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Cytoplasmic - and y-actin isoforms, along with non-muscle myosin 2 iso-
formes, are tightly regulated in epithelial cells and compose the actomyosin
cytoskeleton at the apical junctional complex. However, their specific role in
regulating the mechanics of the membrane cortex and the organization of
junctions, and which biomechanical circuitries modulate their expression
remain poorly understood. Here, we show that y-actin depletion in MDCK and
other epithelial cells results in increased expression and junctional accumu-
lation of B-actin and increased tight junction membrane tortuosity, both
dependent on nonmuscle myosin-2A upregulation. The knock-out of y-actin
also decreases apical membrane stiffness and increases dynamic exchange of
the cytoplasmic tight junction proteins like ZO-1 and cingulin, without
affecting tight junction organization and barrier function. In summary, our
findings uncover a biomechanical circuitry linking y-actin to -actin expression
through nonmuscle myosin-2A and reveal y-actin as a key regulator of tight

junction and apical membrane cortex mechanics, and the dynamics of
cytoskeleton-associated tight junction proteins in epithelial cells.

The actomyosin cytoskeleton is composed of actin, myosin, and
associated proteins, and is of primary importance in key cellular
activities, such as adhesion, migration, cytokinesis, endocytosis, and
maintenance of cell shape and mechanical homeostasis. In epithelial
tissues, which are involved in protection, barrier, and polarized
secretion and absorption functions, the actomyosin cytoskeleton
contributes, among others, to the architecture, assembly and
mechanical regulation of apical cell-cell junctions and to the main-
tenance of the tension and stiffness of the apical membrane cortex
(reviewed in ref. 1-4). The apical cortex of epithelial cells also supports
the assembly and function of actin-based structures such as microvilli
and stereocilia>® which are crucial for specialized tissue and organ
functions, such as hearing’. Although epithelial cells express specific
cytoplasmic actin and nonmuscle myosin isoforms, how each isoform

fine-tunes the organization and function of cell-cell junctions and
integrates mechanical forces to regulate junctional and apical mem-
brane cortex mechanics is poorly understood. Moreover, the bio-
mechanical circuitries that regulate the expression of and the crosstalk
between specific actin and myosin isoforms and thus determine how
cells respond to altered cytoskeletal composition and dynamics to
maintain mechanical homeostasis is unclear.

Epithelial cells express two isoforms of cytoplasmic actin, y-actin
and B-actin, which differ by only four amino acids in their N-terminal
sequences and display specific biochemical properties, localizations
and functions (reviewed in ref. 8-11). For example, in MDCK kidney
epithelial cells B-actin is localized at cell-cell junctions and along lateral
membranes, while y-actin is enriched at apical junctions and at the
apical membrane cortex but is undetectable along lateral
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membranes™. Although the molecular basis for these different locali-
zations is unclear, knock-down (KD) and knock-out (KO) studies have
addressed the specific roles of y-actin and fB-actin in a few types of
cultured cells and in mouse tissues. In SK-CO15 human intestinal epi-
thelial cells, siRNA-mediated depletion of either B-actin or y-actin
impairs the structure of either adherens junctions (AJs) or tight junc-
tions (TJs), respectively, and attenuates the reassembly of both AJs and
TJs®. Additional non-redundant roles of B-actin and y-actin in cell
motility, migration, angiogenesis and focal adhesion have been
described in cultured endothelial and melanoma cancer cells'". In
mice, the KO of B-actin leads to early embryonic lethality, whereas
conditional KO of B-actin in the intestine results in increased perme-
ability of the TJ intestinal barrier and exacerbation of colitis and
inflammation'. In contrast, mice KO for y-actin are viable, but show
growth defects and progressive deafness”%, correlating with a specific
pattern of stereocilia pathology, distinct from what is observed in mice
with a conditional B-actin KO in hair cells”. Although compensatory
up-regulation of B-actin upon depletion of y-actin has been described
both in in vitro and in vivo model systems’'*'"*, nothing is known on
the mechanisms underlying such up-regulation. The contribution of
actin isoforms to the regulation of junctional and apical membrane
mechanics, which depend on forces generated by the actomyosin
network”*?, is also not known. The observation that B-actin pre-
dominantly resides in stress fibers and y-actin is more typically found
at the cell cortex and lamellipodia of migrating cells'>*? suggests that
actin networks formed predominantly by one or the other actin iso-
forms could provide membranes with different mechanical properties.
Moreover, recent studies show that in vitro purified (-actin pre-
ferentially forms thin cable-like bundles, whereas purified y-actin
forms more organized interlinked mesh-like networks with distinct
rheological properties®. However, it is not clear whether these differ-
ent properties and localizations result in different mechanical prop-
erties of the membrane cortex within cells.

Force is generated by the interaction of actin filaments with
myosins motors, and epithelial cells express three nonmuscle myosin-
2 (NM2) isoforms: NM2A, NM2B and NM2C (reviewed in ref. 24-26).
NM2A is widely expressed and is enriched in the peri-junctional cir-
cumferential actomyosin ring associated with apical junctions®*,
NM2B but not NM2A is detected in a juxta-membrane localization in
assembling junctions, although NM2B also co-assembles with NM2A in
the peri-junctional ring”. A role of NM2B in regulating TJ and apical
membrane mechanics was postulated following the observation that
the KO of cingulin, which recruits NM2B to TJs, results in decreased T)J
membrane tortuosity and apical membrane stiffness in MDCK cells®.
However, the KO of cingulin also resulted in reduced TJ proximity of y-
actin®®, suggesting that uncoupling y-actin from TJs could also con-
tribute to the mechanical phenotypes of cingulin-KO cells. To test this
hypothesis, here we investigated the role of y-actin in the organization
and function of TJs, and TJ and apical membrane cortex mechanics, by
generating clonal lines of y-actin-KO MDCK cells, analyzing their phe-
notypes by biochemical, immunofluorescence microscopy, FRAP, and
biophysical approaches, and confirming results by depletion, over-
expression and rescue experiments in multiple epithelial cell types. In
summary, here we show a regulatory feedback circuit whereby y-actin
controls B-actin expression and junctional accumulation by modulat-
ing NM2A expression and reveal new roles of y-actin in the control of
membrane cortex mechanics both at TJ and the apical membrane of
epithelial cells.

Results

KO of y-actin upregulates B-actin through increased NM2A
expression

We used CRISPR/Cas9 technology and guides that targeted sequences
within Exon 2 of the y-actin gene to isolate three clonal lines of MDCKII
cells (termed MDCK hereafter) KO for y-actin, which contained distinct

sequence deletions (clones #2HS5, #2G3 and #3G9, Supplementary
Fig. 1a). No expression of y-actin was detected in any of the three clonal
lines, based on immunoblot (IB) (Supplementary Fig. 1b) and immu-
nofluorescence microscopy (IF) analyses (Supplementary Fig. 1c) of
mixed cultures of WT and y-actin-KO cells, using monoclonal anti-
bodies specific for y-actin'®>. Experiments carried out with each of the
three different clonal lines gave essentially identical results.

We detected a significant increase in the signal for 3-actin both at
cell-cell junctions and in the cytoplasm of y-actin-KO cells, compared
to neighboring WT cells (double arrows in KO in Fig. 1a, top panel,
quantification using PLEKHA6 as an internal junctional marker on the
right). Labelling for 3-actin was also increased in basal stress fibers of y-
actin-KO cells (double arrows in Supplementary Fig. 2a). In contrast,
the labelling for phalloidin-labelled actin filaments was similar in WT
and y-actin KO cells both at junctions (single arrows in Fig. 1a, bottom
panel, quantification on the right) and at basal stress fibers (single
arrows in Supplementary Fig. 2b), suggesting similar amounts and
contractility’® of actin filaments. Correlating with increased immu-
nofluorescent labelling for B-actin, we observed increased (-actin
protein levels (IB in Fig. 1b, quantification in Fig. 1c), in agreement with
previous data on y-actin KO and KD cells"**, and increased B-actin
mRNA levels (Supplementary Fig. 2c). Pan-actin protein levels were not
affected, as determined by IB (Fig. 1b, quantification in Fig. 1c), in
agreement with similar phalloidin labelling.

