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ABSTRACT The role of desmosomal cadherin desmocollin-2 (Dsc2) in regulating barrier
function in intestinal epithelial cells (IECs) is not well understood. Here, we report the
consequences of silencing Dsc2 on IEC barrier function in vivo using mice with inducible
intestinal-epithelial-specific Dsc2 knockdown (KD) (Dsc2FRAEC), While the small intestinal
gross architecture was maintained, loss of epithelial Dsc2 influenced desmosomal plaque
structure, which was smaller in size and had increased intermembrane space between adja-
cent epithelial cells. Functional analysis revealed that loss of Dsc2 increased intestinal perme-
ability in vivo, supporting a role for Dsc2 in the regulation of intestinal epithelial barrier func-
tion. These results were corroborated in model human IECs in which Dsc2 KD resulted in
decreased cell-cell adhesion and impaired barrier function. It is noteworthy that Dsc2 KD cells
exhibited delayed recruitment of desmoglein-2 (Dsg2) to the plasma membrane after calcium
switch-induced intercellular junction reassembly, while E-cadherin accumulation was unaffect-
ed. Mechanistically, loss of Dsc2 increased desmoplakin (DP I/Il) protein expression and pro-
moted intermediate filament interaction with DP I/Il and was associated with enhanced ten-
sion on desmosomes as measured by a Dsg2-tension sensor. In conclusion, we provide new
insights on Dsc2 regulation of mechanical tension, adhesion, and barrier function in IECs.
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INTRODUCTION

The intestinal epithelium resides at the interface of the intestinal
lumen and underlying tissues and plays an essential role in fluid
and nutrient absorption while also restricting pathogen access (Lu-
issint et al., 2016). Barrier properties of intestinal epithelial cells

(IECs) are achieved by a series of intercellular junctions, including
tight junction (TJ), adherens junction (AJ), and desmosomes (DMs),
which are located along the lateral membrane (Laukoetter et al.,
2006). TJ and AJ comprise the apical junctional complex situated
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in the most apical region of the lateral membrane. While TJs selec-
tively regulate the paracellular movement of water, ions, and sol-
utes, AJs mediate intercellular adhesion. Subjacent to the AJ are
DMs that form “spot welds” between cells and function to
strengthen cell-cell adhesion. By electron microscopy, DMs are
visualized at the cell membrane as pairs of electron-dense disks
longitudinally bisected at the intercellular space by a midline
zipperlike structure. On the cytoplasmic side, desmosomal plaques
anchor the protruding intermediate filaments (IF) to the membrane
(Farquhar and Palade, 1963; Green and Simpson, 2007; Kowalczyk
and Green, 2013; Nekrasova and Green, 2013; Cirillo, 2016). DMs
are composed of transmembrane cadherin family members
desmoglein (Dsg) and desmocollin (Dsc), which establish the cell-
cell contact by associating their extracellular domains in the para-
cellular space. The cytoplasmic tails of these cadherins are linked
to IFs by plaque proteins that include desmoplakins (DP), plako-
philins, and plakoglobin (Holthofer et al., 2007). While multiple
isoforms of desmosomal cadherins (Dsg 1-4 and Dsc 1-3) are
expressed in stratified complex epithelia, DMs in [EC monolayers
are composed exclusively of Dsg2 and Dsc2. DMs have been
implicated in controlling the strength of intercellular adhesion in
complex epithelia such as the skin and the heart, thereby playing
an important role in maintaining tissue integrity. DMs resist forces
exerted on tissues that undergo mechanical stress (Baddam,
Arsenovic et al., 2018; Price, Cost et al., 2018). The importance of
tissue architecture maintenance by DMs is highlighted in patients
with diseases of organs subjected to high mechanical forces such
as the skin and the heart. DMs in these organ systems are dysfunc-
tional in individuals with inherited mutations or by the generation
of autoimmune antibodies, resulting in skin epithelial blistering
and heart muscle dysfunction (Kottke et al., 2006). Paradoxically,
DMs also generate tensile forces by anchoring cadherins to the
contractile IF-cytoskeleton (Broussard, Yang et al., 2017; Charras
and Yap, 2018). However, mechanisms by which desmosomal
cadherins sense mechanical forces to support intercellular adhe-
sion and tissue integrity remain unclear. In this respect, recent
studies using Foster resonance energy transfer (FRET)-based ten-
sion sensors (TS) revealed that desmosomal proteins Dsg2 and DP
I/l contain force-absorbing function. Dsg2 has been reported to
experience low or higher mechanical tension levels in resting cells
and during cardiomyocyte contraction, respectively. DP I/l be-
comes mechanically loaded when cells are exposed to external
forces (Broussard, Yang et al., 2017; Baddam, Arsenovic et al.,
2018; Price, Cost et al., 2018). Interestingly, DP I/Il tension proper-
ties are modulated by its association with IF-cytoskeleton. In fact,
cell—cell forces depending on DP I/II-IF interactions are increased
by mutating Ser2849 in the DP C-terminus, which strengthens
the interaction of DP I/ll to the IF-cytoskeleton (Broussard, Yang
etal., 2017).

Whereas Dsg2-mediated desmosomal adhesion has been re-
ported to contribute to the intestinal epithelial barrier function
(Schlegel et al., 2010; Ungewiss et al., 2017; Gross et al., 2018), the
role of Dsc2 in mediating these functions remains to be defined. In
the current study, we examined the role of Dsc2 in intercellular junc-
tion formation and stability, as well as barrier function of IECs by
using mice with |IEC-specific inducible down-regulation of Dsc2,
Villin-CrefR2 mice (Dsc2FRYEC) (el Marjou et al., 2004; Flemming,
Luissint et al., 2020). We found that loss of IEC-Dsc2 resulted in
decreased DM size and increased intermembrane space (IMS) within
DMs and led to intestinal epithelial barrier defects in vivo. Using a
calcium switch assay to study intercellular junction assembly, we
observed that in the absence of Dsc2, the incorporation of Dsg2
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was delayed at the plasma membrane without impairing recruit-
ment of the AJ protein, E-cadherin. To determine the mechanism by
which Dsc2 silencing regulates IEC intercellular adhesion, we
explored cadherin-based tensile forces at the AJ and DMs. IEC-
Dsc2 knockdown (KD) led to altered mechanical tension force on
the Dsg2-TS during intercellular junction assembly, without influenc-
ing the E-cadherin-TS. Interestingly, loss of Dsc2 also resulted in
increased DP /Il protein and promoted association of the IF-
cytoskeleton to DP I/Il, which has been related to enhanced intercel-
lular forces. Taken together, our findings identify an important role
for Dsc2 in regulating intestinal epithelial intercellular junction
formation, adhesion, and epithelial barrier function by controlling
desmosomal tensile forces.

