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Abstract

Primary cilia are nonmotile sensory organelles found on the surface of almost all
kidney tubule epithelial cells. Being exposed to the tubular lumen, primary cilia are
thought to be chemo- and mechanosensors of luminal composition and flux, respec-
tively. We hypothesized that, Na™ transport and primary cilia exist in a sensory func-
tional connection in mature renal tubule epithelial cells. Our results demonstrate that
primary cilium length is reduced in mineralocorticoid receptor (MR) knockout (KO)
mice in a cell autonomous manner along the aldosterone-sensitive distal nephron
(ADSN) compared with wild type (as um + SEM; 3.1 + 0.2 vs 4.0 & 0.1). In mouse
cortical collecting duct (mCCD),; cells, which are a model of collecting duct (CD)
principal cells, changes in Na* transport intensity were found to mediate primary cil-
ium length in response to aldosterone (as pm + SEM: control: 2.7 + 0.9 vs aldoster-
one treated: 3.8 + 0.8). Cilium length was positively correlated with the availability
of IFT88, a major intraflagellar anterograde transport complex B component, which
is stabilized in response to exposure to aldosterone treatment. This suggests that the
abundance of IFT88 is a regulated, rate limiting factor in the elongation of primary
cilia. As previously observed in vivo, aldosterone treatment increased cell volume of
cultured CD principal cells. Knockdown of IFT88 prevents ciliogenesis and inhibits
the adaptive increase in cell size that was observed in response to aldosterone treat-
ment. In conclusion, our results reveal a functional connection between Na' trans-
port, primary cilia, and cell size, which may play a key role in the morphological and
functional adaptation of the CD to sustained changes in active Na* reabsorption due

to variations in aldosterone secretion.
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1 | INTRODUCTION

Primary cilia are solitary antenna-like organelles, which
protrude from the cell surface of all kidney epithelial cells
types except for collecting duct (CD) intercalated cells.!?
The structure comprises a microtubule-based axoneme cov-
ered by a specialized plasma membrane. The construction
and growth of the cilia proceed via intraflagellar transport
(IFT), a process of movement of IFT complexes A and B
(IFTA and IFTB) associated with retrograde and anterograde
transport of tubulin and cargo, along the outer doublet micro-
tubules, respectively.z’3 The assembly/disassembly of these
complexes at the ciliary base as well as their availability
and degradation, are crucial factors influencing elongation
of primary cilia.* Primary cilia are thought to be key coor-
dinators of cellular signaling pathways in the regulation of
organismal development and tissue homeostasis, such as the
sonic hedgehog, wingless-related integration site (Wnt) and
platelet-derived growth factor (PDGF)-alpha signaling path-
ways.6 In kidney tubules where primary cilia project into the
lumen, these organelles may function as fluid flow sensors
via calcium entry, which is mediated, at least in part, by the
polycystin complex in the ciliary membrane.” Defects in the
primary cilia are associated with a variety of disorders com-
monly known as ciliopathies, that exhibit the common fea-
ture of kidney cysts.g’9 These pathologies include mutations
of polycystin-1 (PC-1) and polycystin-2 (PC-2), which cause
autosomal dominant polycystic kidney disease (ADPKD),
one of the most common genetic diseases, and fibrocystin
which are implicated in autosomal recessive polycystic kid-
ney disease (ARPKD).%1°

The major functions of the kidney are body fluid ho-
meostasis, acid-base balance, clearance of xenobiotics, and
metabolic waste products from the blood, and production
and/or activation of hormones.'! Sodium (Na) is the key
determinant of body fluid volume homeostasis and relies
on tightly controlled tubular reabsorption of Na* and water
after filtration through the glomeruli. The aldosterone-sen-
sitive distal nephron (ASDN) includes the distal convoluted
tubule (DCT) and the collecting system comprising the con-
necting tubule (CNT) and the CD. The ASDN reabsorbs
less than 10% of the filtered Na™ load, which is achieved via
Na/Cl co-transporters (NCCs) along the DCT and epithelial
Na* channels (ENaC) along the late DCT, CNT, and CD.
This reabsorption is responsible for the fine-tuning of Na*
balance.'"'* The ASDN is responsive to several hormones
including aldosterone, which is secreted by the glomerular
zone of the adrenal gland cortex in response to stimulation
of the renin—angiotensin system or increased plasma K™ con-
centration. Aldosterone binds to the cytosolic mineralocor-
ticoid receptor (MR), which then translocates to the nucleus
to bind specific DNA sequences and initiate a transcriptional
program, which results in stimulation of Na™ reabsorption.

