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Abstract: Cingulin (CGN) and paracingulin (CGNL1) are cytoplasmic proteins of tight junctions
(TJs), where they play a role in tethering ZO-1 to the actomyosin and microtubule cytoskeletons. The
role of CGN and CGNL1 in the barrier function of epithelia is not completely understood. Here,
we analyzed the effect of the knock out (KO) of either CGN or CGNL1 or both on the paracellular
permeability of monolayers of kidney epithelial (MDCK) cells. KO cells displayed a modest but
significant increase in the transepithelial resistance (TER) of monolayers both in the steady state and
during junction assembly by the calcium switch, whereas the permeability of the monolayers to 3 kDa
dextran was not affected. The permeability to sodium was slightly but significantly decreased in KO
cells. This phenotype correlated with slightly increased mRNA levels of claudin-2, slightly decreased
protein levels of claudin-2, and reduced junctional accumulation of claudin-2, which was rescued
by CGN or CGNL1 but not by ZO-1 overexpression. These results confirm previous observations
indicating that CGN and CGNL1 are dispensable for the barrier function of epithelia and suggest that
the increase in the TER in clonal lines of MDCK cells KO for CGN, CGNL1, or both is due to reduced
protein expression and junctional accumulation of the sodium pore-forming claudin, claudin-2.
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1. Introduction

Tight junctions (T]Js) form a continuous intercellular circumferential belt in the apical
region of epithelial cells and consist of transmembrane proteins, a cytoplasmic plaque
composed of scaffolding and adaptor proteins, and cytoskeletal filaments anchored to
cytoplasmic adaptors [1-3]. The canonical function of TJs is to form a semipermeable
barrier between apical and basolateral extracellular compartments, whereas non-canonical
functions of TJs comprise the regulation of signaling and activities of Rho family GT-
Pases [4,5]. The T] barrier is formed by proteins of the claudin family, which polymerize
into T] strands and regulate the passage of ions, water, solutes, and cells across epithelial
tissues [3,6,7]. It is controlled by the contractility of the adherens-junction-associated acto-
myosin cytoskeleton, is altered in disease, and comprises “pore” and “leak” pathways [8,9].
The pore pathway allows the size- and charge-selective passage of ions and solutes through
channels made of specific claudin isoforms, which are differentially expressed in tissues
and tissue sub-compartments [10]. For example, claudin-2, a channel-forming claudin,
promotes the permeability to cations and water in the proximal tubule of the kidney [11].

Claudins are polymerized at a T] on a scaffold of ZO proteins, which in turn interact
with different junctional adaptors and signaling proteins, including cingulin (CGN) and
paracingulin (CGNL1, JACOP) [12-16]. Although the role of claudins in TJ barrier’s func-
tion has been extensively characterized, less is known about the role of adaptor proteins in
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their direct or indirect functional interactions with claudins, with the actomyosin cytoskele-
ton and with different signaling pathways. For example, CGN has been implicated in the
regulation of the endothelial barrier function through its ability to sequester GEF-H1 at
TJs to suppress RhoA activity, resulting in increased stress-induced barrier disruption in
CGN-depleted cells [17-19]. However, the role of CGN and CGNL1 in the barrier function
of epithelial cells and tissues is less well understood. Analysis of transepithelial electrical
resistance (TER) shows that knock down (KD) of CGN in MDCK cells has no detectable
effect on the steady-state barrier function of TJs [20], whereas cells depleted of CGNL1
show a change in the dynamics of barrier formation, but no change in TER in the steady
state [21]. In CGN-knock out (KO) embryoid bodies and mice, no changes were detected in
the epithelial tissue architecture and TJ barrier function, as assessed by flux of fluorescent
tracers, measurement of electrical resistance of mucosal preparations, and serum endo-
toxemia [22,23]. To better understand the role of CGN and CGNL1 in TJ barrier function,
we analyzed the barrier function properties of KO MDCK clonal cell lines for either CGN,
CGNL1, or both. Our results show a small increase in TER in KO clonal lines, a decreased
Na* flux and claudin-2 protein expression and accumulation at TJs, and no change in the
permeability of larger solutes.

2. Materials and Methods
2.1. Cell Culture

MDCK (Madin-Darby Canine Kidney type II, female) cells were cultured in Dulbecco’s
Modified Eagle’s (DMEM) medium supplemented with 10% Fetal Bovine Serum (FBS), 1%
non-essential amino acids (NEAA), 100 units/mL penicillin, and 100 pg/mL streptomycin
(P/S) at 37 °C under 5% of CO; [24]. Every 2 days, the medium was replaced with fresh
medium. KO clonal cell lines for either cingulin (CGN), paracingulin (CGNL1), or both
were generated using the CRISPR/Cas9 gene editing method as previously described [25].
The WT control clonal lines were selected using the same procedure as for the KO lines
and confirmed as WT by immunoblot and immunofluorescence analyses. Two clonal cell
lines were used per conditions: CGN-KO clone 1 and 2 (clone #1G8, #1H9, respectively);
CGNL1-KO clone 1 and 2 (clone #2-2, #2-5, respectively); and double-KO clone 1 and 2
(clone #11C9, #21D3, respectively). The data for the 2 WT clonal lines were pooled together
for TER, dextran flux, and dilution potential analyses.

2.2. Measurement of Transepithelial Resistance (TER) and Paracellular Flux Assay

To measure the TER of MDCK monolayers in the steady state, cells were plated in
triplicate in 6.5 mm Transwell filters (Corning Costar, Sigma-Aldrich Chemie. Buchs,
Switzerland, #3450) at a density of 2 x 10% cells/well. On day 7, TER was measured
using a Millicell-ERS probe (Merck Millipore, Schaffausen, Switzerland) and a Millicell-ERS
Volt-Ohm meter (Millipore, Burlington, MA, USA).

To measure the paracellular flux of 3 kDa fluorescein-dextran, cells were plated in tripli-
cate in 12 mm Transwell filters (Corning Costar, Sigma-Aldrich Chemie, Buchs, Switzerland,
#3460) at a density of 7 x 10* cells/well. On day 7, the TER was measured to verify cell
confluency. Cells were then washed once with warm Hanks buffer (Gibco, Thermofisher
Scientific, Geneva, Switzerland, #14025-050) and incubated for 30 min at 37 °C with new
warm Hanks buffer. Then, cells were incubated at 37 °C with a solution of 1 mg/mL 3 kDa
fluorescein-dextran (Invitrogen, Thermofisher Scientific, Geneva, Switzerland, #D3305) and
placed in the apical compartment, while the basal compartment contained Hanks buffer.
At1h,2h, and 3 h, 100 puL of solution in the basal compartment was collected and replaced
with Hanks buffer. The fluorescence of the samples was measured (excitation: 494 nm,
emission: 521 nm) using the Cytation3 reader. The 3 kDa fluorescein-dextran permeability
was calculated using the following formula [26]:
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To measure the TER during the calcium switch, cells were plated in triplicate in 6.5 mm
Transwell filters at a density of 2 x 10* cells/well. On day 7, cells were washed 3 times
with Ca?*-free DPBS (Gibco, Thermofisher Scientific, Geneva, Switzerland, #14190-094) and
incubated for 20 h in Ca?*-free medium S-MEM (Gibco, Thermofisher Scientific, Geneva,
Switzerland, #11380-037), 10 mM Hepes, 5% dialyzed FBS, 2 mM L-glutamine, and 2 uM
EGTA, IXNEAA, 1X P/S. After 20 h, corresponding to T = 0, the TER was measured and
the Ca?*-free medium was replaced by normal medium (calcium switch). The TER was
then measured at T=05hr,1h,2h,3h,4h,6h,8h,24 h,48 h, 32 h, and 48 h after the
calcium switch [27].