To confirm the specificity of the phenotype, we first rescued
y-actin-KO cells by re-expression of y-actin, which was detected in
transfected cells by IF at levels similar to WT (Supplementary Fig. 2d,
compare to Fig. 1a), although total protein levels were low, due to the
low efficiency of transfection (IB analysis in Supplementary Fig. 2e).
Importantly, expression of exogenous y-actin rescued the increase in
B-actin detected in y-actin KO cells (Supplementary Fig. 2d). Second,
we depleted y-actin from additional epithelial cell lines (mCCD, mouse
collecting duct and Eph4, mouse mammary epithelium) by siRNA
(Supplementary Fig. 2f-h) and we observed the same phenotype of
increased (3-actin expression (IB in Supplementary Fig. 2g, quantifica-
tion in Supplementary Fig. 2h) and accumulation at junctions (Sup-
plementary Fig. 2i, 2j, 2k for MDCK, mCCD and Eph4, respectively,
quantifications on the right). In summary, the KO/depletion of y-actin
in epithelial cells results in an increase in junctional and cytoplasmic [3-
actin, without altering total actin levels.

Because of the different mechanical properties of B-actin and
y-actin filaments* and the different biochemical properties of non-
muscle myosins isoforms* 2, we hypothesized that increased B-actin
in y-actin-KO cells could result in a feedback regulation of the
expression and junctional localization of one or the other nonmuscle
myosin isoforms. To test this idea, we carried out IF, IB and qRT-PCR
analysis for NM2A and NM2B in y-actin-KO versus WT MDCK cells. We
observed that the junctional and cytoplasmic accumulation of NM2A
was significantly increased in y-actin-KO cells, compared to WT (dou-
ble arrow, Fig. 1d, top panel, quantifications on the right), correlating
with increased mRNA (Supplementary Fig. 3a) and protein expression
levels (IB in Fig. le, quantification in Fig. 1f). In contrast, neither the
junctional accumulation (Fig. 1d, bottom panel, quantification on the
right) nor the protein expression levels of NM2B (Fig. 1e, quantification
in Fig. 1f) were affected by the KO of y-actin. Similar to what observed
for B-actin, the up-regulation of NM2A was rescued by exogenous
expression of y-actin, as determined by IF analysis (Supplementary
Fig. 3b, quantification on the right). Moreover, up-regulation of NM2A
was observed upon depletion of y-actin by siRNA both in MDCK cells
and in additional epithelial cell lines (mCCD and Eph4), as determined
by IB analysis (Supplementary Fig. 3d, quantification in Supplementary
Fig. 3e) and by IF analysis (Supplementary Fig. 3f-h, quantifications on
the right).

Next, we asked whether the increase in 3-actin and NM2A were
mechanistically linked. To test this idea, we depleted either NM2A or
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Fig. 1| y-actin controls the expression and junctional accumulation of B-actin
through NM2A. a, d Immunofluorescence (IF) analysis and relative fluorescence
intensity (RFI) quantifications (on the right of IF panels) of B-actin (top panels,
increased, WT: n = 84, y-actin-KO: n = 85) and phalloidin-labelled F-actin (bottom
panels, not changed, WT and y-actin-KO: n =50 for) (a) NM2A (top panels,
increased, WT: n = 82, y-actin-KO: n =78) and NM2B (bottom panels, not changed,
WT: n =65, y-actin-KO: n=70) (d) (red) at junctions in mixed cultures of WT (blue
dots) and y-actin-KO (red dots) distinguished via y-actin (green), from 2 to 3
independent experiments. b, c, e, f Inmunoblot (IB) analysis (b, e) and relative
densitometric quantifications (c, f) of protein level of B-actin (increased) and pan-
actin (not changed) (b, ¢) NM2A (increased) and NM2B (not changed) (e, f) in
lysates of WT (blue dots) or y-actin-KO (red dots) MDCK cells (3 distinct clonal lines)
from 3 independent experiments. B-tubulin was used as a loading control. Dots
shows replicates and bars represent mean + SD. Indicated p-values are obtained
from a two-sided one-way Anova test. g IF microscopy analysis and RFI quantifi-
cations of B-actin (red) at junctions in WT (top panels, siControl (blue dots): n =85,
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siNM2A (purple dots): n=83) or y-actin-KO (bottom panels, siControl (red dots):
n=96, siNM2A (yellow dots): n=93) cells upon NM2A depletion, distinguished via
NM2A (green), from 3 independent experiments. Depletion of NM2A decreases 3-
actin localization. h IF microscopy analysis and RFI quantifications of (3-actin (red)
atjunctions in WT (top panels, siControl (blue dots): n =124, siNM2B (orange dots):
n=119) or y-actin-KO (bottom panels, siControl (red dots): n =63, siNM2B (green
dots): n=59) cells upon NM2B depletion, distinguished via NM2B (green), from 2-3
independent experiments. Depletion of NM2B does not alter -actin localization.
a, d, g, h Double arrows indicate increased B-actin or NM2A labelling. Arrows
indicate normal B-actin, phalloidin, NM2A or NM2B labelling (as in WT cells).
Arrowheads indicate loss of y-actin or B-actin labelling in KO or KD cells, respec-
tively. Scale bar =20 um. PLEKHAG (cyan) is used as a junctional marker. Dots shows
replicates and bars represent mean + SD. Indicated p-values are obtained from a
two-sided unpaired Mann-Whitney test. Source data for this figure are provided as a
Source Data file.

NM2B (as negative control) in the context of either WT or y-actin-KO
cells and examined how this affected B-actin expression and localiza-
tion. Treatment of MDCK cells with siRNA targeting either NM2A or
NM2B resulted in a significant decrease in the respective protein levels
(Supplementary Fig. 3i for NM2A, Supplementary Fig. 3j for NM2B,
quantifications on the right). IF analysis showed that siRNA-mediated
depletion of NM2A significantly decreased the junctional and cyto-
plasmic labelling for B-actin in both WT (arrowheads, Fig. 1g, top

panels, quantifications on the right), and y-actin-KO MDCK cells
(arrowheads, Fig. 1g, bottom panels, quantifications on the right). This
result was confirmed by the observation that depletion of NM2A in
additional cell lines (mCCD and Eph4) also decreased the junctional
accumulation of B-actin (Supplementary Fig. 3k-I). In contrast, the
depletion of NM2B had no effect on the labelling for -actin in either
WT (Fig. 1h, top panels, quantifications on the right) or y-actin-KO cells
(Fig. 1h, bottom panels quantifications on the right).
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In summary, the KO of y-actin results in the increased expression
and junctional accumulation of both B-actin and NM2A, and the levels
of B-actin are controlled by NM2A.

KO of y-actin increases T) tortuosity by up-regulating NM2A and
B-actin

Previously we showed that in MDCK cells the KO of cingulin, which
reduces the TJ proximity of y-actin and the recruitment of NM2B to TJ,
results in decreased TJ-membrane tortuosity and apical membrane
stiffness®. To investigate the role of y-actin in the regulation of junc-
tional and apical membrane cortex mechanics, we first examined the
effect of y-actin-KO on T) membrane tortuosity, expressed as zig-zag
index*°*. In mixed cultures of WT and y-actin-KO cells, T) membrane
tortuosity was significantly increased in y-actin-KO cells compared to
WT cells (Fig. 2a, quantifications on the right), and this increase in
tortuosity was rescued by exogenous expression of y-actin (Supple-
mentary Fig. 4a, top panel, quantifications on the right) but not of GFP
(Supplementary Fig. 4a, bottom panel, quantifications on the right).
Moreover, the increase in tortuosity was also observed following
siRNA-mediated depletion of y-actin (Supplementary Fig. 4b, quanti-
fications on the right), demonstrating that it is not a result of clone-
specific variations.

