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SUMMARY

Tight-junction-regulated actomyosin activity determines epithelial and endothelial tension on adherens junc-
tions and drives morphogenetic processes; however, whether or not tight junctions themselves are under
tensile stress is not clear. Here, we use a tension sensor based on ZO-1, a scaffolding protein that links
the junctional membrane to the cytoskeleton, to determine if tight junctions carry a mechanical load. Our
data indicate that ZO-1 is under mechanical tension and that forces acting on ZO-1 are regulated by extra-
cellular matrix (ECM) stiffness and the junctional adhesion molecule JAM-A. JAM-A depletion stimulates
junctional recruitment of p114RhoGEF/ARHGEF18, mechanical tension on ZO-1, and traction forces at focal
adhesions. p114RhoGEF is required for activation of junctional actomyosin activity and tight junction integrity
on stiff but not soft ECM. Thus, junctional ZO-1 bears a mechanical load, and junction assembly is regulated
by interplay between the physical properties of the ECM and adhesion-regulated signaling at tight junctions.

INTRODUCTION

Intercellular junctions integrate mechanical forces during cell
and tissue morphogenesis. The molecular composition of cell-
cell junctions indicates that junctional complexes form molecular
networks that link adhesion receptors to the cytoskeleton (Nies-
sen and Gottardi, 2008). Hence, how intercellular junctions
sense and transmit tension is a major research focus. The molec-
ular linkages between adhesion receptors in adherens junctions
and the actin cytoskeleton that transmit mechanical forces are
well-known (Charras and Yap, 2018), but whether other cell-
cell junctions, such as tight junctions, carry a mechanical load
is not clear.

Tight junctions form paracellular diffusion barriers and function
as signaling hubs that regulate epithelial and endothelial cell and
tissue morphogenesis (Balda and Matter, 2016). They are formed
by transmembrane adhesion, adaptor, and signaling proteins
(Zihni et al., 2016). They regulate actomyosin activity and,
thereby, cytoskeletal tension acting on adherens junctions (Car-
tagena-Rivera et al., 2017; Hatte et al., 2018; Tornavaca et al.,
2015). Such regulatory processes are important for morphoge-
netic processes and epithelial and endothelial barrier properties.

Several tight junction components contain cytoskeletal binding
sites; hence, they may also transmit cytoskeletal tension to the
junction. ZO-1 is a scaffolding protein at the core of the junction.
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It interacts with transmembrane and cytosolic proteins by its
N-terminal half (e.g., Claudins and JAMs) and possesses a C-ter-
minal domain (CTD) with an actin-binding region (ABR; Figure 1A,
Fanning and Anderson, 2009). Structural data and studies with pu-
rified proteins indicate that intramolecular interactions can
mediate the formation of a closed form of ZO-1 unable to interact
with ligands; stretching of ZO-1 has been proposed to be regu-
lated by actomyosin activity (Lye et al., 2010; Spadaro et al.,
2017). In wild-type cells, the apparent length of the junctional
form is not sensitive to myosin inhibition, as it is stabilized by
Z0-2 (Spadaro et al., 2017). Recently, ZO-1 was shown to form
phase-separated cytosolic clusters that contain other cytosolic
junctional proteins, such as ZO-2; phase separation requires
Z0-1 domains that are not accessible in the closed conformation
but does not require the ABR (Beutel et al., 2019; Schwayer et al.,
2019). Phase separation is initiated in the cytosol, indicating that
Z0-1 changes conformation prior to arrival at the junction and
that the conformational switch is not powered by a junctional
actomyosin-driven process. Hence, whether tight junctions are
indeed a load-bearing structure has been questioned (Angulo-Ur-
arte et al., 2020; Varadarajan et al., 2019).

Here, we show that junction-associated ZO-1 is under
actomyosin-dependent tensile stress that is regulated by extra-
cellular matrix (ECM) stiffness, indicating that the physical
properties of the ECM impact on the mechanical load on ZO-1.
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JAM-A, a cell-cell adhesion protein, is a negative regulator of
cytoskeletal tension, and its junctional recruitment is regulated
by ECM stiffness. Junctional actomyosin activation upon JAM-
A depletion is stimulated by junctional recruitment of the RhoA
activator p114RhoGEF, which is required for junction formation
on stiff but not soft ECM, indicating that p114RhoGEF balances
tensile forces generated at cell-ECM adhesions.

RESULTS

ZO-1 Is under Tensile Stress

Tensile forces acting on proteins can be measured by incorpo-
rating elastic modules into proteins that consist of fluorescent
proteins functioning as FRET (fluorescence/Foerster resonance
energy transfer) pairs that are linked by an elastic peptide
(Grashoff et al., 2010). Increased tensile stress stretches the
elastic module and thereby reduces the FRET efficiency. To
test if ZO-1 is under tensile stress, we constructed a ZO-1-based
sensor in which an elastic FRET module was inserted between
the N-terminal motifs that interact with junctional partners and
the CTD containing the ABR (Figure 1A). The sensor was effi-
ciently expressed and recruited to tight junctions where it co-
localized with occludin (Figures 1B and 1C). A construct contain-
ing the FRET module but lacking the CTD was generated as a
negative control, as it cannot sense tensile stress. FRET experi-
ments using a confocal microscope combined with an acceptor
bleaching protocol revealed low FRET efficiency for the full-
length ZO-1 sensor and a higher FRET efficiency for the ACTD
construct, indicating that the ZO-1 sensor was under tensile
stress (Figures 1D and 1E). An addition of Blebbistatin, a non-
muscle myosin-Il (NMMII) inhibitor, led to increased FRET effi-
ciency, indicating relaxation. The difference in FRET efficiency
between control and Blebbistatin-treated samples corresponds
to a force of approximately 2-3 pN (Grashoff et al., 2010). Thus,
junctional ZO-1 is under actomyosin-dependent tensile stress.

