AQ:1-4

AQ: au

AQ: 5

AQ: 6

J_ID: AJPRENAL ART NO: F-00207-2021 Date: 11-October-21  12:00 Page: 1 Total Pages: 13 ini: 6//RM

\ AMERICAN JOURNAL OF PHYSIOLOGY

e | RENAL PHYSIOLOGY.

physiological
society’

Am J Physiol Renal Physiol 321: FOOO-F000, 2021.
First published October 4, 2021; doi:10.1152/ajprenal.00207.2021

RESEARCH ARTICLE

Expression of claudin-8 is induced by aldosterone in renal collecting duct
principal cells

Ali Sassi,"?* Yubao Wang,"?* Alexandra Chassot,"? Isabelle Roth,! Suresh Ramakrishnan,’?
Valérie Olivier,"? ® Olivier Staub,® Khalil Udwan,! and ® Eric Feraille*?
'Department of Cellular Physiology and Metabolism, University of Geneva, Geneva, Switzerland; >National Center of
Competence in Research “Kidney.ch,” Switzerland; and *Department of Biomedical Sciences, University of Lausanne,
Lausanne, Switzerland

Abstract

Fine tuning of Na™ reabsorption takes place along the aldosterone-sensitive distal nephron, which includes the collecting duct
(CD), where it is mainly regulated by aldosterone. In the CD, Na* reabsorption is mediated by the epithelial Na* channel and
Na™® pump (Na"-K"-ATPase). Paracellular ion permeability is mainly dependent on tight junction permeability. Claudin-8 is one
of the main tight junction proteins expressed along the aldosterone-sensitive distal nephron. We have previously shown a cou-
pling between transcellular Na™ reabsorption and paracellular Na™ barrier. We hypothesized that aldosterone controls the
expression levels of both transcellular Na™ transporters and paracellular claudin-8 in a coordinated manner. Here, we show that
aldosterone increased mRNA and protein levels as well as lateral membrane localization of claudin-8 in cultured CD principal
cells. The increase in claudin-8 mRNA levels in response to aldosterone was prevented by preincubation with 17-hydroxyproges-
terone, a mineralocorticoid receptor antagonist, and by inhibition of transcription with actinomycin D. We also showed that a
low-salt diet, which stimulated aldosterone secretion, was associated with increased claudin-8 abundance in the mouse kidney.
Reciprocally, mice subjected to a high-salt diet, which inhibits aldosterone secretion, or treated with spironolactone, a mineralo-
corticoid receptor antagonist, displayed decreased claudin-8 expression. Inhibition of glycogen synthase kinase-3, Lyn, and Abl
signaling pathways prevented the effect of aldosterone on claudin-8 mRNA and protein abundance, suggesting that signaling of
protein kinases plays a permissive role on the transcriptional activity of the mineralocorticoid receptor. This study shows that sig-
naling via multiple protein kinases working in concert mediates aldosterone-induced claudin-8 expression in the CD.

NEW & NOTEWORTHY In this study, we showed that aldosterone modulates claudin-8 expression in cultured collecting duct
principal cells and in the mouse kidney. The upregulation of claudin-8 expression in response to aldosterone is dependent on at
least glycogen synthase kinase-3, Lyn, and Abl signaling pathways, indicating the participation of multiple protein kinases to the
effect of aldosterone.

aldosterone; claudin; collecting duct; kidney; sodium transport

INTRODUCTION

The regulation of Na™ transport by the kidneys is crucial
for the maintenance of body fluid homeostasis and blood
pressure control. The collecting duct (CD) plays a major role
in controlling Na* balance. In this segment, Na™ reabsorp-
tion is mainly achieved by the apical epithelial Na™ channel
(ENaC) and basolateral Na* pump (Na " -K*-ATPase), which
provides the electrochemical gradient for vectorial transcel-
lular Na* transport. The CD is characterized by a tight epi-
thelium displaying an interconnected network of tight
junctions, resulting in a strict separation of luminal and in-
terstitial spaces. The main function of tight junctions in the
CD is to prevent paracellular backflow of water and solutes,
especially Na™, to the tubular lumen. Claudins are major
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structural components of tight junctions that determine the
paracellular permeability to water and solutes. The expres-
sion profile of claudins in the kidney tubule is segment spe-
cific, and they can generate either a diffusion barrier or a
paracellular permeability pathway (1). Claudin-8 is highly
expressed in the CD (1-3), where it has been described to
play a major role in Na™* barrier formation together with C1~
permeability and has been implicated in the generation of
high electrical resistance (1, 4, 5). We recently showed that
the ENaC y-subunit determines claudin-8 abundance, sug-
gesting a coupling between paracellular and transcellular
Na™* permeability (5).

Aldosterone is the main hormonal stimulus of Na™ reab-
sorption by the CD. Aldosterone binding to the mineralocor-
ticoid receptor (MR) induces its nuclear translocation and
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the transcription of specific genes (6). Aldosterone first indu-
ces early genes, such as serum/glucocorticoid-regulated Ki-
nase 1 (Sgk-1) and GILZ, that increase ENaC open probability
and decrease its internalization and degradation (7-9).
Aldosterone also rapidly increases cell-surface expression of
active Na* -K*-ATPase units (10). Increased expression lev-
els of o-ENaC and Na*-K*-ATPase o- and B-subunits in
response to long-term aldosterone stimulation upregulate
the Na™ reabsorption capacity of principal cells (10). Cell-
specific expression of 11B-hydroxysteroid dehydrogenase
type 2, which prevents MR occupancy by glucocorticoids,
confers aldosterone responsiveness (11). Na™ transport by
principal cells is also modulated by hormonal factors such
as vasopressin, angiotensin II, or insulin and paracrine/
autocrine factors such as endothelin-1 and eicosanoids (10,
12-14).