In CNT and CD principal cells, aldosterone upregulates the
cell surface expression of the ENaCs and the basolateral so-
dium-potassium-adenosine triphosphatase (Na-K-ATPase),
leading to increased transepithelial Na® reabsorption.'
Chronic aldosterone stimulation induces principal cell hyper-
trophy, which increases the Na™ reabsorption capacity of the
collecting system.13

There has been some experimental evidence that suggests
a connection between primary cilia and the sodium transport
by CD cells. Drug-induced removal of primary cilia abol-
ishes fluid flow-induced calcium signaling in Madin Darby
Canine Kidney (MDCK) cells'* as well as the flow depen-
dency of Na™ reabsorption in rabbit cortical CD is almost
abolished.'> In CD principal cells, lengthening of the cilia
is correlated with decreased intracellular calcium entry, ele-
vated intracellular cyclic adenosine monophosphate (cAMP)
levels, and activation of protein kinase A. ' These two condi-
tions stimulate transepithelial Na* transport. However, ENaC
mediated Na* absorption has been shown to be increased in
cultured CD cells from orpk mice (expressing a mutation
in Tg737, which encodes the ciliary Polaris protein).17 In
addition, the primary cilia have been shown to control cell
volume,'®!" thus determining the plasma membrane surface
that is involved in the exchange between the intracellular and
extracellular media. We hypothesized that, in mature renal
epithelial cells, primary cilia are structurally dynamic che-
mosensory organelles, which interact with the Na* transport
system to control cell size. In this study, we show that tran-
sepithelial Na™ transport modulates the length of primary
cilia by modifying the availability of IFT88 and cell size in
a cilium-dependent manner. This functional connection be-
tween Na™ transport, primary cilia, and cell size may play a
key role in the morphological and functional adaptation of
the CD to sustained changes in active Na* reabsorption in
response to variations in aldosterone secretion.

2 | MATERIALS AND METHODS

2.1 | Antibodies and chemicals

Antibodies are listed in Table 1, respectively. Benzamil
(B2417), aldosterone (A9477-5MG), and bafilomycin
(B1793) were from Sigma-Aldrich (St. Louis, MO, USA).

2.2 | Animals

The previously described doxycycline-inducible kidney tu-
bule-speciﬁ020 and mosaic’’ MR-deficient mice were used
for experiments. Kidney tubule-specific MR knockout (KO)
induced by administration of doxycycline hydrochloride
(2 mg/mL in drinking water) for 15 days to 4-week-old mice.
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TABLE 1 Antibodies

Title

Primary antibodies

Acetylated tubulin

Atgl2

Beta actin

E-cadherin

GAPDH
IFT88

LC3B

p62 (SQSTM1)

p70 S6 kinase

P-p70 S6 kinase

SGK

Secondary antibodies

Alexa Fluor 488-conju-
gated goat anti-mouse

Ga a-mouse HRP

Ga a-rabbit HRP

Triple transgenic mice (with two floxed alleles of MR, reverse
tetracyclin transactivator under the control of the Pax8 pro-
moter and Cre recombinase under the control of a tetracycline
responsive element) resulting in targeted expression of Cre re-
combinase in renal tubular cells and Nr3c2 deletion. Mosaic
MR (KO) mice are double transgenic mice carrying carries two
floxed alleles of MR and X chromosome linked Cre recombi-
nase under the control of a Cytomegalovirus (CMV) promoter.
In this setting, Cre transcription is regulated by mechanisms of
X chromosome dosage compensation in females. MR/X fe-
male mice were carrying MR deletion in 20% of ASDN cells.

2.3 | Cell culture

Mouse cortical collecting duct,;; cells, a well-characterized
mouse CD principal cell line,”> were seeded at a density of
200 000 cells per filter and grown on polycarbonate filters

Catalogue number

Dilution used

rI:ASEkBJOURNALJﬂ

Company

T6793 WB: 1/2000, IF: Sigma, St. Louis,
1/500 MO
20118 WB: 1/1000, IF:  Cell Signaling
1/500 Technology,
USA
A5441 1/10000 Sigma, St. Louis,
MO
610181 WB :1/2000 BD Transduction
Laboratories
MAB374 1/20000 Millipore
13967-1-AP WB: 1/1000 Proteintech,
Rosemont, IL
L7543 IF: 1/500 Sigma, St. Louis,
MO
ab56416 WB :1/1000 Abcam,
Cambridge, UK
9202 WB: 1/1000 Cell Signaling
Technology,
USA
92348 WB: 1/1000 Cell Signaling
Technology,
USA
S5188 WB :1/2000 Sigma, St. Louis,
MO
cat. no. A-11017 IF 1:500 Invitrogen, CA,
USA
1:20000 BD Biosciences
Pharmingen
1:20000 BD Biosciences

Pharmingen

(Transwell, Corning-Costar, Cambridge, MA, USA) for 4
days until 100% confluency in “growth medium” containing
DMEM-F12 (Invitrogen-GIBCO), 5 pug/mL insulin (Sigma),
5 pg/mL holo-transferrin (Sigma), 2% FCS (Invitrogen-
GIBCO, Carlsbad, CA, USA) 10 ng/mL EGF (PeproTech,
Rocky Hill, NJ, USA), 50 nM dexamethasone (Sigma), 60
nM sodium selenite (Sigma), and 1 nM 3,3’,5-triiodo-L-
thyronin (Sigma). For experiments, we used filters display-
ing at least 2000 Ohm and 2-10 mV transepithelial resistance
and voltage, respectively. Under this condition cells do not
display well developed cilia at day 4. To induce ciliogenesis,
cells are grown in “starvation medium” containing serum
and hormone-deprived DMEM/F12 (Invitrogen-GIBCO)
supplemented with 5 pg/mL holo-transferrin (Sigma) and 60
nM sodium selenite (Sigma). Aldosterone was added at the
same time as starvation started. Experiments with either O or
150 mM apical Na™ were performed in the presence of star-
vation medium in the basal chamber and a defined medium in
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the apical chamber which contained (in mM) 0.3 MgCl,, 0.4
MgSO,, 14.3 KHCOs;, and 0.5 K,HPO, supplemented with
either 150 mM choline chloride to keep osmolality constant
for the 0 Na* condition or 150 mM NaCl for the 150 Na*
condition. Measurement of electrical parameters, sample fix-
ation for the immunofluorescence or protein extraction were
done sequentially at day 5 (24 hours after a treatment/starva-
tion started).