The Physical Properties of the ECM Regulate the
Mechanical Force on Junctional ZO-1

We next asked whether physiological modulation of cytoskeletal
tension impacts on tension sensed by ZO-1. ECM stiffness reg-
ulates cytoskeletal tension through mechanotransduction at
focal adhesions (Galbraith and Sheetz, 1998). Hence, we trans-
fected cells on Matrigel-coated substrates of different stiff-
nesses with the ZO-1-based tension sensor and measured
FRET efficiencies by using a filter-based epifluorescence sys-
tem. FRET efficiencies increased with decreasing ECM stiffness
(Figures 1F and 1G), indicating that tension acting on ZO-1 is
regulated by the substrate stiffness.

We next stimulated cytoskeletal tension with calyculin A, a
potent phosphatase inhibitor that stimulates cortical actomyosin
contraction, to determine whether the sensor can detect
increased tension (Acharya et al., 2018; Asano and Mabuchi,
2001; Henson et al., 2003). Short incubations with calyculin A
led to enhanced myosin light chain (MLC) phosphorylation, indi-
cating NMMII activation, and reduced FRET efficiency, indi-
cating increased tension (Figures S1A and S1B).

Although the results indicate that the ZO-1 sensor responds to
cytoskeletal tension, part of the FRET signal could stem from in-
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ter- rather than intramolecular energy transfer. Co-expression of
two mutant sensors in which either one of the fluorescent pro-
teins was inactivated did not reveal significant FRET activity (Fig-
ure S1C). Hence, the contribution of intermolecular FRET to the
signal obtained with the ZO-1 tension sensor is negligible.

JAM-A Regulates Tensile Stress of ZO-1 and ECM Strain
JAM-A is an adhesion receptor, which directly interacts with the
PDZ3 domain of ZO-1 (Ebnet et al., 2000). JAM-A has been sug-
gested to stabilize the epithelial barrier function by limiting RhoA
and NMMII activities by unknown mechanisms; hence, it may
regulate tensile stress of ZO-1 (Monteiro et al., 2013). Depletion
of JAM-A stimulated MLC phosphorylation, indicating NMMI|
activation (Figures 2A and 2B). Markers of tight (occludin and
Z0-1) and adherens junctions (E-cadherin, p120catenin, and
B-catenin) were still recruited to cell-cell junctions (Figure 2C;
Figure S2A), indicating no general defects in junction assembly.
Depletion of JAM-A also enhanced stress fiber and focal adhe-
sion formation, which are signs of increased RhoA activation
(Figures 2D and 2E; Figure S2B). Consequently, JAM-A-
depleted cells were more spread than control cells on stiff
ECM but not when plated on a soft 1-kPa matrix, which attenu-
ates ECM-induced cytoskeletal tension (Figures 2F and 2G). On
a 1-kPa ECM, JAM-A-depleted cells were slightly smaller than
controls, suggesting that JAM-A depletion may increase the
traction on the ECM and, hence, gel contraction. Increased
phosphorylation of MLC was observed along stress fibers but
also at cell-cell junctions and was induced by small interfering
RNAs (siRNAs) targeting different sequences but rescued by
the expression of siRNA-resistant, FLAG-tagged JAM-A, indi-
cating that the induction of junctional NMMII activity was specific
(Figure 2D; Figure S2C).

We next used the tension sensor to ask if JAM-A depletion af-
fects tension on ZO-1. JAM-A depletion reduced FRET effi-
ciency, indicating increased junctional tension (Figures 3A and
3B). A tension sensor based on the adherens junction adhesion
protein E-cadherin (Borghi et al., 2012) only revealed an insignif-
icant reduction in FRET efficiency upon JAM-A depletion. Thus,
JAM-A negatively regulates tensile forces acting on ZO-1.

JAM-A depletion induced stress fiber formation and focal
adhesion remodeling. Hence, we used traction force microscopy
(TFM) to measure the stress on the ECM induced by the cells (Al-
kasalias et al., 2017; Butler et al., 2002; Milloud et al., 2017).
Islands of cells plated on polyacrylamide (PAA) hydrogels
(average stiffness of ~16.4 kPa) and surrounded by an ample
margin of empty matrix were imaged. Although this soft ECM
led to a weaker phenotype than glass as expected, the cells still
appeared more spread. JAM-A depletion increased traction
forces on the ECM, as revealed by an increase in strain energy
density (Figures 3C-3E). Thus, JAM-A depletion induced cell-
wide changes in actomyosin organization that led to increased
cytoskeletal tension on tight junctions and focal adhesions.

JAM-A Regulates p114RhoGEF Signaling

To identify the mechanism behind JAM-A regulation of junctional
actomyosin activation, we used a FRET biosensor to determine
the involvement of RhoA activation (Yoshizaki et al., 2003).
Depletion of JAM-A increased FRET efficiency at cell-cell
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Figure 1. ZO-1 Is under Tensile Stress Regulated by Matrix Stiffness

(A) Domain structure of ZO-1. Indicated are the main structural domains and the insertion site of the FRET module.