To test whether the up-regulation of NM2A that we observed by IB
and IF analysis (Fig. 1 and Supplementary Fig. 3) is mechanistically
involved in the increased T) membrane tortuosity of y-actin-KO cells,
we carried out siRNA-mediated depletion of either NM2A or NM2B in
the background of either WT or y-actin-KO cells (Supplementary Fig. 3i
for NM2A, Supplementary Fig. 3j for NM2B, quantifications on the
right). Depletion of NM2A significantly decreased the TJ] membrane
tortuosity both in WT cells (Fig. 2b, top panels, quantifications on the
right) and y-actin-KO cells (Fig. 2b, bottom panels, quantifications on
the right). Conversely, depletion of NM2B had no effect on T) mem-
brane tortuosity either in WT (Fig. 2¢, top panels, quantifications on
the right) or y-actin-KO cells (Fig. 2c, bottom panels quantifications on
the right). To determine the contribution of B-actin to the tortuosity
phenotype, we carried out transient siRNA-mediated depletion of [3-
actin in WT MDCK cells (Supplementary Fig. 4c). Depletion of -actin
resulted in a compensatory increase in junctional and cytoplasmic
labelling for y-actin and NM2A, (double arrows, Supplementary
Fig. 4d), as well as an increase in their protein levels (Supplementary
Fig. 4c). However, TJ membrane tortuosity was not significantly
increased upon depletion of B-actin (Fig. 2d, quantification on the
right), suggesting that the increase in TJ membrane tortuosity
observed in y-actin KO cells requires both NM2A and B-actin, and not
only NM2A.

In summary, the KO of y-actin promotes increased T) membrane
tortuosity through the increase in the expression and junctional
accumulation of both NM2A and f-actin.

KO of y-actin reduces apical cortex stiffness and contractility

Although y-actin accumulates at the apical cortex of polarized epi-
thelial cells™, nothing is known about the role of y-actin in regulating
the mechanical properties of the apical cortex. To address this ques-
tion, we measured the local micro-elasticity and stiffness of the apical
surface of WT and y-actin-KO MDCK monolayers by atomic force
microscopy (AFM). MDCK force-indentation curves were fitted by the
Hertz model (Fig. 3a) to obtain the Young’s modulus (Fig. 3b, Table 1).
The average Young’s modulus was significantly decreased in each of
the three y-actin-KO clonal lines, compared to WT (Fig. 3b, Table 1),
and was rescued by exogenous expression of y-actin (Fig. 3b, Table 1).
Next, we compared the effect of KO of y-actin to the effect of KO of
cingulin. Using a different tension-based model that captures the vis-
coelastic properties of the cortex/membrane interface as well as the
cortical tension due to the contractile action of the actomyosin®**, we
observed a significant reduction in cortical tension, accompanied by a
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Fig. 2 | y-actin regulates T} membrane tortuosity through NM2A. a IF micro-
scopy analysis and zigzag index quantifications (on the right of IF panels) of ZO-1
(cyan), used as a T) marker, in mixed culture of WT (blue dots, n=86) and y-actin-
KO (red dots, n=87) cells distinguished via y-actin (green), from 3 independent
experiment. Tortuosity (zig-zag index) is increased in y-actin-KO cells. b IF micro-
scopy analysis and zigzag index quantifications of ZO-1 (cyan) in WT (top
panels, siControl (blue dots): n=90, siNM2A (purple dots): n=88) or y-actin-
KO (bottom panels, siControl (red dots): n =88, siNM2A (yellow dots): n=83)
cells upon NM2A depletion, distinguished via NM2A (green), from 3 inde-
pendent experiments. Depletion of NM2A decreases tortuosity. ¢ IF micro-
scopy analysis and zigzag index quantifications of ZO-1 (cyan) in WT (top
panels, siControl (blue dots): n =143, siNM2B (orange dots): n=141) or
y-actin-KO (bottom panels, siControl (red dots) and siNM2B (green dots):
n=128) cells upon NM2B depletion, distinguished via NM2B (green), from 3
independent experiments. Depletion of NM2B does not alter tortuosity. d IF
microscopy analysis and zigzag index quantifications of ZO-1 (cyan) in

WT cells upon B-actin depletion (siControl (blue dots) and siB-actin (grey
dots): n=90), distinguished via B-actin (green), from 3 independent experi-
ments. Depletion of B-actin does not alter tortuosity. a-d The white line
represents the TJ-membrane tortuosity. Scale bar = 20 um. Dots shows
replicates and bars represent mean + SD. Indicated p-values are obtained
from a two-sided unpaired Mann-Whitney test. Source data for this figure are
provided as a Source Data file.
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Fig. 3 | y-actin regulates apical membrane cortex mechanics. a Representative
AFM force-indentation curves of WT and y-actin-KO (3 distinct clonal lines) MDCK
cells fitted with Hertz (Spherical) model. b Average stiffness (Young’s modulus) of
WT (blue dots, n=2186), y-actin-KO (3 distinct clonal lines) (red dots, #2G3 and
#2H5: n=2067, #3G9: n=1999), y-actin-KO rescued with either GFP as a control
(green dots, n=1896) or by full-length canis y-actin (y-actin) (pink dots, n=2052)
MDCK cells from 3 independent experiments. The Young’s modulus is decreased in
y-actin-KO cells. c-e Results from fitting the three parameters, cortical tension (pre-
stress, Ty), area compressibility modulus (scaling factor, K,°) and fluidity (B) of the

tension-based model (Eq. (2)) to the experimental indentation-relaxation data of
confluent cells (WT (blue dots): n=1152, y-actin-KO (red dots): n =243, cingulin-KO
(orange dots): n =167) from 3 independent experiments. b-e Dots shows replicates
and bars represent mean + SD. Indicated p-values are obtained from a two-sided
unpaired Mann-Whitney test. Cortical tension and stiffness are decreased and
fluidity is increased in y-actin-KO cells. f Representative STED images of isolated
apical cortices of WT and y-actin-KO MDCK cells. Scale bar = 5 um. Arrows indicate
contraction foci, which were smaller and less intensely labelled in y-actin-KO cells.
Source data for this figure are provided as a Source Data file.

decrease of stiffness (area compressibility modulus, K’ 2) (Fig. 3c-d)
concomitant with an increase in fluidity () (Fig. 3e, Table 2). This effect
resembles the administration of an actin-severing drug such as
latrunculin®.

To correlate the mechanical properties of cells with their cortical
architecture, we prepared apical cortices from living MDCK cells using
the sandwich cleavage method*. STED microscopy analysis revealed
that cortices from WT and y-actin-KO cells both form a mesh-like
network, with virtually identical mesh sizes. Using bubble analysis*, we
measured mesh sizes of 125 + 60 nm for WT cells and 118 + 52 nm for y-

actin-KO cells. Interestingly, WT cortices show contraction foci, which
we attribute to local collapse of the network in response to high motor
activity, that appeared more intensely labelled compared to y-actin-KO
cells (arrows in Fig. 3f). The morphology of the contraction foci is likely
reflected in our mechanical measurements, as the tension (Ty) is
higher in WT cells compared to y-actin-KO cells.