RESULTS

Inducible-targeted deletion of Dsc2 in IECs influences DM
structure

To identify the contribution(s) of Dsc2 in regulating intestinal epithe-
lial intercellular adhesion and barrier function, we generated mice
with |IEC-specific tamoxifen-inducible deletion of Dsc2 (Dsc2FRAEC)
(Flemming, Luissint et al., 2020). Dsc2 mRNA was specifically down-
regulated in IECs in the small intestine and unaffected in other
tissues including the heart (Figure 1, A and B). Additionally, specific
knockdown of Dsc2 protein in [ECs in the ileum was confirmed by
Western blot analysis and immunofluorescence labeling of Dsc2
(Figure 1, C and D). IEC-Dsc2 deficiency did not alter protein levels
of Dsg2 and E-cadherin in Dsc2FR4EC (Figure 1C) nor their subcellu-
lar localization along the crypt-villus axis in the small intestine as
compared with Dsc2"f control littermate mice (Figure 1D). Similar
results were obtained in the colon of these mice which did not show
a significant change in Dsg2 and E-cadherin protein in Dsc2FRAEC
compared with Dsc2”f mice (Supplemental Figure S1B) (Flemming,
Luissint et al., 2018). Furthermore, histologic analysis of hematoxylin
and eosin-stained tissue sections of the small bowel, including
ileum, revealed no gross alterations in mucosal architecture in
Dsc2RAEC mice and Dsc2”f (Supplemental Figure S1A). We next
determined whether Dsc2 loss in IECs modified the ultrastructural
organization of DMs in the ileum by electron microscopic analysis.
As depicted in the schematic in Figure 2A (top panel), multiple DMs
are located beneath TJ and AJ in IECs. Desmosomal ultrastructure
was evaluated by measuring width, length, and IMS, which is the
intercellular space between two desmosomal plaques of adjacent
cells (Figure 2A, bottom panel) (Gross et al., 2018). In control Dsc2"f
mice, desmosomal spot welds between adjacent I[ECs were visual-
ized as electron-dense plaques that consist of two electron-dense
regions separated by a clear zone (IMS), similar to previously re-
ported studies (Figure 2B) (Farquhar and Palade, 1963; Green and
Simpson, 2007; Kowalczyk and Green, 2013; Nekrasova and Green,
2013; Cirillo, 2016). Dsc2 deficiency resulted in DM morphologic
abnormalities compared with Dsc2”f mice (Figure 2B). Specifically,
the width and length of desmosomal plaques were significantly di-
minished, and the IMS was increased in Dsc25f4EC mice compared
with control Dsc2"f (Figure 2C). Noteworthy, as indicated in Supple-
mental Figure 52, TJ and AJ length was similar in Dsc2FRAMEC and
Dsc2” mice. The IMS at AJ was slightly increased in Dsc25R4EC mice,
whereas evaluation of TJs in the transmission electron microscopy
(TEM) images revealed apical electron-dense areas of close mem-
brane apposition in both Dsc2FR4EC and Dsc2”f mice. Altogether,
these findings strongly indicate that Dsc2 significantly contributes to
DMs organization and modulates to a lesser extend AJ adhesion
structures in the simple intestinal epithelium. Thus, for the current
study, we focused on analyzing DMs in Dsc2 KD cells.
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Loss of Dsc2 in IECs did not alter intestinal mucosal architecture as well as Dsg2 and E-cadherin expression.
Intestinal epithelial-specific deletion of Dsc-2 was confirmed in the ileum of Dsc2ERAEC mice and control littermates
Dsc2 treated with tamoxifen and analyzed 30 d later. (A) Loss of Dsc2 mRNA expression, but not of Dsg2 mRNA in
ileal IECs isolated from Dsc2ERAEC mice or control Dsc2f. Points represent values from an individual mouse. Graph
combines values obtained from two independent experiments with a total of seven to nine mice per group. Data are
means = SEM. ****p < 0.0001; significance is determined by two-tailed Student'’s t test. (B) Expression of Dsc2 and
Dsg2 mRNA is unchanged in the heart that does not express Villin, confirming tissue-specificity of Dsc2 depletion.
Results are representative of two independent experiments. Points represent values from an individual mouse.
Differences are not significant (ns) by two-tailed Student’s t test. (C) IECs were isolated from the ileum of Dsc2FR'EC and
Dsc2” mice. Protein were separated by SDS-PAGE and visualized by immunoblotting with antibodies against Dsg2,
Dsc2, E-cadherin, and GAPDH as loading control. Representative Western blot images showing loss of Dsc2 in the ileal
epithelium in Dsc2FRAEC mice while Dsg2 and E-cadherin expression is unaltered. (D) Representative images of ileal

tissue sections from tamoxifen-treated Dsc2FRAEC and Dsc2f mice stained

with anti-Dsc2, anti-Dsg2 or anti-E-cadherin

antibodies and DAPI as a nuclear counterstain. Dsc2 expression is absent in ileal crypt-villus epithelial cells of Dsc2ERAIEC
mice with no change in Dsg2 and E-cadherin expression. Scale bars are 50 ym.

IEC-Dsc2 deficiency compromises epithelial barrier function
in vivo and in vitro

Since DMs contribute to epithelial barrier properties, we next in-
vestigated the functional consequences of Dsc2 loss on intestinal
epithelial barrier function in vivo. FITC-dextran (4-kDa molecular
weight) was injected into the lumen of an exteriorized fully
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vascularized ileal loop and paracellular flux of FITC-dextran
across the intestinal epithelium into the blood was measured in
Dsc2FRAEC and control Dsc2”f mice (Figure 3A) (Monteiro et al.,
2013; Wang et al., 2015; Flemming, Luissint et al., 2018). Dsc2
deficiency in IECs resulted in a significant increase in FITC-
dextran flux in Dsc2R4EC compared with control Dsc2” mice

Desmocollin2 controls intestinal barrier | 755
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FIGURE 2: Loss of IEC Dsc2 is associated with reduced DM size and increased IMS. (A) Top panel: schematic diagram
showing the localization of intercellular junctional complexes between adjacent IECs. TJ, tight junction; AJ, adherens
junction; DM, desmosome; GJ, gap junction; FA, focal adhesion; HD, hemidesmosome. Bottom panel: schematic
representation of DM complex depicting total width, length, and IMS. Pkp, plakophilin; DP I/Il, desmoplakins I/11; Pg,
plakoglobin. (B) TEM images of DM structure (arrows) in the terminal lleum of Dsc2ERAEC mice compared with littermate
Dsc2 controls. The absence of Dsc2 resulted in DM structural changes that were shorter and had increased IMS.

(C) Histograms represent total width, length, and IMS of DM measured from EM images from Dsc2"f and Dsc25RAEC
mice. DM width was calculated by subtracting the IMS from the total width measurement. Five TEM images were
analyzed and the first most apical DM per image was measured. Histograms show the mean + SEM. Points represent
values from individual DM in three mice per group (15 images/15 DMs). Significance was determined by two-tailed

Student'’s t test. **p < 0.01, ***p < 0.001.

indicating a nonredundant and critical role for Dsc2 in epithelial
barrier function in vivo (Figure 3B). These findings were corrobo-
rated in vitro using model human IECs. Dsc2 was down-regulated
in a model IEC line SKCO-15 by Dsc2 shRNA viral transduction
(SKCO-15 Dsc2 KD cells) and compared with control cells trans-
duced with a scrambled control nonsilencing (NS) shRNA. In line
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with the in vivo findings, KD of Dsc2 in SKCO-15 cells did not
alter the expression of Dsg2 and E-cadherin proteins (Figure 3C).
Furthermore, epithelial barrier function analysis revealed de-
creased transepithelial electrical resistance (TEER) that paralleled
the increased paracellular flux to 4-kDa FITC-dextran in Dsc2 KD
cells (Figure 3, D and E). Taken together, these observations

Molecular Biology of the Cell
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FIGURE 3: Loss of Dsc2 resulted in epithelial barrier dysfunction in vivo and in vitro. (A) Image of the ileal loop model
used to quantify intestinal epithelial permeability to 4-kDa FITC-dextran in vivo in Dsc2RVEC mice vs. Dsc2f controls. A
4-cm length of ligated ileal loop was exteriorized without disruption of blood supply following which a solution of 4-kDa
FITC-dextran was administrated into the intestinal lumen. The ileal loop was placed back in the peritoneal cavity and at
2 h postinjection of FITC-dextran; serum concentrations of FITC were determined at 488 nm using a microplate
spectrophotometer. (B) Dsc2 depletion resulted in increased intestinal permeability to 4-kDa FITC-dextran in vivo.
Histograms show the mean + SEM and points represent values from an individual mouse (9-11 mice per group). Data
are combined from two independent experiments. Significance is determined by two-tailed Student’s t test. **p < 0.01.
(C) Expression of Dsc2 in protein lysates from SKCO-15 cells transduced with shRNA-induced KD of Dsc2 (Dsc2 KD) was
compared with nonsilencing shRNA control cells (NS). Western blot images are representative of at least three individual
experiments and show KD of Dsc2, whereas the expression of E-cadherin and Dsg2 was unchanged. Calnexin was used
as loading control. (D) TEER of cell monolayers from SKCO-15 Dsc2 KD cells vs. NS control was determined every day
after cell seeding for 5 d. At day 5, TEER was reduced by twofold in SKCO-15 Dsc2 KD cells in comparison with control.
Results show the mean + SEM and are representative of four individual experiments, each one assayed in four technical
replicates. Statistical analysis was done with two-way ANOVA, followed by Tukey’s posttest. ****p < 0.0001.

