

HGF stimulation and scratch assay

Cells were plated on glass coverslips coated with 50 ug/ml human type
IV collagen (C7521; Sigma-Aldrich) 24 h before imaging, at 15% den-
sity (~200,000 cells) for HGF stimulation of subconfluent colonies,
or at confluence (~2 million cells) for wound healing assays and HGF
experiments on confluent monolayers. Cells were exposed to HGF
12 h after starvation and imaged at = 0, and then every 20 min for
4-7 h (usually 5 h) after HGF addition. Wound healing assays were
performed either scratching the monolayer with a 200-pl pipette tip and
washing detached cells or removing a two-well silicone insert (Ibidi).
For isolated cell experiments, cells were plated 8 h before imaging and
starved for 2-3 h before adding HGF, to minimize cell doublets caused
by cell division. Live cells were imaged in FluoroBrite DMEM me-
dium (Life Technologies) without phenol red supplemented with 10%
or 0.5% FBS depending on experiments, 1 U/ml penicillin, 20 mM
Hepes, and 2.5 mM L-glutamine, at 37°C, and 5% CO,.

Western blot

Cells were washed, lysed with ice-cold RIPA buffer supplemented with
Protease Inhibitor Mini Tablets (Thermo Fisher Scientific) and Phos-
phoSTOP (Phosphatase Inhibitor Cocktail Tablets; Roche). Extracts
were centrifuged at 11,000 g for 15 min at 4°C, and supernatants were
collected and analyzed by electrophoresis under reducing conditions
using NuPAGE 4-12% Bis-Tris gels (Invitrogen). Proteins were trans-
ferred to nitrocellulose (Whatman), blocked, and probed with primary
antibodies against FAK, p-FAK Y397, p-FAK Y576/577, p-FAK Y86
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(610088; BD Sciences; 11765; Santa Cruz Biotechnologies; 3281P;
Cell Signaling Technology; and 44626; Invitrogen, respectively) or
primary antibodies against E-cadherin, p-catenin, or a-tubulin (clone
36-610181; BD Sciences; CM1181; ECM Biosciences; and T9026;
Sigma-Aldrich). Primary antibodies were detected with anti-mouse or
anti-rabbit HRP-conjugated secondary antibodies (Life Technologies)
and visualized by enhanced chemiluminescence with SuperSignal West
Femto or Pico kits (Thermo Fisher Scientific). Primary and secondary
antibodies were prepared in blocking buffer plus 0.1% Tween-20.

Immunostaining

Cells were washed, fixed in 4% PFA (Electron Microscopy Science)
for 10 min at 4°C, rinsed with PBS, permeabilized with a solution of
0.5% Triton X-100 in PBS for 5 min, incubated for 5 min with 5SmM
NH,CI, and blocked in PBS containing 1% BSA (Jackson Immu-
nology) and 1% goat/donkey serum (Sigma-Aldrich) for 30 min at
RT. Cells were stained with phalloidin-Alexa Fluor 550 (Molecular
Probes), mouse anti—f-catenin (CM1181; ECM Biosciences), rabbit
anti-myosin light chain phospho S20 pMLC (ab2480; Abcam) primary
antibodies (1 h in blocking buffer at RT), followed by incubation with
the appropriate Dylight 480 or 650 secondary antibody (Thermo Fisher
Scientific) for 45 min at RT. Coverslips were mounted in Fluoromount
medium (Sigma-Aldrich), and fluorescent images were acquired on
confocal microscopes (LSM 780 or 710; Zeiss) with a 63x/1.4NA
oil-immersion objective.

Image acquisition

Fluorescence live-cell imaging. Cells were viewed with a 20x/0.4NA
dry objective (HCX PL Fluotar) on a wide-field DMI6000 microscope
(Leica) to assess p-catenin-GFP localization and cell migration in HGF
and wound healing experiments.

FRET imaging. Spectral imaging was performed on confocal
microscopes (LSM 780 or 710; Zen software) with a 63x/1.4NA oil-
immersion objective. mTFP1 was excited by the 458-nm line of a
30-mW argon laser. Emission was sampled at a spectral resolution of
9.8 nm for LSM 710 and 8.7 nm for LSM 780 within the 470- to 600-
nm range, every 20 min for ~15 h at ~10 different positions. Molecular
tension sensors were imaged on the LSM 710, and kinase biosensors
were imaged on the LSM 780.