Aldosterone-induced transcellular Na™ reabsorption gen-
erates a negative transepithelial potential that, combined
with the interstitial-to-lumen Na* gradient, may lead to par-
acellular backflow of reabsorbed Na*. Indeed, microper-
fused mouse cortical CDs secrete Na ™ under a physiological
basal-to-apical Na*t concentration gradient (15). The
efficiency of Na™ reabsorption may be compromised by
increased paracellular Na ™ backflow. Interestingly, reduced
paracellular Na* permeability associated with increased
claudin-8 expression levels in response to aldosterone has
been shown in the human colon (16). However, the control of
tight junction composition by aldosterone remains to be
established along the kidney tubule.

In this study, we showed that aldosterone increases clau-
din-8 abundance in CD principal cells. We also showed that
upregulation of claudin-8 expression in response to aldoste-
rone is dependent on at least glycogen synthase kinase-3
(GSK3), Lyn, and Abl signaling pathways. Taken together,
these results reveal a new mechanism of hormonal modula-
tion of the junctional complex via the upregulation of clau-
din-8 expression by multiple protein kinases.

METHODS

Cell Culture and Electrical Measurements

mCCD,y; cells were grown on permeable filters (Transwell,
Corning Costar, Cambridge, MA) as previously described (17).
The potential difference and transepithelial resistance were
measured using a Millicell-ERS Volt-Ohm meter (Millipore,

Table 1. Sequences of primers used for real-time PCR

Billerica, MA). y-ENaC-TetOn-mCCD cells overexpressing the
ENaC y-subunit in a doxycycline-inducible manner (17) were
cultured in the presence or absence of doxycycline (Dox; 1.25
pg/mL). Aldosterone (10~® M) and inhibitors of lysosomal pro-
tein degradation and aldosterone-activated Kkinases were
added to the apical and basal compartments 24 h before cell
lysis.

Retrovirus Production and Cell Transduction

For gene overexpression, wild-type green fluorescence
protein (GFP) and wild-type mouse a-ENaC cDNAs were sub-
cloned into a modified pSF-lenti vector (Sigma) resistant to
puromycin. pSF-lenti was transiently transfected in packag-
ing HEK293T cells using a Polyplus-transfection jetPRIME
kit according to the manufacturer’s instructions. Lentiviral
particles were collected after 72 h, and y-ENaCTetOn-mCCD
cells were transduced. Stable cell lines were obtained after
puromycin selection (2 pg/mL). Claudin-8 gene silencing was
performed as previously described (5).

RNA Extraction and RT-PCR

RNA extraction and real-time PCR were performed as pre-
viously described (5). The primers used for PCR are shown in
Table 1.

Western Blot Analysis

Equal amounts of protein from cultured cells or the kidney
cortex were separated by 4—20% SDS-PAGE (Witec) and trans-
ferred to polyvinylidene difluoride membranes (Immobilion-
P, Millipore) as previously described (17). After incubation
with primary antibodies (Table 2), membranes were incubated
with anti-rabbit or anti-mouse IgG antibody coupled to horse-
radish peroxidase (Transduction Laboratories, Lexington, KY).
The antigen-antibody complexes were detected by enhanced
chemiluminescence (Advansta, Menlo Park, CA). Protein
abundance was quantified with ImageJ software. Results are
expressed as the ratio of the densitometry of the band of inter-
est to the loading control.

Immunofluorescence

Cells grown to confluence on polycarbonate filters were
fixed (together with filters) with ice-cold methanol for 5 min
at —20°C and then washed with PBS. After samples had been
washed for 30 min, blockade of nonspecific binding sites was
done with PBS containing 2% BSA (PBS-BSA) at room

Name Forward Reverse
PO 5/-AATCTCCAGAGGCACCATTG-3' 5/-GTTCAGCATGTTCAGCAGTG-3’
Claudin-4 5/-AAGTGCACCAACTGCATGGA-3’ 5/-GGCTCCGGCGGTGATC-3’
Claudin-7 5/-AAGCGAAGAAGGCCCGAATA-3' 5/-GCAAGACCTGCCACAATGAA-3’
Claudin-8 5/-GTGCTGCGTCCGTCTTGGCT-3’ 5/-TCGTCCCCCGTGCATCTGGT-3’
Z0-1 5/-TTATGCGCAGTGGTATCCAATT-3’ 5/-TCCGGACACAACCTCATCCT-3’
Sgk-1 5/-CCAAACCCTCCGACTTTCAC-3/ 5/-CCTTGTGCCTAGCCAGAAGAA-3’
a-ENaC 5/-CAGACTTGGAGCTTTGACAAGGA-3' 5/-ACTTCTCTGTGCCTTGTTTATATGTGTT-3’
v-ENaC 5/-CCGAGATCGAGACAGCAATGT-3’ 5/-CGCTCAGCTTGAAGGATTCTG-3’
Abl 5/-CAGTGAAAATGACCCCAACC-3/ 5/-GTTTGGGCTTCACACCATTC-3’
GSK-3 5/-CGCTTCCCTTCTTCATTGAC-3/ 5/-ACGTGAACGAGGGCAAATAC-3’
Lyn 5/-ATCAACTTCGGCTGCTTCAC-3' 5/-CATCACATCTGCGTTGGTTC-3’