Together, these results indicate that y-actin is required to main-
tain a contractile, organized and stiffer apical cortex in MDCK cells,
and that the KO of either y-actin or cingulin has similar effects on the
stiffness, contractility and fluidity of the apical cortex.
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Table 1| Young’'s modulus values of WT, y-actin-KO, y-actin-
KO rescued with either y-actin or GFP in MDCK cells
(Fig. 3a-b)

Line genotype Young's modulus (MPa)
WT 0.03835+0.01620
y-actin-KO #2G3 0.03388 +0.01837
y-actin-KO #2H5 0.03364 +0.02303
y-actin-KO #3G9 0.02891+0.01547
y-actin-KO #3G9 rescued with GFP control 0.03076 +0.01366
y-actin-KO #3G9 rescued with y-actin 0.03566 +0.01155

Table 2 | Values (mean * standard deviation) of viscoelastic
parameters obtained from fitting indentation relaxation
curves on WT, y-actin-KO, and cingulin-KO MDCK cells
(Fig. 3c-e)

Line genotype To (MN/m) Ka° (N/m) B

WT 0.17+0.06 0.011+0.007 0.51+0.09
y-actin-KO #3G9 0.13+0.06 0.004 +0.002 0.57+0.08
Cingulin-KO #1G8 0.14+£0.04 0.005+0.004 0.60x0.07

KO of y-actin promotes increased Z0-1 and cingulin exchange
In SK-CO15 cells depletion of y-actin in MDCK cells affects TJ organi-
zation and TJ barrier function®. To examine whether KO of y-actin
affects TJs and AJs in MDCK cells, we carried out IF and IB analysis, and
studied TJ barrier function in our KO lines. The localization and
intensity of IF labelling of cytoplasmic and transmembrane proteins of
TJ, namely ZO-1, cingulin and occludin was indistinguishable when
comparing confluent WT and y-actin-KO MDCK cells in mixed cultures
(Fig. 4a). In addition, the measurement of transepithelial ele-
trical resistance (TEER) (Fig. 4b) and permeability to 3-kDa dextran
(Fig. 4c) of confluent MDCK monolayers was not significantly different
when comparing WT cells and each of the three clonal KO lines. Finally,
IB analysis of the protein expression levels of ZO-1, cingulin and
occludin (Supplementary Fig. 5a, quantification in Supplementary
Fig. 5b) and claudins-1, -2, -3, -4, -7, -8, -10 (Supplementary Fig. 5c,
quantification in Supplementary Fig. 5d) showed no significant differ-
ence in the expression of these TJ proteins when comparing WT cells
and y-actin KO clonal lines. Moreover, we found no evidence for
altered localization (arrows in Supplementary Fig. 5e) and expression
(Supplementary Fig. 5f, quantification in Supplementary Fig. 5g) of the
AJ proteins afadin, E-cadherin and f-catenin. Thus, y-actin-KO MDCK
cells display normal organization of TJ and AJ and normal TJ barrier
function.

Since the actomyosin cytoskeleton regulates the dynamic
exchange between junction-associated and cytoplasmic pools of TJ
proteins®**°, we hypothesized that the loss of y-actin could alter such
dynamics, and hence the exchange of ZO-1 and cingulin. To address
this question, we performed fluorescence recovery after photo-
bleaching (FRAP) experiments on either overexpressed GFP-tagged
cingulin or GFP-tagged ZO-1, in the context of either WT or y-actin-KO
MDCK cells. The dynamic behaviors of cingulin and ZO-1 in WT cells
were similar to what was previously reported®*’, e.g. the mobile
fractions were 68% for cingulin and 49% for ZO-1 (blue traces Fig. 4e for
cingulin and Fig. 4i for ZO-1) whereas the half-times were 80 sec for
cingulin and 96 sec for ZO-1 (blue traces Fig. 4f for cingulin and Fig. 4j
for ZO-1, respective kymographs in Figs. 4g and 4k, top panels, live
imaging in Supplementary Movies 1 and 3). In addition, mobile frac-
tions of both cingulin and ZO-1 were significantly higher and the half-
times were significantly lower in y-actin-KO cells, e.g. the mobile
fraction was 76% for cingulin and 60% for ZO-1, and the half-time was

48 sec for cingulin and 59 sec for ZO-1 (red traces in Fig. 4d-f for cin-
gulin and Fig. 4h-j for ZO-1, respective kymographs in Figs. 4g and 4k,
bottom panels, live imaging in Supplementary Movies 2 and 4). Since
myosin activity was reported to affect ZO-1 exchange®, we asked
whether this is the case also in the background of y-actin-KO cells.
FRAP analysis showed that blebbistatin, which inhibits myosin-2
activity” slowed down the recovery of ZO-1 in y-actin-KO compared
to DMSO (Fig. 4i), e.g. the mobile fractions were 76% for DMSO (red
trace Fig. 4m) and 54% for blebbistatin (pink trace Fig. 4m), whereas
the half-times were 68 sec for DMSO (red trace Fig. 4n) and 53 sec for
blebbistatin (pink trace Fig. 4n, respective kymographs in Fig. 40, live
imaging in Supplementary Movies 5 and 6).

In summary, the KO of y-actin results in increased dynamic
exchange of cingulin and ZO-1, suggesting that both y-actin and
myosin-2 activity control the dynamics of cytoplasmic proteins of TJs.

Discussion

The architecture and function of junctions, and the mechanics of the
plasma membrane cortex depend on the organization, dynamics and
contractility of the actomyosin cytoskeleton. Here we identify a bio-
mechanical circuitry, whereby the KO of y-actin results in NM2A-
dependent up-regulation of B-actin, and the up-regulation of both
NM2A and B-actin increases in turn T) membrane tortuosity. We also
show that the KO of y-actin reduces apical membrane cortex stiffness,
and affects the dynamics of TJ proteins, but not TJ organization and
barrier function in MDCK epithelial cells.

Little is known about the specific functions of actin isoforms and
the mechanisms of regulation of their expression. Early transfection
studies showing reciprocal feedbacks between expression of cyto-
plasmic actin isoforms*** were confirmed by the observation that
depletion of y-actin results in “compensatory” up-regulation of f3-
actin in cultured cells and mouse tissues™*". Our rescue experi-
ments and analysis of multiple cell types strongly support a major
role of increased NM2A in regulating B-actin levels in y-actin-
depleted epithelial cells, suggesting a biomechanical feedback cir-
cuitry. The transcriptional and/or translational mechanisms through
which NM2A and B-actin are up-regulated are beyond the scope of
this study and remain to be investigated. However, changes in
cytoskeletal organization and dynamics are known to affect signaling
cascades that regulate gene expression, through transcription fac-
tors such as MRTF, SRF and YAP** (reviewed in ref. 48,49). For
example, depletion of y-actin in A549 lung cancer cells activates SRF
and MRTF transcription factors to induce the expression of myofi-
broblast markers such as smooth muscle actin®. Since SRF has been
implicated in the up-regulation of the gene coding for NM2A (MYH9),
resulting in a matching translational response®, we hypothesize that
SRF is implicated in the increased expression of NM2A observed in y-
actin-KO cells.

In a previous study, depletion of y-actin in SK-CO1S5 epithelial cells
did not affect protein levels of NM2A, NM2B, NM2C, but only caused a
decrease in phosphorylated myosin light chain™. No effect on myosin
was observed in y-actin-KO melanoma cells®. Therefore, the effects of
depletion of y-actin on the expression of NM2 may somewhat depend
on the cellular context. However, considering the different rheological
and mechanical properties of actin filaments made of either -actin or
y-actin® and their different rate of polymerization®, it is likely that cells
can sense changes induced by the absence of y-actin and respond by
changing the levels expression of actin and myosin isoforms. Indeed,
our results indicate the existence of a biomechanical sensing
mechanism, whereby the absence of y-actin entails an up-regulation of
mRNA and protein levels for NM2A, which, in turn, induce the up-
regulation of B-actin. Since NM2A does not appear to exhibit a pre-
ferential binding affinity for either actin isoform’?, it appears unlikely
that the increase in B-actin is due to its stabilization through interac-
tion with NM2A.
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Ultimately, the correct combination and spatial organization of
specific myosin and actin isoforms control membrane cortex
mechanics. The KO of y-actin in MDCK cells resulted in two distinct
mechanical phenotypes: increased TJ-membrane tortuosity and
decreased stiffness of the apical plasma membrane. TJ-membrane
tortuosity is the result of orthogonal forces generated by the con-
tractility of the circumferential actomyosin bundle associated with