(E) Paracellular flux of 4-kDa FITC-dextran across cell monolayers from SKCO-15 Dsc2 KD and NS control cells.
FITC-dextran flux was significantly increased in SKCO-15 Dsc2 KD cells. Results show the mean + SEM and are
representative of four individual experiments, each one assayed in four technical replicates. Statistical analysis was done
with two-tailed Student’s t test. **p < 0.01.

support the importance of Dsc2 in controlling the IEC barrier
function.

Loss of Dsc2 impairs IECs intercellular adhesion

To further determine the mechanism by which Dsc2 regulates IEC
barrier properties, we first investigated whether the loss of Dsc2
affects intercellular adhesive strength. Confluent SKCO-15 Dsc2
KD and control epithelial monolayers were subjected to a well-
established dispase assay in which cell monolayers were detached
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from the extracellular matrix using protease dispase Il treatment
followed by mechanical stress to induce fragmentation of the
monolayer. A higher number of fragments indicates weaker inter-
cellular cell cohesion. Loss of Dsc2 resulted in an increased num-
ber of cell fragments compared with control cells (Figure 4, A and
B). Similar results were obtained with another human model IEC
line, Caco-2-BBE (Supplemental Figure S3). These observations
support a role for Dsc2 in controlling IEC intercellular adhesion
strength.
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FIGURE 4: KD of Dsc2 in human model IECs resulted in reduced
intercellular adhesion. (A) SKCO-15 cell monolayers with KD for Dsc2
vs. control NS were subjected to a dispase ll-based mechanical cell
dissociation assay to induce monolayer fragmentation as a readout of
cell—cell adhesion. (B) Depletion of Dsc2 resulted in significantly
increased epithelial monolayer fragmentation suggesting impaired
cell-cell adhesion. Results show the mean = SEM of data from three
individual experiments, each one assayed in two technical replicates.
Statistical analysis was done with two-tailed Student’s t test.
**p<0.01.

Dsc2 regulates DM complex formation without affecting
E-cadherin targeting to the assembling AJ

Intercellular junctional complexes are dynamic structures that as-
semble and disassemble in response to various stimuli, such as
proinflammatory mediators or mechanotransduction signals, that
modify the strength and distribution of cell junction proteins
(Andrews et al., 2018; Charras and Yap, 2018). Junctional protein
remodeling is required to maintain epithelial barrier function and
epithelial homeostasis. Cadherins have been reported to play an
important role in this process by controlling the assembly of intercel-
lular junction protein complexes and their association with the cyto-
skeleton. For example, E-cadherin promotes not only AJ but also TJ
and DM formation (Gumbiner et al., 1988). E-cadherin facilitates the
recruitment of Dsg2 and plakophilin3 to nascent DMs (Michels,
Buchta et al., 2009; Gosavi, Kundu et al., 2011; Shafraz, Rubsam
et al., 2018). Conversely, silencing of desmosomal cadherin Dsg3
delays E-cadherin targeting to form junctions (Tsang et al., 2012),
indicating that DMs are significant regulators for AJ assembly. Given
the relationship between AJ and DM, we next determined whether
Dsc2 contributes to AJ and DM assembly using a calcium switch
assay (Ilvanov et al., 2007). Dsc2 KD SKCO-15 monolayers or control
cells (NS) were subjected to calcium depletion in low calcium me-
dium (1 pM Ca?), resulting in cell—cell junction disassembly that is
associated with the internalization of junctional proteins into intra-
cellular vesicles (lvanov et al., 2005). Restoring extracellular calcium
in cell medium (1.8 mM) promotes synchronized intercellular
junction assembly. As shown in Figure 5A, calcium repletion in cell
medium resulted in the development of epithelial barrier function as
a readout of the intercellular junction assembly. TEER measure-
ments to examine barrier function revealed that Dsc2 KD cells had
lower TEER values compared with NS control cells over the entire
course of junctional formation (Figure 5A). Thus, we next analyzed
the incorporation of Dsg2 and E-cadherin into intercellular junctions
after calcium depletion and repletion (Figure 5B). As shown in the en
face confocal microscopy images and histograms depicting fluores-
cence intensity at plasma membrane (Figure 5, B and C), Dsg2 and
E-cadherin were detected at intercellular contacts in both control
and Dsc2 KD cells in nontreated (NT) monolayers. Although Dsg?2
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was visualized at intercellular contacts 60 min after extracellular cal-
cium repletion in control cells expressing Dsc2, Dsg2 was still barely
detected at cell borders at 180 min postcalcium repletion in Dsc2
KD cells (Figure 5, B and C). These findings suggest that loss of Dsc2
results in delayed targeting of Dsg2 to the intercellular junction
during assembly after calcium switch. In contrast, E-cadherin was
visualized at intercellular contacts in both control and Dsc2 KD cells
over the entire course of junction formation after calcium repletion
suggesting that E-cadherin localization at the lateral junctional
membrane was not impaired by Dsc2 loss (Figure 5, B and C). All
together these observations indicate that Dsc2 contributes to DM
organization in IECs in vitro and its deficiency alters primarily DM
assembly corroborating in vivo results obtained with Dsc2FRAEC and
Dsc2" mice (Figure 2B and Supplemental Figure S2).

Dsc2 silencing increased desmosomal mechanical tension
Previous experiments have shown that AJ proteins, E-cadherin and
o-catenin as well as desmosomal proteins Dsg2 and DP I/1l, can re-
sist mechanical forces to support intercellular adhesion and tissue
integrity (Borghi, Sorokina, Shcherbakova et al., 2012; Tornavaca
et al., 2015; Acharya et al., 2017; Baddam, Arsenovic et al., 2018;
Price, Cost et al., 2018). Therefore, we determined if Dsc2 loss
modulates tension forces that are exerted on AJ and DM during
junctional assembly after calcium switch by using specific FRET-
based molecular TS that have been previously validated for E-
cadherin (E-cad TS) and Dsg2 (Dsg2 TS) (Figure 6A) (Borghi, Soro-
kina, Shcherbakova et al., 2012; Baddam, Arsenovic et al., 2018).
Dsg2-mediated DM tension was analyzed in NT monolayers, after
calcium depletion and at 180 min after calcium repletion, which
corresponds to the time when Dsg2 is targeted into the lateral
junctional plasma cell membrane (Figure 5B). The untreated Dsc2
KD and NS monolayers exhibited the same Dsg2 TS FRET signal at
plasma membrane. At time O of calcium repletion, the Dsg2 TS
fluorescence signal was detected inside the cells, indicating Dsg2
internalization. Of note, some cells displayed Dsg2 TS at the cell
membrane, which might be due to previously reported calcium-
independent superadhesive properties of DM (Mattey and Garrod,
1986; Kimura et al., 2007). At 180 min after calcium repletion, Dsg2
TS exhibited a significant decrease in FRET signal that correlates
with higher tension forces across DM in the absence of Dsc2 com-
pared with NS control cells (Figure 6, B and C). These observations
indicate that loss of Dsc2 is associated with a change in Dsg2-
mediated tension on DMs during intercellular junction assembly.
Interestingly, at 180 min after calcium repletion, the AJ tension
forces were unaffected as assessed by using an E-cad TS (Supple-
mental Figure S4), corroborating that loss of Dsc2 did not impair E-
cadherin assembly in AJ (Figure 5B). Taken together, these results
support a role of Dsc2 in controlling DM-mediated mechanical
tension in IECs during junction formation.