Photoconversion. Photoconversion of f-catenin mMaple was
achieved with the 405-nm laser beam at 20% power with 20 repetitions
at ~3.15 ps/pixel at a selected region on LSM 710 or 780 microscope.
Images from green channel (488-nm excitation) and red channel (561-
nm excitation) were acquired every 1 min for local photoconversion
in a contact zone and every 20 min for entire cell photoconversion in
degradation/synthesis experiments. Transmission images were used to
monitor cell contour outlines and nucleus.

FRAP. FRAP experiments were performed on a DMI6000 mi-
croscope equipped with a CSU-X1 spinning-disk head (Yokogawa), a
63x/NA 1.2 oil-immersion objective, and an EMCCD camera (Photo-
metrics QuantEM). A FRAP Head (Roper scientific) equipped with a
473-nm diode laser (100 mW) was used to perform bleaching (100%
laser power), and image acquisitions were performed with a 491-nm
diode laser (50 mW) at 30% laser power every 1 s for 5 s prebleach,
then every 1 s for 30's, 10 s for 120 s, and 30 s for 400 s after bleach.

FRET analysis

Fluorescent images were analyzed in ImageJ using the Fiji distribution
and the publicly available PixFRET plugin. All channels were back-
ground-subtracted, Gaussian smoothed (radius = 1 pixel), and thresh-
olded (above the first ~3—-5% of the 12-bit range). The FRET index was
computed as Igypp/(Iyrre + Igyrp)- For quantification, the FRET index
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was then averaged over the segmented cell—cell contacts in all experi-
ments with HGF. In all figures with EcadTSMod and its control vari-
ants, only the signal from intercellular contacts, as shown in Fig. S1 A,
was considered in the analysis. In all figures where the “leaders” con-
dition was considered, FRET was analyzed from the lamellipodium,
and where the “back” condition was considered, FRET was analyzed
from intercellular contacts of follower cells hundreds of micrometers
away from the border of the wound. For single-cell experiments, FRET
was analyzed from the basal membrane signal because of the absence
of intercellular contacts. For Src and FAK FRET sensors, the signal
from the whole cell was considered for analysis, with no excluded re-
gion. FRET index to FRET efficiency calibration was performed with
mTFP-TRAF-Venus and mTFP-5aa-Venus constructs obtained from
R.N. Day (Indiana University, Bloomington, IN). The measured FRET
index values were paired to previously published FRET efficiency val-
ues for those constructs (Fig. S5 D). Linear interpolation between those
values was used to infer FRET efficiencies from all other FRET index
measurements in our experiments.

Fluorescence, FRAP, and photoconversion analysis

Fluorescent images were analyzed in ImageJ using the Fiji distribution.
All channels were background-subtracted. Mean pixel intensity was
measured within the boundaries of regions of interest (ROIs; contacts,
cytoplasm, and nucleus), which were determined based on transmis-
sion or fluorescence images.

For FRAP and photoconversion, data were normalized and fitted
with the single exponential recovery model F = F, + F, (1 — exp(—t/1)),
where F), is the fluorescence that recovers before the first time point,
and F, is the fluorescence of the mobile fraction characterized by the
turnover time 7. Half-times and half-lives are 7,,, = 7.In2.

Quantification of immunostaining: analysis of the number of actin
fibers and pMLC density

In Image], raw images were background-subtracted and thresholded
(above the first 5% of the 12-bit range), and stress fibers were manually
counted. To quantify changes in pMLC density, cortex and stress fiber
ROIs were segmented based on the membrane f-catenin and phalloidin
stainings: membrane f-catenin defined the cortex, and phalloidin stain-
ing not overlapping membrane f-catenin and excluding colony edges
defined stress fibers. pMLC density was the mean pixel intensity of
pMLC staining in these ROIs.

Statistical analysis

Data are presented as mean + SEM. P-values were calculated in Graph-
Pad Prism V software from unpaired, nonparametric, two-tailed tests
(Mann—Whitney for two conditions or Kruskal-Wallis for more) when
comparing distributions, and from extra sum-of-squares F' tests when
comparing fit parameters.

Kinetic three-compartment model

We consider f-catenin concentrations C, M, and N in the cytoplasm, at
the membrane, and in the nucleus, respectively. If the membrane pool
is not saturated, balance equations are

dd_f = S_kcdc_kcmC+lclncM_kch+kncN5
% = 7kndN+ kcncikncNa
and
ddi[l = _knldM+kcmC_kn1cMa
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with a protein synthesis rate s, degradation rates k.4, and apparent
exchange rateskxy, where X,y = m at the membrane, n in the nucleus,
and c in the cytoplasm.