EnaC, epithelial Na* channel; GSK3, glycogen synthase kinase-3; Sgk-1, serum/glucocorticoid-regulated kinase 1; ZO-1, zonula occlu-

dens-1.
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Table 2. Antibodies used for Western blots

Name Species Dilution Supplier Cat. No.
Claudin-4 Mouse 1/500 ThermoFisher (Waltham, MA) 32-9400
Claudin-7 Rabbit 1/500 ThermoFisher 34-9100
Claudin-8 Rabbit 1/500 ThermoFisher 40-0700Z
Z0-1 Rabbit 1/1,000 ThermoFisher 61-7300
Sgk-1 Rabbit 1/1,000 Sigma-Aldrich (St. Louis, MO) S5188
a-ENaC Rabbit 1/1,000 Prof. J. Loffing (University of Zurich, Zurich, Switzerland) (18)
v-ENaC Rabbit 1/500 StressMarq (Victoria, BC, Canada) SPC-405
B-actin Mouse 1/10,000 Sigma-Aldrich A5441
E-cadherin Mouse 1/5,000 BD Biosciences (Franklin Lakes, NJ) 610181

EnaC, epithelial Na™ channel; Sgk-1, serum/glucocorticoid-regulated Kinase 1; ZO-1, zonula occludens-1

temperature. Finally, cells were incubated overnight at 4°C
with antibodies against claudin-8 and Sgk-1 diluted 1:500 in
0.2% PBS-BSA followed by 1 h of incubation with Alexa Fluor
488-conjugated goat anti-rabbit (Cat. No. A-11017, Invitrogen)
diluted 1:500 in PBS-BSA. Samples were mounted on micro-
scope slides using Vectashield mounting medium (Maravai
Life Science, San Diego, CA) with DAPI for nuclear counter-
staining. Fluorescence images were acquired using a LSM 700
confocal laser scanning microscope (Carl Zeiss, Oberkochen,
Germany) using 488-nm ray lasers. The distance between the
Z-slices was 0.25 pm. Five to ten Z-stack images were proc-
essed using ZEISS ZEN imaging software (ZEN 2.3, Carl Zeiss).

Tyrosine Kinase Activity Profiling

A Pamchip array was used to analyze the effect of the aldo-
sterone on protein kinase activity (Pamgene, Hertogenbosch,
The Netherlands). The Pamchip contains 136 phosphorylation
sites of 144 peptides each consisting of 12-15 amino acids,
with one or more phosphorylation sites. We used two differ-
ent types of arrays with peptides containing tyrosine or ser-
ine/threonine phosphorylation sites. mCCD.; cells were
grown and stimulated or not with 10~® M aldosterone for
24 h. Cells were harvested and lysed for 15 min at 4°C with
Mammalian Protein Extraction Reagent (Pamgene) and phos-
phatase and protease inhibitors (Thermo Scientific). Next,
lysates were centrifuged at 16,000 g for 15 min at 4°C, and
40 pL of sample mix was subsequently prepared using reac-
tion buffer (Ix PK buffer), fluorescent-labeled antibody
(Pamgene), 400 uM ATP, 10 mM dithiothreitol, and 7.5 pg of
lysate protein. The arrays were blocked using 2% BSA for 30
min, and the sample mix was loaded. Analysis was done using
a Pamstation 96 instrument (Pamgene). Spot intensity was
corrected for local background, and initial phosphorylation
rates were calculated using BioNavigator software (Pamgene).

Animals

Male C57B6 mice (Charles River, Saint Germain de
I’Arbresle, France) were fed for 7 days with either low-Na™
diet [0.01% (wt/wt); LSD], normal-Na™ diet [0.18% (wt/wt);
NSD], or high-Na™ diet [1.25% (wt/wt); HSD] (Provimi-Kliba,
Kaiseraugst, Switzerland). One group of mice that were fed
the low-Na ™" diet received 0.35 mg/100 g body wt/day of spi-
ronolactone mixed with food for 7 days. Animals had free
access to food and water. Kidney tubule-specific Sgk-1
knockout mice have been previously described (19). The vet-
erinary local ethical committee of animal care of Geneva
approved all animal experiments.

Statistics

Results are expressed as means = SD from several experi-
ments. Statistical differences were analyzed using GraphPad
Prism software. Student’s ¢ test or one-way ANOVA was used
for comparisons between two groups or more than two
groups, respectively.

RESULTS

Aldosterone Increases Expression of Claudin-8 in
Cultured Mouse CD Principal Cells

We assessed the effect of aldosterone in the regulation of
expression levels of tight junction core proteins in the CD. In
mCCDyg cells, a model of CD principal cells (18), aldosterone
treatment increased transepithelial current but did not signifi-
cantly alter the transepithelial resistance (Fig. 1A). ENaC block-
ade by the addition of 107> M benzamil to the apical side of
the cell monolayer only slightly increased the transepithelial
resistance in both control and aldosterone-treated cells
(Supplemental Fig. S1; all Supplemental material is available at
https://doi.org/10.6084/m9.figshare.16652182.v1.), indicating
that variations of ENaC activity only modestly alter transepi-
thelial resistance. We then assessed the effect of aldosterone
on the main claudin species expressed in the CD, that is, clau-
din-4, claudin-7, and claudin-8. We consistently showed that
aldosterone treatment was associated with increased protein
expression levels of Sgk-1, a classical aldosterone-induced
gene (Fig. 1B). Claudin-8 protein abundance was increased in
response to aldosterone, but the abundance of claudin-4, clau-
din-7, and zonula occludens-1, a tight junction-associated pro-
tein, was unchanged (Fig. 1B). The effect of aldosterone on
Sgk-1 and claudin-8 was confirmed by immunofluorescence
imaging, as shown in Fig. 1C. The results showed that claudin-
8 immunoreactivity detected along the lateral membrane
increased in response to aldosterone (Fig. 1C, bottom). The al-
dosterone effect on claudin-8 expression levels was also
observed at the mRNA level, as shown in Fig. 1D.