(B and C) The ZO-1 tension sensor (ZO-1-TS) was transiently expressed in Madin-Darby canine kidney (MDCK) cells prior to an analysis of localization by
immunofluorescence (B) and immunoblotting (C) with anti-GFP or anti-CTD antibodies.

(D and E) FRET analysis by acceptor bleaching and confocal microscopy of full-length ZO-1-TS and the control sensor lacking the CTD. Blebbistatin (10 M) was added for
20 min prior to imaging. The yellow fluorescent protein (YFP) image taken prior to bleaching reveals the localization of the sensor. The graph shows a quantification of
junctional FRET efficiencies of analyzed cells (n for ZO-1-TS, 23; ZO-1-TS-ACTD, 17; ZO-1-TS with Blebbistatin, 17; ZO-1-TS-ACTD with Blebbistatin, 11; box-plot shows
median and interquartile ranges).

(F and G) FRET analysis by epifluorescence microscopy of control siRNA-transfected MDCK cells plated on Matrigel-coated glass coverslips or hydrogels of different
stiffnesses prior to transfection of the ZO-1 sensor (F). (G) Shows FRET efficiencies at cell-cell contacts of n analyzed cells (n for ZO-1-TS glass, 31; 40 kPa, 31; 1 kPa, 20; ZO-
1-TS-ACTD glass, 17; 40 kPa, 18; 1 kPa, 18; box-plot shows median and interquartile ranges). Magnification bars, 20 um. See also Figure S1.
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junctions (Figure 4A). This was paralleled by the stimulation of
junctional recruitment of p114RhoGEF, an activator of RhoA
(Figure 4B). p114RhoGEF drives RhoA signaling during junction
formation and, when active, forms a stable complex with
ROCKII, leading to a preferential increase of double-phosphory-
lated MLC (Terry et al., 2011); indeed, JAM-A-depletion-induced
junctional MLC phosphorylation was blocked by a ROCKI/II in-
hibitor (Figure S3A). Double knockdown experiments revealed
that depletion of p114RhoGEF attenuated junctional NMMII acti-
vation in JAM-A-depleted cells and disrupted tight junctions,
indicating that junctional actomyosin regulation downstream of
JAM-A required p114RhoGEF (Figures 4C-4E; Figures S3B-
S3D). Junctional myosin activation was rescued by the expres-
sion of siRNA-resistant p114RhoGEF but not by a catalytically
inactive mutant (Figures S4A-S4C). Depletion of p114RhoGEF
also stimulated downregulation of JAM-A, suggesting a feed-
back loop between junctional RhoA signaling and JAM-A (Fig-
ure 4C; Figure S3B). Depletion of GEF-H1, a RhoA guanine
nucleotide exchange factor (GEF) whose junctional localization
was reduced upon JAM-A depletion, did not affect junctional
MLC phosphorylation (Figure 4D-E; Figure S4D). Basal stress fi-
ber formation and myosin activation were not affected by either
knockdown of GEF-H1 or p114RhoGEF in JAM-A-depleted cells
(Figure S3B). Thus, JAM-A regulates the junctional recruitment of
the RhoA activator p114RhoGEF to stimulate junctional actomy-
osin activity.

As ECM stiffness impacts on tension on junctional ZO-1, we
asked whether reduced ECM stiffness and, hence, less cytoskel-
etal tension, rescues junction formation in p114RhoGEF-
depleted cells. Indeed, junction formation was affected most
strongly on glass and less on 40-kPa ECM and was not affected
by p114RhoGEF depletion on a very soft 1-kPa ECM (Figures 4F
and 4G). Thus, p114RhoGEF supports tight junction formation
by counteracting high basal tension, suggesting it is part of a
junctional mechanosensing mechanism. JAM-A was only effi-
ciently concentrated at tight junctions on stiff ECM, suggesting
that junctional recruitment of the p114RhoGEF regulator is ten-
sion dependent (Figure S4E).

DISCUSSION

Our data identify ZO-1 as a tension-transmitting junctional
adaptor, indicating that tight junctions bear a mechanical load
and suggesting that ZO-1 is part of a force transmitting molecu-
lar bridge between the cytoskeleton and tight junctions (Fig-
ure 4H). Mechanical load is regulated by the physical properties
of the ECM and the adhesion protein JAM-A, whose junctional
recruitment is regulated by ECM stiffness. JAM-A depletion ac-

¢ CellP’ress

tivates junctional actomyosin activity by stimulating p114Rho-
GEF recruitment, which is required for junction formation in cells
on stiff ECM, suggesting that p114RhoGEF recruitment is part of
a mechanosensing mechanism. Hence, ZO-1 not only transmits
tensile forces but also forms a molecular platform for the recruit-
ment of a force-sensing and -generating machinery that is acti-
vated in response to changes in cell-cell adhesion and cytoskel-
etal tension.

Depletion of JAM-A induced actomyosin remodeling and
increased traction forces on the ECM. Thus, adhesion molecules
of tight junctions signal to regulate the junctional cytoskeleton
and cell-ECM adhesion. This crosstalk is bidirectional, as ECM
stiffness also stimulated tensile stress of ZO-1. JAM-A depletion
also induced apparent cell flattening, an effect that was counter-
acted by plating cells on a soft ECM. Hence, interplay between
adhesion at tight junctions and to the ECM leads to cell-wide
changes in actomyosin activity that determine cell morphology.
Basal actomyosin activation associated with JAM-A depletion
was not p114RhoGEF dependent. We also could not detect a
role for GEF-H1, a GEF linked to RhoA activation, upon pulling
on non-junctional JAM-A in endothelial cells (Scott et al,
2016). Hence, the mechanism stimulating basal contractility re-
mains to be identified.