For experiments, we used previously described stably
transfected/transduced mCCD,; cells which display doxycy-
cline-inducible y-ENaC subunit ovelrexplression23 or doxycy-
cline-inducible IFT88 silencing24 obtained after transduction
with a pTRIPZ lentiviral construct (Snapgene, Chicago, 1I,
USA) or mCCDy; cells with constitutive silencing of y-ENaC
subunit or overexpression of IFT88 obtained after transduc-
tion with pLKO (Sigma) or PSF (Addgene, Watertown, MA,
USA) lentiviral constructs, respectively.

2.4 | Transepithelial resistance and potential
difference measurement

The values of transepithelial resistance and potential differ-
ence were measured with a Millicell-ERS ohm-volt meter
(Millipore, Billerica, MA, USA) before protein extraction or
cell fixation.

2.5 | Cell lysates and Western blotting

Cells were lysed in homogenizing buffer containing (in mM)
20 Tris, pH 7.4, 2 EGTA, 2 EDTA, 30 NaF, 30 Na,P,0-, and
2 Na;VO, supplemented with 0.1% SDS, 1% Triton-X100,
and a protease inhibitor cocktail (Complete Mini, Roche,
Mannheim, Germany). Equal amounts of protein (15 pg)
were separated by SDS-PAGE (8% or 12% polyacrylamide)
and transferred to polyvinylidene difluoride membranes
(Immobilion-P, Millipore). After incubation with primary
antibodies (Table 1), membranes were incubated with anti-
rabbit or anti-mouse IgG antibody coupled to horseradish
peroxidase (Transduction laboratories, Lexington, KY),
the antigen antibody complexes were detected by enhanced
chemiluminescence (Advansta, Menlo Park, CA). Protein
abundance was quantified with the image J software. Results
are expressed as the ratio of the densitometry of the band of
interest to the loading control.

2.6 | Real-time PCR

Total RNA from cultured cells was extracted using the EZNA
Total RNA Kit I (Promega, Madison, WI, USA) accord-
ing to the manufacturer’s instructions. RNA concentration

and purity was measured using Nanodrop. One pg of RNA
was used to synthesize cDNA using qScriptTM Reverse
Transcriptase (Quanta Biosciences, Gaithersburg, MD) ac-
cording to the manufacturer’s instructions. Primers for
IFT88 were 5-TGAGGACGACCTTTACTCTGG-3" and
3-CTGCCATGACTGGTTCTCACT-5" and for PO riboso-
mal protein were 5-AATCTCCAGAGGCACCATTG-3’
and 3-GTTCAGCATGTTCAGCAGTG-5". PCR was per-
formed on 3 pL of cDNA diluted 1:10 (v/v) using 0.5 pM of
each primer and 7 pL of SYBR Green Master Mix (Applied
Biosystems; Foster City, CA, USA) to obtain a final reac-
tion volume of 14 pL. Duplicate amplification reactions were
performed with an ABI StepOne sequence detection system
(Applied Biosystems). Data were analyzed using the ABI
Prism software (Applied Biosystems) and PO was used as an
internal standard. Fold difference in cDNA abundance (F)
was calculated using the formula F = 2= where Ct1 and
Ct2 are the number of cycles required to reach the threshold
of amplicon abundance for experimental and control condi-
tions, respectively.

2.7 | Immunofluorescence

Kidneys were removed after fixation by perfusion with 4%
paraformaldehyde, dehydrated, and paraffin-embedded.
Kidney sections of 10 um thickness were used for analysis.
For immunofluorescence, slides were counterstained with
DAPI for the nuclei staining. Immunofluorescence analysis
on kidney sections was performed as described previously.21
Confocal imaging and z-stacks were performed on a Nikon
AI1R confocal microscope, objective 60 x 1.4 CFI Plan Apo
Lambda WD: 0.13 mm. A total amount of 25-30 Z-slices
were imaged to make sure that the entire primary cilia are
measured. Distance between the Z-slices was 0.25 pm. From
5 to 10 Z-stack images (images that contain fluorescent stain-
ing) were summarized, and primary cilium length was meas-
ured using the ImageJ software (National Institute of Health,
Bethesda, MD, USA).