These results indicate that claudin-8 expression is specifi-
cally induced by aldosterone in cultured mouse CD principal
cells.

Aldosterone Modulates Claudin-8 Expression in a Dose-
and Time-Dependent Manner in Cultured Mouse CD
Principal Cells

To determine the amount of aldosterone necessary to pro-
duce an increase in claudin-8 abundance, cells were incubated
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Figure 1. Aldosterone (Aldo) modulates the expression of claudin-8 in cultured mouse collecting duct principal cells. mCCD¢y cells were grown to conflu-
ence on filters and treated or not treated with 10~ M aldosterone for 24 h. A: measured transepithelial resistance (TER; right, lumen negative) and calcu-
lated transepithelial currents (Is;; left). B: representative immunoblots showing the effect of aldosterone treatment on claudin-4, claudin-7, claudin-8,
serum/glucocorticoid-regulated kinase 1(Sgk-1), and zonula occludens-1 (ZO-1) protein abundance. B-Actin was used as a loading control (left). The right
graph shows the relative densitometric quantification of immunoblots from 4 independent experiments. C: immunofluorescence staining of claudin-8
and Sgk-1in confluent monolayers treated or not treated with 10~® M aldosterone for 24 h. The bottom part of each image is an optical section obtained
from the Z-stack. D: claudin-8 mRNA levels as assessed by real-time PCR. Results are means + SD from 4 independent experiments. Statistical analysis
was performed by a Kruskal-Wallis test (A) and one-way ANOVA (B). Ctl, control; OD, optical density.

with increasing concentrations of aldosterone (1071° to 10~°
M) for 24 h. As shown in Fig. 24, 10~° and 10~ aldosterone
induced a small but nonsignificant increase in claudin-8 pro-
tein abundance followed by a larger and significant increase
in claudin-8 protein abundance at 10~7 M and 10~° M (Fig.
2A). We next investigated the time course effect of aldosterone.
Cells were incubated in media containing aldosterone (10~°
M) for variable periods of time (3, 6, 12, 24, and 36 h). After a
lag time, claudin-8 protein was progressively induced in a
time-dependent manner by aldosterone, with a maximal effect
observed after 24 h and sustained after 36 h (Fig. 2B). These
results indicate that aldosterone modulates claudin-8 expres-
sion in a dose- and time-dependent manner in cultured mouse
CD principal cells. The transepithelial potential difference also
progressively increased in a time-dependent manner by aldo-
sterone (Fig. 2C). However, the time courses of changes in
transepithelial potential and claudin-8 expression were differ-
ent, suggesting that claudin-8 is not induced via changes in
transepithelial ion transport. This finding is in agreement with
our previous report showing that transepithelial potential and

Na ™ transport are not involved in the modulation of claudin-8
expression (5).

We then assessed whether aldosterone modulates claudin-
8 abundance via the MR. For this purpose, mCCD; cells were
preincubated for 1 h with 107> M 17-hydroxyprogesterone, an
MR antagonist (20), before the addition of 10-¢ M aldosterone
for 24 h. The results showed that 17-hydroxyprogesterone
blunted the induction of both Sgk-1 and claudin-8 by aldoste-
rone (Fig. 2D), suggesting that these effects of aldosterone are
mediated via the MR.

Increased Claudin-8 Expression in Response to
Aldosterone Relies on Increased Transcription in
Cultured Mouse CD Principal Cells

To assess whether increased claudin-8 abundance in
response to aldosterone relies on transcription, mCCD,y cells
were incubated in the presence of 107® M actinomycin D
with or without 10~® M aldosterone for 24 h. The results
showed that actinomycin D prevented the aldosterone-
induced increase in both Sgk-1 and claudin-8 mRNA and
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Figure 2. Aldosterone (Aldo) modulates claudin-8 expression in a dose- and time-dependent manner in cultured mouse collecting duct principal cells.
mCCD¢y cells were grown to confluence on filters and treated or not treated with variable concentrations of aldosterone (10~'° to 10~® M) for 24 h (A); or
treated or not treated with 10~® M aldosterone for various periods of time (3, 6, 12, 24, and 36 h) (B); and preincubated or not preincubated for 1 h with
10~° M 17-hydroxyprogesterone (17-OHP) (D). A, left: representative immunoblots showing the dose dependence of aldosterone treatment on claudin-8
abundance. Right, graph depicting the relative densitometric quantification of immunoblots from 5 independent experiments. B, left. representative im-
munoblots showing the time course of aldosterone treatment on claudin-8. Right, graph depicting relative densitometric quantification of immunoblots
from 5 independent experiments. B-Actin was used as a loading control. C: measured transepithelial potential difference (TEP). D, left. representative im-
munoblots showing the effect of 17-OHP and aldosterone treatment on claudin-8 abundance. Right, graphs depicting the relative densitometric quantifi-
cation of immunoblots from 4 independent experiments. E-cadherin was used as a loading control. Results are means + SD from at least 4 independent
experiments. Statistical analysis was performed by one-way ANOVA. Ctl, control; OD, optical density; Sgk-1, serum/glucocorticoid-regulated kinase 1.

