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Stress relaxation in epithelial monolayers is
controlled by the actomyosin cortex

Nargess Khalilgharibi'?, Jonathan Fouchard’, Nina Asadipour3, Ricardo Barrientos?*, Maria Duda?,
Alessandra Bonfanti®, Amina Yonis'¢, Andrew Harris'’#°, Payman Mosaffa3, Yasuyuki Fujita™,
Alexandre Kabla®?, Yanlan Mao?*, Buzz Baum*", José J Muinoz3>'?, Mark Miodownik™ and
Guillaume Charras ®"61*

Epithelial monolayers are one-cell-thick tissue sheets that line most of the body surfaces, separating internal and external envi-
ronments. As part of their function, they must withstand extrinsic mechanical stresses applied at high strain rates. However,
little is known about how monolayers respond to mechanical deformations. Here, by subjecting suspended epithelial monolay-
ers to stretch, we find that they dissipate stresses on a minute timescale and that relaxation can be described by a power law
with an exponential cut-off at timescales larger than about 10 s. This process involves an increase in monolayer length, pointing
to active remodelling of cellular biopolymers at the molecular scale during relaxation. Strikingly, monolayers consisting of tens
of thousands of cells relax stress with similar dynamics to single rounded cells, and both respond similarly to perturbations of
the actomyosin cytoskeleton. By contrast, cell-cell junctional complexes and intermediate filaments do not relax tissue stress,
but form stable connections between cells, allowing monolayers to behave rheologically as single cells. Taken together, our data
show that actomyosin dynamics governs the rheological properties of epithelial monolayers, dissipating applied stresses and

enabling changes in monolayer length.

the body, acting as physical barriers between the internal and
the external environment. For this, epithelia must withstand
substantial mechanical stresses'™*. During development, strain in
epithelia evolves slowly at rates of about 0.04%s™" (ref. °); in adult
animals, strain rates of 10-100%s™" occur during normal organ
function®'°. While in some organs, such as the lung, epithelia
are subjected to deformations lasting only seconds, in others
(skin, intestine, bladder) large deformations can be sustained for
minutes'"2. In addition, organisms need to withstand external
mechanical insults. Thus, for optimal tissue resilience, the cells must
be mechanically integrated to spread stresses across the whole tis-
sue. Failure to do so can result in tissue fracture with consequences
such as haemorrhage and septicaemia’*-"°. Indeed, tissue fragility
appears as a symptom in patients carrying mutations in interme-
diate filaments and desmosomal proteins'®, adherens junction pro-
teins and actin cytoskeletal regulators'”'®, and because of bacterial
pathogens targeting intercellular adhesions'®. The ability of living
tissues to dissipate stresses decreases the risk of fracture’’, protect-
ing organisms against failure. Despite the importance of epithelial
mechanics, little is known about how epithelia dissipate stresses in
response to extension.
In isolated cells, many rheological behaviours operating at dif-
ferent timescales have been identified. At subsecond timescales,
localized stress applied to the cell surface can be dissipated by

| pithelial monolayers line most surfaces and internal cavities of

redistribution of the fluid phase cytosol through the porous insolu-
ble part of the cytoplasm®. At longer timescales, a scale-free power
law rheology is observed®”, and recent work has indicated the
presence of a cut-off to this response imposed by the actomyosin
cytoskeleton®. In multicellular aggregates, rheology may be influ-
enced by the assembly of specialized intercellular junctions and
junctional signalling”**. Indeed, adherens junctions, which link
the actin cytoskeletons of adjacent cells, exhibit viscoelastic prop-
erties”*. However, little is known about the stress response of cul-
tured or embryonic epithelia to deformation—despite this being an
important property for tissues. Nor is it known which molecular
mechanisms participate in the process. In part, this derives from
the difficulty of measuring stress in epithelia mechanically coupled
to a relatively thick and rigid extracellular matrix (ECM).

Here, we study stress relaxation in epithelial monolayers devoid
of ECM subjected to a physiologically relevant strain. Our analysis
reveals that, at minute timescales, tissue rheology is dominated by
the actomyosin cytoskeleton and that myosin contractility acceler-
ates stress relaxation. By contrast, adherens junctions act as stable
bridges connecting adjacent cells. As a consequence, the stress relax-
ation of an epithelial monolayer is similar to that of an isolated cell.

Stress relaxation is accompanied by a change in length
To investigate the response of epithelia to stress, we used monolay-
ers of Madin-Darby Canine Kidney (MDCK II) cells devoid of a
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substrate and suspended between test rods'***. Under these condi-
tions, all stress in the system is borne by cells, simplifying interpre-
tation and analysis (Supplementary Fig. 1). Suspended monolayers
were subjected to a strain £,=30% applied at a rate of 75%s7!,
within the linear regime of the stress—strain response for monolay-
ers" and consistent with in vivo physiological conditions”'**’. Strain
was then maintained for about 130-140s (Fig. la,b and Methods),
while stress was monitored. Strikingly, about 70% of stress was
dissipated within about 60s (Fig. 1c). Importantly, this behaviour
was reproducible over several cycles. Moreover, cells maintained
their characteristic apico-basal polarity and cytoskeletal organiza-
tion throughout'>*. In the body, epithelia are generally bound to
ECM. Therefore, we confirmed the generality of the observed stress
relaxation behaviour in a simple tissue comprising cells and ECM
using Drosophila third larval instar wing imaginal discs (Fig. 1d,e
and Supplementary Results). Wing discs displayed behaviours
qualitatively similar to those of monolayers, although the ampli-
tude of stress relaxation was lower, probably because of the presence
of ECM.

In living tissues, stress relaxation can arise from molecular or
cellular processes. In our experiments, cellular processes, such as
oriented cell division or neighbour exchange'**, are unlikely to
contribute, since they require tens of minutes (Fig. 1c,f). During
stress relaxation, we could not observe any changes in organization
or cell morphology (Supplementary Fig. 2¢,d and Supplementary
Results). Nevertheless, when the test rod is returned to its initial
position at the end of an experiment, the monolayer buckles (Fig. 1g
and Supplementary Video 1). Thus, stress relaxation involves an
increase in monolayer length as a result of remodelling at the sub-
cellular scale.