To measure the TER during the calcium depletion protocol, cells were plated in
triplicate in 6.5 mm Transwell filters at a density of 2 x 10* cells/well. On day 7, the TER
was measured (T = 0). Then, cells were washed 3 times with Ca?*-free PBS and transferred
into Ca?*-free medium (calcium depletion). The TER was measured at T = 5 min, 15 min,
30 min, 60 min, and 120 min after the calcium depletion.

2.3. Dilution Potential of NaCl

To measure transepithelial potential difference of MDCK monolayers, cells were
plated in 12 mm Snapwell polyester filters (Corning Costar, Sigma-Aldrich Chemie, Buchs,
Switzerland, #3801) at a density of 7 x 10* cells/well. On day 7, Snapwell rings were
detached and mounted in Ussing chambers (Physiologic Instruments, Reno, NV, USA,
#P2300) connected to a VCC MC6 multichannel voltage/current clamp through silver/silver
chloride electrodes and 3 M KCl agar bridges. The transepithelial potential was recorded by
a Quick Data Acquisition DI100 USB board (Physiologic Instrument, Reno, NV, USA)). Cells
in Snapwell were equilibrated for 1 h in buffer A (120 mM NaCl, 10 mM NaHCO3, 5 mM
KCl, 1.2 mM CaCly, 1 mM MgCl,, 10 mM Hepes, pH = 7.4). To inhibit the transcellular ion
flux, 100 uM amiloride (Sigma-Aldrich Chemie, Buchs, Switzerland, #A-7410) and 100 uM
44 -diisothiocyanatostilbene—Z,Z’ -disulfuronic acid (DIDS) (Sigma-Aldrich Chemie, Buchs,
Switzerland, #D3514) were added into the apical compartment 30 min before starting
diffusion potential measurements. Under a current clamp at 0 pA, half of the buffer A in
the basal compartment was diluted by buffer B (240 mM mannitol, 10 mM NaHCO3, 5 mM
K], 1.2 mM CaCly, 1 mM MgCl,, 10 mM Hepes, pH = 7.4) from 130 mM to 65 mM NaCl,
and the diffusion potentials were measured. The solutions were constantly bubbled with
95% O, and 5% CO, and maintained at 37 °C [28]. The relative permeability ratio for Na*
over C1™ (Pna+/Pc1 ) and the absolute permeabilities of Na* and C1~ were calculated as
described in [29] using the transepithelial resistance measured during the same experiment.

2.4. RNASeq Analysis

For RNA isolation, 3 x 10° cells were cultured in each well of 6-well plates. Af-
ter 3 days, cells were washed with PBS, trypsinized, and pelleted at 5000 g for 5 min.
The supernatant was discarded, and RNA was extracted using a NucleoSpin® RNA kit
(Macherey-Nagel, Oensingen, Switzerland, #740955.50). A Qubit fluorimeter (Thermofisher
Scientific, Geneva, Switzerland) was used for RNA quantification, and a Bioanalyzer (Agi-
lent Technologies, Basel, Switzerland) was used to measure RNA integrity. A library was
prepared with 500 ng of total RNA and the TruSeq mRNA stranded kit (Illumina, San Diego,
CA, USA). The library molarity and quality were measured using Qubit and Tapestation
(DNA high sensitivity chip). Library sequencing was performed using a Hiseq 4000 Illu-
mina sequencer calibrated with an average of 25 x 10° SR100 reads per sample. Differential
gene expression mapping and quantification were performed by aligning the reads to the
NCBI Canis Lupus Familiaris canFam3 genome (NC_006583.3) with STAR v.2.7.0. The gene
expression quantification was obtained with HTSeq v.0.9.1. The differential expression was
analyzed using the R/Bioconductor edgeR package. The counts were normalized according
to the library size and filtered. Genes with a count of above 1 count per million reads
in at least 3 samples were selected for analysis. The differentially expressed genes tests
were performed with a general linear model (GLM) using a negative binomial distribution.
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Differential gene expression was conferred when the fold change (FC) was 2-fold, with a
5% false discovery rate (FDR) in Benjamini-Hochberg multiple testing correction [24].

2.5. Immunoblot Analysis

Confluent cells in 10 cm dishes were lysed for 10 min at 4 °C with 500 pL of RIPA
buffer (150 mM NaCl, 40 mM Tris-HCl, 1% Triton X-100, 10% glycerol, 2 mM EDTA, 0.2%
SDS, 0.5% deoxycholate, pH = 7.5) supplemented with fresh protease inhibitor cocktail
(Thermofisher Scientific, Geneva, Switzerland, #A32965). Total lysates were sonicated (8 s at
66% amplitude using a Branson sonicator), clarified by a centrifugation step at 13,000 rpm
for 15 min at 4 °C. Protein concentration was measured using a Pierce BCA Protein assay
kit (Thermofisher Scientific, Geneva, Switzerland, #23225). A total of 10 ug of total proteins
was loaded in each well of either 8% or 15% polyacrylamide SDS gels, and transferred onto
nitrocellulose membrane for 2 h at 80 V at 4 °C. Nitrocellulose filters were incubated with
the following primary antibodies overnight at 4 °C: anti-(3-tubulin (Mouse, #32-250600, 1/2
500), anti-Claudin-2 (Mouse, #32-5600, 1/500), anti-Claudin-3 (Rabbit, #34-1700, 1/500),
anti-Claudin-4 (Mouse, #32-9400, 1/500), and anti-Claudin-7 (Rabbit, #34-9100, 1/500).
This was followed by HRP-conjugated secondary antibodies (Table S1) for 1 h at room
temperature. Blots were developed using a WesternBright ECL kit (Advansta, San Jose, CA,
USA, #K-12045-D50) and an Amersham ImageQuant 800 (Cytiva, Marlborough, MA, USA).
Protein signals were quantified using Fiji/Image]. Relative signal intensities were expressed
as ratios between the protein signals of interest and (3-tubulin, used as a reference.

2.6. Plasmids

Constructs of pCDNA3.1(-)-eGFP-myc (51166), pCDNA3.1(+)-myc-hZO-1-FL-HA
(51947), pCDNA3.1(—)-eGFP-cCGN-FL-myc (51115), and pCDNA3.1(—)-eGFP-cCGNL1-
FL-myc (51148) have been described previously [24,30,31].