protein levels (Fig. 3, A and B), suggesting that increased available online at https://epd.epfl.ch) of the mouse clau-
transcription is the main mechanism accounting for the din-8 promoter, which displays several glucocorticoid re-

effect of aldosterone. This interpretation was strengthened ceptor (GR)- and MR-binding sites (Fig. 3C, bottom). In
by in silico analysis (The Eukaryotic Promoter Database, silico analysis of the promoter of mouse Sgk-1, a well-
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Figure 3. Effect of aldosterone (Aldo) on protein degradation of claudin-8 in cultured mouse collecting duct principal cells. mCCD, cells were grown to
confluence on filters and treated or not treated with 10~ M aldosterone and/or 10~® M actinomycin D (Actino; A) and/or 10~° M chloroquine (Chloro; D)
for 24 h. A, left: representative immunoblots showing the effect of aldosterone and/or actinomycin D treatment on claudin-8 and serum/glucocorticoid-
regulated kinase 1 (Sgk-1). Right, graphs depicting relative densitometric quantification of immunoblots from 4 experiments. B: claudin-8 (left) and Sgk-1
(right) MRNA levels as assessed by real-time PCR. C: diagrams of the putative promoter region (2 kb) of mouse Sgk-1 and claudin-8 genes. Diagrams
show epidermal growth factor receptor (EGFR) and mineralocorticoid receptor (MR) transcription factor binding sites. Putative sites were predicted in the
Eukaryotic Promoter Database (available online at https://epd.epfl.ch). D, left: representative immunoblots showing the effect of aldosterone and/or
chloroquine treatment on claudin-8 and claudin-4 abundance. Right, graphs depicting relative densitometric quantification of immunoblots from 4
experiments. E-cadherin was used as a loading control. Statistical analysis was performed by one-way ANOVA. OD, optical density.
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characterized aldosterone-induced gene, is given for com-
parison (Fig. 3C, top).

We next assessed the possibility of additional posttranscrip-
tional control of claudin-8 expression via inhibition of protein
degradation by aldosterone. We assessed the effect of chloro-
quine, an inhibitor of lysosomal protein degradation, the
major pathway of transmembrane protein degradation.
Figure 3D shows that inhibition of lysosomal protein degra-
dation slightly but not significantly increased claudin-8
abundance but did not alter the amplitude of the effect of
aldosterone on claudin-8 protein expression. However,
increased abundance of claudin-4 protein was associated
with chloroquine treatment (Fig. 3D), indicating that chloro-
quine was active. These results suggest that claudin-8 protein
is most likely slowly degraded via the lysosomal pathway and
that its degradation is not regulated by aldosterone.

The increase in claudin-8 protein abundance in response
to aldosterone was abolished in cells stably transduced with
an shRNA specifically targeting claudin-8 (Supplemental
Fig. S2). This observation further supports that the effect of
aldosterone mostly if not exclusively relies on increased
claudin-8 transcription.

Aldosterone Increases Claudin-8 Expression in the
Mouse Kidney

Further examining the potential physiological effect of al-
dosterone on claudin-8 in vivo, we compared its protein
expression level in mice fed with an NSD with that in mice
fed with an LSD or HSD. Compared with the NSD, 7 days of
the LSD increased the expression level of the aldosterone-
induced genes Sgk-1 and «-ENaC in the kidney cortex,

A LSD NSD HSD

100,
a-ENaC

Claudin-8

p=0.0438

whereas the opposite changes were observed in mice fed
with the HSD (Fig. 4A). These results indicate that the LSD
increased endogenous aldosterone, whereas the HSD did the
opposite. Claudin-8 protein was more abundant in the kid-
neys of mice fed with the LSD. Opposite changes were seen
in mice fed with the HSD (Fig. 4A). These changes in clau-
din-8 protein abundance were not associated with parallel
changes in claudin-8 mRNA levels (Supplemental Fig. S3).

To confirm the role of aldosterone in the control of clau-
din-8 expression level, mice that were fed the LSD were
treated for 7 days with spironolactone, an MR antagonist.
Spironolactone decreased a-ENaC expression levels, indicat-
ing that aldosterone effects were effectively antagonized
(Fig. 4B). The claudin-8 expression level was also decreased
by spironolactone (Fig. 4B). These results confirmed our in
vitro results and indicated that endogenous aldosterone vari-
ation is associated with parallel changes in claudin-8
abundance.