Cells grown to confluence on polycarbonate filters were
fixed (together with filters) with ice-cold methanol for 2 min-
utes at —20°C and then washed with PBS. After washing for
30 minutes, blocking of nonspecific binding sites was done
with PBS containing 2% bovine serum albumin (PBS-BSA)
at room temperature (RT). Finally, cells were incubated
overnight at 4°C with antibodies against acetylated a-tubu-
lin diluted in 0.2% PBS-BSA followed by 1 hour incubation
with Alexa Fluor 488-conjugated goat anti-mouse (cat. no.
A-11017; Invitrogen) diluted 1:500 in PBS-BSA. Samples
were mounted on microscope slides using Vectashield mount-
ing medium (Maravai Life Science, San Diego, CA, USA)
with DAPI for nuclear counterstaining. Fluorescence images
were acquired using a LSM 710 confocal laser-scanning
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microscope (Carl Zeiss, Oberkochen, Germany) using 488-
nm and 561-nm ray lasers. Distance between the Z-slices was
0.25 pm. From 5 to 10 Z-stack images were summarized, and
primary cilium length was measured using the ImageJ soft-
ware (National institute of Health, Bethesda, MD, USA).

2.8 | STED nanoscopy

Cells grown on 12-mm glass coverslips were fixed with ice-
cold methanol for 2 minutes at —20°C and then washed with
PBS. After washing for 30 minutes, blocking of nonspecific
binding sites was done with PBS containing 2% bovine serum
albumin (PBS-BSA) at room temperature (RT). Finally, cells
were incubated overnight at 4°C with antibodies against
acetylated o-tubulin diluted in 0.2% PBS-BSA followed by 1
hour incubation with a goat anti-mouse STAR RED second-
ary antibody (Abberior GmbH, Gottingen, Germany) diluted
1:1000 in PBS-BSA. Samples were mounted in ProLong
Gold antifade medium (ThermoFisher scientific) on micro-
scope slides with 1.5 coverslips (0.170 + 0.01 mm, Hecht-
Assistant, GmbH) sealed with nail polish.

The samples were placed on a Leica TCS SP8 STED 3X
inverted microscope, which was temperature controlled to
21 C, to avoid drift throughout the image acquisition and to
ensure refractive index match between the glass slide, cells,
and immersion medium. Images were acquired using a Leica
HC PL APO CS2 100x/1.40 oil objective.

A white light laser fully tunable in the range of 470-670
nm was used to excite precisely the fluorophore to the nearest
nm (Leica SuperK extreme, Wetzlar, Germany).

STAR RED labelling was imaged using 638-nm exci-
tation laser line and 775-nm STED pulsed depletion laser.
The detection range was from 650 to 720 nm. Gating was
from 0.5 to 5 ns; no line averaging and accumulation were
performed. The fluorescent signal was collected with a Leica
hybrid detector (HyD). Images were automatically deconvo-
luted after acquisition using the Lightning mode available in
the Leica LAS X software.

2.9 | Cell volume measurement

Cells were grown on fluorodishes (WPI, FD35-100) until
they are confluent and then treated or not with aldosterone for
24 hours. Afterward cells were labelled with plasma mem-
brane stain (ThermoFisherScientific, C10046). Fluorescence
images were acquired using a Nikon AIR confocal micro-
scope, objective 60 X 1.4 CFI Plan Apo Lambda WD: 0.13
mm, 60X magnification. A total amount of 25-30 Z-slices
were imaged to make sure that the entire primary cilia are
measured. Distance between the Z-slices was 0.3 um. Cell
volume was extracted from Z-stack images using Amira

= 2629
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software (the Amira script is available upon request). To
validate the method, we immersed in the same image Amira
reconstructed 3D image with original Z-stack file to see the
confocal image/model overlap (Figure S7A, Video 1). Areas
where several individual cells were merged together during
volume extraction were not included in analysis.

Z-stack images were first filtered using a nonlocal means
filter (Search and local neighborhood windows [21 5], sim-
ilarity at 0.6) followed by a linear stretched of the contrast.
The Far-red membrane staining negative parts of the images
were segmented using an H-minimum transform (contrast of
100), as a result the outer cell layer and the cytosolic part of
the cells were labelled. The outer cell layer was discarded as
this is the biggest volume of all the segmented elements. The
remaining cytosolic objects were eroded by a ball, in order to
separate the potential contacts between cytosols of adjacent
cells. These were used as the markers of a constrained water-
shed segmentation, where the intensity image was directly
normalized one after the nonlocal means filter. Indeed, the
membrane labelling can be assimilated to the gradient given
by a cytosolic labelling. Such a procedure allowed to recon-
struct cells in contact individually and in 3D. Consequently,
the volume of each cell was computed and color coded for
graphical representation.

2.10 | Statistical analyses

Results are given as mean + SEM or SD (cilium length) from
three to five independent experiments. Statistical analysis was
done using GraphPad Prism software. Comparison of poten-
tial difference, primary cilium length and cell volume values
we performed using two-tailed unpaired ¢ test for two groups
and one-way ANOVA for more than two groups. Comparison
of Western blot quantifications were performed by Mann-
Whitney U test for two groups and by Kruskal-Wallis test for
more than two groups. P < .05 was considered significant.25

3 | RESULTS

3.1 | A cell autonomous mechanism
controls the length of primary cilia through a
mineralocorticoid receptor-dependent pathway

Inducible kidney tubule-specific MR KO (tubular MR KO)
mice display a severe pseudohypoaldosteronism type 1 phe-
notype characterized by weight loss, increased urinary Na*
excretion, hyponatremia, hyperkalemia, and high plasma al-
dosterone levels.” This phenotype is attributed to decreased
Na* reabsorption and K™ secretion along the ASDN. To in-
vestigate whether MR directly or indirectly controls primary
cilium length, we measured the length of cilia along the



KOMARYNETS ET AL.