2.7. Immunofluoresence Anaylsis

For immunofluorescence (IF) analysis, MDCK clonal lines were co-cultured with WT
cells on 12 mm Transwell filters seeded at a density of 1 x 10° cells/well. For rescue IF
experiments, double-KO cells were seeded and transfected 24 h later with 0.2 pg of plasmid
DNA using jetOPTIMUS (Polyplus, VWR International AG, Nyon, Switzerland, #117-15).
At confluence (72 h post-seeding and 48 h post-transfection), cells were washed with ice-
cold PBS and fixed using cold methanol overnight at —20 °C, followed by a quick incubation
in ice-cold acetone (1 min). Filters were excised manually using a razor blade, followed
by rehydration in IMF buffer (0.1% TX-100, 0.15 M NaCl, 5 mM EDTA, 20 mM Hepes,
pH =7.5) and 2 washes in IMF buffer. Incubations with primary antibodies, anti-claudin-2
(Mouse, #32-5600, 1/50), anti-Claudin-1 (Rabbit, #51-9000, 1/50), anti-Claudin-3 (Rabbit,
#34-1700, 1/100), anti-Claudin-4 (Mouse, #32-9400, 1/50), and anti-Claudin-7 (Rabbit,
#34-9100, 1/100), anti-CGN (Rabbit, #C532, 1/5000), anti-GFP (Rabbit, #A11122, 1/200),
anti-Myc (Rabbit, #06-549, 1/100), and anti-PLEKHAG6 (Rat, #RtSZR127, 1/100) [32], were
carried out at room temperature for 3 h (in a humidified chamber), followed by 3 washes in
IMF buffer. Then, the filters were incubated with DAPI and secondary antibodies (1/300)
for 2 h at room temperature, followed by 4 washes in IMF buffer. The filters were then
placed on glass slides with the cells facing up and were mounted with Fluoromount-G.
Slides were imaged on a Zeiss LSM800 confocal microscope using a Plan-Apochromat
63x/1.40 oil objective at a resolution of 1024 x 1024 px. Maximum intensity projections of
z-stack images (typically 8-12 confocal planes, step size = 0.21 um) were obtained. Images
were extracted from .czi files using Image] and adjusted, cropped, and assembled using
Affinity Designer. For the quantification of junctional immunofluorescent, the signal pixel
intensity (mean gray value) for each channel was measured in the selected junctional area
using the polyhedral tool of Fiji/Image], and the averaged background signal of the image
was subtracted. Relative fluorescence intensity (RFI) was expressed as a ratio between the
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signal of protein of interest (claudin-2) and an internal junctional reference (PLEKHAG®6) [32].
Ninety junctional segments per experimental condition were analyzed.

2.8. Quantification and Statistical Analysis

Data processing and analysis were carried out using GraphPad Prism8. All experi-
ments were carried out in duplicate or triplicate. Data are shown as dot plots, histograms,
or line graphs with means and standard deviations indicated. Statistical significance was
determined by a one-way Anova. Normal distribution was verified with a Kolmogorov—
Smirnov test, or by an unpaired Mann-Whitney test (ns: not significant, * p < 0.0332,
**p <0.0021, *** p < 0.0002, **** p < 0.0001).

3. Results
3.1. MDCK Cells KO for Either CGN, CGNL1 or Both Show Slightly Increased Transepithelial
Resistance but No Change in Permeability to Dextran

Clonal lines of MDCK cells KO for either CGN, CGNL1, or both (double-KO) were
described previously and shown to lack expression of either CGN, CGNL1 or both by
immunoblot (IB) and immunofluorescence microscopy (IF) [24,25]. CGN-KO and double-
KO cells were identified by the lack of CGN immunofluorescent labeling, and CGNL1-
KO cells were identified by exogenous expression of YFP, because of the low levels of
endogenous CGNL1 expression in MDCK cells [24,33].

To assess whether the KO of either CGN or CGNL1 or both affects the paracellular
barrier function, we first measured the transepithelial resistance (TER) of confluent mono-
layers in the steady state. The KO of either CGN or CGNLL1 or both resulted in a small but
statistically significant increase in the TER values compared to WT monolayers (increases
of 15.4% and 26.9% for CGN-KO clone 1 and clone 2, respectively; 12.2% and 23.3% for
CGNL1-KO clone 1 and clone 2, respectively; 27.8% and 29.4% for double-KO clone 1 and
clone 2, respectively) (Figure 1A).

Next, we examined the dynamics of the formation and disruption of the paracellular
barrier to ions by measuring the TER during junction assembly by the calcium switch
protocol and junction disassembly by the calcium depletion protocol, respectively [34,35].
WT and KO clonal lines showed the characteristic profile of TER during junction assembly
by the calcium switch, with a peak in the TER (Figure 1B). However, CGN-KO and double-
KO reached the peak slightly earlier, at 3 h, compared to WT cells, which reached it 4 h after
the beginning of the calcium switch, while CGNL1-KO cells reached a TER peak between
3 hand 4 h (Figure 1B). The KO lines, especially double-KO lines, showed a significantly
higher value for the peak (increased by 39.9% and 25.5% for CGN-KO clone 1 and clone 2,
respectively; 33.8% and 28.5% for CGNL1-KO clone 1 and clone 2, respectively; 116.4% and
60.8% for double-KO clone 1 and clone 2, respectively) (Figure 1B,C). To determine whether
these differences correlated with a different dynamic of assembly of membrane protein
components at the T], we carried out an immunofluorescence (IF) microscopy analysis of
occludin. Occludin localization at the cell periphery was patchy at the start of the calcium
switch (T = 0 min, Figure 1D) and was still discontinuous 30 min after the calcium switch in
both WT and KO clones (Figure 1D). In contrast, 2 h after the switch, occludin labeling was
detected in a continuous pattern along the junctions in both WT and KO lines (Figure 1D).
Thus, the changes in the peak of the TER did not correlate with detectable changes in the
dynamics of occludin assembly at junctions. Regarding the behavior of the paracellular
barrier of KO cells following calcium depletion, the TER values of monolayers decreased
rapidly, with a similar dynamic for WT and KO clones (Figure 1E).

Finally, we asked whether the loss of either CGN or CGNL1 or both affects the
paracellular flux of 3 kDa fluorescein-dextran. In the steady state, the apparent permeability
to dextran was not significantly different in WT cells and in clonal lines KO for either CGN
or CGNL1 or both (Figure 1F).

In summary, the KO of either CGN or CGNL1 or both resulted in a minor but signifi-
cant increase in the TER values both in the steady state and during the calcium switch, but



Cells 2023, 12, 2004

6 of 15

0 min

T=

T=30 min

120 min

T=

TER (Ohm*cm?2)
N
o

WT

had no detectable effect either on the dynamics of T] barrier assembly or disassembly or on
the permeability of 3 kDa fluorescein-dextran.

B Cc =
15004 wr s
I 1Jcanko £ 3 x
_ Ny 2 § - 1500, -
® L AAE | oo £ £ | & e
| : ~L1000 1 1 S21000{ L T |
] £ T double-KO S o ete ay
S : £58 Bedsll
‘ 3 1 NN 2E5 = 3
| < BE8 500
| = N TO%
t Q
. o 500 N Shgs
1 2 1 2 i i 3 55
CGN-KO CGNL1-  double-KO + B s wr 12 1 2 1 2
Ko 7 . . F £ CGN-KO CNL1-  double-KO
O =TT 1 1 | /717 71 1 o
0 2 4 6 8 1020 30 40 50
Calcium switch (hr)
CGNL1-KO 1 double-KO 2
E F

Dextran flux (3kDa)
0.04 . e

50 wr
1
Z‘CGN-KO 2

40_ :‘_ . . . . A .
1 Teaniko 3 003 T ) .
T ol ; £ | I
£ 30+ ? JJdouwviexo S 0.024 1 [l I ‘
e ] g -

o - =)
é 207 l T \ % ns 0.01 g Rl B
@ 000l I = B 1 Bl 5
104 % H ; W12 1 2 1 2
I 1 CGN-KO CGNL1- double-KO
0 KO
0 20 40 60 80 100 120

Time (min)

Figure 1. MDCK cells KO for either CGN or CGNL1 or both show slightly increased transepithelial
resistance but no change in permeability to dextran. (A) TER measurement of confluent MDCK cells in
the steady state. (B,C) TER profiles (T = 0 h to 48 h) (B) and peak values of TER (3 h for CGN-KO and
double-KO, 4 h for WT, 3 h or 4 h for CGNL1-KO) (C) during the calcium switch of MDCK confluent
cells. (D) Immunofluorescence microscopy analysis of occludin (green) after the calcium switch (T =
0 min to 120 min) in WT and KO for CGN, CGNL1 or both MDCK. Scale bar = 20 um. Two biological
replicates were carried out. (E) TER profiles during calcium depletion (T = 0 min to 120 min) of MDCK
confluent cells. (F) Paracellular permeability to 3 kDa fluorescein-dextran measurement of confluent
MDCK cells. (A-C,E,F) Genotypes and clone names are indicated on the x—axis (A,C,F) and upper
right (B,E). Dots show technical replicates (n = 9-12) (A,C,F) or mean of technical replicates (B,E) and
bars represent means + SD for three biological replicates. Statistical significance of quantitative data
was determined by a one-way Anova test (ns: not significant, ** p < 0.0021, *** p < 0.0002, **** p <
0.0001).