Role of a-ENaC and Sgk-1in Changes of Claudin-8
Expression Levels in Response to Aldosterone

We investigated whether the effect of aldosterone on clau-
din-8 abundance relied on increased o-ENaC expression.
Indeed, aldosterone stimulates Na™ reabsorption in the CD
by increasing the activity of ENaC by inducing expression
levels of its a-subunit. We then generated a new cell line,
a-ENaC-psf, that constitutively overexpresses wild-type
mouse o-ENaC in y-ENaC-TetOn-mCCD, an inducible cell
line derived from mCCD,y cells (18), and conditionally over-
expressed wild-type mouse y-ENaC in response to Dox in a
CD principal cell line (5, 17). Figure 5A shows that

Sgk-1 a-ENaC

p=0.0101
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Figure 4. Aldosterone regulates claudin-8 expression in the mouse kidney. Normal mice were subjected to a low-Na ™ diet (0.01%; LSD), normal-Na ™
diet (0.18%; NSD), or high-Na " diet (1.25%; HSD) for 7 days. A, left. Western blot analysis showing the effect of dietary Na™ on claudin-8, a-epithelial
Na™ channel (x-ENaC), and serum/glucocorticoid-regulated kinase 1(Sgk-1) abundance on the kidney cortex of 3 animals for each experimental group.
Right, relative densitometric quantification of immunoblots from the kidney cortex of 6 animals. B-Actin was used as a loading control. B: effect of minera-
locorticoid receptor blockade on claudin-8 expression. Mice were fed an LSD (0.01%) and treated or not treated with 0.35 mg/100 g body wt/day of spiro-
nolactone (Spiro) for 1 wk before extraction of kidney cortex protein. Left, Western blot showing the effect of spironolactone on claudin-8 and a-ENaC
protein abundance on the kidney cortex of 4 animals for each experimental group. Right, densitometric quantification of immunoblots from the kidney
cortex of 6 animals. E-cadherin was used as a loading control. Statistical analysis was performed by one-way ANOVA. OD, optical density.
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Figure 5. Epithelial Na* channel (ENaC) and serum/glucocorticoid-regulated kinase 1(Sgk-1) are not involved in changes of claudin-8 expression levels
in response to aldosterone (Aldo). A: y-ENaC-TetOn-mCCD cells were transduced with lentiviruses encoding green fluorescence protein (GFP) or mouse
o-ENaC (o-psf). Cells were treated or not treated with 10~® M aldosterone for 24 h or/and 1.25 mg/mL doxycycline (Dox) for 2.5 days. B: representative
immunoblots from 4 independent experiments showing the effect of a-ENaC and/or y-ENaC overexpression on claudin-8, Sgk-1, and zonula occludens-1
(2O-1) abundance. C: graphs depicting relative densitometric quantification of immunoblots from 4 experiments. Statistical analysis was performed by

one-way ANOVA. OD, optical density.

overexpression of a-ENaC did not alter transepithelial cur-
rent in both the absence and the presence of Dox-induced
v-ENaC overexpression. As expected, stimulation of transep-
ithelial Na* transport by y-ENaC overexpression increased
claudin-8 abundance (5). Figure 5A also shows that transepi-
thelial current induced by y-ENaC overexpression was
additive to the effect of aldosterone and that this was
independent of o-ENaC overexpression. However, the
effects of aldosterone and y-ENaC overexpression on clau-
din-8 expression levels were not additive. Increased Sgk-1
abundance was taken as a positive control of the efficacy
of aldosterone treatment. Therefore, increased claudin-8
abundance in response to aldosterone is independent of
its effect on a-ENacC.

We then decided to investigate the role of the classical al-
dosterone-induced gene Sgk-1 on claudin-8 abundance in
the y-ENaC-TetOn-mCCD cell line. Pharmacological inhibi-
tion of Sgk-1 by a specific inhibitor (GSK650394) (21) did not
alter the effect of aldosterone on claudin-8 expression (Fig.
6A). Moreover, claudin-8 expression was not altered in the
renal cortex of kidney tubule-specific Sgk-1 knockout mice
(Fig. 6B). These results indicate that the upregulation of
claudin-8 by aldosterone is most likely independent of Sgk-1.

Inhibition of Aldosterone-Activated Protein Kinase
Activity Prevents the Upregulation of Claudin-8
Abundance in Response to Aldosterone in Cultured
Mouse CD Principal Cells

Because transcription of many genes is modulated by pro-
tein kinase pathways, we investigated whether the observed

change in claudin-8 abundance is also mediated by aldoste-
rone-activated protein Kinases.

Activation of GSK3 by aldosterone has been recently
reported in several studies (22-24). Figure 7 shows that inhi-
bition of GSK3 by two structurally unrelated pharmacologi-
cal inhibitors SB216763 (Fig. 7A and Supplemental Fig. S5)
and LiCl (Fig. 7B and Supplemental Fig. S5) prevented the
increase in claudin-8 mRNA and protein levels induced by
aldosterone. Increased abundance of Sgk-1, an aldosterone-
induced gene, was taken as a control of the efficacy of aldo-
sterone treatment. Interestingly, Sgk-1 induction by aldoste-
rone was also decreased by LiCl treatment at the protein
level, and both GSK3 inhibitors decreased aldosterone-
induced Sgk-1 mRNA levels. These results indicate that the
GSK3 signaling pathway controls claudin-8 expression and
modulates MR signaling.