Z0O-1 interacts with multiple transmembrane proteins (Zihni
et al., 2016). The relevant adhesion receptors that transmit me-
chanical forces between neighboring cells are not known.
Such receptors may function cooperatively, as individual junc-
tional adhesion proteins appear to have low adhesive strength
(Van Itallie and Anderson, 1997; Zihni et al., 2016). ZO proteins
form a condensate that interacts with other cytosolic and trans-
membrane proteins; hence, individual adhesion proteins may not
function independently, as they interact with a large phase-sepa-
rated structure (Beutel et al., 2019). This idea is supported by a
study showing that multiple transmembrane components need
to be inactivated to prevent tight junction assembly (Otani
et al., 2019). Hence, ZO-1 may be part of a mechanical force-
transducing bridge to a group of adhesion proteins that form a
multivalent adhesive unit.

Actomyosin activity has been linked to a conformational
switch of ZO-1 that regulates the binding of ligands (Spadaro
et al., 2017). The conformational switch only occurs when cells
are depleted of ZO-2, a protein that interacts with ZO-1, and
are treated with a myosin inhibitor. The actomyosin-regulated,
force-sensitive stretching we observed does not correspond to
the conformational switch as it occurs in the presence of ZO-2.
In vitro, maintenance of a fully stretched form of ZO-1 requires
aforce of 2-4 pN (Spadaro et al., 2017). This is similar to the force
required to stretch the ZO-1 tension sensor; hence, the fully

Figure 2. JAM-A Regulates Actomyosin Remodeling

(A and B) Depletion of JAM-A in MDCK cells was induced by transfection of siRNAs and was monitored by immunofluorescence (A) or immunoblotting (B).
(C) Control and JAM-A-depleted cells were stained for markers of tight (occludin and ZO-1) and adherens junctions (p120-catenin).
(D and E) MDCK cells were transfected with either control or JAM-A-targeting siRNAs before fixation and staining for double- and single-phosphorylated MLC to

reveal active NMMII and F-actin (D) or talin to reveal focal adhesions (E).

(F and G) Cells transfected with siRNAs were plated on Matrigel-coated coverslips or 40 kPa or 1 kPa hydrogels before immunofluorescence. The apical surface
area was then quantified as a measure for cell spreading by obtaining a cell segmentation based on ZO-1 staining (glass control siRNA, 81 cells; JAM-A siRNA, 55
cells; 40 kPa control siRNA, 102 cells; and JAM-A, 73 cells; 1 kPa control siRNA, 298 cells; and JAM-A, 287 cells; box-plot shows median and the interquartile

range). Magnification bars, 20 um. See also Figure S2.
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Figure 3. JAM-A Regulates Mechanical Stress on Tight Junctions and ECM

(A and B) FRET analysis by epifluorescence microscopy of MDCK cells transfected with siRNAs and ZO-1- or E-cadherin-based sensors. The quantification
shows FRET efficiencies at cell-cell contacts (n for ZO-1-TS control siRNA, 31, and JAM-A siRNA, 37; ZO-1-TS-ACTD control siRNA, 17, and JAM-A siRNA, 20;
E-cadherin-TS control siRNA, 34, and JAM-A siRNA, 31; and E-cadherin-TS-ACTD control siRNA, 19, and JAM-A siRNA, 19; ZO-1-TS and ZO-1-TS-ACTD
control siRNA values are the same as those shown in Figure 1F, as the conditions were tested in parallel; box-plots show median and interquartile ranges).
(C-E) TFM on cells transfected with siRNAs as indicated and plated on PAA hydrogels. (C) shows images of the traction vector fields overlaid on phase contrast
images and the corresponding stress maps on which the borders of the cell island is displayed. The quantifications in (D) and (E) show the derived strain energy
density datapoints as the average value of all islands in single gels, and then show them normalized to respective controls to include 3 independent experiments
(D) and absolute values of single islands of one representative experiment (medians with interquartile ranges are indicated; E). Magnification bars, 20 um (A);

50 um (C).

stretched form observed in vitro may represent ZO-1 under acto-
myosin-generated tension in tight junctions. Therefore, dimeriza-
tion with ZO-2 during junction assembly may stabilize an open
conformation, and in a second step, tension-induced stretching
then relies on actomyosin-generated force. Although Spadaro
et al. (2017) did not identify distinct stretched forms in cells using
super-resolution microscopy, this might have been due to the
resolution limits of structured illumination microscopy, as the
stretched form measures only 75 nm and was detected in cells
by indirect immunofluorescence labeling of both ends. Inhibition
of myosin leads to ZO-1 folding only in the absence of ZO-2, as

6 Cell Reports 32, 107924, July 21, 2020

the latter is required to maintain the open conformation. Binding
of internal ligands such as ZONAB is therefore only sensitive to
myosin inhibition and cytoskeletal tension in the absence of
Z0-2 but not in wild-type cells (Spadaro et al., 2017). ZONAB
activation is indeed not directly related to actomyosin activity,
as stimulation of RhoA by GEF-H1 activates ZONAB in a Rho-
associated coiled-coil containing protein kinase (ROCK)-inde-
pendent manner (Nie et al., 2009). ZO-1 undergoes phase sepa-
ration and engages with ligands prior to arrival at the junctional
membrane; hence, it is conceivable that unfolding of ZO-1 and
subsequent ligand binding are regulated by components that
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Figure 4. p114RhoGEF Regulates Junctional Actomyosin Remodeling and Tight Junction Assembly in JAM-A-Depleted Cells

(A) Control and JAM-A-depleted cells were transfected with a FRET biosensor for RhoA activation, and FRET efficiency at cell-cell contacts was quantified (n for
both conditions was 58; shown are the data values along with the median and the interquartile range).