3.2. KO of Either CGN or CGNLI1 or Both Results in Decreased Sodium Permeability of MDCK
Monolayers

To further characterize the barrier properties of WT, CGN-KO, CGNL1 KO, or double-
KO monolayers, we determined the absolute and relative ion permeabilities of sodium
(Na*) and chloride (C17) using the method of dilution potentials [36]. The dilution potential
and the paracellular permeability ratio for Na* over Cl™ (Pnq+/Pc1 ) were not significantly
decreased in MDCK monolayers KO for either CGN or CGNL1 or both when compared to
WT (Figure 2A,B). However, the absolute permeability to Na* was significantly decreased
in CGN-KO (decreased by 20.25% for clone 1 and 23.75% for clone 2), in CGNL1-KO
(decreased by 17.12% for clone 1 and 14.23% for clone 2), and in double-KO (decreased
by 31.75% for clone 1 and 25.55% for clone 2) compared to WT (Figure 2C). In contrast,
the KO of either CGN or CGNL1 or both did not affect the absolute permeability to CI~
(Figure 2D).

These results suggest that KO of CGN, CGNL1, or both in MDCK cells modulates the
paracellular barrier to ions by reducing Na* permeability.
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Figure 2. KO of either CGN or CGNL1 or both results in decreased sodium permeability of MDCK
monolayers. (A-D) Dilution potential of NaCl (A), relative permeability ratio for Na* over Cl1~
(Pna*/Pc17) (B), absolute permeabilities of Na* (C) and C1~ (D) of confluent MDCK cells. (A-D)
Genotypes and clone names are indicated on the x—axis. Dots show four biological replicates and
bars represent means + SD. Statistical significance of quantitative data was determined by a one-way
Anova test (ns: not significant, * p < 0.0332, ** p < 0.0021, *** p < 0.0002, **** p < 0.0001).

3.3. MDCK Cells KO for Either CGN or CGNL1 or Both Show Decreased Claudin-2 Protein
Expression

The paracellular barrier to ions depends on claudins, which comprise pore-forming
and barrier-forming claudins [7,37]. To determine if the changes in TER observed in MDCK
cells KO for either CGN or CGNL1 or both correlate with altered expression of specific
claudin isoforms, we measured the expression levels of mRNAs coding for claudins in
KO versus WT cells in a micro-array analysis (Figure 3A-C). In agreement with previous
observations, showing that levels of claudin-1 protein were not altered in MDCK cells
KO for CGN, CGNLI1, or both [25], the mRNA levels of claudin-1 (CLDN-1) were not
impacted by the KO of either CGN or CGNL1 or both (Figure 3A-C). mRNA levels for most
additional claudin isoforms that we analyzed (CLDN-3, 4, -6, -7, -9, -15, -16, -23, and -34)
were not significantly altered in cells KO for either CGN or CGNL1 or both compared to WT
(Figure 3A-C, Tables 1-3). However, claudin-2 (CLDN-2) mRNA levels were significantly
increased (~1.5-fold increase) in CGN-KO cells compared to WT (Figure 3A, Table 1), but
not in CGNL1-KO and double-KO cells (Figure 3B,C, Tables 2 and 3), suggesting that they
may be due to clone-dependent variations.

Next, we examined protein expression of claudin-2, -3, -4, and -7 by immunoblot
analysis of cell lysates, using 3-tubulin as an internal standard (Figure 3D,E). Claudin-
2 protein expression was slightly but significantly decreased in the KO of either CGN
or CGNLI1 or both compared to WT. For claudin-3, -4, and -7, no significant change in
protein levels was observed in KO versus WT clonal cell lines, except for a slight and
significant decrease in claudin-4 and claudin-7 protein expression in CGNL1-KO clone 1
and CGNL1-KO clones 1 and 2, respectively (Figure 3D,E).

Together, these results indicate that KO of either CGN or CGNL1 or both induces a
decrease in claudin-2 protein expression, and the KO of CGN results in a small increase in
claudin-2 mRNA levels.
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Figure 3. MDCK cells KO for either CGN or CGNL1 or both show decreased claudin-2 protein
expression. (A—C) Volcano plots illustrating claudin mRNA levels in MDCK WT versus CGN-KO
clone 1 (A), in WT versus CGNL1-KO clone 1 (B), and in WT versus double-KO clone 2 (C). Fold
changes of reads per gene (log2, x—axis) and corresponding p values (-log10, y axis) are plotted. (D,E)
Immunoblot analysis (D) and relative densitometric quantifications (E) of protein levels of claudin-2,
-3, -4, and -7 in lysates of WT, and KO for CGN, CGNL1, or both MDCK cells. (E) Genotypes and
clone names are indicated on the x-axis. 3-tubulin was used as a loading control. Dots show three to
four biological replicates and bars represent means & SD. Statistical significance of quantitative data
was determined by a one-way Anova (ns: not significant, * p < 0.0332, ** p < 0.0021, *** p < 0.0002,
#*** p < 0.0001).

Table 1. Claudin isoform mRNA expression in WT versus CGN-KO MDCK cells.

WT vs. CGN-KO 1

Gene Protein Fold Change of Reads per Gene (log2) p-Values (—log10)
CLDN1 Claudin-1 —0.063447 0.591236046
CLDN2 Claudin-2 1.53523337 3.28460007
CLDN3 Claudin-3 —0.499567 2.142506518
CLDN4 Claudin-4 —0.1789856 1.934767597
CLDN6 Claudin-6 0.46861894 1.772412443
CLDN7 Claudin-7 0.02805951 0.249124176
CLDN9 Claudin-9 0.99625261 1.018853025
CLDN15 Claudin-15 0.38513126 0.797467008
CLDN16 Claudin-16 —0.5573263 3.327300283
CLDN23 Claudin-23 —0.6045539 1.163347307
CLDN34 Claudin-34 —0.253871 1.311607839
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Table 2. Claudin isoform mRNA expression in WT versus CGNL1-KO MDCK cells.

WT vs. CGNL1-KO 1

Gene Protein Fold Change of Reads per Gene (log2) p-Values (—1log10)
CLDN1 Claudin-1 0.01875057 0.135071785
CLDN?2 Claudin-2 0.21523078 0.232246767
CLDNS3 Claudin-3 —0.9139707 4.300967584
CLDN4 Claudin-4 —0.4097344 5.170136642
CLDN6 Claudin-6 —0.4098655 1.30666783
CLDN7 Claudin-7 0.11067803 1.478666107
CLDN9 Claudin-9 0.39999074 0.272456048
CLDN15 Claudin-15 0.35576133 0.696931579
CLDN16 Claudin-16 —0.5752402 3.413889287
CLDN23 Claudin-23 —0.5657903 1.031935294
CLDN34 Claudin-34 —0.0403864 0.13166079

Table 3. Values of claudin mRNA levels in WT versus double-KO MDCK cells.