To further examine the aldosterone signaling pathway, we
performed a functional kinase assay for the identification of
phosphopeptide profiles in response to aldosterone treat-
ment in mCCDygy; cells. The results of these experiments are
shown in Supplemental Fig. S4 and Supplemental Tables S1
and S2. In particular, higher activities of tyrosine-protein ki-
nases Lyn, Abl, and epidermal growth factor receptor (EGFR)
as well as the serine/threonine kinase AMP-activated protein
kinase (AMPK) were detected in aldosterone-treated cells.
We then decided to assess the effect of these protein kinases
in cultured mCCD,y; cells. Figure 7C and Supplemental Fig.
S5A show that pharmacological inhibition of Lyn by bafeti-
nib (25) prevented the upregulation of both claudin-8 mRNA
and protein in response to aldosterone. Furthermore, the
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Figure 6. Serum/glucocorticoid-regulated kinase 1(Sgk-1) is not involved in changes of claudin-8 expression levels in response to aldosterone (Aldo). A:
YENaC-TetOn-mCCD cells were grown to confluence on filters and treated or not treated with 10~ M aldosterone for 24 h, followed by treatment or no
treatment for 12 h with 1 uM GSK650394, a Sgk-1 inhibitor. Representative immunoblots from 4 independent experiments showing the effect of aldoste-
rone or/and doxycycline treatment and/or Sgk-1inhibitor on Sgk-1and claudin-8 abundance are shown. E-cadherin was used as a loading control. B, left:
immunoblots showing the effect of kidney tubule-specific Sgk-1 deletion on claudin-8 abundance in the kidney cortex of 3 wild-type (WT) mice and 3
Sgk-1knockout (KO) mice. B-Actin was used as a loading control. Right, relative densitometric quantification of immunoblots from the kidney cortex of 3
animals. Statistical analysis was performed by one-way ANOVA or a Kruskal-Wallis test when appropriate. OD, optical density.

same effect was observed by pharmacological blockade of
Abl by bosutinib (26) (Fig. 7D and Supplemental Fig. SSA).
Sgk-1 mRNA and protein levels were also decreased by Lyn
or Abl inhibition. In contrast, neither inhibition of EGFR by
AG1478 nor activation of AMPK by 5-aminoimidazole-4-car-
boxamide ribonucleotide altered the aldosterone-induced
increase in claudin-8 expression levels (Supplemental
Fig. S6).

We finally assessed whether aldosterone alters the expres-
sion levels of GSK3, Lyn, and Abl. The results shown in
Supplemental Fig. S7 indicate that mRNA levels of these
three protein kinases were unchanged in response to
aldosterone.

Taken together, these results indicate that GSK3, Lyn, and
Abl signaling pathways are involved in the regulation of
claudin-8 expression by aldosterone.

DISCUSSION

Aldosterone classically directly stimulates Na™ reabsorp-
tion and K™ secretion by the so-called aldosterone-sensitive
distal nephron, which includes the late distal convoluted
tubule, connecting tubule, and CD. In the present study, we
show that aldosterone increases claudin-8 expression levels.
Claudin-8 is a core tight junction protein, reported to be spe-
cific and highly expressed along the aldosterone-sensitive
distal nephron. Indeed, in cultured CD principal cells, aldo-
sterone effects on transepithelial Na™ transport are associ-
ated with parallel changes in claudin-8 expression levels.
This upregulation of claudin-8 in response to aldosterone

was confirmed in vivo. We showed that mice subjected to
low salt intake, which increases aldosterone secretion, dis-
played higher claudin-8 abundance. Whereas, mice sub-
jected to high salt intake, which decreases aldosterone
secretion, exhibited lower claudin-8 expression levels. It is
worth mentioning that changes in claudin-8 protein abun-
dance were not associated with a parallel increase in clau-
din-8 mRNA levels. This result may indicate that in contrast
with cultured cells, complex interconnected mechanisms
control claudin-8 expression at the mRNA and protein levels.
However, the main conclusion of our study that aldosterone
upregulates claudin-8 protein levels remains valid. Our
results are in agreement with the reported aldosterone-
stimulated expression of claudin-8 in the distal colon (16) as
well as the glucocorticoid-induced upregulation of claudin-8
in lung epithelia (27). In 27‘tion, a recent study has shown
that spironolactone, an /R antagonist, prevented the
increase in expression of both claudin-8 and claudin-4 in
rats with early stages of diabetic nephropathy (28).

The effect of aldosterone is most likely mediated via the
MR since 17-hydroxyprogesterone, an inhibitor of the MR
(20), abolished its effect in cultured CD cells and spironolac-
tone, an antagonist of the MR active in vivo, prevented the
effect of an LSD in mice. Our results indicate that aldoste-
rone most likely modulates claudin-8 expression at the tran-
scriptional level since claudin-8 mRNA abundance was
increased, actinomycin D, an inhibitor of transcription, as
well as silencing of claudin-8 by shRNA abolished its effect,
and in silico analysis of claudin-8 promoter revealed several
MR- and GR-binding sites. The involvement of the GR in this
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Figure 7. Functional inhibition of aldosterone (Aldo)-activated protein kinase activity prevents the upregulation of claudin-8 expression in response to al-
dosterone in cultured mouse collecting duct principal cells. mCCD¢j cells were grown to confluence on filters and treated or not treated with 10"®Mal-
dosterone for 24 h, followed by treatment or no treatment with 10 M SB216763 (A) or 20 mM LiCl (B), two glycogen synthase kinase-3 inhibitors, 10 uM
bafetinib (C), a Lyn inhibitor, or 10 uM bosutinib (D), an Abl inhibitor. A, left: representative immunoblots showing the effect of aldosterone and/or
SB216763 treatment on claudin-8 and serum/glucocorticoid-regulated kinase 1 (Sgk-1) expression. Right, bar graphs depicting relative densitometric
quantification of immunoblots from 4 experiments. B, left: representative immunoblots showing the effect of aldosterone and/or LiCl treatment on clau-
din-8 and Sgk-1 expression. Right, bar graphs depicting relative densitometric quantification of immunoblots from 4 experiments. C, left: representative
immunoblots showing the effect of aldosterone and/or bafetinib treatment on claudin-8 and Sgk-1 expression. Right, bar graphs depicting relative densi-
tometric quantification of immunoblots from 4 experiments. D, left: representative immunoblots showing the effect of aldosterone and/or bosutinib treat-
ment on claudin-8 and Sgk-1 expression. Right, bar graphs depicting relative densitometric quantification of immunoblots from 4 experiments.
Expression of E-cadherin was used as a loading control. Results are means + SD from 4 independent experiments. Statistical analysis was performed by

one-way ANOVA. OD, optical density.