(B) Control and JAM-A-depleted cells were stained for p114RhoGEF, and junctional recruitment was quantified (n for control siRNA, 68; JAM-A siRNA, 63; shown
are datapoints and means + 1 SD).

(legend continued on next page)
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only transiently associate with ZO-1, such as the ZO-1-binding
heat shock protein Apg-2 (Aijaz et al., 2007; Tsapara et al.,
2006). Hence, further investigations into the mechanisms that
regulate the interplay between cytoskeletal tension and signaling
at tight junctions will be key to our understanding of the role of
tight junctions in morphogenetic processes and responses to tis-
sue stress.
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KEY RESOURCES TABLE

Cell Reports

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-Occludin
Mouse monoclonal anti-ZO-1
Mouse monoclonal anti-p-MLC S19
pp-MLC Thr18S19, rabbit polyclonal
Rabbit polyclonal anti-p114RhoGEF
Rabbit polyclonal anti-p114RhoGEF
Sheep polyclonal anti-B-catenin
Goat polyclonal anti-p120catenin
Mouse monoclonal anti-Flag M2
Rabbit polyclonal anti-myosin-IIA
Mouse monoclonal anti-Talin
Mouse monoclonal anti-E-cadherin
Mouse monoclonal anti-GFP

Rabbit polyclonal anti-ZO-1

Rabbit polyclonal anti-JAM-A
Mouse monoclonal anti-GEF-H1
Rabbit polyclonal anti-GEF-H1
Mouse monoclonal anti-a-tubulin
Alexa488-Donkey anti-mouse IgG
Cy3-Donkey anti-rabbit IgG
Alexa64-Donkey anti-goat IgG
Cy3-Donkey anti-mouse I1gG
FITC-Donkey anti-sheep IgG
HRP-Goat anti-rabbit IgG
HRP-Goat anti-mouse IgG

ThermoFisher Scientific
ThermoFisher Scientific
Cell Signaling Technology
Cell Signaling Technology
abcam

GeneTex

abcam

Santa Cruz Biotechnology
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

BD Biosciences

Abgent

Benais-Pont et al., 2003
Tuncay et al., 2015
Benais-Pont et al., 2003
Benais-Pont et al., 2003
Kreis, 1987

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Cat#331500; RRID:AB_2533101
Cat#339100; RRID:AB_87181
Cat#3675; RRID:AB_2250969
Cat#3674; RRID:AB_2147464
Cat#ab96520; RRID:AB_10680897
Cat#GTX102223; RRID:AB_1949683
Cat#ab65747; RRID:AB_1140675
Cat#sc-373116

Cat#F-3165; RRID:AB_259529
Cat#M8064; RRID:AB_260673
Cat#T3287; RRID:AB_477572
Cat#610182; RRID:AB_397581
Cat#AM1009a; RRID:AB_352468

N/A

N/A

N/A

N/A

N/A

Cat#715-545-150; RRID:AB_2340846
Cat#711-165-152; RRID:AB_2307443
Cat#705-605-147; RRID:AB_2340437
Cat#715-165-150; RRID:AB_2340813
Cat#713-095-147; RRID:AB_2340719
Cat#111-035-003; RRID:AB_2313567
Cat#115-005-003; RRID:AB_2338447

IRDye 800CW-Donkey anti-mouse 1gG LI-COR Cat#926-32212; RRID:AB_621847
IRDye 680LT-Donkey anti-rabbit IgG LI-COR Cat#926-68023; RRID:AB_10706167
Chemicals, Peptides, and Recombinant Proteins

Phalloidin-Atto647 Sigma-Aldrich Cat#65906

Blebbistatin Tocris Bioscience Cat#1760

Y27632 Tocris Bioscience Cat#1254

RNAIMAX ThermoFisher Scientific Cat#13778150

TransIT Mirus Bio Cat#MIR6000

Prolong Gold antifade reagent ThermoFisher Scientific Cat#P36930

Carboxyl polystyrene beads, 0.20 um, Dragon Green Bang Laboratories Cat#FCDG003

Experimental Models: Cell Lines

Dog: MDCK Matter et al., 1993 N/A

Dog: MDCK h-p114RhoGEF Terry et al., 2011 N/A

Dog: MDCK h-p114RhoGEF Y-A260 Terry et al., 2011 N/A

Recombinant DNA

Tension sensor (TS) module
pcDNA-TO-B
pcDNA-TO-TS
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Addgene
ThermoFisher Scientific
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Cat#26021; RRID:Addgene_26021
Cat#V385-20
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pcDNA-TO-ZO-1-TS This paper N/A
pcDNA-TO-ZO-1-TSACTD This paper N/A
pcDNA-TO-ZO-1-TSIA This paper N/A
pcDNA-TO-ZO-1-AVFP This paper N/A
pRaichu-RhoA Yoshizaki et al., 2003 N/A
pTS-E-cadherin Borghi et al., 2012 N/A
pTS-E-cadherinACTD Borghi et al., 2012 N/A
pFlag-CMV1-JAM-A Peddibhotla et al., 2013 N/A

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources, reagents, and data should be addressed to the Lead Contact, Karl Matter (k. matter@
ucl.ac.uk).