Z0-1 in y-actin-KO

Time (s)

apical junctions****, As such, it is regulated by different proteins
directly or indirectly associated with the actomyosin cytoskeleton,
including ZO-1***°, Shroom*®, Lulu*”, cingulin®® and other factors
(reviewed in ref. 58). Importantly, TJ-membrane tortuosity is reduced
by the inhibitor blebbistatin, which acts primarily on NM2A313355,
Here we show, in agreement, that depletion of NM2A decreases TJ-
membrane tortuosity in WT and y-actin-KO MDCK cells, indicating that
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Fig. 4| KO of y-actin increases the junctional dynamics of cingulin and ZO-1.a IF
analysis of the localization of ZO-1, cingulin and occludin (not changed, red) in
mixed cultures of WT and y-actin-KO cells distinguished via y-actin (green), from 3
independent experiments. PLEKHA6 (cyan) is used as a junctional reference mar-
ker. Scale bar = 20 um. b Transepithelial electrical resistance (TEER) measurement
of WT (blue dots, n=14) and y-actin-KO (red dots, 3 distinct clonal lines: #2G3:
n=13, #2H5: n=12, #3G9: n=14) MDCK at steady-state from 5 independent
experiments. The KO of y-actin does not alter the TEER. ¢ Paracellular permeability
(Papp) to 3 kDa fluorescein-dextran measurement of WT (blue dots, n=7) and y-
actin-KO (red dots, 3 distinct clonal lines: n=8) MDCK from 3 independent
experiments. The KO of y-actin does not alter the P,;,. b, ¢ Dots shows replicates
and bars represent mean + SD. Indicated p-values are obtained from a two-sided
one-way Anova test. d-k Quantitative FRAP analysis (d, h), mobile fraction (e, i),
half-time (t/») (f, j) and representative kymographs (g, k) for GFP-cingulin-FL (d-g)

or GFP-ZO-1-FL (h-k) overexpressed in WT (blue dots, cingulin: n=28, ZO-1: n=21
for mobile fraction and n =19 for t;,) or y-actin-KO (red dots, cingulin: n =28, ZO-1:
n =22 for mobile fraction and n =20 for t;,) MDCK cells from 3 independent
experiments. The exchange of cingulin and ZO-1 is increased in y-actin-KO cells.
I-0 Quantitative FRAP analysis (I), mobile fraction (m), t;;> (n) and representative
kymographs (o) for GFP-ZO-1-FL overexpressed in y-actin-KO MDCK cells treated
with either DMSO (red dots, n=20) or blebbistatin (pink dots, n=18) from 3
independent experiments. The exchange of ZO-1 is inhibited by blebbistatin.

d-o Related Supplementary Movies 1, 2, 3, 4, 5 and 6 show FRAP live imaging of
GFP-cingulin-FL in WT (Suppl. Movie 1) and y-actin-KO (Suppl. Movie 2), or GFP-ZO-
1-FL in WT (Suppl. Movie 3) and in y-actin-KO (Suppl. Movie 4) MDCK cells, or GFP-
ZO-1-FL in y-actin-KO MDCK cells treated with DMSO (Suppl. Movie 5) or blebbis-
tatin (Suppl. Movie 6). Indicated p-values are obtained from a two-sided unpaired
T-test. Source data for this figure are provided as a Source Data file.

the increased TJ-membrane tortuosity of y-actin-KO cells is the direct
consequence of increased NM2A expression. The observation that
increased NM2A expression in B-actin-depleted cells did not result in
increased tortuosity suggests that y-actin cannot functionally replace
B-actin with regards to the generation and transmission of force from
the circumferential belt to the T) membrane. Finally, the observation
that depletion of NM2B does not affect TJ-membrane tortuosity sug-
gests that the decreased TJ-membrane tortuosity detected in cingulin-
KO MDCK cells is likely not due to decreased junctional recruitment of
NM2B, as previously proposed®, but rather to the disruption of the
integrity the cingulin-ZO-1-actomyosin complex, which works as a
mechano-transduction linker module between the AJC-associated cir-
cumferential actomyosin belt and the TJ**.

The reduction in apical membrane stiffness detected in y-actin-KO
cells was quantitatively very similar to that observed in cingulin-KO
MDCK cells, where TJ proximity of y-actin was decreased*°. This sug-
gests that cingulin regulates apical membrane stiffness by uncoupling
y-actin from the TJ. It was also recently reported that depletion of ZO-2
in MDCK cells results in reduced junctional association of y-actin,
correlating with decreased apical membrane stiffness”. Taken toge-
ther, these observations indicate that the anchoring of y-actin fila-
ments to TJ is maintained by non-redundant interactions with ZO
proteins-cingulin TJ complexes and determines apical membrane
stiffness. We propose that y-actin provides the apical membrane with
increased stiffness through its ability to generate a stronger, stiffer
meshwork of filaments, when compared to meshwork of B-actin
filaments”. Importantly, apical membrane stiffness is critical for
auditory function, and y-actin-KO mice show altered architecture of
stereocilia of hair cells and progressive hearing loss”'*%°, A stiffer
cortex may be required to counter the mechanical stimulation to
which hair cells are continuously exposed. Intriguingly, either KO or
mutation of cingulin in mice and humans is associated with pro-
gressive hearing loss, through increased death and apoptosis of hair
cells®. Our results suggest that cingulin and y-actin control survival of
hair cells and hearing function by maintaining apical membrane stiff-
ness and cellular integrity upon mechanical stress, through their ability
to anchor y-actin and NM2B to TJs (cingulin) and provide the cortex
with specific biophysical stiffness properties (y-actin). Other mechan-
isms have been described through which TJ proteins can affect hear-
ing, such as increased apoptosis induced by overexpression of ZO-2%
and altered TJ-dependent ionic permeability resulting from loss or
mutations of claudins®*®, tricellulin®, and occludin®®. However, such a
mechanism is unlikely for cingulin and y-actin, since there is insuffi-
cient evidence for a significant effect of their KO on barrier function of
epithelial cells®” ¢’

At variance with a previous report”, we found no effect of the
depletion of y-actin on the molecular organization of TJ and AJ, and the
barrier function of TJ. This discrepancy may be due to different cell
types, methods of depletion, and state of assembly of junctions. Our
finding that TJs were not affected by KO of y-actin is consistent with the

observation that in the mouse KO of y-actin, unlike the KO of B-actin,
does not affect viability of the mouse and the formation of epithelial
organs” ™, indicating normal organization and function of the apical
junctional complex and normal TJ barrier function. Interestingly,
despite unchanged TJ organization and barrier function in y-actin-KO
MDCK cells, we observed increased dynamic exchange of cingulin and
Z0-1 at TJ. Previously, it was shown that both MLCK-dependent and
MLCK-independent processes regulate the exchange of ZO-1 at TJs.
Although MLCK inhibition profoundly reduces ZO-1 exchange, a ZO-1
mutant lacking the actin-binding region remains sensitive to acto-
myosin disruption®. Thus, the connection of ZO-1 to the actomyosin
cytoskeleton through the ZUS5-mediated anchoring to the cingulin-
NM2B complex®® may represent an additional mechanism of regula-
tion of ZO-1 dynamics’’. Our FRAP results and the effect of blebbistatin
suggest that increased levels of NM2A increase the dynamic exchange
of cytoplasmic TJ proteins such as ZO-1 and cingulin in y-actin-KO cells.
However, we cannot exclude other possibilities, including differences
in the dynamics of B-actin and y-actin filaments*’, and different affi-
nities of interaction of B-actin versus y-actin filaments with the ZO-1-
cingulin complex. Future work should clarify whether the juxtamem-
brane branched actin network® is made primarily of y-actin and to
determine whether actin-binding proteins of the TJ*>”*"* show differ-
ent affinity for y-actin versus B-actin filaments.

In summary, through KO, KD and rescue experiments in MDCK,
mCCD and EpH4 cells we uncover a role for y-actin in a mechan-
osensitive circuitry that controls the expression of NM2A and B-actin
and regulates membrane cortex mechanics and cytoplasmic TJ protein
dynamics.