Dsc2 loss is associated with change in DP l/II
phosphorylation

DP I/l is a desmosomal scaffold protein (200-250 kDa) that gener-
ates tension force across DM by linking IF-cytoskeleton to desmo-
somal cadherins (Broussard, Yang et al., 2017; Price, Cost et al.,
2018). Phosphorylation of DP I/l at Ser2849 has been reported to
regulate DP I/l association with IF-cytoskeleton. A phosphorylation-
deficient DP I/Il generated by substitution of Ser2849 with Gly2849
enhanced interaction of DP I/l C-terminus with IF-cytoskeleton and
increased intercellular tension force (Godsel, Hsieh, Amargo et al.,
2005; Broussard, Yang et al., 2017). Since Dsc2 loss was associated
with higher intercellular tension force compared with control cells at

Molecular Biology of the Cell
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Dsc2 KD resulted in delayed recruitment of Dsg2 but not E-cadherin to the plasma membrane after calcium
switch-induced cell junction assembly. Confluent monolayers of SKCO-15 cells KD for Dsc2 (Dsc2 KD) or control (NS)
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medium to induce intercellular junction re-assembly. (A) TEER was monitored over the course of calcium repletion (t=0
up to 300 min). Results show the mean + SEM and are representative of two individual experiments (two independent
viral transductions) with a total of 12 technical replicates per condition. Statistical analysis was done with two-way
ANOVA followed by Sidak’s posttest. ****p < 0.0001. (B) Confocal microscopy images of Dsg2 (DM) and E-cadherin (AJ)
in SKCO-15 Dsc2 KD cells vs. control (NS) in either nontreated (NT) confluent monolayers or after calcium switch (CaSw)
at four time points (0, 60, 120, and 180 min). Images are representative of three independent experiments (two
independent viral transductions) and 24 images were analyzed per time point. Scale bars are 40 pm. (C) Histograms
show fluorescence intensity of Dsg2 (green) and E-cadherin (magenta) in the plasma membrane of NT cell monolayers
and after calcium repletion in Dsc2 KD cells and controls. Results show the mean + SEM of three independent
experiments with a total of 24 images per condition. A total of 240 cell-cell contacts were analyzed for NS and Dsc2 KD
cells in both histograms. Statistical analysis was done with two-tailed Student's t test; ns, not significant; ****p < 0.0001.
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Loss of Dsc2 leads to enhanced tension forces on DM after calcium switch. (A) Schematic of the FRET-based
molecular TS. The tension sensitive module (TS mod) consists of the mTFP/Venus FRET pair separated by an elastic linker.
TS mod was inserted into the cytoplasmic domain of Dsg2, where it can sense forces transmitted between the
transmembrane domain (TM) and Dsg-specific terminal domain (DTD). High and low FRET indices correspond to low and
high tension, respectively. Under mechanical loading (red arrows), mTFP/Venus FRET pair is separated, and the FRET is
reduced. EC: extracellular domain, F: force. (B) Representative color-coded images of three independent experiments,
where cold and hot colors, respectively, indicate low and high levels of FRET index on Dsg2 TS mod. Monolayers
expressing Dsg2 TS mod showed altered forces across DMs in SKCO-15 Dsc2 KD cells compared with the nonsilenced
control (NS) during cell-cell junction recovery after calcium switch (CaSw) at two time points (0 and 180 min).

(C) Histograms represent the average FRET index. Data are representative from three independent experiments. Statistical
analysis was done with two-way ANOVA, followed by Tukey’s posttest. *p < 0.05; ****p < 0.0001. Scale bar is 20 pm.

180 min, we analyzed DP I/ll phosphorylation at Ser2849 (pDP) in  total DP I/Il protein ratio was reduced in Dsc2 KD cells compared
these |ECs. Surprisingly, knockdown of Dsc2 in human IEC line  with control cells (Figure 7A). We further corroborated these find-
SKCO-15 resulted in a significant increase in DP I/Il while the pDP/  ings by Western blot analysis of pDP and total DP I/Il protein in the
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FIGURE 7: Dsc2 KD resulted in reduced DP I/Il phosphorylation at
Ser2849 and enhanced interaction of DP I/Il to IF-cytoskeleton.

(A) Left panel shows representative WB images of the expression of
Dsc2, pDP, DP I/1l, and calnexin (loading control) in whole cell lysates
derived from SKCO-15 Dsc2 KD vs. NS cells. Bar graphs in the right
panel show densitometric analysis of DP I/1l expression normalized to
calnexin and ratio pDP/ DP I/Il. Data represent mean = SEM of three
independent experiments. Statistical analysis was done with two-
tailed Student’s t test. *p < 0.05. (B) Membrane and cytoskeletal
fractions were isolated from Dsc2 KD and control SKCO-15 cells. The
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membrane and cytoskeleton subcellular fractions in control and
Dsc2 KD cells. Increased DP I/l protein but diminished pDP was
identified in the cytoskeletal protein fraction in the absence of Dsc2
(Figure 7B). To gain further insights on Dsc2-dependent modulation
of DP I/Il interaction with IF-cytoskeleton, we analyzed the subcel-
lular localization of DP I/Il and pDP in confluent monolayers of
control and Dsc2 KD cells (Figure 7C). The fluorescence intensity at
the lateral junctional plasma membrane of pDP was reduced while
the total amount of DP I/Il in this compartment augmented in Dsc2
KD cells compared with controls (Figure 7C). Given that DP I/II
phosphorylation at 52849 modulates IF-cytoskeleton interaction
with DP I/1l, and Dsc2 KD modulates DP I//Il expression, we immu-
nolocalized DP I/l and cytokeratin 8 by superresolution Structured
Image Microscopy (SIM). Increased colocalization of DP I/Il and
cytokeratin 8 was observed in Dsc2 KD cells compared with control
NS cells (Figure 7D). However, no significant change was detected
in colocalization of DP I/l and F-actin (phalloidin staining) after loss
of Dsc2 (Supplemental Figure S5). These findings support a role of
Dsc2 in modulating DP I/Il and cytokeratin association that in turn
controls tension forces in DMs.

DISCUSSION

The intestinal epithelial barrier protects the body against harmful
pathogens and substances from the external environment (Ma,
1997; Schmitz et al., 2000; Laukoetter et al., 2008). Intestinal barrier
function is achieved by distinct epithelial junctional complexes en-
compassing TJ, AJ, and DMs that are organized along the lateral
membrane between adjacent epithelial cells. In our study, acute
silencing of Dsc2 in IECs altered DM structure, adhesion, and
epithelial barrier function in vitro and in vivo. First, by TEM, we
observed the presence of electron dense disk-shaped DM
structures between adjacent ileal epithelial cells in mice that harbor
IEC-specific Dsc2 deletion (Dsc25RAEC). However, Dsc2-deficient

left panel shows representative WB images of the expression of Dsc2,
pDP I/11, DP I/1l, Na,K - ATPase (membrane marker), and CK8-IF
marker in Dsc2 KD vs. NS cells. Ponceau S staining serves as a loading
control for total protein normalization. The right panel shows the
densitometry analysis. Data represent mean + SEM of five
independent experiments. Statistical analysis was done with wo-tailed
Student’s t test. ns, not significant; *p < 0.05.**p < 0.01; ***p < 0.001;
****p < 0.0001. (C) The left panel shows confocal microscopy images
of pDP $2849 and DP I/Il in SKCO-15 control (NS) vs. Dsc2 KD
confluent monolayers. Scale bars are 40 pm. The right panel shows
histograms depicting fluorescence intensity of DP I/Il and pDP $2849
in the plasma membrane of KD confluent monolayers compared with
NS control. Results show the mean + SEM of three independent
experiments, each one assayed in two technical replicates with a total
of 24 images per condition. A total of 160 and 170 cell-cell contacts
were analyzed for NS and Dsc2 KD cells, respectively. Statistical
analysis was done with two-tailed Student’s t test. ****p < 0.0001.
(D) Top panel, structured illumination microscopy images showing DP
I/1l (green) and CK8 (magenta) in SKCO-15 control (NS) and Dsc2 KD
cells. Rectangles mark zoomed in areas. Scale bar is 5 ym. Bar graphs
in the bottom panel show the fluorescence colocalization analysis,
generated by Pearson’s correlation coefficients, between DP I/Il and
CK8 signals in the cell membrane in Dsc2 KD cells compared with NS
cells. Results show the mean + SEM of three individual experiments
with a total of 12 images per condition, each one assayed in two
technical replicates. For DP-CKS8 interaction, a total of 70 and 75 cell-
cell contacts were analyzed for NS and Dsc2 KD cells, respectively.
Statistical analysis was done with two-tailed Student's t test.
**p<0.01.