Monolayer stress relaxation is biphasic

Stress relaxation started immediately after extension and was
biphasic, with a large-amplitude fast relaxation occurring within
the first approximately 65, followed by a smaller-amplitude slow
relaxation, which reached a plateau after about 60, as previously
observed" (Figs. 1c and 2a). This plateau indicates that the mate-
rial behaves like a solid at minute timescales. Examination of the
relaxation curves in log-log and log-linear scales revealed that
stress decays as a power law in the first phase and as an exponential
in the second (Supplementary Fig. 3). We confirmed the power-
law nature of the first phase by performing stress relaxation
experiments for a range of deformations (Supplementary Fig. 4c—f
and Supplementary Methods). Based on these observations, the
relaxation can be described by At“e™*+B (Methods), with the
first phase characterized by the exponent a and the second
phase by the time constant 7 (#=0.3+0.03, 7=14.9+5.8s, n=17
monolayers). B/e, is equivalent to an elasticity, and A sets the
amplitude of the relaxation. Interestingly, the power-law
exponent a~0.30 was consistent with reports for cell aggregates
subjected to compression®. Relaxation in Drosophila wing discs
displayed similar characteristics, although the parameters dif-
fered (Supplementary Fig. 5c-h, Supplementary Table 2 and
Supplementary Results). Thus, larval and cultured epithelia display
fluid-like properties at second timescales and solid-like properties
at minute timescales.

To explore the robustness of this biphasic behaviour, we subjected
cultured monolayers to a 30% strain applied at different rates and to
different strains at a fixed 75%s™' rate. In both cases, the data were
well described by our empirical fit function (Supplementary Figs. 6
and 8 and Supplementary Results). Taking loading into account,
we confirmed that our initial experimental conditions (30% strain
applied at 75%s™') are close to a pure step strain for monolay-
ers, validating our fitting approach (Supplementary Figs. 6 and 7
and Supplementary Results). Interestingly, = increased with strain
with a slope significantly larger than zero (Supplementary Fig. 8g,
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slope=70.1+57.1s, P<0.05). The dependence of 7 on strain is sur-
prising and may arise because the rate of processes dissipating stress
does not depend on strain.

The transition between the two relaxation phases occurs for t~6s
(Supplementary Fig. 3c). This short timescale suggests that passive,
ATP-independent processes govern the power-law behaviour, while
active ATP-dependent processes participate in the second phase.
When we examined stress relaxation curves from ATP-depleted tis-
sues on a log-log scale, we noticed that they did not display the
plateau at long timescales characteristic of exponential relaxation
(Fig. 2a-c, Supplementary Fig. 4a and Supplementary Results),
indicating that the second phase was indeed ATP dependent.

Monolayer stress relaxation depends on actomyosin

As stress relaxation is accompanied by an increase in monolayer
length, we hypothesized that it may involve dynamic turnover of
cytoskeletal and adhesive structures. We focused on subcellular
structures known to play a role in cell and tissue mechanics**%, such
as the actin cytoskeleton'***** , intermediate filaments*” and the
intercellular junctions connecting these structures (adherens junc-
tions'>*** and desmosomes'?).

To identify key components of these structures in MDCK
monolayers, we used messenger RNA sequencing (Supplementary
Methods), and selected proteins that were among the most
abundant in each candidate structure for further examination
(Supplementary Fig. 9a).

We reasoned that only proteins that display extensive turnover
on the timescale of our experiments could significantly contribute
to stress relaxation. To characterize turnover, we used fluorescence
recovery after photobleaching (FRAP) and estimated the extent
of recovery after 100s (mobile fraction, Supplementary Methods,
Fig. 2e,f, Supplementary Fig. 9b,c and Supplementary Table 1).
Actin, myosin and crosslinkers were the most dynamic, with mobile
fractions larger than 0.4, consistent with a potential role in stress
relaxation (Fig. 2f and Supplementary Table 1). In contrast, pro-
teins of the cadherin-catenin complex, intermediate filaments and
desmosomes seemed stable, with mobile fractions smaller than 0.1.
Proteins involved in mechanotransduction exhibited intermediate
mobility (EPLIN and vinculin).

To test for a role for actomyosin, we depolymerized F-actin using
latrunculin B (Fig. 3a,b). This led to a remarkable softening of the
monolayer, suggesting that intermediate filaments bear little stress
in this range of strain (Fig. 3c,d). Furthermore, relaxation curves
appeared linear in the logarithmic scale, pointing to a delay in the
second phase or its abrogation (Fig. 3d). Thus, the actin cytoskel-
eton governs the second phase of relaxation. As actin-related pro-
teins with fast turnover localized to both intercellular junctions and
the submembranous cortex (Supplementary Fig. 10), this suggested
that either of these actomyosin-rich structures may contribute to
relaxation in the second phase.

Perturbing actomyosin slows relaxation
Actin’s function is multifaceted: it is the building block for generat-
ing filamentous actin, F-actin serves as a scaffold for myosin con-
tractility, and crosslinkers can modulate the network’s mechanics.

Previous work has identified specific roles for actin networks
generated through distinct nucleation pathways via the Arp2/3
complex and formins in epithelial tissues**'. To determine their
respective roles in monolayer stress relaxation, we inhibited actin
nucleation through Arp2/3 using CK666, and through formins
using SMIFH2 (Supplementary Methods). Formin inhibition led
to a weakly significant increase in the relaxation time 7 (Fig. 3f).
However, Arp2/3 inhibition had no significant effect.

To investigate the role of myosin contractility, we treated
monolayers with Y27632, an inhibitor of Rho-kinase. Y27632 sig-
nificantly reduced B/e, (Supplementary Fig. 12f) and increased =
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Fig. 1] Stress relaxation in cell monolayers involves a change in length. a, Schematic diagram of the stress relaxation experiments. Monolayers were
stretched to 30% strain at a 75% s strain rate using a motorized micromanipulator and then kept at a fixed strain for about 130-140's. The flexible rod
was then returned to its initial position and the monolayers were left to recover. b, Bright-field microscopy images of an epithelial monolayer before and
during stretch. Scale bars, 0.5mm. ¢, Stress relaxation curves of cell monolayers (n=17). The magenta and green dashed lines indicate Os and 30 s after
application of stretch. Stresses go to zero on return of the flexible rod to its initial position (t=140s, black dashed line). d, Bright-field microscopy images
of Drosophila larval wing discs before and during stretch. Scale bars, 100 um. e, Stress relaxation curves of Drosophila larval wing discs (n=12). f, Confocal
microscopy images of monolayers expressing E-cadherin-GFP (green fluorescent protein) for Os (left) and 30 s (middle) after stretch. The two images
were overlaid to detect potential cell shape change during relaxation (right). Scale bars, 10 um. g, Cross-section of a monolayer expressing E-cadherin-GFP
before application of stretch (=2.7's), during stretch (O's and 129.6 s) and on release (136.4 s). The length of the monolayer on release is different from