Methods

Genome engineering

y-actin-KO cells were generated in the canine MDCKIl (MDCK) cell line
(MDCK TetOff, a kind gift from Alan Fanning, Univ. North Carolina) by
CRISPR/Cas9 gene editing technology. The target sequences were
designed using the Genscript guide RNA (gRNA) designing tool and
selected to target in exon 2 (Supplementary Fig. 1). The gRNAs were
subcloned into the Bbsl site of the pSpCas9(BB)-2A-GFP (PX458) CRISPR
plasmid, and transfected in MDCK WT cells using JetOptimus (Polyplus,
#101000051). 48 hr post-transfection, GFP-positive single-cell were sor-
ted by a Beckman Coulter MoFlo Astrios sorter (Flow Cytometry Plat-
form, Geneva Medical School) and transferred into 96-well tissue culture
plates containing conditioned media from WT MDCK. Single clones were
amplified and screened for KO by immunoblot (IB) and immuno-
fluorescence (IF) microscopy analysis. For sequencing, genomic DNA was
extracted using DNeasy Blood and Tissue kit (Qiagen, #69504). The
genomic locus surrounding the target region was amplified by PCR using
forward primer For_gaggaggcggccgcCATGGACTCTGGGGATGGC and
reverse primer Rev_gaggaattcCTTGCGTTCCGGAGGAGCAA. To separate
the alleles before being sequencing, purified PCR products were sub-
cloned into pBluescript Il KS (+) using Notl and EcoRI as restriction
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enzymes. The M13 primer was used for sequencing the inserts for gen-
otyping. 3 clones of y-actin-KO were generated: clone #2G3, clone #2HS5,
clone #3G9.

Experimental model

MDCK (Madin-Darby Canine Kidney type II cell line, female, Tet-off),
mCCD (mouse cortical collecting duct epithelial line) and EpH4
(mouse mammary epithelial cell line, female) (Supplementary
Table 1) were cultured in Dulbecco’s Modified Eagle’s (DMEM) med-
ium supplemented with 10% or 20% (for mCCD) Fetal Bovine Serum
(FBS), 1% non-essential aminoacids (NEAA), 100 units/mL penicillin
and 100 pg/mL streptomycin (P/S) (standard medium), at 37°C,
under 5% of CO,*. Rescue stable cell lines were generated by trans-
fecting y-actin-KO clone #3G9 with either full-length y-actin or GFP
alone using JetOptimus DNA transfection reagent (Polyplus, #117-15).
48 hr post-transfection, single cells were sorted into 96-well tissue
culture plates using a Beckman Coulter MoFlo Astrios sorter (Flow
Cytometry Service, University of Geneva Medical School). Individual
clones were then screened through IB and IF analysis, and their
phenotypes were validated in 2-3 distinct clonal lines.

Plasmids

Constructs of GFP-cingulin-FL in pTRE2Hyg”, GFP-myc in pTRE2Hyg®,
GFP-ZO-1-FL in pTRE2Hyg® were described previously. Additional
plasmids are described in Supplementary Table 1.

Full-length canis y-actin (1-375 aa, S2882) was synthesized by
Genscript (https://www.genscript.com/gene_synthesis.html), ampli-
fied by PCR with the appropriate oligonucleotides and subcloned into
the pTRE2Hyg plasmid under the control of a 3kb human [-actin
promoter (a gift from Prof. Bernhard Wehrle-Haller (Geneva Medical
School, Switzerland)”’) using the restriction sites Spel and EcoRV. Full-
length canis 3-actin (1-375 aa, S2926) was obtained by mutating the full-
length canis y-actin (1-375 aa, S2882) at positions 2, 3, 4, 10 (E2D, E3D,
E4D, 110V). All constructs were validated by sequencing (Microsynth,
Switzerland).

Antibodies
The primary antibodies targeting the indicated proteins, along with
their host species, were used at the following dilution for immuno-
blotting (IB) and immunofluorescence (IF): mouse IgG2b y-actin
(2A368E2, Prof. Christine Chaponnier (Geneva Medical School,
Switzerland)™, IB: 1/500, IF: 1/200), mouse IgG1 B-actin (4C259H12,
Prof. Christine Chaponnier (Geneva Medical School, Switzerland)®, IB:
1/1 000, IF: 1/200), rat PLEKHA6 (RtSZR127, IF: 1/100)’%, guinea pig
PLEKHA?7 (GP2737, IF:1/300)"%, rabbit NM2A (909801, Biolegend, IB: 1/1
000, IF: 1/200), rabbit NM2B (909901, Biolegend, IB: 1/1 000, IF: 1/
200), mouse GFP (11814460001, Roche, IF: 1/100), mouse f-tubulin
(32-2600, Thermo Fisher Scientific, IB: 1/2 500), mouse pan-actin
(mab1501, Sigma, IB: 1/1 000), rat ZO-1 (R4076, from Prof. Daniel
Goodenough (Harvard Medical School, USA), IF: 1/100), mouse ZO-1
(3391000, Thermo Fisher Scientific, IB: 1/1 000), rabbit cingulin (C532,
Citi Lab, IB: 1/5 000, IF: 1/5 000), mouse E-cadherin (BD610181, BD
Biosciences, IB: 1/5 000), rabbit E-cadherin (7870, Santa Cruz, IF: 1/
100), rabbit B-catenin (C2206, Sigma, IF: 1/500, IB: 1/5 000), rabbit
Claudin-1 (519000, Thermo Fisher Scientific, IB: 1/500), mouse
Claudin-2 (32-5600, Thermo Fisher Scientific, IB: 1/500), rabbit
Claudin-3 (341700, Thermo Fisher Scientific, IB: 1/500), mouse
Claudin-4 (32-9400, Thermo Fisher Scientific, IB: 1/500), rabbit
Claudin-7 (34-9100, Thermo Fisher Scientific, IB: 1/500), mouse
Claudin-8 (40-0700Z, Thermo Fisher Scientific, IB: 1/500), mouse
Claudin-10 (38-8400, Thermo Fisher Scientific, IB: 1/500). The speci-
ficity of the anti-myosin antibodies has been validated previously®°.
Secondary antibodies used for IB were: anti-mouse IgG HRP
(H+L) conjugate (W4021, Promega, IB: 1/4 000), anti-rabbit IgG HRP
(H +L) conjugate (W4021, Promega, IB:1/4 000). Secondary antibodies

for IF, from Jackson ImmunoResearch and diluted at 1/300 were: anti-
mouse (711-165-151), anti-rabbit (711-165-152), anti-rat (711-166-150) Cy3;
anti-mouse (711-175-150), anti-rabbit (711-175-152), anti-rat (711-175-153)
Cy5; anti-mouse (715-546-150), anti-rabbit (711-545-152) Alexa Fluor
488; anti-mouse IgG1 Alexa 594 (115-585-205); anti-mouse IgG2b Alexa
488 (115-445-207). FITC-phalloidin (P5282, Sigma, IF:1/500) was used as
a probe to label F-actin.

siRNA-mediated depletion, transfection and exogenous
expression of proteins

For siRNA-mediated depletion, 1 x 10° cells were seed on glass cover-
slip or 12 mm Transwell filters (Corning Costar, #3460); or 3 x 10° cells
on 6-well plates. 24 hr post-seeding, cells were transfected for 8 hr with
OptiMeM media (Gibco, #51985-026) containing Lipofectamine
RNAIMAX (Invitrogen, #13778030) and 50 nM of either siControl, siy-
actin, sif-actin, siNM2A or siNM2B (Supplementary Table 1). 3 days
post-transfection, cells were fixed or lysed.

For transfections (rescue and exogenous expression experi-
ments), 1 x 10° cells were seed on glass coverslip or 12 mm Transwell
filters; or 3 x 10° cells on 6-well plates. 24 hr post-seeding, cells were
transfected with either GFP or y-actin using jetOPTIMUS DNA trans-
fection reagent. Three days post-transfection cells were fixed or lysed.
Levels of expression of the y-actin transgene appeared low, as detected
by IB (Supplementary Fig. 2e) because of the relatively low number of
expressing cells. For FRAP experiments, 5 x 10° MDCK were seed into
glass-base dishes 27 mm (Thermo Fisher, #150682). 24 hr post-seed-
ing, cells were transfected with either GFP-cingulin-FL or GFP-ZO-1-FL.
Three days post-transfection, cells were imaged by FRAP.