WT vs. Double-KO 2

Gene Protein Fold Change of Reads per Gene (log2) p-Values (—log10)
CLDN1 Claudin-1 0.0446277 0.377016368
CLDN2 Claudin-2 0.67800971 1.059246572
CLDN3 Claudin-3 —0.7014976 3.236609447
CLDN4 Claudin-4 —0.4432871 5.592565053
CLDN6 Claudin-6 0.16348518 0.420113214
CLDN7 Claudin-7 0.03413621 0.315691802
CLDN9 Claudin-9 0.63773487 0.518749023
CLDN15 Claudin-15 0.06764114 0.093204682
CLDN16 Claudin-16 —0.247682 1.166960751
CLDN23 Claudin-23 —0.7573273 1.517074677
CLDN34 Claudin-34 —0.0426028 0.14099429

3.4. MDCK Cells KO for CGN, CGNL1, or Both Show Decreased Claudin-2 Accumulation at
Junctions

Since claudin-2 promotes paracellular permeability to Na* in MDCK cells [38-41] and
we observed decreased Na* permeability and claudin-2 protein expression in our KO lines,
we quantitatively analyzed the junctional localization of claudin-2 by IF, using PLEKHA6
as an internal marker. The intensity of junctional claudin-2 labeling was slightly but signif-
icantly decreased in the CGN-KO, CGNL1-KO and double-KO clonal lines (arrowheads
and histograms, Figure 4A) compared to WT (arrows and histograms, Figure 4A). When
analyzed in Z sections, the relative distribution of claudin-2 labeling in the junctional versus
lateral domains of the plasma membrane was similar in WT and KO cells (Z sections shown
below XY images in Figure 4A), indicating that decreased junctional localization did not
correlate with increased lateral accumulation.

To exclude the possibility that the decrease in junctional claudin-2 labeling in KO cells
was due to clone-dependent variations, we rescued double-KO cells with either CGN or
CGNL1 constructs. Expression of either myc-tagged full-length CGN (Figure 4B, top) or
myc-tagged full-length CGNL1 (Figure 4B, top middle) in double-KO MDCK cells rescued
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normal claudin-2 junctional labeling, whereas expression of either myc-tagged full-length
Z0O-1 (Figure 4B, bottom middle) or myc alone (Figure 4B, bottom) did not.

We also analyzed the junctional localization of claudin-1, -3, -4, and -7. Their junctional
localization was not affected by the KO of either CGN or CGNL1 or both when compared
to WT cells (Figure SIA-D).

Together, IF and IB analyses indicated that CGN and CGNL1 are required for the
efficient expression and junctional accumulation of endogenous claudin-2 at junctions in
MDCK cells, whereas the junctional accumulation of claudin-1, -3, -4, and -7 is independent
of CGN and CGNLI.
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Figure 4. MDCK cells KO for CGN, CGNL1, or both show decreased claudin-2 accumulation at
junctions. (A) Immunofluorescence microscopy analysis and relative fluorescence intensity (RFI)
quantifications of endogenous claudin-2 (red) at junctions in mixed cultures of WT and KO either for
CGN, CGNLL1, or both; distinguished via CGN or GFP (green). Z sections taken at the horizontal
middle positions are shown below XY images. (B) Immunofluorescence microscopy analysis and
RFI quantifications of endogenous claudin-2 (red) at junctions in double-KO cells rescued with
either full-length Myc—-tagged canis CGN (cCGN-FL-Myc), full-length Myc-tagged canis CGNL1
(cCGNL1-FL-Myc), full-length Myc-tagged human ZO-1 (Myc-hZO-1-FL), or by Myc alone as
a negative control; distinguished via Myc (green). Asterisks indicate rescued cells. (A,B) Arrow
indicates normal junctional claudin-2 localization, arrowhead indicates junctional claudin-2 reduction.
Quantification of RFI corresponds to the ratio between the junctional staining of claudin-2 and the
junctional marker PLEKHAG®6 (cyan). Scale bar = 20 um. Dots show technical replicates (n = 90
junctions) and bars represent means + SD for three biological replicates. Statistical significance of
quantitative data was determined by an unpaired Mann-Whitney test (ns: not significant, ** p < 0.0021,
*** p < 0.0002, *** p < 0.0001).

4. Discussion

Little is known about the role of junctional adaptor proteins in the regulation of the
TJ barrier function in cells and tissues [2,5,10]. Here, we addressed this question for CGN
and CGNL1, using a KO approach in MDCK cells, a well-established model system to
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study epithelial biology and T] barrier functions [42]. This is the first time that a KO
approach in an epithelial cultured cell model system has been used to investigate the role
of CGN and CGNL1 in barrier functions. As summarized schematically in Figure 5, we
found that the KO of either CGN or CGNL1 or both results in (1) a small but significant
increase in transepithelial resistance in the steady state and during a calcium switch; (2) no
significant effect on the dynamics of T] assembly or disassembly; (3) no significant effect on
permeability to 3 kDa fluorescein-dextran; (4) a slight but significant decrease in sodium
permeability; (5) slightly increased mRNA levels and significantly decreased protein levels
of claudin-2; and (6) a significant decrease in claudin-2 accumulation at junctions, which is
rescued by expression of either CGN or CGNL1 but not ZO-1.
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Figure 5. Simplified schematic model for the role of CGN and CGNL1 in barrier functions. (Left
panel): organization of the TJ related to barrier function in WT MDCK. (Right panel): organization
of the TJ related to barrier function in MDCK KO for CGN, CGNL]1, or both.

In previous studies, we have shown that neither shRNA-mediated depletion nor
overexpression of CGN and CGNLL1 affected the steady-state TER in MDCK epithelial cells.
This is despite changes in the activation of RhoA and Racl GTPases, which in the case
of CGNL1-KD cells correlated with a decrease in the TER peak during junction assembly
by a calcium switch [20,21,43]. Moreover, consistent with current observations of MDCK
KO cells, we previously did not detect any changes in the barrier permeability to large
solutes in CGN-KO embryoid bodies [22] or in the electrical resistance of CGN-KO mouse
intestinal mucosal preparations [23]. In this study using clonal KO cells, we observed a mild
barrier phenotype, i.e., a small but significant increase in the TER both in the steady state
and at the peak during TJ assembly induced by the calcium switch, with no change in the
permeability to 3 kDa dextran. The TER phenotype of KO cells correlated with decreased
permeability to Na* and decreased expression and accumulation of claudin-2 at junctions.
Since the loss of claudin-2 results in an increase in the TER and reduced permeability to
Na* [10,40,44,45], our results suggest that a higher TER and decreased Na* permeability in
MDCK cells KO for either CGN or CGNL1 or both are mechanistically linked to decreased
junctional claudin-2. These results are unlikely to be due to clone-dependent variations,
since each clonal line, including control WT cells, was generated independently and the
reduced junctional claudin-2 was rescued by re-expression of either CGN or CGNL1, but
not by ZO-1.