Continued
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DMs displayed reduced size and a larger intercellular space in com-
parison to those in ileal epithelial cells from control mice, supporting
a role for Dsc2 in ensuring appropriate DM architecture. Of note,
Dsc2 deficiency led to an enlarged intercellular space at the apical
junctional complex but had no significant effect on AJ and TJ size
and shape by TEM. Whether the loss of Dsc2 directly mediates this
defect needs further investigation. Indeed, the absence of DP or
treatment with the Pemphigus Vulgaris-related anti-Dsg3 antibody
in keratinocytes has been reported to lead to altered AJ and TJ
structures (Sumigray et al., 2014). Therefore, it is tempting to specu-
late that Dsc2 might be essential not only for DM assembly but also
for the proper formation of AJ and TJ complexes.

Dsc2 and Dsg2 are the only desmosomal cadherins expressed in
the intestinal epithelium. In line with our findings, an in vitro study
has reported a double knockdown of Dsc2 and Dsg2 in human
adenocarcinoma DLD-1 cells using a CRISPR/Cas? system. While
double knockdown cells failed to form DMs, the re-expression of
only Dsc2 in the double KD cells was sufficient to form DM-like
structures (Fujiwara et al., 2015). These findings implied a major role
for Dsc2 in DM formation. Herein we report that Dsg2 expression is
unchanged after Dsc2 depletion in both DscZERAEC mice and IEC
lines, and that DM formation was not completely abolished. In
addition, it has been recently reported that Dsg2 depletion results
in an altered DM structure in vivo suggesting a role for Dsg2 in DM
formation (Koeser et al., 2003; Gross et al., 2018). Altogether these
findings strongly suggest that either Dsc2 or Dsg2 alone are not
sufficient for complete DM architecture in IEC. Furthermore, our re-
sults support an important role for intestinal epithelial Dsg2 in DMs
organization in the absence of Dsc2.

Analysis of desmosomal cadherins suggests heterophilic interac-
tions of Dsgs and Dscs in trans via a strand swap mechanism that is
similar to classical cadherins (E-cadherin). In addition, a growing
number of structural studies have provided evidence that both
Dsg2 and Dsc2 are involved in homophilic and heterophilic interac-
tions (Schlipp et al., 2014; Harrison, Brasch et al., 2016; Ungewiss
et al., 2018; Nie et al., 2011; Shafraz, Rubsam et al., 2018). Taken
together, these observations are consistent with our findings and
support a role for both Dsg2 and Dsc2 in orchestrating appropriate
DM organization in simple IECs.

Second, given our observations that Dsc2 is necessary for DM
formation in vivo and in vitro, we analyzed whether Dsc2 deficiency
in IECs may alter intestinal barrier function. We found that Dsc2 de-
ficiency in IECs resulted in increased intestinal epithelial permeabil-
ity in vivo and in vitro. Our results are at odds with a recent study in
which mice that harbor constitutive silencing of Dsc2 in IECs showed
no difference in paracellular permeability compared with littermate
controls (Gross et al., 2018). However, the authors mentioned that in
their experimental model, constitutive silencing of Dsc2 in IECs re-
sulted in an accumulation of Dsg2-interacting protein Galectin 3 in
the plasma membrane fraction, which could serve as a compensa-
tory mechanism to prevent an intestinal barrier defect. Surprisingly,
despite a compromised barrier function observed in DscZERAEC
mice, we did not detect spontaneous inflammation in the intestinal
mucosa. These findings are in line with previous studies of unchal-
lenged JAM-A null mice or intestinal epithelial specific loss of non-
muscle myosin 1A knockout mice that displayed increased intestinal
permeability, without development of colitis, by up-regulation of
adaptive immune response and production of TGF-B and antibacte-
rial IgA to limit intestinal inflammation (Laukoetter, Nava et al., 2007,
Khounlotham et al., 2012, Naydenov et al., 2016). Given that we did
not see increased mucosal immune cell infiltration or gross change
in epithelial architecture in the ileum or colon of Dsc22E¢ mice, it is
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likely that these mice have other mucosal protective mechanisms
that maintain homeostasis.

In addition, the expression of E-cadherin and Dsg2 were not al-
tered by the loss of Dsc2 in vivo and in vitro, which is consistent with
previous reports indicating that I[EC-specific silencing of Dsc2 did
not impact either colon tissue architecture or the expression of E-
cadherin and Dsg2 when compared with control cells (Gross et al.,
2018; Flemming, Luissint et al., 2020).These findings are similar to a
recent report showing that mice with intestinal epithelial knockout
of B-actin have a leaky gut barrier without changes in assembly of
epithelial apical junctions, and they do not develop spontaneous
mucosal inflammation (Lechuga et al., 2020). Here we show that
Dsc2 deficiency resulted in increased paracellular permeability to
macromolecules with size of 4-kDa FITC-dextran in vivo and in vitro.
Although we did not observe major alteration in TJ structure, we
cannot rule out that Dsc2 deficiency might modulate composition
and distribution of claudins and therefore paracellular pore (< 8 A)
versus leak (> 100 A) pathways (Zuo, Kuo et al., 2020). Indeed, pore-
forming claudin-2 is overexpressed during mucosal inflammation,
and claudin-2 expression in vivo increases colonic epithelial perme-
ability, yet transgenic mice overexpressing claudin-2 in the colon
were protected from experimental colitis through positive
regulation of colonocyte proliferation and immune tolerance that
was proposed to limit the development of intestinal inflammation
(Ahmad et al., 2014). It is noteworthy that we recently reported that
on intestinal mucosal injury, Dsc2 has a protective role in recovery
from DSS-induced intestinal inflammation and biopsy-induced
wound repair. In vitro analyses using human model IECs after Dsc2
KD revealed delayed epithelial cell migration and wound repair,
which was associated with reduced cell-matrix traction forces,
decreased integrin B1 and B4 protein, and altered activity of the
small GTPase Rap1 compared with nonsilenced control cells
(Flemming, Luissint et al., 2020). All together our findings support
the importance of Dsc2 in the maintenance of intestinal mucosal
barrier function, homeostasis, and epithelial restitution after injury.