its length before application of stretch. The glass substrate appears dark due to dye exclusion. The white dashed lines indicate the positions of the glass
substrates. The part of the monolayer situated between the two dashed lines is suspended. The dotted white line indicates the shape of the monolayer
before application of stretch. Scale bars, 100 pm. This experiment is representative of n=22 monolayers.
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Fig. 2 | Extensive cytoskeletal remodelling occurs on the timescale of stress relaxation. a,b, Stress relaxation curves of untreated (a,

n=17) and ATP-

depleted (b, n=10) monolayers plotted on a logarithmic scale. ¢, Box plots comparing « of untreated and ATP-depleted monolayers. (** P<0.01.) d, Box
plot of 7 for untreated monolayers. e, Confocal microscopy images and kymographs of FRAP experiments. Left: localization of the protein of interest; the
red circle shows the bleached region, and the green circle shows the region imaged for fluorescence recovery. Right: normalized fluorescence intensity
across the junction within the green circle. Intensities are normalized to the maximum intensity in each kymograph. Scale bars, 10 um. f, Mobile fractions
obtained from the FRAP curves for the cytoskeletal, adhesive and junctional proteins examined. In all box plots, the number of cells or monolayers

examined is indicated above the graph.

(Fig. 3f, Supplementary Fig. 12a), leading to curves that appeared
more linear on a logarithmic scale and implying that myosin activity
accelerates the return to mechanical equilibrium.

Finally, we explored whether crosslinkers influence the dynam-
ics of relaxation by generating friction in the actomyosin network,
as in single cells”>”. We found that depletion of the dominant
actin crosslinkers in the system (filamin A and a-actinin 4,
Supplementary Fig. 9a) had no impact on stress relaxation (Fig. 3e
and Supplementary Fig. 11).

Together, these results indicate that F-actin remodelling func-
tions together with myosin contractility to ensure rapid relaxation
of stress.

Monolayer relaxation is similar to relaxation of isolated cells
Interestingly, stress relaxation in monolayers seemed similar to that
in reports examining single cells*»**. To investigate this, we charac-
terized the relaxation of isolated MDCK cells by compressing single
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rounded cells with a tipless atomic force microscopy cantilever to
stretch the cortex in the free surfaces of the cell (Fig. 4a)*>. The tran-
sitory phase of force relaxation lasts about 20s and reports on dis-
sipation mechanisms, while the plateau reports on cellular cortical
tension”>** (Fig. 4b). Similarly to monolayers, single cells relaxed
following a power law at second timescales and an exponential at
minute timescales, consistent with previous work® (Fig. 4b and
Supplementary Fig. 13a). Fitting these curves with our empirical
function yielded 7=13.4+15.0s, similar to monolayers (P=0.18),
and a=0.25+0.05, weakly but significantly smaller than in mono-
layers (P <0.05, Fig. 4c,d).

Next, we investigated if the second phase of stress relaxation in
single cells was sensitive to the same perturbations as in monolayers.
Depletion of a-actinin 4 had no effect (Fig. 4e and Supplementary
Fig. 13). Treatments with Y27632 and SMIFH2 both increased 7, as
in monolayers (Fig. 4f), and decreased cellular cortical restoration
force C (Supplementary Fig. 14).
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Fig. 3 | Monolayer stress relaxation is slowed by perturbations to
actomyosin. a,b, Confocal microscopy images showing F-actin distribution
in monolayers treated with dimethylsulfoxide (DMSO) (a) and latrunculin
B (b) for Th. Junctional actin localization was perturbed following
latrunculin treatment, leaving puncta of actin at the junctions (white
arrowheads). Scale bars, 10 pm. The monolayer yz profile is shown on the
left of the xy panel. ¢,d, Stress relaxation curves of monolayers treated with
DMSO (c) and latrunculin B (d) for 1h displayed on a logarithmic scale.

e, Box plots comparing 7 in monolayers depleted for actin crosslinkers filamin
A and a-actinin 4 (P=0.34 for FLNA short hairpin RNA (shRNA) + tet and
P=0.40 for ACTN4 shRNA, compared with their respective controls). f, Box
plots comparing 7 following treatments with DMSO, Y27632, CK666 and
SMIFH2 (**P < 0.01 for Y27632; n.s., P< 0.05 with 75% statistical power
for CK666; *P<0.05 for SMIFH2, all compared with DMSO). In all box
plots, the number of monolayers examined is indicated above the graph.

Furthermore, we characterized actomyosin localization and
turnover in single rounded cells. Actin, myosins and crosslinkers
localized to the cortex of rounded cells (Supplementary Fig. 15c).
Their turnover dynamics were similar to those measured in mono-
layers (Fig. 4g, Supplementary Fig. 15a,b and Supplementary
Table 3). Therefore, single cells display similar stress relaxation
to monolayers, are sensitive to similar perturbations and have
similar actomyosin turnover. This suggests that stress relaxation
may originate in the actin cortex, the only actin- and myosin-rich
structure common to isolated cells and monolayers. Consistent
with this, the mobile fraction of actin in the apical cortex of cells
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within monolayers was not significantly different from that in single
rounded cells (0.46 +0.13, P=0.6, Fig. 4g).

A phenomenological model for monolayer stress relaxation
To investigate the mechanical origins of the ATP-dependent regime
and the dynamics of length change, we fitted the second phase of
relaxation with rheological models representing the monolayer as
an integrated mechanical system, in light of the similarities in the
relaxation of single cells and monolayers. Based on our data, we
reasoned that ATP-dependent monolayer mechanics should consist
of an elastic branch, describing the response at minute-long times-
cales using a spring with stiffness «, placed in parallel with a viscous
branch, that describes the transitory regime (Fig. 5a, Supplementary
Fig. 16a).

Although a viscous branch consisting of a spring with stiffness
ky in series with a dashpot with viscosity # reproduces the experi-
mental stress evolution (Supplementary Fig. 16 and Methods)
and provides the evolution of monolayer length (Supplementary
Methods), its characteristic time is fixed by material parameters
7y =1/ky independently of strain, in contradiction with our obser-
vations (Supplementary Fig. 8g). As an alternative, we used a model
that considers length as an explicit variable® because epithelia often
change length during development’>*’. Due to the role of myosin
and changes in length during relaxation, we modelled the vis-
cous behaviour using an active contractile element consisting of a
spring with stiffness «, subjected to a constant prestrain & (Fig. 5a).
In response to an applied strain ¢, this spring changes its resting
length L(t) as

L/L=y(e(t)—€%)/1e(t=0 5)—¢ |
with y a length-change rate. °(¢) is the effective strain defined as
e (t)=,~L@))/L(t)

with [, the actual length of the monolayer imposed by defor-
mation. Over time, the change in L(f) dissipates stress with an
exponential decay (equation (6)), similarly to a Maxwell material
(Supplementary equation (14)), converging towards the prestress
o.=kK¢&. After relaxation, stress in the monolayer reaches a plateau
0., =k€,+Kk,e° with a characteristic time that increases with strain
as Tpoqq = o/ [Y(1 4+ €y)], as observed in experiments (Supplementary
Fig. 8g). The resting lengths of the active branch and the elastic
branch may be different because they originate from different cyto-
skeletal structures.