Materials Availability
Plasmids generated in this study will be made available on request from the Lead Contact, but we may require a shipping payment
and completed Materials Transfer Agreement.

Data and Code Availability
The datasets supporting the current study have not been deposited in a public repository because all data collected are included in
the study. Data are available from the Lead Contact upon reasonable request. No new code was developed for this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

MDCK cells were grown in DMEM supplemented with 10% fetal bovine serum (Matter et al., 1993). MDCK lines expressing h-
p114RhoGEF or h-p114RhoGEF Y-A260 were described previously (Terry et al., 2011). Fresh batches of cells from a contamina-
tion-free stock that had been tested for mycoplasma were used to replace fresh cultures every 6 to 8 weeks. Cells were then weekly
stained with Hoechst dye to reveal nuclei and DNA of contaminants such as mycoplasma.

METHOD DETAILS

Small Molecule Inhibitors
Blebbistatin and the ROCKI/Il inhibitor Y27632 were used at 10uM final concentration diluted from 10mM stocks in DMSO, and Ca-
lyculin A at 20nM diluted from a 20uM stock in DMSO.

Expression Plasmids

The tension sensor (TS) module was a gift from Martin Schwartz (http://n2t.net/addgene:26021; RRID:Addgene_26021) (Grashoff
et al., 2010). The tension sensor module was amplified by PCR and cloned into the pcDNA-TO-B plasmid using the EcoRI and
Notl site either without or with a stop codon at the 3’ end (primers: 5'-CCAAAATGTCGTAACAACTCCGCCCCATTGACG-3, 5'-
GCTCGA GCGGCCGCTTACTTGTACAGCTCGTCCATGCCGAGAGTGATCC-3' and 5'-GCTCGAGCGGCC GCCTTGTACAGCTCGT
CCATGCCGAGAGTGATCC-3'), resulting in pcDNA-TO-TS. To construct ZO-1-TS, the human alpha+ cDNA was used as a template
to generate a fragment containing the N-terminal half until residue 806 with BamH1 and EcoRlI sites for cloning (5'-ATTCGCG
GATCCA TGGAGGAAACAGCTATATGGGAAC-3' and 5'-ATTCGCGAATTCATCATCATGCAAATCAAGGTC ATC-3'), and the frag-
ment was cloned into pcDNA-TO-TS with and without the STOP codon (Balda and Anderson, 1993). The CTD was amplified accord-
ingly using 5-GACACGGATGCG GCCGCTCGTCTGTCCTACCTGTCAGCTCCAGG-3' and 5'-GAGATTCCACCGGTTAAAAGTGG
TCAATAAGGACAGAAACAC-3’ and cloned into pcDNA-TO-TS without stop containing the N-terminal half of ZO-1 using the Notl
site and a blunted Sacll site. To inactivate intramolecular FRET, non-fluorescent mTFP was generated by deleting residues 70-75,
which are within the region required for fluorescence (Bartkiewicz et al., 2018), by generating two overlapping PCR
fragments with 5'-GACCACCGCGGCCTTCACCAAGTAC-3' and 5'-GACAGGTAGGACAGACGAG CGGCCGC-3’; and, 5-TGG
TGAAGGCCGCGGTGGTCAGAATG-3" and 5'- GAACAGAGC TGAGCAGCTAGCCAGT-3' using pcDNA-ZO-1-TS as a template. A
construct lacking VFP was synthesized by generating a fragment with 5'- GAACAGAGCTGAGCAGCTAGCCAGT -3’ and 5'-GG
TAGGACAGACGAGCGGCCGCCCCTGCACCACCTGGCCCCTTGTA-3'. The purified PCR products were then cloned into a Nhel
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site within the ZO-1 cDNA and the Not1 site at the junction between the FRET module and the CTD of ZO-1 using the In-Fusion clon-
ing method (Takara Bio). pRaichu-RhoA was kindly provided by Michiyuki Matsuda (Osaka University, Japan) (Yoshizaki et al., 2003)
and canine E-cadherin tension sensor constructs by Alexander Dunn (Stanford University, USA) (Borghi et al., 2012). The Flag-tagged
human JAM-A cDNA cloned into pFlag-CMV1 has been described previously (Peddibhotla et al., 2013).

Transfection

Cells were cultured and transfected with siRNAs using RNAIMAX transfection reagent following the manufacturer’s instructions using
1ul per 48-plate well and 1l of a 20uM siRNA stock. Transfections were left for 24 hours before the mixture was replaced with fresh
medium. For experiments on coated coverslips, 2.5x10° cells/well were plated into 6-well plates and transfected with 8ul/well RNAi-
MAX and 8ul/well of 20uM siRNA. The following day, the cells were plated onto the extracellular matrices required for the experiment.
The following siRNAs were used: canine JAM-A 5'-CCAGUAAGAAGGUGAUUUA-3" and 5-CAUCCAAGCC CACGGUCAA-3;
canine ARHGEF18/ p114RhoGEF 5-AAGACCACGUCGGGACGCUUG-3’ and 5-AACUACGUCAUCCAGAAAAUC-3'; and canine
ARHGEF2/GEF-H1 5'-AGACACAGGACGAGGCUUA-3', 5'-GGGAAAAGGAGAAGAU GAA-3' and 5'-GUGCGGAGCGGAUGCGCG
UAA-3'. DNA was transfected using TransIT using 1ul per 48-plate well and 1ug of DNA. Transfections were left for 4 hours before
the mixture was replaced with fresh medium.