Steady-state solutions are as follow:

ken $ (Kine + King)
kmc kcd knd + kcd kmd kud + kmc knd kcn + kmd kcd kcn+’
kmd knd kcm + kmc kcd knc + kcd kmd knc + kmd kcm knc

5 (ke + hong) (o + hid)
ke kea Kna T KoaKimakna + Kine Kng Ken + i Koa ken™

Kina Ko hom + Fine keakne + KeaKina Ko Kina e e

N =

C =

and

M =

ke 8 (ke + hag)
Koo heogFong + Frog e Kong + Koy Fepg oo + Ko Ko b

Kmakna e T ine Kea Kne T ke himakne  hona e K
The B-catenin N/M then is

N kel + ki)

M (et k)

In the low degradation rate limit (k,g,kng = kpesKne)s 1t 1S

N _ K
M K.
where
kem
Kim = %,
and
ken
Kon = =

If the membrane pool is saturated, balance equations are

M Mndxs
4E = §— kg C—ky C+ kN
and
dN
dr 7kndN +k C knc

Steady-state solutions are

M = Mmaxa

ke S

N - kcd knd + knd kcn + kcd knc,

and

B s( ko + ko)
T keakag * kg Keghene”

The B-catenin N/M then is

N ken s

M~ Mook + bog o + kg henl)”

In the low degradation limit, it is

with

=5
K, =

cd

Although these solutions are sufficient to show the most substantial
sources of nuclear f-catenin in our experiments (see Results sec-
tion), it is also possible to further show binding/unbinding and endo/
exocytosis of the p-catenin/E-cadherin complex. The model (Fig. S5
E) then is rewritten as:

= kanikﬂCN
dB _
G =5 kuB-2k BTk M+ O~k BTN,
dd_f = k+B_k—C+kendoM kEXOC
and
ddit/[ = k+B—k_M_kcndoM+kcx0C’

with B, M, and C as the concentrations of free cytoplasmic p-catenin,
fB-catenin/E-cadherin complex at the membrane, and in the cyto-
plasm. k, and k_ are the binding/unbinding rates, and k,,, and k., are
the exo/endocytosis rates.

Steady-state solutions are

S cn
N = k. k = KKa,m

B = /Tzd = K,
C = dEde( I ]i/;iok Cndom>
B ( ko + 2k, )
= K, K, kead ke kengo T kexo
with
Kipead = %

The p-catenin N/Ms then are

N Kin ( kA koo + kcndo)

M B Ka,Ecad k+ Zkexo
N
if kexoakndo > kﬂ then M = Ka Eead (1 + exo/endo)a
with
k
K — eX0
exo/endo kengo’
N Kin
else, 34 = Konr'

These solutions explicitly display the dependence of N/M on E-cad-
herin binding whether in the fast unbinding limit (k_ > k.., and k,q4,)
or not. Nevertheless, the apparent exchange rates k¢ and k- measured
by fluorescence recovery report the binding and unbinding rates &, and
k_ only in the fast unbinding limit. Otherwise, they are influenced by
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endo/exocytosis. Experimentally, we find that kcy/kyc do not appear to
decrease upon migration induction (Fig. S2), as a decreased affinity in
the fast unbinding limit would predict. Thus, our results rather support
that faster endocytosis masks slower unbinding kinetics.

Online supplemental material

Fig. S1 contains images and data of wound healing assays, HGF stim-
ulations, and Western blots of whole-cell lysates on cells expressing
EcadTSMod, EcadTSModAcyto, B-catenin-GFP, and a-catenin-GFP.
Fig. S2 contains images, data, and model of B-catenin and E-cadherin
turnover and exchange during wound healing and HGF stimulation. Fig.
S3 contains images and data of Src sensor response to HGF, inhibitors
and Src Y527F mutant, and EcadTSMod phosphomutant turnover and
response to HGF and wound healing. Fig. S4 contains images and data
of Src Y527F mutant localization and effects on E-cadherin and p-cat-
enin. Fig. S5 contains images and data of HGF and inhibitor effects on
the actomyosin cytoskeleton, FAK and the E-a-TSMod chimera, FRET
efficiency/index calibration, and the augmented kinetic model.
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