0 | EASEB oo

(E

(A)

Ac.tubulin Ac.tubulin

DGF DCT

FIGURE 1

Primary cilium length (um) ~

*x ok

5—
1TF =
34 3 o8
2 > :
e o & 8 s &g
4 2 g T B B 3
o o o N~ o (32}
© © I I < &
0 T T T T T T
A A A A o O
¥) (¢} (¢) ) (@) O
VPR AR oo
@&

8 8 ®
) B B
© (2]

< & k4

T T
PCT CD KO/CD

Primary cilium length is controlled by a cell autonomous mechanism involving a mineralocorticoid receptor-dependent pathway.

A-E, Doxycycline-inducible and kidney tubule-specific mineralocorticoid receptor knockout (MR KO) mice exhibited shorter primary cilia along
the aldosterone-sensitive distal nephron (ADSN) including the distal convoluted tubule (DCT) and collecting duct (CD). Two weeks after MR KO
in kidney tubular cells with doxycycline treatment, kidney sections of wild-type (WT) and KO mice were co-stained with antibodies against (A

and B) Na/Cl co-transporter (NCC) for DCT, (C and D) aquaporin-2 (AQP2) for CD, and acetylated a-tubulin for primary cilia (indicated with
white arrows). Primary cilium length was measured on z-stacks using ImageJ software (National Institute of Health, US). Four or five animals

were analyzed for each condition (WT or KO). E, Individual measurements (circles) and mean ciliary length (lines) as well as standard error bars
are shown. The number of measured cilia is indicated on the upper part of the graph. F-H, Cilia length of MR KO CD principal cells is decreased
compared with that of WT CD principal cells and proximal tubule cells. Kidney sections from female mosaic MR KO mice were co-stained with
antibodies for MR and acetylated a-tubulin for primary cilia. Cells expressing MR exhibited nuclear staining (blue arrow), which was absent in MR
KO cells (pink arrow). Primary cilia are indicated by white arrows in panels F and G. Mean primary cilia length from data of three animals was
measured from z-stacks using ImageJ software (National Institute of Health, US). Individual measurements (circles) and mean cilia length (lines) as

well as standard error bars are shown in panel H. The number of measured cilia is indicated in the upper part of the graph

ASDN in tubular MR KO mice and wild-type (WT) control
littermates. Primary cilia were stained with antibodies against
acetylated a-tubulin, while DCT and CNT/CD were visual-
ized using apical NCC and aquaporin-2 (AQP2) staining,
respectively. Proximal convoluted tubule (PCT) cells were
identified by morphology and the presence of a brush border.
Owing to the presence of the brush border, it was difficult to
image primary cilia in PCT; therefore, only a few cilia could
be measured. We observed shorter primary cilia in both DCT
(as um = SEM: WT, 3 + 0.1; KO, 3.12 + 0.13) and CNT/CD
cells (as um = SEM: WT, 4 + 0.11; KO, 3.17 + 0.15) of MR
KO mice but cilium length was unaltered in the PCT cells (as
um = SEM: WT, 3.9 + 0.2; KO, 3.8 + 0.04) of MR KO mice
compared to control WT mice (Figure 1A-E).

To determine whether the observed MR KO-dependent cil-
iary shortening was “cell autonomous” or relied on a local or
systemic extracellular signal, we analyzed mice with random-
ized MR deletions (MR/X mice). In MR/X mice, MR-positive
(80%), and MR KO (20%) cells coexist along the same tubule
and in the same physiological context.”! We did not detect any
changes in renal Na* and K* homeostasis in adult mosaic MR
KO mice (MR/X) fed a normal salt diet. However, when MR/X
mice were challenged for 2 days with dietary Na* restriction
(0.03% Na™), increased urinary Na® excretion and 24 hours
urinary aldosterone were observed, while urinary K™ excretion
was decreased.”! We measured ciliary length in CD principal
cells, which expressed or did not express MR, and in proxi-
mal tubule cells, which were considered as a control in three
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different animals. It is worth mentioning that intercalated cells
do not display primary cilia. We found cilia to be shorter in MR
KO principal cells compared with principal cells expressing
MR (2.35 + 0.3 um vs 3.8 + 0.5) (Figure 1F-H). Ciliary length
was similar for PCT cells and WT principal cells (Figure 1H).
These results suggest that MR-dependent regulation of ciliary
length is dependent on cell autonomous mechanism.