In monolayers, we measured o.~141Pa (Supplementary
Fig. 17a,cand Supplementary Methods), consistent with an active ele-
ment. Following relaxation, the stress in the elastic branch (¢, —o,)
seems to scale linearly with strain (Supplementary Fig. 17b), point-
ing to a spring-like behaviour with x~ 1,006 Pa (Supplementary
Fig. 17b). We fitted the second phase of stress relaxation using equa-
tion (7) to determine k, and y, using our measurements of o, and
k together with the relationship o,=x,e° (Fig. 5b, Supplementary
Fig. 17¢c-g, k, ~ 601 Pa, £ =0.26 and y ~ 0.03 57!, Methods). We then
confirmed our model’s robustness to variations in strain and strain
rate (Supplementary Results). The 7, values obtained from the
model correlated well with those determined from empirical fitting
for all conditions (Fig. 5f). In experiments, 7 increased with applied
strain (Supplementary Fig. 8d,g), a scaling that could be explicitly
derived from our rheological model with no change in material
parameters (Supplementary Fig. 19e and Methods). Furthermore,
for small applied strain, 7,,,4q becomes linearly proportional to &,:
Tmodel ~ €/7- Using this approximation, linear fits of our observa-
tions (Supplementary Fig. 8g) suggest that z(g,) intercepts the y
axis close to 0s (intercept=—5.5+11.4s, P=0.31 compared with
zero), consistent with our model. The slopes of these fits predict
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Fig. 4 | The dynamics of stress relaxation and the extent of actomyosin turnover are similar in single cells and in monolayers. a, Diagram representing
the experimental setup. At time t=0's, a single rounded cell is compressed between the glass surface and a tipless atomic force microscopy cantilever.
Cell compression leads to stretching of the cortex at the cell free boundaries. The evolution of force over time is measured by monitoring changes in
cantilever deflection with an optical lever. b, Temporal evolution of force in untreated single rounded cells. A step deformation representing about 30%

of cell height was applied at t=0s and maintained constant for 150 s. Each individual trace corresponds to a different cell. ¢,d, Box plots reporting « (¢)
and 7 (d) for untreated rounded cells. e, Box plots comparing the characteristic relaxation times for cells expressing non-silencing shRNA (Ctrl shRNA)
and shRNA targeting a-actinin 4 (ACTN4 shRNA) (n.s., P<0.05 with 51% statistical power). f, Box plots comparing the characteristic relaxation times for
cells treated with DMSO, Y27632 and SMIFH2 (**P < 0.01 for Y27632 and *P < 0.05 for SMIFH2, both compared with DMSO). g, Box plots comparing the
mobile fraction of actomyosin proteins in the cortex of rounded cells after 100 s recovery after photobleaching as well as actin turnover in the apical cortex
of cells within monolayers. In all box plots, the number of cells examined is indicated above the graph.

7~0.03+0.02s7", similar to the values obtained by fitting relaxation
curves for 30% strain (Supplementary Fig. 17e, P=0.28). This sug-
gests that y stems from constitutive strain-independent biochemical
reactions.

Myosins and formins accelerate length change

To link mechanical behaviour to biological mechanisms, we
analysed perturbation experiments using our rheological model.
The effect of F-actin depolymerization suggested that both
branches of our model are actin-rich structures (Fig. 3a-d).
Next, we measured changes to x and o, from experiments and
obtained k, and y from curve fitting with the condition o =x,é&".
Treatment with either Y27632 or SMIFH2 decreased y, but had
no effect on «, (Fig. 5c,d). Therefore, both formins and myo-
sin contractility contribute to stress relaxation by ensuring rapid
length change. Interestingly, Rho-kinase inhibition also decreased
o. and k, while formin inhibition affected neither (Fig. 5e,
Supplementary Fig. 20a and Supplementary Results). Thus, myo-
sin contributes to both the active and the elastic parts of the
system, perhaps through its different functions (contractility and
crosslinking) or because each branch represents a distinct actomyo-
sin structure.
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Discussion

Here, we characterize stress relaxation and the molecular
turnover of stress-bearing biological structures in isolated cells and
epithelial monolayers. Our data paint a picture in which intercel-
lular junctions form stable interconnections between cells, allowing
the monolayer to behave like a single cell with its rheology con-
trolled by cortical actomyosin. Together F-actin remodelling and
myosin contractility endow the monolayer with solid-like mechani-
cal properties at minute timescales, act as driving forces to reach
a new mechanical steady state following extension and regulate
monolayer length.

Monolayer rheology is controlled by cellular rheology. Stress
relaxation in monolayers displayed many similarities to stress
relaxation in single cells. This is surprising since the cytoskeletal
organization of single rounded cells and cells within epithelia differ
markedly.

Yet, when subjected to a step deformation, both single cells
and monolayers displayed an initial phase of relaxation following
a power law followed by an exponential decay reaching a plateau
at minute-long timescales, consistent with previous reports**. The
plateau indicates that both single cells and monolayers switch from

NATURE PHYSICS | VOL 15 | AUGUST 2019 | 839-847 | www.nature.com/naturephysics


http://www.nature.com/naturephysics

a b 300
Experiment
0, =Ky €° 250 — Fit
w
S
@ 200 -
14 <
&
150
K
100 L L L
0 20 40 60 80
Time (s)
< o N A d o N N
old > oid Pie N Yid
A\ A\ A\ A\ A\ A\
1,200 *
n.s. 0.06
1,000 | s : o
[ ]
800 @
© < 0.04 .
& 600 - ‘o
< >~ s
400 0.02 -
200 * @
0 L L L 0 L L L
o s 9 o) o 9
& & & o & &
0“ ,\’7;\ %§§\ 0® 4‘7:\ %§§\
e f
//q/Q //\\ //Q:\
A\ i\ A
600 90 -
n.s. + Untreated 20% A1%s™
L x DMSO 30% A 5%s
500 + Y27632 40% 4 25%s"
400 - 60 I SMIFH2 ®50% A 75%s
w =
L 300 - 3
58 £
200 -
100 |- *[®
NEE NN
& & &
Q N2 S