The mechanism through which the KO of either CGN or CGNL1 or both leads to
reduced claudin-2 at junctions is unclear. Since ZO-1 is a scaffold for claudins [15], one
possibility to account for decreased claudin-2 is a decrease in junctional ZO-1. However,
only the KO of CGN, but not that of CGNL1, resulted in a decreased accumulation of ZO-1
at TJs [25], whereas decreased claudin-2 was observed for both CGN-KO and CGNL1-KO
clones. Moreover, ZO-1 overexpression did not rescue the normal accumulation of claudin-
2. Thus, it is unlikely that either CGN or CGNL1 promotes the junctional accumulation of
claudin-2 by regulating ZO-1. No detectable change in TJ strand organization was observed
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in CGN-KO embryoid bodies [22], suggesting that changes in claudin-2 levels are not
correlated with altered TJ strand morphology, which could affect claudin-2 integration
into strands. Alternative hypotheses, including a different association of claudin-2 with
the actomyosin cytoskeleton and different rates of degradation and endocytosis, should
be investigated in future studies. Interestingly, we have previously shown that depletion
of either CGN or CGNL1 by sh-RNA resulted in increased claudin-2 expression both at
the mRNA and protein levels [20,21]. In addition, KO of CGN in mice results in increased
claudin-2 protein levels in the kidneys and intestinal epithelia [23]. Our results therefore
indicate that KD and KO models in MDCK cells and KO models in MDCK versus mice
exhibit opposite phenotypes with respect to claudin-2 expression and junctional accumula-
tion. Moreover, while CGN-KD and CGNL1-KD MDCK cells showed altered activation
of RhoA and Racl activities, which appeared to be mechanistically involved in increasing
claudin-2 expression [20], no changes in RhoA and Racl activation or downstream phe-
notypes have been detected in MDCK cells KO for either CGN or CGNL1 or both [24] or
in mouse tissues [23]. Thus, expression and junctional accumulation of claudin-2 appear
to be potentially regulated by CGN and CGNL1 through multiple pathways, which are
differentially affected by the type of depletion approach and the model system.

Opverall, the results reported here confirm our previous conclusion [23] that CGN is dis-
pensable in the epithelial barrier function and also indicate that CGNL1 is not redundantly
required with CGN for epithelial barrier function. Our results also indicate that reduced TJ
membrane tortuosity, which is detected in MDCK cells KO for CGN and CGNL1 together
with decreased apical membrane stiffness [24], does not correlate with major changes in the
TJ barrier function. However, the cellular context, the molecular environment, and specific
physio-pathological stimuli may be critical in highlighting the potential role of CGN and
CGNL1 in T] barrier functions. For example, CGN-KO and CGN-KD endothelial cells
and tissues show altered barrier function in vitro and in vivo, correlating with increased
GEF-H1-dependent RhoA activity upon depletion of CGN [17-19]. This suggests that
epithelial cells may contain redundant molecular complexes and mechanisms and that
endothelial cells are lacking to compensate for the loss of either CGN or CGNL1 or both.
Importantly, both CGN-KO and CGNL1-KO mice are viable and apparently healthy [23,46],
suggesting that any change in endothelial T] permeability resulting from a loss of either
CGN or CGNL1 does not impair growth and survival of mice under normal conditions.
However, because of their implication in the regulation of Rho family GTPases and multiple
cytoskeletal interactions, CGN and CGNL1 may still play a role in epithelial and endothelial
barrier function under conditions where the barrier is challenged by pathogens, cytokines,
or other physiological and pathological stimuli. Additional studies will be required to
address these hypotheses in cultured cell model systems in vitro and in tissues in vivo.

5. Conclusions

The present study supports our previous results indicating that CGN and CGNL1
are not required to maintain T] barrier functions in epithelial monolayers. Clonal lines of
MDCK cells KO for CGN, CGNL1, or both displayed a small increase in TER, which was
correlated with a decreased sodium permeability and decreased claudin-2 expression and
accumulation at junctions.
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/ /www.mdpi.com/article/10.3390/cells12152004 /s1, Figure S1: Junctional localization of claudin-1,
-3, -4, and -7 is not affected by the KO of either CGN or CGNL1 or both in MDCK cells. Table S1:
Resource Table.
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Abbreviations

TJ, tight junctions; Na+, sodium; CGN, cingulin; CGNL1, paracingulin; MLC, myosin light
chain; TER, transepithelial resistance; KD, knock down; KO, knock out; C17, chloride; CLDN, claudin;
IF, immunofluorescence; NMIIB, non-muscle myosin IIB; Madin-Darby Canine Kidney-II, MDCK;
DMEM, Dulbecco’s Modified Eagle’s; FBS, Fetal Bovine Serum; NEAA, non-essential amino-acids;
P/S, penicillin and streptomycin; Perm,pp, apparent permeability; PBS, phosphate-buffered saline;
DPBS, Dulbecco’s phosphate-buffered saline; S-MEM, suspension-minimum essential medium; EGTA,
ethylene glycol-bis(f3-aminoethyl ether)-N,N,N’,N”-tetraacetic acid, NaCl, sodium chloride; NaHCO3,
sodium bicarbonate; KCl, potassium chloride; CaCly, calcium chloride; MgCl,, magnesium chloride;
O3, oxygen; CO,, carbon dioxide; GLM, general linear model; FC, fold change; FDR, false discovery
rate; RIPA, radioimmunoprecipitation assay buffer; EDTA, ethylenediaminetetraacetic acid; SDS,
sodium dodecyl sulfate; FL, full length; DAPI, 4’ ,6-diamidino-2-phenylindole; GFP, green fluores-
cent protein; RT, room temperature; PLEKHAS6, Pleckstrin Homology Domain-containing, family A
member 6; kDa, kilodaltons; ECL, enhanced chemiluminescence; SD, standard deviation; Px, pixels;
RFI, relative fluorescence intensity; ns, not significant; WT, wild type; ZO-1, zonula occludens-1; IB,
immunoblot.

References

1.  VanItallie, CM.; Anderson, ].M. Architecture of tight junctions and principles of molecular composition. Semin. Cell Dev. Biol.
2014, 36, 157-165. [CrossRef]

2. Rouaud, F; Sluysmans, S.; Flinois, A.; Shah, J.; Vasileva, E.; Citi, S. Scaffolding proteins of vertebrate apical junctions: Structure,
functions and biophysics. Biochim. Biophys. Acta Biomembr. 2020, 1862, 183399. [CrossRef]

3.  Otani, T.; Furuse, M. Tight Junction Structure and Function Revisited. Trends Cell Biol. 2020, 30, 815-817. [CrossRef]

4.  Citi, S.; Guerrera, D.; Spadaro, D.; Shah, J. Epithelial junctions and Rho family GTPases: The zonular signalosome. Small GTPases
2014, 5, €973760. [CrossRef]

5. Zihni, C,; Mills, C.; Matter, K.; Balda, M.S. Tight junctions: From simple barriers to multifunctional molecular gates. Nat. Rev. Mol.
Cell Biol. 2016, 17, 564-580. [CrossRef]

6. Tsukita, S.; Tanaka, H.; Tamura, A. The Claudins: From Tight Junctions to Biological Systems. Trends Biochem. Sci. 2019, 44,
141-152. [CrossRef]

7. Gunzel, D; Yu, A.S. Claudins and the modulation of tight junction permeability. Physiol. Rev. 2013, 93, 525-569. [CrossRef]

8. Shen, L.; Weber, C.R.; Raleigh, D.R.; Yu, D.; Turner, J.R. Tight junction pore and leak pathways: A dynamic duo. Annu. Rev.
Physiol. 2011, 73, 283-309. [CrossRef]

9.  Buckley, A,; Turner, ].R. Cell Biology of Tight Junction Barrier Regulation and Mucosal Disease. Cold Spring Harb. Perspect. Biol.
2018, 10, a029314. [CrossRef]

10. Van Itallie, C.M.; Anderson, ].M. Claudins and epithelial paracellular transport. Annu. Rev. Physiol. 2006, 68, 403—429. [CrossRef]

11. Rosenthal, R.; Gunzel, D.; Krug, S.M.; Schulzke, ].D.; Fromm, M.; Yu, A.S. Claudin-2-mediated cation and water transport share a
common pore. Acta. Physiol. 2017, 219, 521-536. [CrossRef]

12. Cordenonsi, M.; D’Atri, F.; Hammar, E.; Parry, D.A.D.; Kendrick-Jones, J.; Shore, D.; Citi, S. Cingulin Contains Globular and
Coiled-coil Domains and Interacts with ZO-1, ZO-2, ZO-3, and Myosin. J. Cell Biol. 1999, 147, 1569-1582. [CrossRef] [PubMed]

13. D’Atri, F; Nadalutti, F; Citi, S. Evidence for a functional interaction between cingulin and ZO-1 in cultured cells. . Biol. Chem.