3.2 | Aldosterone caused primary cilia
to lengthen in cultured collecting duct
principal cells

Experiments showing that MR KO decreases primary cilium
length in physiologically aldosterone-responsive cells led us
to assess the effect of aldosterone on primary cilium length
in cultured aldosterone-responsive cells. The mouse CD cell
lines mCCD,; and mpkCCD_y, cells?*? exhibit the major
features of native principal CD cells such as responsiveness
to aldosterone and vasopressin.

We treated mCCD, cells for 24 hours with 107° M aldo-
sterone (maximal effective concentration to achieve potential
difference response) in starvation media before measurement
of transepithelial resistance and potential followed by stain-
ing of the primary cilia and immunofluorescence analysis.
To ensure fixation with ice-cold methanol did not damage
the organelles, we performed stimulated emission-depleted
(STED) nanoimaging of 10 random primary cilia and basal
bodies, which appear as dots on confocal images (Figure
S1A-D). The primary cilia were found to be located in the
middle of the apical membrane, attached to a basal body and
with decreasing thickness that decreases from the base to the
tip. Evidence for traumatic shortening was not noticed among
the analyzed cilia (Figure S1A-B). Non-ciliated cells exhib-
ited two centrioles, either separated (Figure S1C) or together,
with the morphology of a basal body (Figure S1D).

Aldosterone-treated cells displayed increased transepithelial
potential difference, reflecting increased vectorial Na™ trans-
port, from the apical to the basal pole of the filter (Figure 2A)
and longer primary cilia were observed, as illustrated by the vi-
olin plot (Figure 2B). The objects and information shown in the
violin plots are presented in Figure S1E. Aldosterone-induced
ciliary lengthening (from 2.7 + 0.9 to 3.8 + 0.8 um) was also
observed in mpkCCD,, cells (data not shown).

To test whether ciliary lengthening in response to aldoste-
rone relies on MR activation, we treated cells with 10° M
17-hydroxyprogesterone (17-OHP), a specific MR antagonist.”’
Treatment of the renal CD cells with 10~ M 17-OHP alone had
no effect on the length of cilia, but prevented the stimulatory
effects of aldosterone on both transepithelial potential differ-
ence and primary cilium growth (Figure 2E,F). Taken together,
these results indicate that aldosterone modulates the primary
cilia length via MR signaling in cultured CD principal cells.
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To assess whether aldosterone also controls the length of
primary cilia when administered at low physiological con-
centrations, we performed a dose-response experiment using
aldosterone concentrations of 3-100 nM for 12 hours. A sta-
tistically significant increase in transepithelial potential dif-
ference and length of cilia was observed following exposure
to aldosterone concentrations of 30 nM or higher (Figure
S2A.B). This indicates that aldosterone would induce this
effect when present in nM concentrations (which reflects
the physiological concentration range). Time-course exper-
iments showed that the cilia lengthening as well as the in-
crease in transepithelial potential difference was significant
after 2 hours exposure to 1 pm aldosterone (Figure S2C,D).

3.3 | Transepithelial Na* influx
modulates the length of cilia in cultured
collecting duct principal cells

To investigate the effect of transepithelial Na* influx on the
length of primary cilia, we challenged mCCDy, cells for 24
hours with two different apical Na* concentrations (0 and 150
mM), while maintaining basal N a® at ~140 mM (see Section
2, Cell culture). Under these conditions, we compared cells
displaying low (0 Na™) and high (150 Na™) intensity transepi-
thelial Na* transport without using any chemical or hormone-
dependent effect. The transepithelial potential difference was
lower in cells that were incubated with 0 mM than with 150
mM apical N a’, as expected (Figure 3A). Cells incubated with
0 mM apical Na™ mostly displayed centrioles; and a few 1.5 +
0.5 um in length exhibited a positive result after staining with
anti-acetylated a-tubulin antibodies. In contrast, 150 mM api-
cal Na™ resulted in well-developed primary cilia that were 2.6
+ 0.4 um long (Figure 3B-D). Taken together with our results
of the effect of aldosterone, primary cilium growth appears to
be linked to the intensity of transepithelial Na* transport.

To confirm the role of Na* transport in the control of cil-
iary lengthening, we assessed the role of ENaC-dependent
Na* entry in the modulation of this parameter. We first as-
sessed the effect of knockdown of the rate limiting y-ENaC
subunit.*® Silencing y-ENaC subunit expression with ShRNA
caused a significant decrease in transepithelial voltage and the
length of the primary cilia decreased from 3.6 + 0.3 um to
0.1 + 0.03 um to (Figure 3E-I). Treatment of mCCD,; cells
with 107° M benzamil, a specific ENaC blocker, resulted in
cilia shortening under control conditions (control: 3 + 0.1 ym
and benzamil treated: 2.9 + 0.1 um) and abrogated the effects
of aldosterone on both transepithelial potential difference and
ciliary length (aldosterone treated: 3 + 0.4 um and and aldo-
sterone/benzamil treated: 2.7 + 0.2 um) (Figure 4A,B). These
results indicate that the length of primary cilia is linked to
ENaC-dependent transepithelial Na* transport in CD princi-
pal cells.
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FIGURE 2 Aldosterone stimulation of vectorial sodium transport is associated with increased cilia length, which relies on mineralocorticoid
receptor signaling in collecting duct principal cells. We grew mCCDyy; cells to confluence on polycarbonate filters. Cells were incubated in the
absence or presence of 107% M aldosterone for 24 hours. A, Transepithelial potential difference measured in 12 filters. Each point represents a
single measurement and bars represent the mean =+ standard error of the mean. B-D, Cells were fixed and stained with antibodies against acetylated
a-tubulin to visualize primary cilia. B, Violin plot showing repartition of primary cilia by length with 350-400 cilia per condition. Each point
represents data of a single cilium and bars represent the means + standard deviation. C and D, Representative z-stack images of six independent
experiments. E and F, Cells were pre-incubated for 1 hour in the absence or presence of 107> M 17-hydroxy-progesterone (17-OHP) followed