Third, here we show that loss of Dsc2 resulted in delayed incor-
poration of Dsg2 at intercellular contacts following calcium deple-
tion and repletion in human IECs suggesting that Dsc2 contributes
to the calcium-dependent DM assembly. Our findings corroborate
numerous in vitro studies in epithelial cells. Indeed, a previous study
used a modified calcium switch assay to enrich for nascent glycopro-
tein incorporation into the cell membrane to demonstrate that DM
assembly occurs in two steps: in the first 30 min after calcium
repletion, Dsc2-enriched vesicles were transported to the plasma
membrane, where they were stabilized by a second wave of vesicles
enriched with Dsg2 and associated armadillo proteins (Burdett and
Sullivan, 2002). Similarly, Dsc2 but not Dsg2 has been reported nec-
essary and sufficient to recruit DP I/Il into DM-like puncta in MDCK
cells that were seeded on micropatterned substrates of Dsc2aFc
and/or Dsg2Fc (Lowndes et al., 2014). In addition, double silencing
of Dsg2 and Dsc2 in human intestinal adenocarcinoma DLD-1 cells
resulted in a delayed barrier recovery detected by TEER measure-
ment using a calcium switch assay. Dsg2-specific antibody was not
able to inhibit epithelial barrier reformation (Ungewiss et al., 2017).
All together these findings imply a key role for Dsc2 in DM assembly
and function in epithelial cells. Of note, we did not observe a delay
in the recruitment of a TJ transmembrane protein JAM-A to lateral
junctional complexes during calcium repletion in Dsc2 KD cells
compared with NS control cells (data not shown). However, currently
we cannot rule out that Dsc2 KD does not influence barrier-regulat-
ing TJ proteins such as claudins which will require further analysis.
Interestingly, here we show that loss of Dsc2 did not delay the
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reassembly of E-cadherin at the lateral plasma membrane after cal-
cium repletion. Given that we observed an enlarged AJ intercellular
space by TEM in the absence of Dsc2, the possibility that Dsc2
might influence other AJ-associated proteins is not excluded. There
are numerous reports that have described E-cadherin and AJ to play
a crucial role in DM formation (Yin and Green, 2004; Michels, Buchta
et al., 2009; Green et al., 2010; Shafraz, Rubsam et al., 2018). DM
assembly has been described to be initiated at sites of E~cadherin-
mediated adhesion and E-cadherin is required for efficient
recruitment of Dsg2 and DP to intercellular cell-cell contacts
(Shafraz, Rubsam et al., 2018). Reciprocally, it has been reported
that DM can regulate AJ formation. Indeed, loss of Dsg3 in keratino-
cytes resulted in impaired reintegration of E-cadherin and B-catenin
into AJ after calcium switch (Tsang et al., 2012). The same authors
have reported a direct interaction between Dsg3 and E-cadherin
that is dependent on plakoglobin and p120 which occurs in a
calcium-dependent manner. In addition, Dsg3 was reported to
modulate the activity of Src and its association with E-cadherin in AJ
formation (Tsang et al., 2012). Moreover, desmosomal component
plakophilin 3 (Pkp3) has been shown to act as coordinator of DM
and AJ assembly and maturation through its functional association
with Rap1. Pkp3 deficiency causes disruption of an E-cadherin/Rap!1
complex required for AJ sealing (Todorovic et al., 2014). All together
these data suggest an interconnection between desmosomal cad-
herins and AJs. Further investigations are needed to characterize
the underlying molecular mechanisms that mediate cross-talk to
cadherins in these intercellular junctions.

DMs were first described as spot welds formed between adja-
cent epithelial cells and have been well described for their critical
role in maintaining the strength of intercellular adhesive bonds
(Farquhar and Palade, 1963; Green and Simpson, 2007; Nekrasova
and Green, 2013). Most studies have examined the role of desmo-
somal proteins in controlling adhesive and homeostatic properties
in tissues subjected to high mechanical stress like skin and heart,
suggesting that DMs can resist tensile forces that are either exter-
nally applied or produced through their interaction with the keratin-
IF-cytoskeleton. Furthermore, it has been reported that mechanical
forces that are exerted on AJs depend on actomyosin cytoskeleton
contraction and can regulate barrier function (Borghi, Sorokina,
Shcherbakova et al., 2012; Tornavaca et al., 2015; Acharya et al.,
2017). However, how desmosomal components sense mechanical
forces and transduce signals to regulate intestinal epithelial barrier
function remains unknown. It is tempting to speculate that keratin-IF
might generate tension forces similarly to the actomyosin cytoskel-
eton and DMs might act as mechanosensory structures to regulate
epithelial barrier function. This hypothesis is supported by studies
predicting that IFs are subjected to mechanical tension (Ingber,
1993, 2003). IFs can become straight under stretch reaching strains
up to 3.5x of the original length before breaking (Kreplak et al.,
2005; Fudge et al., 2008). Also, keratin filament at cell-cell junctions
is observed to be in alignment with filaments of the neighboring
cells (Russell et al., 2004). It is likely that IFs may generate tension
and transmit mechanical signals between neighboring cells. Inter-
estingly, using a DM-Dsg 2 TS, it was reported that Dsg2 supports
mechanical tension in MDCK resting cells and during cardiomyocyte
contraction (Baddam, Arsenovic et al., 2018). In addition, Dsc2 KD
in esophageal squamous carcinoma cell lines resulted in impaired
intercellular adhesion and retraction of keratin-IFs (Fang et al.,
2014). Furthermore, DP I/Il has been reported to support tension
force across intercellular junctions when external stress was applied
(Price, Cost et al., 2018) and by cross-linking IFs to desmosomal
cadherins (Broussard, Yang et al., 2017). Here we show that KD of
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Dsc2 in IECs resulted in altered tensile forces at DM but not AJ dur-
ing the formation of intercellular junctions after calcium switch by
using DM-Dsg2 and AJ-E-cadherin FRET-based TS, respectively.
Furthermore, Dsc2 deficiency resulted in enhanced colocalization of
DP I/ll and keratin-IFs at the cell membrane that paralleled with a
significant decrease of pDP Ser2849 in cytoskeletal protein fraction.
It was previously reported that overexpression of DP I/Il or mutants
that inhibits DP I/Il phosphorylation at $2849 displayed higher cell-
cell forces and cell stiffness through increased DP I/l association
with IF-cytoskeleton (Broussard, Yang et al., 2017). Our findings sug-
gest that Dsc2 deficiency generates higher tensile forces at DMs
driven by the association between DP I/l and IF-cytoskeleton.

Of particular interest to this study, several reports have shown
the importance of Dsg2 in controlling intestinal barrier properties by
facilitating DM assembly and modulating p38MAPK activity
(Ungewiss et al., 2017), EGFR localization, and Src-dependent acti-
vation (Ungewiss et al., 2018). Dsg2 has also been proposed to
function as a mechanosensor. This observation was made using a
Dsg2 force sensor, which was expressed at the lateral membrane of
living human cardiomyocytes and renal epithelial MDCK cells to di-
rectly measure mechanical forces across DMs (Baddam, Arsenovic
et al., 2018). The Dsg2 tension sensor experiments revealed that
Dsg2 experiences mechanical forces of around 1.5 pN, similar to
forces described for E-cadherin (Borghi, Sorokina, Shcherbakova
et al., 2012) and VE-cadherin (Conway et al., 2017). Using atomic
force microscopy, a recent study has reported Dsg2-specific binding
events along the cell border on the surface of enterocytes with a
mean unbinding force of around 30 pN (Ungewiss et al., 2017).
Similarly, it is tempting to hypothesize that Dsc2 may act as a force
transducer, mechanosensor, and signaling molecule at DMs in IECs.
Further investigations are needed to demonstrate the intrinsic con-
tributions of Dsc2 at DM of IECs and whether Dsc2 modulates Dsg2
function directly or indirectly by influencing Dsg2 stability, turnover
rate, and Dsg2-mediated mechanical forces.

In conclusion, we provide new insights supporting a key role for
Dsc2 in epithelial barrier function by controlling DM formation and
mechanotransduction of tensile forces between epithelial cells.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Animal experiments

Mice selectively deficient in Dsc2 in the intestinal epithelium were
generated by breeding Dsc2 "floxed" mice with mice expressing
the inducible mutated estrogen receptor fused to Cre-recombinase
under control of the Villin promoter (DscZERAEC) (Flemming, Luissint
et al., 2020). Eight-week-old Dsc2FRAEC and control Dsc2”f were in-
jected intraperitoneally with 1mg/100ul of tamoxifen (T5648,
Sigma) dissolved in 10% ethanol and sterile corn oil (C8267, Sigma)
for 5 consecutive days. Animals were used 30 d after the last tamoxi-
fen injection. Mice were kept under strict specific pathogen-free
conditions with ad libitum access to normal chow and water. All
experiments were approved and conducted in accordance with
guidelines set by the University of Michigan Institutional Animal
Care and Use Committee.