2002, 277, 27757-27764. [CrossRef] [PubMed]


https://doi.org/10.1016/j.semcdb.2014.08.011
https://doi.org/10.1016/j.bbamem.2020.183399
https://doi.org/10.1016/j.tcb.2020.08.004
https://doi.org/10.4161/21541248.2014.973760
https://doi.org/10.1038/nrm.2016.80
https://doi.org/10.1016/j.tibs.2018.09.008
https://doi.org/10.1152/physrev.00019.2012
https://doi.org/10.1146/annurev-physiol-012110-142150
https://doi.org/10.1101/cshperspect.a029314
https://doi.org/10.1146/annurev.physiol.68.040104.131404
https://doi.org/10.1111/apha.12742
https://doi.org/10.1083/jcb.147.7.1569
https://www.ncbi.nlm.nih.gov/pubmed/10613913
https://doi.org/10.1074/jbc.M203717200
https://www.ncbi.nlm.nih.gov/pubmed/12023291

Cells 2023, 12, 2004 14 0of 15

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Ohnishi, H.; Nakahara, T.; Furuse, K.; Sasaki, H.; Tsukita, S.; Furuse, M. JACOP, a novel plaque protein localizing at the apical
junctional complex with sequence similarity to cingulin. J. Biol. Chem. 2004, 279, 46014-46022. [CrossRef]

Umeda, K.; Ikenouchi, J.; Katahira-Tayama, S.; Furuse, K.; Sasaki, H.; Nakayama, M.; Matsui, T.; Tsukita, S.; Furuse, M.; Tsukita, S.
Z0O-1 and ZO-2 Independently Determine Where Claudins Are Polymerized in Tight-Junction Strand Formation. Cell 2006, 126,
741-754. [CrossRef]

Pulimeno, P.; Paschoud, S.; Citi, S. A role for ZO-1 and PLEKHA? in recruiting paracingulin to tight and adherens junctions of
epithelial cells. J. Biol. Chem. 2011, 286, 16743-16750. [CrossRef] [PubMed]

Tian, Y.; Gawlak, G.; Tian, X.; Shah, A.S; Sarich, N.; Citi, S.; Birukova, A.A. Cingulin role in agonist-induced vascular endothelial
permeability. J. Biol. Chem. 2016, 291, 23681-23692. [CrossRef]

Schossleitner, K.; Rauscher, S.; Groger, M.; Friedl, H.P,; Finsterwalder, R.; Habertheuer, A ; Sibilia, M.; Brostjan, C.; Fodinger, D.;
Citi, S.; et al. Evidence That Cingulin Regulates Endothelial Barrier Function In Vitro and In Vivo. Arter. Thromb. Vasc. Biol. 2016,
36, 647-654. [CrossRef]

Holzner, S.; Bromberger, S.; Wenzina, J.; Neumuller, K.; Holper, T.M.; Petzelbauer, P.; Bauer, W.; Weber, B.; Schossleitner, K.
Phosphorylated cingulin localises GEF-H1 at tight junctions to protect vascular barriers in blood endothelial cells. J. Cell Sci. 2021,
134, jcs258557. [CrossRef]

Guillemot, L.; Citi, S. Cingulin regulates claudin-2 expression and cell proliferation through the small GTPase RhoA. Mol. Biol.
Cell 2006, 17, 3569-3577. [CrossRef]

Guillemot, L.; Paschoud, S.; Jond, L.; Foglia, A.; Citi, S. Paracingulin Regulates the Activity of Racl and RhoA GTPases by
Recruiting Tiam1 and GEF-H1 to Epithelial Junctions. Mol. Biol. Cell 2008, 19, 4442-4453. [CrossRef] [PubMed]

Guillemot, L.; Hammar, E.; Kaister, C.; Ritz, J.; Caille, D.; Jond, L.; Bauer, C.; Meda, P; Citi, S. Disruption of the cingulin gene does
not prevent tight junction formation but alters gene expression. J. Cell Sci. 2004, 117, 5245-5256. [CrossRef] [PubMed]
Guillemot, L.; Schneider, Y.; Brun, P.; Castagliuolo, I.; Pizzuti, D.; Martines, D.; Jond, L.; Bongiovanni, M.; Citi, S. Cingulin is
dispensable for epithelial barrier function and tight junction structure, and plays a role in the control of claudin-2 expression and
response to duodenal mucosa injury. J. Cell Sci. 2012, 125, 5005-5012. [CrossRef] [PubMed]

Rouaud, F; Huang, W.; Flinois, A.; Jain, K.; Vasileva, E.; Di Mattia, T.; Mauperin, M.; Parry, D.A.D.; Dugina, V.; Chaponnier, C.;
et al. Cingulin and paracingulin tether myosins-2 to junctions to mechanoregulate the plasma membrane. . Cell Biol. 2023, 322,
€202208065. [CrossRef]

Vasileva, E.; Spadaro, D.; Rouaud, F; King, ] M.; Flinois, A.; Shah, ].; Sluysmans, S.; Mean, I.; Jond, L.; Turner, ].R.; et al. Cingulin
binds to the ZU5 domain of scaffolding protein ZO-1 to promote its extended conformation, stabilization, and tight junction
accumulation. J. Biol. Chem. 2022, 298, 101797. [CrossRef]

Van Itallie, C.M.; Fanning, A.S.; Bridges, A.; Anderson, ].M. ZO-1 stabilizes the tight junction solute barrier through coupling to
the perijunctional cytoskeleton. Mol. Biol. Cell 2009, 20, 3930-3940. [CrossRef]

Paschoud, S.; Jond, L.; Guerrera, D.; Citi, S. PLEKHA7 modulates epithelial tight junction barrier function. Tissue Barriers 2014, 2,
€28755. [CrossRef]

Sassi, A.; Wang, Y.; Chassot, A.; Komarynets, O.; Roth, L; Olivier, V.; Crambert, G.; Dizin, E.; Boscardin, E.; Hummler, E.; et al.
Interaction between Epithelial Sodium Channel gamma-Subunit and Claudin-8 Modulates Paracellular Sodium Permeability in
Renal Collecting Duct. J. Am. Soc. Nephrol. 2020, 31, 1009-1023. [CrossRef]

Gunzel, D.; Stuiver, M.; Kausalya, P.J.; Haisch, L.; Krug, S.M.; Rosenthal, R.; Meij, I.C.; Hunziker, W.; Fromm, M.; Muller,
D. Claudin-10 exists in six alternatively spliced isoforms that exhibit distinct localization and function. J. Cell Sci. 2009, 122,
1507-1517. [CrossRef]

Vasileva, E.; Sluysmans, S.; Bochaton-Piallat, M.L.; Citi, S. Cell-specific diversity in the expression and organization of cytoplasmic
plaque proteins of apical junctions. Ann. N. Y. Acad. Sci. 2017, 1405, 160-166. [CrossRef]

Martinez-Palomo, A.; Meza, I.; Beaty, G.; Cereijido, M. Experimental modulation of occluding junctions in a cultured transporting
epithelium. J. Cell Biol. 1980, 87, 736-745. [CrossRef]