observed effect of aldosterone cannot be excluded since the
MR and the GR share most of their signaling pathways and
mechanisms of action leading to the induction or repression
of a large number of common target genes, including Sgk-1.

Our results also showed that the effect of aldosterone is inde-
pendent of ENaC a-subunit expression level and transepithe-
lial Na* transport. Indeed, a-ENaC overexpression did not
alter claudin-8 expression.
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Our previous work showed that claudin-8 is highly impli-
cated in the generation of an Na* barrier in mCCD cells (5).
The association between increased claudin-8 expression lev-
els and a more efficient Na* diffusion barrier was also dem-
onstrated in response to aldosterone in the distal colon (16).
However, claudin-8 in association with claudin-4 was shown
to generate Cl~ permeability (4), and claudin-8 knockout is
associated with NaCl wasting (29). It is, therefore, reasonable
to speculate that increased claudin-8 expression levels and
lateral membrane localization in response to aldosterone are
aimed at preventing luminal backflux of reabsorbed Na™ as
well as reinforcing the paracellular Cl~ reabsorption path-
way. Indeed, it is especially important to prevent luminal
backflux of reabsorbed Na™ in aldosterone-responsive epi-
thelia such as the aldosterone-sensitive distal nephron and
distal colon. In these epithelia, a steep Na™ concentration
gradient from the interstitium to the lumen is present, which
is further increased upon aldosterone stimulation. This
effect might be especially important in the kidney medulla
where the interstitium-to-lumen Na™ gradient is very large.

In this study, we found that aldosterone did not alter
transepithelial resistance in mCCD.y; cells. Transepithelial
resistance was expected to rise when claudin-8 abundance
was increased, as demonstrated in our previous work (5).
The absence of a large variation of transepithelial resistance
in response to benzamil indicates that ENaC minimally con-
tributes to transepithelial resistance. Therefore, ENaC stimu-
lation by aldosterone does not explain the absence of
increased transepithelial resistance despite increased expres-
sion levels and membrane localization of claudin-8 (5).
Alternatively, aldosterone may modulate the expression levels
of several claudin species with opposite effects on electrical
resistance. For example, a change in claudin combination
leading to increased barrier to cations together with increased
permeability to anions may result in the absence of a signifi-
cant variation of transepithelial resistance. Alternatively, al-
dosterone may act as a “priming” stimulus by increasing
membrane claudin-8, and a second “activating” stimulus,
such as increased y-ENaC abundance, might be required to
incorporate claudin-8 to the tight junctional complex and to
increase paracellular resistance.

Because a phosphorylation process has been reported to
be implicated in the control of tight junction components
(30), we investigated the role of protein kinases in the aldo-
sterone effect. We showed that GSK3, Lyn, and Abl signaling
pathways are most likely involved in the aldosterone stimu-
lation of claudin-8 expression. Several pieces of experimen-
tal evidence suggested that activation of several protein
kinase families by aldosterone, such as MAPK, PKC, ERK1/2,
and PKD, occurs through transactivation of EGFR (31-34).
This transactivation of EGFR is most likely mediated by acti-
vation of the cytosolic tyrosine kinase c-Src (35). Our results
are in agreement with these findings since tyrosine protein
kinases Lyn and Fyn are members of the Src family, and
Pyk2 forms active multi-subunit signaling complexes with
Src family members that directly phosphorylate EGFR (36,
37). Although higher activity of EGFR was detected by
analysis of phosphopeptide profiles in aldosterone-treated
mCCDyy; cells (Supplemental Fig. S4), pharmacological inhi-
bition of EGFR (38) did not alter the effect of aldosterone on
claudin-8 expression (Supplemental Fig. S6). Therefore,

F10

increased claudin-8 abundance does not rely on EGFR
transactivation. However, tyrosine kinases such as Fyn and
Pyk2 have been implicated in the phosphorylation and acti-
vation of GSK3 in mammalian cells (39, 40). These observa-
tions fit with our results showing that increased claudin-8
expression is dependent on GSK3 activity. Our results also
showed that induction of Sgk-1 in response to aldosterone
was reduced after Lyn, Abl, or GSK3 inhibition. These
observations argue for a permissive or potentiating effect of
these signaling pathways on the transcriptional activity of
the MR.

Perspectives and Significance

In summary, our results demonstrated that in addition to
stimulation of Na™ transport by the CD via ENaC, aldoste-
rone also modulates the composition of the tight junctional
complex through the upregulation of claudin-8. This study
also reveals and confirms that composition of the junctional
complex can be regulated in response to physiological stim-
uli involving multiple protein kinases.

SUPPLEMENTAL DATA

Supplemental Tables S1and S2 and Supplemental Figs. S1-S7:
https://doi.org/10.6084/m?9 .figshare.16652182.v1.
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