Cell culture and calcium switch assay

SKCO-15 and Caco-2-BBE human model IEC were cultured either
on Transwell permeable supports (3 pm pore-size filters, Corning) or
on tissue culture-treated plastic as previously described (lvanov
etal., 2007; Nava, Capaldo et al., 2011). KD of Dsc2 was established
by RNA interference using short-hairpin RNA (shRNA) specifically

Molecular Biology of the Cell


https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e20-12-0775

targeting for Dsc2 or scrambled NS control (Kolegraff, Nava et al.,
2011a). In short, shRNA transduction (MOl of 2) of IECs was
performed in 60-70% confluent IECs using spinfection (1200 x g for
30 min at RT), puromycin selection (1 ug/ml) was added during the
first split, and cells were grown for minimum of 3 d before experi-
ments to assure proper KD. For cells cultured on Transwell perme-
able supports, TEER was measured using an EVOM voltmeter with
an ENDOHM-12 (World Precision Instruments; Sarasota, FL). Base-
line resistance was subtracted from filters covered with cells, and
electrical resistance was expressed as Q.cm?. For the calcium switch
assay, SKCO-15 cells were grown on Transwell permeable supports.
The experiment was initiated when TEER reached ~500 Q.cm? by
incubation in low calcium media (calcium-free Eagle’s minimum
essential medium supplemented with 1 uM CaCl,) for 20 h. Then,
low calcium media were replaced by normal growth medium
(1.8 mM CaCl,) to induce junction reassembly. TEER was monitored
for the indicated time and the localization of intercellular proteins
was analyzed by immunofluorescence microscopy.

In vitro paracellular flux assay

Paracellular permeability was assessed by 4-kDa FITC-dextran
(Sigma-Aldrich; Cat. FD-4) flux through control and Dsc2 KD conflu-
ent monolayers were grown on Transwell filters (Costar; Cat. 3450).
After TEER measurement, upper and lower Transwell compartments
were washed twice and placed with Piruvate buffer (10 mM HEPES,
pH 7.4, 1 mM sodium pyruvate, 10 mM glucose, 3 mM CaCl,, and
145 mM NaCly) for 2 h at 37°C. A freshly prepared solution contain-
ing 10 mg/ml 4-kDa FITC-dextran dissolved in Piruvate buffer was
added on the top chamber of Transwells for incubation for 2 h at
37°C. Samples from the bottom chamber of the Transwell were col-
lected, and the fluorescence intensity was measured with a fluores-
cent plate reader (excitation 492 nm; emission 520 nm).

Antibodies

The following primary monoclonal and polyclonal antibodies were
used to detect proteins by immunofluorescence or immunoblot
analysis: from mouse, anti-human/mouse Dsg2 (clone AH12.2; WB:
1/4,000; IF: 1/400) was generated in-house (Nava, Laukoetter et al.,
2007, Kolegraff et al., 2011b); anti-human Dsc2 (Cat. 326200; WB:
1/1000; IF: 1/250) and anti-DPs I/l antibody (clone DP2.15; Cat.
ab16434, WB:1/1,000; IF:1/100); from goat, anti-human/mouse E-
cadherin (AF748; WB: 1/2,000; IF: 1/400);. from sheep, anti-mouse
Dsc2 (Cat. AF7490; IF: 1/200).

From rabbit: anti-Dsg2 (clone EPR6768; WB: 1/1,000; IF: 1/100),
anti-DPs /Il antibody (Cat. ab109445; WB: 1/1000, IF: 1/100), anti-
Cytokeratin 8 (Cat. ab53280; WB: 1/20,000; IF:1/1,000), and anti-
calnexin (Cat. PA5-34665; WB: 1/20,000); anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (Cat. MA5-15738; WB:
1:20.000). Anti-phosphorylated (52849) DPs I/ll antibody (WB:
1/1000; IF: 1/100) was generated in-house (Bouameur et al., 2013;
Albrecht, Zhang et al., 2015).

Immunofluorescence microscopy

Cells were grown on glass coverslips and fixed with 4% paraformal-
dehyde in phosphate-buffered saline (PBS) for 30 min at 4°C fol-
lowed by permeabilization with 0.5% Triton X-100. Afterward, the
cellular epitopes were blocked with 3% bovine serum albumin (BSA;
Sigma-Aldrich) for 1 h at room temperature. Cells were incubated
overnight at 4°C with primary antibodies diluted in 3% BSA. Cells
were then washed five times with PBS+ and incubated for 1 h at
room temperature with the following secondary antibodies: donkey
antibody against rabbit IgG coupled to Alexa Fluor 488 (Cat.
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A21206, 1/400) or to Alexa Fluor 555 (Cat. A32794, 1/400); donkey
antibody against mouse coupled to Alexa Fluor 488 (Cat. A21202,
1/400) or Alexa Fluor 555 (Cat. A31570, 1/400); donkey antibody
against sheep coupled to Alexa Fluor 488 (Cat. A11015, 1/400), and
donkey antibody against goat coupled to Alexa Fluor 555 (Cat.
A21432, 1/400). Rhodaminated phalloidin (Cat. R415, 1/50) was
used for the detection of F-actin. Cells were washed three times,
then coverslips mounted onto slide with antifade reagent ProLong
Gold (Invitrogen). Fluorescence images were acquired with a micro-
scope Nikon A1 confocal inverted laser microscope or structured
illumination superresolution microscope (SIM, Nikon) at the
University of Michigan Biomedical Research—Microscopy Core.
Fluorescent colocalization analysis was performed using ImageJ
software.

Immunoblotting

Western blotting for cell lines and isolated IECs was performed as
described previously (Yulis, Quiros et al., 2018). In short, cells were
lysed in RIPA (20 mM Tris-Base, 150 mM NaCl, 2 mM EDTA, 2 mM
EGTA, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, pH
7.4) containing protease and phosphatase inhibitor cocktails (Sigma-
Aldrich) and protein concentration was determined using Pierce
Protein BCA kit according to manufacturer’s protocol. Samples were
boiled for 10 min at 100°C for 10 min in NuPAGE LDS sample buffer
(Life Technologies; Eugene, OR) with a final concentration of
100 mM DTT (Sigma-Aldrich) and 20 pg total protein was loaded
onto polyacrylamide gels. After electrophoresis, the samples were
transferred to a nitrocellulose membrane (Bio-Rad; Hercules, CA)
and probed with primary antibodies diluted in 5% nonfat dry milk
powder in Tris-buffered saline with 0.1% Tween-20. Membranes
were then incubated with appropriate horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1 h at room tempera-
ture, followed by incubation with a chemiluminescence detection
system (Clarity Western ECL Substrate). Finally, membranes were
imaged by ChemiDoc imager (Bio-Rad).

Dispase assay

Cell monolayers were treated with 2.4 U/ml Dispase Il (Roche Diag-
nostics, Mannheim, Germany) in PBS with calcium and magnesium
at 37°C for 30 min. The cells were then transferred to 15-ml conical
tubes containing 5 ml of PBS, which were gently mixed by rotating
in a tube rotator 10-30 times. Monolayer fragments were transferred
to 12-well tissue culture plates (Corning), imaged using a dissecting
microscope, and counted.

In vitro paracellular flux assay

Paracellular permeability was assessed by 4-kDa FITC-dextran
(Sigma-Aldrich; Cat. FD-4) flux through control and Dsc2 KD conflu-
ent monolayers were grown on Transwell filters (Costar; Cat. 3450).
After TEER measurement, upper and lower Transwell compartments
were washed twice and placed with piruvate buffer (10 mM HEPES,
pH 7.4, 1 mM sodium pyruvate, 10 mM glucose, 3 mM CaCly, and
145 mM NaCly) for 2 h at 37°C. A freshly prepared solution contain-
ing 10 mg/ml 4-kDa FITC-dextran dissolved in piruvate buffer was
added on the top chamber of Transwells for incubation for 2 h at
37°C. Samples from the bottom chamber of the Transwell were
collected, and the fluorescence intensity was measured with a fluo-
rescent plate reader (excitation 492 nm; emission 520 nm).

lleal loop model

In vivo intestinal epithelial permeability at baseline was measured
with a previously described intestinal loop model generated in our
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laboratory (Monteiro et al., 2013; Flemming, Luissint et al., 2018).
Animals were anesthetized with isoflurane (Fluriso, VETONE) at a
constant rate using a rodent anesthesia vaporizer machine (E-Z
Anesthesia 7000) and placed on a controlled temperature heat pad
to avoid hypothermia. After disinfection of the abdominal skin,
laparotomy was performed by midline incision. A 4-cm length of
terminal ileum was exteriorized without rupture of the blood supply.
The loop was gently flushed with warm HBSS plus calcium and mag-
nesium (HBSS plus; Corning Cellgro) to remove fecal contents and
facilitate normalization of volume of contents to allow for compara-
tive analyses between groups. The four generated cut-ends were
closed by ligations using nonabsorbable silk suture 3.0 (Braintree
Scientific). The loop was injected with 200 pl (1 mg/ml FITC labeled
Dextran [4 kDa] dissolved in HBSS+) using the insertion of a 0.5”,
27-gauge needle. The loop was reinserted in the abdominal cavity;
then, peritoneum and skin were closed. The surgical procedure
lasted approximately 5 min per animal. After 2 h, blood was col-
lected by cardiac puncture prior to euthanasia of the animals by
cervical dislocation. FITC-dextran flux was determined by measur-
ing plasma at 488 nm in a microplate spectrophotometer (Epoch
Biotek, Vermont) and Gen5 software.