Citi, S. Protein kinase inhibitors prevent junction dissociation induced by low extracellular calcium in MDCK epithelial cells. J.
Cell Biol. 1992, 117, 169-178. [CrossRef]

Shashikanth, N.; Rizzo, H.E.; Pongkorpsakol, P.; Heneghan, ].E; Turner, ].R. Electrophysiologic Analysis of Tight Junction Size
and Charge Selectivity. Curr. Protoc. 2021, 1, e143. [CrossRef]

Tsukita, S.; Furuse, M. Pores in the wall: Claudins constitute tight junction strands containing aqueous pores. J. Cell Biol. 2000,
149, 13-16. [CrossRef]

Furuse, M,; Fujita, K.; Hiiragi, T.; Fujimoto, K.; Tsukita, S. Claudin-1 and -2: Novel Integral Membrane Proteins Localizing at
Tight Junctions with No Sequence Similarity to Occludin. J. Cell Biol. 1998, 141, 1539-1550. [CrossRef]

Furuse, M.; Furuse, K,; Sasaki, H.; Tsukita, S. Conversion of zonulae occludentes from tight to leaky strand type by introducing
claudin-2 into Madin-Darby canine kidney I cells. J. Cell Biol. 2001, 153, 263-272. [CrossRef]

Rosenthal, R.; Milatz, S.; Krug, S.M.; Oelrich, B.; Schulzke, J.D.; Amasheh, S.; Gunzel, D.; Fromm, M. Claudin-2, a component of
the tight junction, forms a paracellular water channel. J. Cell Sci. 2010, 123, 1913-1921. [CrossRef]

Tokuda, S.; Higashi, T.; Furuse, M. ZO-1 Knockout by TALEN-Mediated Gene Targeting in MDCK Cells: Involvement of ZO-1 in
the Regulation of Cytoskeleton and Cell Shape. PLoS ONE 2014, 9, e104994. [CrossRef]


https://doi.org/10.1074/jbc.M402616200
https://doi.org/10.1016/j.cell.2006.06.043
https://doi.org/10.1074/jbc.M111.230862
https://www.ncbi.nlm.nih.gov/pubmed/21454477
https://doi.org/10.1074/jbc.M116.720763
https://doi.org/10.1161/ATVBAHA.115.307032
https://doi.org/10.1242/jcs.258557
https://doi.org/10.1091/mbc.e06-02-0122
https://doi.org/10.1091/mbc.e08-06-0558
https://www.ncbi.nlm.nih.gov/pubmed/18653465
https://doi.org/10.1242/jcs.01399
https://www.ncbi.nlm.nih.gov/pubmed/15454572
https://doi.org/10.1242/jcs.101261
https://www.ncbi.nlm.nih.gov/pubmed/22946046
https://doi.org/10.1083/jcb.202208065
https://doi.org/10.1016/j.jbc.2022.101797
https://doi.org/10.1091/mbc.e09-04-0320
https://doi.org/10.4161/tisb.28755
https://doi.org/10.1681/ASN.2019080790
https://doi.org/10.1242/jcs.040113
https://doi.org/10.1111/nyas.13391
https://doi.org/10.1083/jcb.87.3.736
https://doi.org/10.1083/jcb.117.1.169
https://doi.org/10.1002/cpz1.143
https://doi.org/10.1083/jcb.149.1.13
https://doi.org/10.1083/jcb.141.7.1539
https://doi.org/10.1083/jcb.153.2.263
https://doi.org/10.1242/jcs.060665
https://doi.org/10.1371/journal.pone.0104994

Cells 2023, 12, 2004 150f 15

39.

40.

41.

42.

43.

44.

45.

46.

Cereijido, M.; Robbins, E.S.; Dolan, W.].; Rotunno, C.A.; Sabatini, D.D. Polarized monolayers formed by epithelial cells on a
permeable and translucent support. J. Cell Biol. 1978, 77, 853-880. [CrossRef]

Paschoud, S.; Citi, S. Inducible overexpression of cingulin in stably transfected MDCK cells does not affect tight junction
organization and gene expression. Mol. Membr. Biol. 2008, 25, 1-13. [CrossRef]

Muto, S.; Hata, M.; Taniguchi, J.; Tsuruoka, S.; Moriwaki, K.; Saitou, M.; Furuse, K.; Sasaki, H.; Fujimura, A.; Imai, M.; et al.
Claudin-2-deficient mice are defective in the leaky and cation-selective paracellular permeability properties of renal proximal
tubules. Proc. Natl. Acad. Sci. USA 2010, 107, 8011-8016. [CrossRef]

Tamura, A.; Tsukita, S. Paracellular barrier and channel functions of TJ claudins in organizing biological systems: Advances in
the field of barriology revealed in knockout mice. Semin. Cell Dev. Biol. 2014, 36, 177-185. [CrossRef]

Flinois, A.; Mean, I.; Mutero-Maeda, A.; Guillemot, L.; Citi, S. Paracingulin recruits CAMSAP3 to tight junctions and regulates
microtubule and polarized epithelial cell organization. J. Cell Sci. 2024, 137, jcs260745. [CrossRef]

Sluysmans, S.; Mean, I.; Xiao, T.; Boukhatemi, A.; Ferreira, F; Jond, L.; Mutero, A.; Chang, C.J.; Citi, S. PLEKHA5, PLEKHA®6 and
PLEKHA? bind to PDZD11 to target the Menkes ATPase ATP7A to the cell periphery and regulate copper homeostasis. Mol. Biol.
Cell 2021, 32, ar34. [CrossRef]

Guerrera, D.; Shah, J.; Vasileva, E.; Sluysmans, S.; Mean, I.; Jond, L.; Poser, I.; Mann, M.; Hyman, A.A ; Citi, S. PLEKHA? Recruits
PDZD11 to Adherens Junctions to Stabilize Nectins. J. Biol. Chem. 2016, 291, 11016-11029. [CrossRef]

Spadaro, D.; Le, S.; Laroche, T.; Mean, I; Jond, L.; Yan, J.; Citi, S. Tension-Dependent Stretching Activates ZO-1 to Control the
Junctional Localization of Its Interactors. Curr. Biol. 2017, 27, 3783-3795.e3788. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1083/jcb.77.3.853
https://doi.org/10.1080/09687680701474009
https://doi.org/10.1073/pnas.0912901107
https://doi.org/10.1016/j.semcdb.2014.09.019
https://doi.org/10.1242/jcs.260745
https://doi.org/10.1091/mbc.E21-07-0355
https://doi.org/10.1074/jbc.M115.712935
https://doi.org/10.1016/j.cub.2017.11.014

	Introduction 
	Materials and Methods 
	Cell Culture 
	Measurement of Transepithelial Resistance (TER) and Paracellular Flux Assay 
	Dilution Potential of NaCl 
	RNASeq Analysis 
	Immunoblot Analysis 
	Plasmids 
	Immunofluoresence Anaylsis 
	Quantification and Statistical Analysis 

	Results 
	MDCK Cells KO for Either CGN, CGNL1 or Both Show Slightly Increased Transepithelial Resistance but No Change in Permeability to Dextran 
	KO of Either CGN or CGNL1 or Both Results in Decreased Sodium Permeability of MDCK Monolayers 
	MDCK Cells KO for Either CGN or CGNL1 or Both Show Decreased Claudin-2 Protein Expression 
	MDCK Cells KO for CGN, CGNL1, or Both Show Decreased Claudin-2 Accumulation at Junctions 

	Discussion 
	Conclusions 
	References