Fig. 5 | Formin-mediated actin polymerization and myosin contractility
contribute to rheological properties during stress relaxation. a, Diagram
of the rheological model consisting of an active branch (top) and an elastic
branch (bottom). The elastic branch consists of a spring with stiffness kx and
this gives the steady-state behaviour of the monolayer. The active branch
describes the transitory regime in response to mechanical perturbation

and it comprises an active contractile element that consists of a spring

with stiffness k, subjected to a prestrain &°. This active spring can change
its resting length L(t) at a rate y. b, The second phase of a representative
relaxation curve is fitted with the rheological model shown in a. c-e, Box
plots comparing k, (¢), y (d) and o, (e) for monolayers treated with DMSO,
Y27632 or SMIFH2. (x4, n.s., P=0.95 for Y27632 and P=0.58 for SMIFH2;
y, **P<0.01 for Y27632 and *P < 0.05 for SMIFH2; 6, **P < 0.01 for Y27632
and n.s., P=0.80 for SMIFH2; all compared with DMSO.) f, 7., calculated
from the rheological model using equation (9) as a function of r determined
from fitting with the empirical function (equation (1)) for the different
loading regimes and the different perturbations. In all box plots, the number
of monolayers examined is indicated above the graph.

a liquid-like behaviour at second timescales to a solid-like behav-
iour on minute-long timescales.

In the second phase of relaxation, stress in monolayers and sin-
gle cells decayed with 7 values that were identical (~14s). In both
situations, 7 depended strongly on myosin contractility and formin
activity. These similarities imply that the rheology of single cells and
monolayers is governed by actomyosin structures common to both.
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Molecular mechanisms controlling monolayer rheology. In line
with the role of actomyosin in stress relaxation, we observed that
cortical proteins turn over significantly on the timescale of mechan-
ical relaxation in single cells and monolayers. In contrast, the
adhesive structures present in monolayers remodel far less.
Therefore, adherens junctions form stable interconnections between
cells, allowing the monolayer to behave like a single cell with its
rheology controlled by actomyosin. As the submembranous cortex
is the only actomyosin-rich structure common to both single
rounded cells and cells within epithelial monolayers (Supplementary
Figs. 10 and 15) and as it turns over to a similar extent in both con-
figurations (Fig. 4g), this suggests that cortical actomyosin controls
stress relaxation. This further implies that rheology at the tissue
scale may be controlled by emergent properties of actomyosin gels
at the molecular scale*.

Interestingly, 7 increased with applied strain (Supplementary
Fig. 8g), but why remodelling of the cortex should take longer for
larger strain is unclear. Cortical remodelling requires nucleation of
new actin filaments and depolymerization”. When monolayers are
stretched, their apical and basal areas increase", potentially leading
to a decrease in the concentration of actin nucleators at the mem-
brane. As cortex thickness is regulated®*”', the lower nucleator con-
centration may lead to a longer remodelling time.

Monolayer length changes in response to application of stress.
Previous theoretical and experimental studies have suggested that
changes in the resting length of cells and tissues may underlie stress
relaxation®*. In line with this, we showed that monolayer length
increases in response to sustained stretch (Fig. 1g). This length
change stems from a change in the length of the active branch of
our model and depends on formin-mediated polymerization and
myosin contractility (Fig. 5). Although length increase in the active
branch dissipates part of the stress, our model and experiments indi-
cate that the elastic branch does not change length at minute times-
cales. Further work will be necessary to determine which actomyosin
structure underlies this elastic-like behaviour. The realization that
some monolayer structures can change resting length over minute
timescales in response to stress may have important consequences
for our understanding of developmental morphogenesis, which often
involves large tissue deformations in response to stress generated
elsewhere in the embryo. Our results show that, in addition to cel-
lular level processes,which take tens of minutes, molecular turnover
can change cellular cortical area to dissipate stresses in minutes.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of code and data availability and
associated accession codes are available at https://doi.org/10.1038/
s41567-019-0516-6.
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Methods

Cell culture and generation of cell lines. MDCK II cells were cultured at 37°C

in an atmosphere of 5% CO, in air in high-glucose DMEM (ThermoFisher)
supplemented with 10% fetal bovine serum (Sigma) and 1% penicillin-streptomycin
(ThermoFisher). Mechanical experiments and imaging were performed in Leibovitz’s
L15 without phenol red (ThermoFisher) supplemented with 10% fetal bovine serum.

To visualize the junctional and cytoskeletal structures, and to determine the
turnover kinetics of various proteins, stable lines of MDCK II cells expressing the
following proteins were used: E-cadherin-GFP, actin-GFP, Lifeact-GFP, a-catenin—
GFP, B-catenin-GFP, vinculin-GFP, EPLIN-GFP, a-actinin 1-GFP, a-actinin 4-GFP,
filamin A-GFP, vimentin—GFP, keratin 18-GFP, desmoplakin-GFP, NMHCIIA-GFP
and NMHCIIB-GFP. Cell lines expressing E-cadherin-GFP, Lifeact-GFP and
keratin 18-GFP have been described by Harris et al."”. Other cell lines were generated
by linearization of plasmids encoding the FP-tagged protein of interest with the
appropriate restriction enzyme. The following plasmids were used: a-catenin-GFP
(a gift from Dr. E. Sahai, The Francis Crick Institute, UK), f-catenin-GFP (a gift
from Dr. B. Henderson, University of Sydney, Australia), vinculin-GFP (a gift
from Professor S. Craig, Johns Hopkins University, USA), EPLIN-GFP (a gift from
Professor E. Luna, University of Massachusetts, USA, Addgene plasmid 40947),
a-actinin 1-GFP*, a-actinin 4-GFP (a gift from Professor D. Robinson, Johns
Hopkins University, USA), filamin A-GFP (a gift from Dr. P. Shore, University of
Manchester, UK), vimentin-GFP (a gift from Professor R. Goldman, Northwestern
University, USA), desmoplakin-GFP (a gift from Professor K. Green, Northwestern
University, USA, Addgene plasmid 32227), NMHCIIA-GFP and NMHCIIB-GFP
(both gifts from Dr. R. Adelstein, National Heart, Lung and Blood Institute, USA,
Addgene plasmids 11347 and 11348). The cell line expressing actin~GFP was
generated by inserting actin—-GFP into a retroviral vector (pLPCX, Takara Clontech),
generating retrovirus as described by Harris et al."”* and transducing it into MDCK
cells. To create all other stable cell lines, the plasmid of interest was first linearized
with the appropriate restriction enzyme and then transfected into wild-type MDCK
1I cells using electroporation (Lonza CLB). Approximately 10° cells were transfected
with 10 pg (NMHCIIA-GFP, NMHCIIB-GFP) or 2 ug (all other plasmids) of
plasmid DNA according to manufacturer’s instructions and then selected with
antibiotics for 2 weeks. To achieve a homogeneous level of fluorescence expression,
cells were sorted using flow cytometry. Cells expressing E-cadherin-GFP were
cultured in the presence of 250 ngml™ puromycin. Cells expressing actin-GFP were
selected in the presence of 1 pgml~" puromycin. All other cell lines were selected in
the presence of 1 mgml™ G418.