Electron microscopy

Samples were treated as previously described (Palmer et al., 2017).
Tissues from the terminal ileum were cleared by flushing with HBSS
(with calcium) at 37° C and then fixed by vascular perfusion with 2%
glutaraldehyde in Gomori phosphate buffer containing 0.1 mM
EGTA (pH 7.4) at 37°C. Tissues were excised and cut along the an-
timesenteric plane, pinned flat in fixative for 10 min at RT, cut into
small pieces, and then fixed o/n at 4°C in the same fixative. Tissues
were washed in PBS, postfixed in 1% osmium tetroxide in Gomori
phosphate buffer pH 7.4 for 1 h at 4° C, washed in distilled water,
and then incubated o/n in 2% aqueous uranyl acetate at 4°C. After
washes with distilled water, tissues were dehydrated in ethanol
(Sigma-Aldrich, Natick, MA) and propylene oxide (Ted Pella,
Redding, CA) prior to resin embedding in LX112 resin (Ted Pella).
Ultrathin sections were cut with a Leica Ultracut E ultramicrotome
(Leica Microsystems, Wetzlar, Germany), placed on formvar and
carbon-coated slot grids, and then contrast stained with 2% uranyl
acetate and lead citrate. DMs from cells along two villi from each
mouse were imaged using a JEOL 1400 electron microscope (JEOL
USA, Peabody, MA) equipped with an Orius SC1000 digital CCD
camera (Gatan, Pleasanton, CA).

DM structure analysis

DM structure was studied using image analysis software (ImageJ) to
measure the width, length, and IMS in electron microscopy images
of ileum sections. IMS was generated by an average of the initial,
mid, and end distances across DM and, while the width was calcu-
lated by subtracting the IMS from the maximal width measurement,
the length was obtained by direct measurement.

PCR

Total RNA was extracted from isolated IEC using the RNeasy Kit
(QIAGEN) with on-column DNAse | treatment following the
manufacturer’s protocol. Total RNA (1 pg) was reverse transcribed
into cDNA using iScript Reverse Transcription Supermix (Bio-Rad).
Gene expression was analyzed by quantitative PCR (gPCR) using
SYBR Green (Bio-Rad) with a Bio-Rad CTX Cycler measuring SYBR
green incorporation for product detection. Reactions were
performed in duplicate with at least five biological replicates. The
primers sequence from mouse was: CCTGTCAAGAGCATCCAGTG
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and GTTATGGTCTGAGCTCGCCATC for Dsg2, ACTGCATG-
TATTCTGGTACCCTCCA and CGCGCTCAGAATGCTCCTACCC for
Dsc2, and GGAATTGTACCGCAGCTTCAAA and GATGACTGCAG-
CAAATCGCTT for TBP. The relative expression was calculated by
the 244¢t method and normalized to the housekeeping gene TATA
box-binding protein (TBP). The fold change was calculated by com-
paring the values to those obtained on control.

FRET sensors

E-cadherin and Dsg2 FRET sensors are previously described (Borghi,
Sorokina, Shcherbakova et al., 2012; Baddam, Arsenovic et al.,
2018). Adenovirus for the E-cadherin and Dsg2 sensors were gener-
ated using the AdEasy Adenoviral Vector System (Agilent). The
Dsg2 FRET sensor was generated by inserting the TSmod force
sensor (Grashoff, Hoffman et al., 2010) into human Dsg2 between
the transmembrane domain and the ICS site (inserted between
Gly762 and Ala763). Adenovirus was used to express the TS in all
experiments.

Calcium depletion assay and FRET imaging

Transfected cells expressing the two tension sensor modules (E-cad
TSMod and Dsg2 TSMod) were seeded on p-35 20 mm cut-out
glass bottom dishes (Celvis) that were precoated with 20 pg/ml
fibronectin at room temperature. After 80-90% confluency was
reached, the monolayers were washed thoroughly in PBS (no cal-
cium) and incubated in low calcium media at 37°C. After 16-20 h of
incubation with low calcium media, the monolayers were replaced
with DMEM (1x) supplemented with 10% fetal bovine serum and 5%
pen-strep. The monolayers were imaged at 0 and 180 min after cal-
cium repletion and in NT, via live FRET imaging, to study cadherin
forces exerted across the epithelial barriers during cell-cell junction
recovery. FRET images were acquired using a plan-apochromat 40x
water immersion NA 1.1 objective lens on an inverted Zeiss LSM
710 laser scanning microscope (Oberkochen, Germany) at the
458 nm wavelength from an argon laser source.

FRET analysis

The donor and acceptor channels were obtained via spectral unmix-
ing. The acquired intensity images were processed and analyzed
with the help of a custom Python code, as previously described
(Arsenovic, Ramachandran et al., 2016). For each data set, at least
9-10 images were obtained over three independent experiments
and were masked manually on ImageJ. The FRET index images
were obtained by taking the ratio of the acceptor fluorophore chan-
nel to the donor fluorophore channel, which was then multiplied
with the binary image masks outlining the cell-cell junctions so as to
inspect the FRET pixels of interest. It is noteworthy that only the
Dsg2 tension sensor located at cell-cell contacts/ between neigh-
boring cells was analyzed. In addition, the tension sensor is a per
molecule estimate of force; therefore, if there is a change in the
abundancy of Dsg2, it is not expected to detect a change in the
FRET value, unless that was somehow changing the force per
molecule.

Subcellular fractionation

Membrane and cytoskeletal fractions were isolated from Dsc2 KD
and control SKCO-15 cells by employing a compartmental protein
extraction protocol previously described by Bouameur et al. (2013).
Cells were homogenized in lysis buffer with protease and phospha-
tase inhibitor cocktails (Sigma-Aldrich; 10 mM Tris, pH 7.5, 5 mM
EDTA, 2 mM EGTA, 140 mM NaCly) containing 1% saponin. Cell
lysates were clarified by centrifugation at 4°C at 15,000 rpm for
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25 min. Saponin insoluble fraction was solubilized using the lysis
buffer containing 1% Triton X-100 (Triton-soluble/membrane frac-
tion) and lysates were centrifuged at 4°C at 15,000 rpm for 25 min.
Triton X-100 insoluble fraction was boiled at 95°C for 25 min using
the lysis buffer containing 1% SDS (Triton-insoluble/cytoskeletal
fraction). The amount of protein was determined using Pierce Pro-
tein BCA kit according to manufacturer’s protocol and their distribu-
tions among the fractions were analyzed by immunoblotting. Na*/
K*-ATPase and Cytokeratin-8 (CK8) were used as plasma membrane
and cytoskeleton markers, respectively. Ponceau S staining was
used as a loading control.

Statistics

The statistical significance was measured by two-tailed Student’s t
test, one-way or two-way ANOVA with appropriate multiple com-
parisons posttest using Graphpad Prism software. A p value < 0.05
was considered significant. Results are expressed as means + SEM.
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