Antibodies and Immunological Methods

Fixation and processing of cells for immunofluorescence and immunoblotting were as previously described (Balda et al., 1996; Zihni
et al., 2014, 2017). The following commercial antibodies were used: occludin, mouse monoclonal, and ZO-1 mouse monoclonal, 1/
1000 for immunofluorescence; p-MLC S19, mouse monoclonal and pp-MLC Thr18, S19 rabbit polyclonal, immunofluorescence 1/
100 and 1/200, respectively, and immunoblotting 1/1000; p114RhoGEF, rabbit polyclonal, immunofluorescence 1/300 and
immunoblotting 1/1000; anti-B-catenin, sheep polyclonal, immunofluorescence 1/400; p120catenin, goat polyclonal polyclonal, immu-
nofluorescence 1/300; Flag M2, mouse monoclonal, immunofluorescence 1/4000; nonmuscle myosin-IIA, rabbit polyclonal, immuno-
fluorescence 1/1000; talin, mouse monoclonal, immunofluorescence 1/1000; E-cadherin, mouse monoclonal, immunofluorescence 1/
500; GFP, mouse monoclonal, immunoblotting 1/300. Affinity-purified rabbit polyclonal antibodies were used for ZO-1, immunofluores-
cence (1/1000) (Benais-Pont et al., 2003) and JAM-A (1/1000) (Tuncay et al., 2015). Mouse monoclonal (1/20) and rabbit polyclonal (1/
1000) anti-GEF-H1 antibodies were described previously (Benais-Pont et al., 2003). Mouse monoclonal anti-a-tubulin 1A2 was used for
immunblotting (1/20) (Kreis, 1987). Phalloidin-Atto647 was from Sigma-Aldrich and diluted 1/1000. Affinity-purified and cross-adsorbed
Alexa488-, Cy3- and Cy5-labeled donkey anti-mouse, rabbit, and goat secondary antibodies were diluted 1/300 from 50% glycerol
stocks. Affinity-purified HRP-conjugated goat anti mouse and rabbit were diluted 1/5000 from 50% glycerol stocks. For immunofluo-
rescence analysis, cells were mounted using Prolong Gold antifade reagent. Imaging was performed using a Nikon Eclipse Ti-E micro-
scope with a CFl Apochromat Nano-Crystal 60x oil lens (N.A., 1.2) or a Leica TCS SP8 with an HC PL APO 40x oil lens (N.A., 1.30).
Images were processed using ImageJ/Fiji and Adobe Photoshop CC software. Quantifications of junctional recruitment were performed
with ImageJ/Fiji using the plot profile tool to measure fluorescence intensity peaks of two opposing junctions per cell, which were then
averaged for each cell and normalized to the mean integrated density of the entire image. Immunoblotting was carried out using
methods previously described (Steed et al., 2014; Zihni et al., 2014). Immunoblots were quantified with ImageJ/Fiji.

Preparation of Matrigel-coated Polyacrylamide (PAA) Hydrogels and Glass Coverslips

The PAA hydrogel fabrication method was adapted from a previously described protocol (Vitiello et al., 2019). 22, 13 and 10mm glass
coverslips (Agar Scientific) were rinsed with 70% ethanol, dried at 70°C, and then heated with a Bunsen burner set on a blue flame to
sterilize the coverslips and render the surface hydrophilic. 22 and 10mm coverslips were then incubated with a solution of 65 pg/mi
Matrigel (BD Biosciences) for 2.5 hours at 37°C. 13mm coverslips were silanized for 3 minutes using ethanol containing 0.37% Bind-
Silane solution (GE Healthcare Life Science) and 3.2% acetic acid. PAA and bis-acrylamide (N,N’-methylenebisacrylamide, Sigma-
Aldrich) mixes corresponding to E-moduli of 1 kPa and 40 kPa were prepared following established guidelines (Tse and Engler, 2010).
For TFM, PAA hydrogels with an E-modulus ranging from 13.6 to 19.6 kPa (average of 16.4 + 2.5 kPa) were fabricated by adding 1 uL
fluorescent carboxyl polystyrene beads (diameter = 0.20 um; Dragon Green) to the PAA/bis-AA mix. Mixes were sonicated and vor-
texed to avoid bead clumps and to ensure a homogeneous distribution of the beads in the gels. N,N,N’,N'-tetramethylethylenedi-
amine (TEMED, Sigma) and 10% APS (Sigma) were added to PAA/bis-PAA mixes at 0.1% and 0.8%, respectively, to prime polymer-
ization, and a 25 pL drop of activated mix was added on each coated 22 mm coverslips. Silanized 13mm coverslips were then quickly
put on top of the drops, and gels were let to polymerize for 30 minutes, allowing the transfer of matrix protein from the coated glass
coverslip to the surface of the polymerizing gel, following the principle behind microcontact printing on PAA gels (uCP) (Tang et al.,
2012). After polymerization, the assemblies were soaked in sterile H,O for 10 minutes. The gels attached to the top coverslips were
then detached from the bottom coverslips using a scalpel blade. Gels bound to coverslips were stored at 4°C in sterile H,O containing
150mM NaCl and 10mM HEPES and incubated in culture medium for 30 min at 37°C prior to cell seeding.