To study the role of crosslinkers, cell lines stably expressing shRNA targeting
filamin A and a-actinin 4 were used. FLNA shRNA was expressed in a tetracycline-
inducible manner”. These cells were cultured in the presence of 5pgml~*
blasticidin and 800 pgml~' G418. To induce expression of shRNA, cells were
incubated in the presence of 2 pgml~' doxycycline for 72 h prior to the experiments.
Plasmids encoding non-silencing shRNA and shRNA targeting a-actinin 4 were
a gift from Professor B. Brieher (University of Illinois Urbana—Champaign, USA).
Following linearization of the plasmids, stable cell lines expressing control stRNA
and ACTN4 shRNA were generated by transfecting the plasmids into wild-type
cells using electroporation (Lonza CLB) as described above. Control and ACTN4
shRNA lines were amplified and selected in the presence of 4 pgml~' puromycin.
Protein depletion was ascertained using western blotting.

Generating suspended cell monolayers. Suspended cell monolayers were
generated as described by Harris et al.">*. Further information is provided in
Supplementary Methods.

Mechanical testing procedure. The mechanical testing setup was assembled on
top of an inverted microscope (Olympus IX-71) (Supplementary Fig. 1a). First,
the Petri dish containing the stress measurement device was secured on the
microscope stage with four pieces of plasticine. The force transducer (SI-KG7A,
World Precision Instruments) with a tweezer-shaped mounting hook (SI-TM5-
KG7A-97902, World Precision Instruments) was mounted on a three-dimensional
motorized micromanipulator (Physik Instrumente) with a custom-made adaptor.
The fixed rod of the device was held with the arm of a three-dimensional manual
micromanipulator (Supplementary Fig. 1a), while the top Tygon section of the
flexible rod was held with the tip of the force transducer (Supplementary Fig. 1c).
Both motorized and manual micromanipulators were equipped with a magnetic
plate that secured them to the custom-made metal stage of the microscope.

Using the motorized micromanipulator, the monolayers could be extended to
different strains with controlled strain rates. Extended monolayers exerted restoring
forces on the flexible rod, causing the transducer tip to bend. The extent of bending
was translated into a voltage value that was converted into a digital signal using a
data acquisition system (USB-1608G, Measurement Computing) and recorded onto
a computer. Both the data acquisition system and the motorized micromanipulator
were controlled with a custom-written code in Labview. The monolayer and the
transducer tip were imaged every 0.5s using a 2X objective (2x PLN, Olympus).

The mechanical testing procedure consisted of several steps.

o Initial approach. The tip of the force transducer was initially brought into con-
tact with the Tygon tubing and then positioned such that the left tweezer arm

was out of contact but within 50 pm of the Tygon tubing. This enabled identi-
fication of the contact point of the transducer tip with the device during the
mechanical testing procedure (Supplementary Fig. 1c).

o Preconditioning. The monolayers were subjected to eight cycles of loading to a
30% target strain at a 1% s™" strain rate. This ensured breakage of any residual col-
lagen attached to the monolayer (especially close to the rods), as well as causing
the samples to evolve into a ‘preconditioned’ state, where the slope of the stress—
strain curve did not change in successive cycles. Hence, several experiments
could be conducted on the same sample with a high degree of reproducibility.

o Stress relaxation experiments. The monolayers were extended to 30% strain at a
75%s™! strain rate and then kept at a fixed 30% strain for about 130-140s. The
micromanipulator was then returned to the position it occupied before stretch
(Fig. 1a). This released the monolayers and they were left unstretched for about
130-140s to recover before performing another stress relaxation experiment.
This stress relaxation experiment was repeated three times on each monolayer.

o Loading until failure. The monolayers were extended until failure at 1%s™'
strain rate. After rupturing the monolayer, the flexible rod was returned to its
initial position.

o Calibration of the device. To allow conversion from voltages to force, the device
was calibrated. To do this, the wire was extended at the same rate and to the same
extent as in the cycling experiments. This was repeated five times. The length of
the wire L,, was measured using a Canon FD macro lens interfaced to a Hama-
matsu EMCCD camera (Orca ER) (Supplementary Fig. 1b). Together with the
mechanical properties of the wire, knowledge of L, enables determination of the
bending stiffness of the wire and hence the force applied for a given deflection.

A detailed description of the procedure for conversion of voltages to forces is
given in Supplementary Methods.

Drosophila wing disc mechanical testing. The stress measurement devices and the
mechanical testing procedure used for the Drosophila wing discs were similar to
those for monolayers with a few modifications (see Supplementary Methods).

Single-rounded-cell mechanical testing procedure. Prior to experiments, MDCK
cells were trypsinized and plated sparsely in a glass-bottomed Petri dish (35 mm
diameter, WPI) and left to settle for 10-30 min. The experiments were conducted
while the cells remained rounded and before they started to spread.

Force relaxation measurements were conducted using a CellHesion 200
atomic force microscope (JPK Instruments) mounted on a scanning laser confocal
microscope (Olympus IX81 with a FV1000 confocal head) and tipless silicon SPM-
sensor cantilevers (Arrow TL1Au-50, NanoWorld) with nominal spring constant
of 0.03N'm™" were used. The sensitivity of each cantilever was measured from the
slope of a force-displacement curve acquired on a glass coverslip, and the spring
constant was calibrated using the thermal noise fluctuation method. The spring
constants estimated for each experiment ranged between 0.055 and 0.06 Nm™".

Before conducting force relaxation experiments, force-displacement curves
were acquired on the cell and a glass region close to it. Using these two curves, we
estimated the cell height as the difference between the cantilever contact with the
cell and glass. Next, we estimated the target force required to indent the cell by
about 30%. Finally, force relaxation curves were acquired by indenting the cell to
the target force of 5-40 nN at a rate of 75%s™' and maintaining the cantilever at a
constant height for 150 s while the force was recorded.