Immunoblot analysis

Confluent 10-cm dishes of cells were lysed for 10 min at 4 °C using
500 pL of RIPA buffer (150 mM NacCl, 40 mM Tris-HClI, 1% Triton X-100,
10% glycerol, 2mM EDTA, 0.2% SDS, 0.5% deoxycholate, pH=7.5),
supplemented with fresh protease inhibitor cocktail (PIC) (Thermo-
Scientific, #A32965).

Cell lysates were sonicated (8 s at 66% amplitude using a Branson
sonicator) and clarified by centrifugation at 15 700 g for 15 min at 4 °C.
Protein concentration was quantified using the Pierce BCA Protein
assay kit (ThermoScientific, #23225). 10 ug of protein samples were
separated on 8% to 15% polyacrylamide gels and transferred to nitro-
cellulose membranes for 2 hr at 4 °C at 80 V. Membranes were then
incubated with primary antibodies overnight at 4 °C, followed by
incubation with secondary antibodies for 1 hr at RT. Protein detection
was carried out using the WesternBright ECL kit (Advansta, #K12045-
D50) and the Amersham ImageQuant 800 (Cytiva) imaging system.
The signal intensity of proteins was quantified using Fiji/ImageJ version
2.16.0/1.54 g software. The relative signal intensity was expressed as a
ratio between the signal of protein of interest and the signal of [3-
tubulin, which was used as a reference.

Immunofluoresence analysis

For IF analysis, 1 x10° cells were seeded on either glass coverslips or 12-
mm Transwell filters. Cells were washed with PBS, fixed in 1% PFA at RT
for 7 min for coverslips or 15 min for Transwell. The cells were then
washed twice in PBS, incubated in methanol at -20 °C for 5min for
coverslips or 3 min for Transwell, followed by a gradual rehydration in
PBS, and two washes in PBS. For Transwell, the filters were excised
manually using a razor blade. Cells were permeabilized in 0.2% Tri-
tonX-100/PBS for 4 min at RT, and saturated in 2% BSA/PBS for 30 min
at RT. Cells were incubated with primary antibodies at RT for 3 hr (ina
humidified chamber), followed by three washes in PBS. Then, the cells
were incubated with DAPI and secondary antibodies for 2 hr at RT,
followed by three washes in PBS. The coverslips or filters were placed
on glass slides with the cells facing up and mounted with Fluoromount-
G. Slides were imaged on a Zeiss LSM800 confocal microscope using a
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Plan-Apochromat 63x/1.40 oil objective at a resolution of 1024 x 1024
px. Maximum intensity projections of z-stack images were generated,
typically 8-12 confocal planes with a step size of 0.21 um. Image pro-
cessing was performed using Fiji/ImageJ, including extraction from.czi
files; and adjustment, cropping and assembly using Affinity Designer
version 1.10.8.

To quantify junctional immunofluorescence, signal pixel intensity
(mean gray value) for each channel was measured in the selected
junctional area using the polyhedral tool of Fiji/Image]. The average
background signal of the image was subtracted. Relative fluorescence
intensity (RFI) was calculated as the ratio between the signal of the
protein of interest and an internal junctional protein of reference
(PLEKHA6 or PLEKHA?).

The zig-zag index (L(TJ)/L(St)) was measured as the ratio between
the actual length of bicellular junction and the distance between two
vertexes™. The length of the tight junction (L(TJ)) was measured by
tracing a freehand line in Fiji/ImageJ, while the straight length of the
junction (L(St)) was measured using a straight line between vertexes.
Typically 90 junctions were analyzed for each condition for statistical
analyses.

gRT-PCR analysis

For qRT-PCR, 4 x 10° cells were seeded in 6-well plates. On day 3, cells
were washed with PBS, trypsinized, and centrifuged at 5000 g for
5min. The supernatant was discarded, and RNA extraction was per-
formed using the NucleoSpin® RNA kit (Macherey-Nagel, #740955.50).
RNA concentration was measured using the SpectroStarNano spec-
trophotometer (BGM Labtech). The cDNA was synthesis from 1 g of
RNA using the iScript™ cDNA Synthesis kit (Bio-Rad, #1708890). cDNA
concentration was measured using the SpectroStarNano spectro-
photometer. qRT-PCR was performed on 20 ng of cDNA using the
Master Mix Select SYBR™ kit (ThermoFisher Scientific, #4472908) and
a CFX-connect thermocycler (BioRad). The following canis primers
were used at 2.5uM: HPRT (internal standard), forward 5-TGGA-
CAGGACTGAGCGGC-3’ and reverse 5-TGAGCACACAGAGGGCTACG-
3’; ACTB, forward 5-AGCGCAAGTACTCTGTGTGG-3’ and reverse 5~
GTAACAGTCCGCCTAGAAGC-3’; MYH9, forward 5-CTGCAAACTGGC-
CAAGGAGA-3 and reverse 5-GTCGGTGATCATCGCCTCAT-3. The
amplification conditions were: 2 min at 50 °C, followed by 2 min at
95 °C for, followed by 45 cycles of PCR amplification, each consisting
of 95°C for 15 sec and 58 °C for 1 min. ACt values were obtained by
subtracting the Ct value of the housekeeping gene HPRT from the Ct
value for each of the indicated genes. AACt was calculated as the dif-
ferences in ACt between WT and y-actin-KO (#2G3, #2HS5, #3G9).
Positive AACt values indicate more PCR cycles and therefore less
mRNA. Conversely, negative AACt values indicate more mRNA. The
fold changes were calculated —(AACt) by 2. For each experimental
sample three replicates were performed.

Measurement of transepithelial electrical resistance (TEER) and
paracellular flux assay
To measure the TEER of MDCK monolayers at steady-state, 2 x 10* cells
were seeded in triplicate on 6.5 mm Transwell filters (Corning Costar,
#3450). Cells were cultured in standard DMEM medium supplemented
with FBS, NEAA, and P/S. The medium was changed every two days. On
day 7, TER was measured, three measures per well, using the Millicell-
ERS probe (Millipore) and the Millicell-ERS Volt-Ohm meter (Millipore).
To assess paracellular flux of 3kDa fluorescein-dextran, 7 x 10*
cells were seeded in triplicate on 12mm Transwell filters (Corning
Costar, #3460). This medium was changed every two days. On day 7,
TEER measurements were conducted to confirm cell confluency.
Subsequently, cells were washed once with warm Hanks buffer (Gibco,
#14025-050), and incubated for 30 min at 37 °C with fresh warm Hanks
buffer. Then, cells were exposed to a 3 kDa fluorescein-dextran solu-
tion (Invitrogen, #D3305) at a concentration of 1 mg/mL in the apical

compartment, while the basal compartment contained fresh Hanks
buffer. After 1, 2, and 3 hr, 100 pL of the basal solution was collected
and replaced with Hanks buffer. Fluorescence intensity was measured
using a Cytation3 reader with excitation at 494 nm and emission at
521 nm. The permeability of 3 kDa fluorescein-dextran was calculated
using the following formula:

Perm,pp = ([final 3 kDa fluorescein-dextran in basal compartment
(ng/mL)] x 10%) / (filter area (1,12cm?) x [initial 3kDa fluorescein-
dextran in apical compartment (ng/mL)] x time (s))*.

Atomic force microscopy (AFM) indentation measurements
AFM-based indentation measurements were conducted using a com-
mercial AFM (Dimension FastScan, Icon Scanner, Bruker). A poly-
styrene bead with a radius of 5um (Invitrogen) was affixed onto a
tipless silicon nitride cantilever (MLCT-O10-A, Bruker) using epoxy
fixative. The spring constants of the custom-made cantilevers, cali-
brated prior to each measurement using the thermal fluctuation
method, ranged from 0.025 to 0.14 N m™.

All AFM indentation measurements were performed in cell culture
medium at RT. Cells were cultured in 60 mm petri dishes for 36 hrin an
incubator until they formed monolayers with confluency exceeding
80%. In a typical experiment, the cantilever was moved towards the cell
layer at a constant speed of 1 um s™ until it reached a maximum contact
force of 30 nN, corresponding to a maximum indentation distance of
cells ranging up to 1.2 um. Subsequently, the cantilever was retracted
and relocated to another spot for the next cycle. A box pattern con-
taining 50-100 spots within a 40 um x 40 um region was defined, with
typically 10-20 such regions randomly selected for each measurement
to determine the average stiffness of the cell.