Traction Force Microscopy

Static TFM imaging was performed on a Nikon Eclipse Ti-E microscope using a Super Plan Fluor ELWD 20x objective (N.A. 0.45)
using the Nikon Perfect Focus system. To obtain well separated islands of 10 to 20 cells that would allow acquisition of images
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with a sufficient margin of surrounding matrix without cells, which is required for the analysis (no-displacement fields), 1 x10%to 3 x10®
cells transfected with siRNAs were seeded on hydrogels two days before imaging. Briefly, islands were imaged in bright field and
image stacks of the beads embedded in the contracted substrate were taken in the FITC channel. Cell were then lysed with 1M
NaOH + 1% sodium dodecyl sulfate and image stacks of the beads in the relaxed substrate were taken.

FRET Imaging

For RhoA activity assays, cells were plated into ibid 8 multi-well chamber slides and then transfected with pRaichu-RhoA. For tension
sensor experiments, 7 x10° cells were seeded on Matrigel-coated 10 mm glass coverslips, 12.5 x10° cells on 40 kPa hydrogels and
25 x103 cells on 1 kPa hydrogels. The RhoA probe and the tension sensors were then transfected and the assays were performed 20
to 24 hours later. The FRET analysis was performed at 37°C with a Nikon Eclipse Ti-E inverted microscope equipped with excitation
and emission CFP and YFP filters in external filter wheels and using a CFl Apochromat Nano-Crystal 60x oil lens (N.A., 1.2). Crossover
between CFP and YFP filters was calibrated by imaging individual fluorescent proteins expressed alone using all four emission/exci-
tation filter combinations. FRET efficiency maps were then generated with the Nikon software using the built-in formula to correct for
crossover between CFP and YFP channels. For donor recovery after acceptor bleaching experiments, a Leica SP2 microscope (63x
objective, 37°C, N.A., 1.4) and Leica FRET software using the donor recovery after acceptor bleaching (YFP was bleached to 40%)
protocol (Terry et al., 2011). FRET efficiency maps were then generated using the Leica software by calculating the FRET efficiency
according to the formula [(Dpost-Dpre)/Dpost 100 (D represents donor intensity; values were corrected for the bleaching level).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of FRET and TFM Images

For quantification of FRET images, ImageJ/Fiji, was used to calculate mean integrated densities of junctional segments above
measured backgrounds. For traction force microscopy, experimental drift was corrected using the Imaged Template Matching plugin
from Dr. Qingzong Tseng (https://sites.google.com/site/gingzongtseng/template-matching-ij-plugin). Particle image velocimetry,
beads tracking, displacement field calculations (linear interpolation on a regular grid with 2.6 um spacing), unconstrained Fourier
Transform Traction Cytometry, and computation of traction maps and strain energies was performed using a MATLAB script devel-
oped by Dr. Martial Balland (Alkasalias et al., 2017; Milloud et al., 2017). Islands with an out of equilibrium force > 10% of the sum of
the individual force amplitudes were discarded, and a final filtering based on island size was performed to obtain a comparable pool
of island sizes between the two different analyzed conditions. Strain energy densities were obtained by dividing the total strain energy
U (as defined in Butler et al. 2002) calculated from the traction and displacement fields, by the area of the islands. Absolute values of
single islands were then averaged across individual gels, and expressed as fold of control.

Junction Formation and Cell Area Quantification

PFA fixed glass coverslips and PAA hydrogels (40 and 1 kPa) were stained for ZO-1, occludin, p120-catenin, and nuclei, and imaged
as described above. Manual quantification of cell-cell junction disruption was done on XY maximum intensity projections of the oc-
cludin staining from acquired z stacks, using ImageJ/Fiji. A junction was counted as disrupted when the occludin staining was clearly
absent between two adjacent cells. For each field, the number of cells were counted (Nucleus Counter plugin, https://imagej.net/
Nucleus_Counter) followed by manual correction. Total disruptions count per field was normalized to 100 cells; each image field
analyzed represents a datapoint. Cell area quantification was done using a workflow in ImageJ/Fiji, using homemade macros and
published scripts. The aim of this workflow was to automate an accurate tight junction staining-based cell segmentation and allow
subsequent cell morphometric analysis with minimum manual correction. Briefly, a binary mask of cell-cell junctions was obtained
using the Ridge Detection plugin on maximum projection of the ZO-1 staining from acquired z stacks (Steger, 1998). The binary mask
was cleaned from small cytosolic objects using the Analyze Particle tool. 4-channel RGB merged images with the best focus were
then overlaid on the mask for quality control and manual correction. The Tissue Analyzer plugin was then used on the mask to obtain a
single-step cell segmentation (Aigouy et al., 2016). ROIs corresponding to each cell were exported back to ImageJ/Fiji’'s ROl man-
ager. ROIs at the border of the image were deleted, and cell areas were measured. The plugin also produced random color maps of
the segmentations that were used in Figure 2 for improved visualization of single cells in the monolayer.

Statistics and Reproducibility

For the quantifications shown, the provided n values refer to the numbers of cells, image fields or cell islands analyzed per type of
sample (this information is provided in figure legends) and are derived from either two (Figures 1, 2F, 3B, 4, S1, and S4) or three (Fig-
ures 2B and 3D; Figure S3) independent experiments. Statistical significance was tested using nonparametric Kruskal-Wallis and
Wilcoxon tests to compare distributions, and Wilcoxon signed-rank tests when values were normalized and compared to a standard.
The FRET experiments are shown as standard boxplots (25th to 75th percentiles, with a line indicating the median). All other
quantifications show all data points along with the mean and standard deviation for each category or, where indicated, the median
and interquartile ranges. Graphs and statistical calculations were generated with JMP Pro (V14).
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