Analysis of the relaxation curves. To analyse the response of monolayers to a step
deformation, the first 75s of the stress relaxation curves was fitted with a function
consisting of a power law with an exponential cut-off:

o (t)=At" e +B 1)

The fitting procedure was as follows. First, the initial conditions for the
fitting were determined. B was the residual stress after the curves plateaued
and was defined as the average of stress in the range 70s <t<75s. A+ B was
defined as the initial stress at the second time point (t=0.150s) after the step
deformation (Supplementary Fig. 3a). The first time point after application of
the step deformation was ignored to allow the calculations to be performed on a
logarithmic scale. To estimate @, the first 5s of the curves was used. In practice,
o(t<5s) — B was plotted as a function of time on a logarithmic scale and fitted with
a line, with a being the slope of this line (Supplementary Fig. 3b). To estimate 7,
o(5s<t<20s) — B was plotted on a semilogarithmic scale and fitted with a line,
with 7 being the slope of this line (Supplementary Fig. 3c). Each experimental
relaxation curve was fitted using equation (1), with the free parameters A,
and 7. B was also allowed to vary by 15% to optimize the fits (Supplementary
Fig. 3d). The trust-region-reflective least-squares algorithm, a built-in MATLAB
fitting procedure, was used for the fitting. The fitting was performed for the three
individual repeats of the stress relaxation experiments on each monolayer. The
fitted values obtained from the three repeats were then averaged to obtain a single
value for each parameter.

For ATP-depletion experiments, we followed the same general procedure
except that we fitted experimental curves with a function of the form At~
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The same procedures were also followed to fit the relaxation curves of single
rounded cells and larval wing discs. For single-cell relaxation curves, since the
residual force reports on cortical restoration force, we have denoted it by a different
parameter C, which was estimated and fitted similarly to B for monolayers. Due to
the slower relaxation of the larval wing discs, we fitted the first 120s of the relaxation
curves and B was defined as the average of stress in the range 1155 <t<120s.

The goodness of fit was determined using the coefficient of determination %,
and curves with 7 <0.80 were excluded from further analysis. This represented
fewer than 3% of experimental curves acquired. We also ensured that there was no
systematic bias in the fit residuals. Outliers were determined as described in the
statistical analysis section, and the curves for which either of the two parameters
and 7 were outliers were not included for statistical analysis. On average, fewer than
13% of the data were excluded from analysis.

Analysis of the relaxation curves taking loading into account. The relaxation
modulus G(t) describes the behaviour of a viscoelastic material and is obtained
from the response of the material to a step in strain. This ideal loading condition
cannot be achieved experimentally. In practice, strain is applied with a constant
strain rate € until the target strain ¢, is reached, after which strain is kept
constant. Thus, the temporal evolution of stress o(t) in the material is given by the
convolution between the relaxation modulus and the derivative of the strain:

de(t')
dt’

o(t) = / Gt—t) ar @)
0

where the relaxation modulus is of the form G (t) = A’t"’e’l? +B’and A’ and B’ are
related to A and B in equation (1) as follows: A=¢,A” and B=¢,B'.

We fitted the relaxation responses of monolayers loaded at a 75% s~ strain rate,
using equation (2). Due to the singularity of G(t) at t=0s, we fitted the relaxation
curves in the range [At, t,,,], with At being 0.150's (our experimental timestep).
The response of the material predicted using the average parameters extracted
from fitting with equation (2) (Supplementary Fig. 7a, black line) are in good
agreement with those obtained approximating our experimental conditions to an
ideal step strain (Supplementary Fig. 7a, red line). Statistical comparisons indicate
that the parameters obtained through both methods are not significantly different
(Supplementary Table 2). Thus, the relaxation responses obtained for strain rates of
75%s™! can be approximated by an ideal step strain.

Chemical treatments. Chemical treatments are described in detail in
Supplementary Methods.

Fitting the second phase of the relaxation with the standard linear solid model.

The second phase of the relaxation curves (defined for ¢>6s) was fitted with the

standard linear solid model, which consists of an elastic branch with stiffness x

in parallel with a Maxwell branch (Supplementary Fig. 16a). The Maxwell branch

consists of a spring of stiffness «,, in series with a dashpot of viscosity 7.
Following application of a step strain ¢, at f=0s, the stress in the Maxwell

branch will relax as follows:

—egy e ®)
oy (t) =ggky € 1
The characteristic time for this relaxation is

= @)
Km
Experimental data o,,,(t) were fitted as follows. First, the residual stress B
was subtracted from the raw stress because it represents the stress in the elastic
branch and stays constant over time. Next, the stress in the Maxwell branch (that is
oy(t) =0,,,(t) — B) was fitted with the stress relaxation function (3), allowing k), and

7 to vary. 88% of the fitted curves had r*> 0.8.

Fitting the second phase of the relaxation with the rheological model. The
second phase of the relaxation curves (defined for t> 65) was fitted with the
rheological model shown in Fig. 5a, which consists of an elastic branch with
stiffness x and an active branch. The active branch consists of a spring of stiffness
K, subjected to a prestrain & that can adapt its resting length L(¢) to return to
& after extension. Thus, in response to an &, that changes I, from J to [,, the
monolayer stress is 6(t) = ke, + k() with £°(¢) = I"‘L_:‘m.

In our modelling, we used the following evolution law for the L(f) of the active
branch:

L (£f()—¢9)
70— ®)

In choosing our empirical evolution function, we reasoned that the material
parameters describing the response of the active element, y, e and «,, should not
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change when we fit experimental curves for different applied strains because the
initial state of the monolayer is the same (Supplementary Figs. 8 and 19).

Following application of a step strain at t=0s that changes the actual length
from [, =1, to [,,=I,, the resting length L(f) will adapt. Since the monolayers are
prestressed and contractile, the value of the resting length before application of
the deformation is given by L(07) =1,/(1 + &°). This provides the initial prestrain:
e°=[l,—L(07)]/L(07). Using equation (5), the evolution of the resting length is
calculated as

I _1
L(t)= H—Ogc (I+gy)—¢ye 7' (6)

Knowing that o=x,¢", this will lead to stress relaxation in the active branch
after application of deformation of the form

(14¢€,) (1+¢°
INOEIN O—V—l (7)
(1+¢,)—g, €770
where ¢, is defined as g = 11;—10
o
The 7,4 for this relaxation can be calculated as
d -1
Tt = [—" ] (0(e0)=0(0)) ®)
de | _
=0
€
Tmo €] = 1 9
del y(1+¢y) ©)

(1) were fitted as follows. First, the residual stress B was
subtracted from the raw stress because it represents the stress in the elastic branch
and stays constant over time. o, was determined in separate measurements because
it cannot be determined during stress relaxation experiments (Supplementary
Methods and Supplementary Fig. 17a,c). This prestress was then added to the stress
in the active branch to yield o,(t) =6,,,(t) — B+ ¢.. Knowing that the measured o, is
equal to ke, we substituted &° with 6,/x, in equation (7) and 6,(t) was fitted with
the stress relaxation function (7), allowing k,, and y to vary. The obtained analytical
curves fitted the experimental data well (2> 0.8 for 88% of the relaxation curves)
without any systematic bias in the residuals.