by addition of 107° M aldosterone (Aldo) for an additional 24 hours. E, Transepithelial potential difference measured in six filters. Each point
represents a single measurement and error bars represent the mean =+ standard error of the mean. F, Violin plot showing repartition of primary cilia
by length with 800-1100 cilia per condition. Results are from three independent experiments. Points represent the length of a single cilia and bars
represent the mean =+ standard deviation. Statistical analysis was performed by two-tailed Student’s ¢ test for unpaired data to compare two groups
and one-way analysis of variance to compare more than two groups. **P < .01

handling, and has been reported to be involved in the con-

3.4 | Aldosterone upregulates mammalian trol of cilium growth.'®*** We therefore assessed the ef-
target of rapamycin complex 1 in cultured fects of aldosterone of mTORCI activation. Exposure of
collecting duct principal cells mCCD,; cells to 107® M aldosterone for 1-6 hours caused

increased phosphorylation of p70-RSK, the downstream
The mammalian target of rapamycin complex-1 (mTORCI) target of mMTORCI1 (Figure 5A). Similarly, phosphorylation
was recently identified as a regulator of renal Na™ and K* of p70-RSK was higher in mCCD; cells incubated with
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FIGURE 3 Na® influx modulates cilia length in collecting duct principal cells. Confluent mCCD,; cells were grown to confluence on
polycarbonate filters. Cells were incubated with either 0 or 150 mM apical Na* for 24 hours. Osmolality was kept constant by the addition of

150 mM choline chloride, which substituted NaCl in the Na*-free medium. A, Transepithelial potential difference measured in six filters. Each
point represents a single measurement and bars represent mean =+ standard error of the mean. B, Violin plot showing repartition of primary cilia

by length with 300-400 cilia per condition. Results are from four independent experiments. Points represent the length of a single cilia and bars
represent mean =+ standard deviation. C and D, Representative summarized z-stack images of four independent experiments. E-I, After transduction
with lentivirus encoding either scrambled shRNA (WT) or shRNA targeting y-epithelial sodium channels (ENaC; ENaC-KD), mCCD,, cells

were grown to confluence on polycarbonate filters. E, Representative western blot of three experiments demonstrating y-ENaC silencing. F,
Transepithelial potential difference measured in eight filters. Each point represents a single measurement and bars represent mean + standard error
of the mean. G, Violin plot showing repartition of primary cilia by length with 130-150 cilia per condition. Results are from four independent
experiments. Points represent the length of a single cilia and bars represent mean =+ standard deviation. H and I, Representative summarized z-stack
images of four independent experiments. Statistical analysis was performed by two-tailed Student’s ¢ test for unpaired data to compare two groups
and one-way analysis of variance to compare more than two groups. *P < .05
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FIGURE 4 Elongation of primary cilia in response to aldosterone is inhibited by benzamil, a specific ENaC inhibitor. Cells were pre-
incubated in the presence or absence 107° M benzamil (Bz) for 1 hour before the addition of 107% M aldosterone (Aldo) for an additional 24 hours.
A, Transepithelial potential difference measured in six filters. Each point represents a single measurement and bars represent mean =+ standard error
of the mean. B-E, Representative summarized z-stack images of four independent experiments. F, Violin plot showing repartition of primary cilia
by length with 300-400 cilia per condition. Results are from four independent experiments. Points represent the length of a single cilia and bars
represent mean =+ standard deviation. Statistical analysis was performed by one-way analysis of variance. *P < .05
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FIGURE 5 Aldosterone induces activation of mammalian target of rapamycin complex-1 in collecting duct principal cells. Confluent
mCCDy; cells grown on polycarbonate filters were incubated for 9 hours in serum- and hormone-deprived medium in the absence (0 hours Aldo)
or presence of 107% M aldosterone (Aldo) for 1, 3, or 6 hours. A and B, Representative western blot from four independent experiments showing
(A) increased phosphorylation of p70RSK in response to aldosterone and (B) in the presence of 150 mM apical Na* for 24 hours. Beta-actin served
as a loading control. C, Representative summarized z-stack images of four independent experiments. D, Violin plot showing repartition of primary
cilia by length with 200-220 cilia per condition. Results are from four independent experiments. Points represent the length of a single cilia and bars

represent mean + standard deviation. Statistical analysis was performed by one-way analysis of variance. *P < .05
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150 mM apical Na* compared 0 mM apical Na™ (Figure 5B).
These results strongly suggest that increased transepithelial
transport is associated with stimulation of mTORCI1 in CD
principal cells.