The force-indentation traces were analyzed to derive the Young's
modulus of the cells using the NanoScope Analysis program. Following
baseline correction and contact point estimation, the approaching
force-indentation curve was fitted with the Hertz (Spherical) model
(Eq. 1) within the contact force range of 0.5 nN to 4.5 nN. Constant
parameters and data range were selected to minimize bias across dif-
ferent cell types.

The Hertz (Spherical) model equation utilized for the fitting pro-
cess is as follows™:

4F 2
“30- VR&: @
where F represents the force exerted by the cantilever, 5 denotes the
indentation distance of the cell pressed by the cantilever, E signifies
the Young’s modulus of the cell layer, R represents the radius of the
spherical indenter, and v represents the Poisson ratio. The Poisson
ratio of cells typically falls within the range of 0.3-0.5, and for all cal-
culations, we adopted v = 0.5%°.

For comparison of between y-actin-KO and cingulin-KO MDCK
cells, cells were seeded onto Petri dishes (u-Dish; ibidi, Grifelfing,
Germany) and grown to confluence. The cell culture medium was
exchanged by P/S (0.1mg/mL; Biochrom) and HEPES (15 mM; Bio-
chrom) containing medium. The AFM setup consists of a NanoWizard
XP or NanoWizard 4 AFM (Bruker Nano, Berlin, Germany) mounted on
top of an inverted optical microscope (IX81; Olympus). A Petri dish
heater (Bruker Nano) keeps the sample at 37 °C during the measure-
ment. Triangular cantilevers CP-PNPL-SiO-A (s-Qube, NanoandMore,
USA equipped with colloidal probes (2 um diameter) and a nominal
force constant of 0.08 N/m were used after thermal calibration. Force
relaxation experiments were conducted on cells to measure the vis-
coelastic response. In these experiments, cells are initially deformed
up to a specific yield force of about 1 nN at which the feedback is
switched to constant distance and force relaxation is monitored as a
function of time. The indentation velocity was set to 2 pm/s. Once this
yield force is reached, the indentation depth remains constant, and
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force relaxation is monitored. For this purpose, a distinct region of
the cell culture sample of 5 x 5 um? was indented as a squared grid of
8 x 8 px at the center referred to as force mapping.

Viscoelasticity assessment

The theory used to fit the experimental force relaxation data is based
on the central assumption that the plasma membrane/cortex shell
resists deformation only by its tension 7, which contains the prestress
T, of the contractile actomyosin cortex and the area compressibility
modulus times the relative area dilatation K ya:

T=Ty+Ka. 2)

T, is the time invariant prestress of the membrane/cortex shell,
while the area compressibility modulus. K, reflects the elastic resis-
tance to area strain. Viscoelasticity of K, is assumed to obey a power

-B
law K, = Kg (é) with 0 <f<1and ¢, =1s (set arbitrarily). Application
of the elastic-viscoelastic-correspondence principle gives:

~ tooft—1\Poa)
T(t)—T+/0KA< - ) A0 ar 3

The shape of the cell is assumed to be a spherical cap para-
meterized by a base radius and contact angle. Using this cap-like
geometry as the starting point, the minimal surface is computed for
various indentation depths and used to compute the force response as
outlined previously®.

Isolation and analysis of apical cell cortices

The sandwich cleavage method*® was used to obtain apical cell cortices
from intact, living MDCK cells. WT and y-actin-KO MDCK cells were
seeded in 6-well tissue culture plates (TPP®) and grown to confluence.
Glass coverslips (1.5H, 22 x22 mm?; Carl Roth GmbH) were washed
twice alternately with water and ethanol followed by thorough clean-
ing in an oxygen plasma with a plasma cleaner (Zepto, Diener Elec-
tronics, Ebhausen, Germany). The glass coverslips were then incubated
with the positively charged polymer poly-D-lysine (PDL, 0.2 g/L; Sigma-
Aldrich) for 3 hr and rinsed once with distilled water. Subsequently,
coated glass coverslips were placed on an osmotically swollen con-
fluent MDCK cell monolayer, incubated for 30 min, and pulled off.
After cleavage, isolated apical cell cortices were fixed in paraf-
ormaldehyde (PFA, 4% (w/v) in PBS) for 20 min and F-actin staining was
performed by diluting Alexa FluorTM 488-phalloidin (6.6 uM) 1:40 in
blocking/dilution buffer (1% (w/v) BSA in PBS) followed by incubation
at RT for 45 min. The samples were rinsed twice with PBS after each
step. On a microscope slide (76 x26 mm, Epredia), the coverslip con-
taining the isolated cell fragments was embedded in Mowiol (Carl
Roth GmbH).

STED imaging was performed with an Abberior Expert line setup
(Abberior Instruments) using an IX83 microscope (Olympus) with a
100x/1.40 oil immersion objective (UPLSAPO, Olympus). Alexa
FlourTM 488 was excited with a 485nm excitation laser (20% of
maximum power) and detected with a 525 - 575 nm avalanche photo-
diode (APD). The depletion laser was a 595 nm pulsed solid-state laser
(set to ~5% of the maximum power of 2 W). For all STED images, the
pixel size was 20 nm with a dwell time of 2.5 ps per pixel, a line aver-
aging of 6 at a resolution of 1000 x 1000 px>. Sections of 400 x 400 px?
were selected from the resulting STED images for image analysis.

Fluorescence Recovery After Photobleaching (FRAP)

For FRAP experiments, MDCK cells were transfected with constructs
coding for either GFP-cingulin-FL or GFP-ZO-1-FL and were cultured
into glass-base dishes 27 mm (Thermo Fisher, #150682) for 72 hr in
normal culture medium (DMEM +10% FBS +1% P/S). FRAP assay were

performed in HBSS containing 15 mM Hepes pH: 7,4 in a temperature-
controlled stage (37°C) on a Leica SP8 or a Leica Stellaris8 confocal
microscopes using a X63 immersive objective. For blebbistatin treat-
ment, either blebbistatin (Sigma, #B0560) or DMSO (control condi-
tion) were added at final concentration of 50 uM for 3 hr before the
experiment in normal medium, and added at the same concentration
to the HBSS medium for the experiment.

Five images were acquired every 1:290 s before photobleaching.
Cell-cell junctions were photobleached four times during 1:280s at
70%, and images were acquired at regular intervals for a recovery
period of 10 min. The first 2min post-bleach, images were acquired
every 2 s, and the last 8 min of acquisition images were each 5s. Using
Fiji/lmageJ version 2.16.0/1.54 g, the rate of photobleaching was cal-
culated by comparing the fluorescence of the control region before
(FcO) and after (Fc) photobleaching (r=Fc/Fc0). The fluorescence
intensity was normalized by subtracting the background region
intensity (Fb) to the junctional region of interest intensity (Fj), all
divided by the rate of photobleaching (F = (Fj-Fb)/r). The mobile frac-
tion and half-time (t1/2) were calculated by fitting a one-phase decay
nonlinear regression using GraphPad Prism version 10.4.1%.

Quantification and Statistical analysis

GraphPad Prism version 10.4.1 software was used for data processing
and analysis. All experiments were conducted at least in triplicate. Data
are presented as dot-plots, histograms or line-graphs with mean values
and standard deviations (SD) indicated to represent the variability.
Nested analysis was conducted to identify outliers. Any detected out-
liers were excluded from the statistical analysis. Statistical significance
was determined using either a one-way Anova two-sided test, preceded
by verifying the normal distribution using Kolmogovor-Smirnov test,
or an unpaired Mann-Whitney two-sided test (when comparing two
sets of data). The p-value from the test was directly incorporated into
the figure.

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

Data availability

The raw images from immunofluorescence experiments generated in
this study have been deposited in the FigShare database [https://doi.
org/10.6084/m9.figshare.283093371%. Source data are provided with
this paper.
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