Experimental data o,

Statistical analysis. All data analysis and curve fitting were conducted using
custom-written code in MATLAB. For each dataset, outliers were defined as the
values that fell outside the range [q, —w(q;—q,), g; + w(q;—q,)], where g, and

q; were the 25th and 75th percentiles of the data and w was 1.5. Outliers were
excluded from statistical analysis. The normality of the data was tested using both
Lilliefors and Shapiro-Wilk tests in R, which confirmed the non-normality of
some datasets. Statistical analysis was performed in MATLAB, using a two-sided
Wilcoxon rank sum test that does not assume normality of the data. To determine
whether a single dataset was significantly different from zero, a Wilcoxon signed
rank test in MATLAB was used. Datasets with P <0.01 were deemed to be highly
significantly different and are denoted by a double asterisk (**). Datasets with

P <0.05 were deemed to be significantly different and are denoted by a single
asterisk (*). Changes with P> 0.05 or where statistical power was less than 0.8
were considered non-significant. For all box plots, the edges of the box represent
the 25th and 75th percentiles of the data, the red line marks the median and the
whiskers extend to include the most extreme data points that are not considered to
be outliers. Points on each box plot represent individual monolayers or cells. Each
dataset is pooled across experiments performed on at least three separate days.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
All data supporting the conclusions are available from the authors on reasonable
request.

Code availability
Custom-written code used for data analysis is available from the authors on
request.
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Software and code

Policy information about availability of computer code

Data collection - Confocal microscopy images were acquired using Olympus FV 10 ASW software, or Andor iQ1 and 1Q3.
- AFM data were acquired using JPK SPM Desktop.
- Force measurements were acquired using Labview Virtual Instruments (V1) provided with the data acquisition system (USB-1608G,
Measurement Computing) and the motorised stage (MG126.DG1 motorised stage with Mercury DC motor controller, Physik
Instrumente).

Data analysis - Confocal microscopy images of the cell monolayers were segmented using PackingAnalyzer (Aigouy et al. Cell. 2010).
- For RNASeq data analysis, the following softwares were used: lllumina's bcl2fastg Conversion Software v2.16, Tophat 2.014, Picard
Tools 1.79, HTSeq, BioConductor package DESeq?2.
- Statistical power was calculated using G*Power (Faul et al. Bahavior Research Methods. 2007).
- Normality tests were conducted in R.
- Microscopy images were processed in ImagelJ. Alignment of the images were performed using the ImagelJ plugin "Template Matching
and Slice Alignment" (Tseng, Q. et al. Lab on a Chip 11, 2231-2240, 2011).
- All other analysis was conducted using custom-written code in Matlab R2015b.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Based on preliminary observations for untreated monolayers, we estimated the required sample size that allowed detection of a minimum of
50% change in the rate of the second phase of the relaxation (i.e. time constant) using G*Power, an open-source software for statistical
power calculations (Faul et al. Behavior Research Methods. 2007). With the preliminary estimate of the time constant (11.5 s) and assuming
the same variance for all conditions (~4s), the sample size required to detect a minimum of 50% change at the level of 0.01 significance with
80% power was n=14. In conditions where equal number of samples was not possible, we estimated that n1=19 for control conditions and
n2=11 for perturbation conditions would give the same statistical power. After performing the experiments, the observed statistical power
(i.e. post-hoc power) was also calculated.

Data exclusions  Where analysis involved curve fitting, goodness of fit was determined using the coefficient of determination, R-squared, and curves with R-
squared<0.8 were excluded from statistical analysis. In addition, for each dataset, outliers were defined as the values that fell outside the
range [q1-w(g3-gq1),q3+w(g3-ql1)], where g1 and g3 were the 25th and 75th percentiles of the data and w was 1.5. Outliers were excluded
from statistical analysis. The reported n numbers in the manuscript are the number of data points included in the statistical analysis after data
exclusion.

Replication All replicates reported in the manuscript are biological replicates collected from experiments performed on at least 3 individual days.

Randomization  On each day of experiment, care was taken to perform control and perturbation conditions in a randomised order.

Blinding NA

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry
|:| Palaeontology |:| MRI-based neuroimaging

Animals and other organisms
|:| Human research participants

[ ] clinical data

XXOXOOS

Antibodies

Antibodies used - Mouse anti-filamin A monoclonal (Sigma, cat. no. F6682, clone PM6/317).
- Rabbit anti-alpha-actinin 4 monoclonal (Merck Millipore, cat. no. MABT144, clone EPR2533(2)).
- Mouse anti-GAPDH monoclonal (Novus Biologicals, cat. no. NB300-221,
clone 1D4).
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- Sheep anti-mouse HRP (GE Healthcare, cat. no. NXA931)
- Donkey anti-rabbit HRP (GE Healthcare, cat. no. NA934VS)

Validation - Mouse anti-filamin A monoclonal (Sigma, cat. no. F6682, clone PM6/317). According to manufacturer's website, "species
recognition includes monkey, hamster, bovine, and canine filamin. The antibody may be used in several immunological
techniques including immunoblotting and immunofluorescence". The antibody has been previously used for immunoblotting in
MDCK cells (Kajita et al. Nat. Commun. 2014). We also tested the reactivity with MDCK cells by running control immunoblots.

- Rabbit anti-alpha-actinin 4 monoclonal (Merck Millipore, cat. no. MABT144, clone EPR2533(2)). According to manufacturer's
website, the antibody "is validated for use in WB, IC, IH(P), IP for the detection of Alpha-Actinin 4" and reacts with human,
mouse and rat Alpha-Actinin 4. We tested the reactivity with MDCK cells by running control immunoblots.

- Mouse anti-GAPDH monoclonal (Novus Biologicals, cat. no. NB300-221, clone 1D4). According to manufacturer's website, the
antibody can be used in several immunological techniques including western blotting. The manufacturer has not tested reactivity
with canine but states that the antibody is likely to react with other mammals. We tested reactivity by running control
immunoblots and verifying that the weigh of the protein was correct.
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Policy information about cell lines

Cell line source(s) MDCK Il cells were obtained from Prof. Yasuyuki Fujita.
Authentication NA
Mycoplasma contamination All cell lines were tested negative for mycoplasma contamination. Tests were conducted using MycoAlert PLUS detection kit

(Lonza, cat. no. LT07-710).

Commonly misidentified lines No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Wing disc explants from wild type (yw;;) Drosophila 3rd instar larvae were used.

Wild animals NA

Field-collected samples NA

Ethics oversight No ethical approval or guidance was required, as Drosophila is not protected under the Animals Scientific Procedures Act 1986.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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