Inhibition of mTORC1 with 107> M rapamycin caused
a slight increase in ciliary length but did not alter aldoste-
rone-induced elongation of cilia (Figure 5C,D). Therefore,
stimulation of mMTORCI1 alone does not explain the increase
in length of cilia that we observed in response to increased
transepithelial Na* transport.
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3.5 | Aldosterone signaling promotes
ciliogenesis via decreased IFT88 protein
degradation in cultured collecting duct
principal cells

To determine whether aldosterone affects ciliary lengthen-
ing through its effects on IFT, we investigated protein levels
and degradation of the core IFT complex B protein, IFT88
and the molecular motor, KIF3A, which are involved in
anterograde transport and ciliary growth, respectively.34’35
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FIGURE 6 Aldosterone stabilizes IFT88 by inhibiting its degradation in collecting duct principal cells. Confluent mCCD,; cells grown on

polycarbonate filters were incubated in serum- and hormone-deprived medium for 24 hours in the absence (0 hours Aldo) or presence of 10°°M

aldosterone (Aldo) for 3, 6, or 9 hours. A, Transepithelial potential difference measured in seven filters. Each point represents a single measurement

and bars represent mean + standard error of the mean. B, Representative western blot from three independent experiments with f-actin as a loading

control. Abundance of IFT88 increased in response to aldosterone in a time-dependent manner. C, Levels of IFT88 mRNA were not affected by

aldosterone according to real-time quantitative polymerase chain reaction. D-F, Cells were pre-incubated for 24 hours in the absence (control)

or presence of 107 M aldosterone prior to incubation for 8 hours in the absence (0 hours) or presence of 2. 10°°M cycloheximide (CHX), which

inhibits protein synthesis. D and F, Representative western blots [form] from three independent experiments with E-cadherin as a loading control.

E, Western blots were quantified using ImageJ software and results expressed as fold of control + standard error of the mean. G and H, Confluent

mCCDy, cells grown on polycarbonate filters were incubated for 9 hours in serum- and hormone-deprived medium in the absence (Cntl) or

presence of 1075 M aldosterone (Aldo) and/or 100 nM bafilomycin, which was added 2 hours before the end of the experiment. G, Transepithelial

potential difference measured in six filters. Each point represents a single measurement and bars represent mean + standard error of the mean. H,

Bafilomycin and aldosterone caused the abundance of IFT88 to increase. Serum/glucocorticoid-regulated kinase 1 is shown as a positive control

of the biological activity of aldosterone. The left panel shows a representative western blot from four independent experiments. The right panel

illustrates quantification of western blots using ImagelJ software (National Institute of Health, US). Each point represents a single measurement and

bars represent mean + standard error of the mean. Statistical analysis was performed by one-way analysis of variance. *P < .05

Aldosterone treatment increased IFT88 protein abundance
and amiloride-sensitive transepithelial potential differ-
ence in a time-dependent manner (Figure 6A,B). Because
mRNA levels of IFT88 were not altered (Figure 6C), we
assessed the protein stability of IFT88 by cycloheximide
(CHX) chase assay. Under conditions where protein syn-
thesis was inhibited by CHX, aldosterone treatment pre-
vented IFT88 degradation (Figure 6D-F). Bafilomycin Al,
a potent inhibitor of the Vacuolar H"-ATPase (V-ATPase)
that prevents lysosomal acidification and inhibits protein
degradation, caused a strong increase in both IFT88 abun-
dance and the length of primary cilia from 0.3 + 0.02 to 1.9
+ 0.5 pym (Figures 6H and S2C). The stimulatory effects
of aldosterone and bafilomycin Al on ciliary lengthening
were not additive; bafilomycin A1 altered neither basal nor
aldosterone-stimulated Na* transport (Figure 6G). These
results suggest that aldosterone inhibits lysosomal degrada-
tion of IFT88.

Because IFT88 protein stability was increased by aldoste-
rone, we investigated the role of IFT88 availability in ciliary
lengthening. We analyzed mCCD,; cells that exhibited dox-
ycycline-inducible silencing (Figure 7A-C) as well as consti-
tutive overexpression (Figure 7D-G) of IFT88. Remarkably,
both overexpression and knockdown of IFT88 had no effect
on the transepithelial Na* transport (Figure 7A,D). As de-
scribed previously,”* cells with doxycycline-induced IFT88
knockdown (Figure 7B) had fewer and shorter (mean length,
0.6 + 0.4 um) primary cilia compared with control cells
(mean length, 4.3 + 0.7 um) (Figure 7C). Doxycycline alone
did not alter the length of primary cilia (Figure 7C). In con-
trast, cells that overexpressed IFT88 had (Figure 7E) signifi-
cantly longer primary cilia (2.4 + 0.5 um) compared with
cells transduced with empty vector (mean cilium length, 0.6
+ 0.2 um) (Figure 7F,G). These results indicate that IFT88
availability is a limiting factor in ciliary elongation.

3.6 | Aldosterone-induced increase in
collecting duct principal cell size depends
on the integrity of the primary cilia

There is experimental evidence that aldosterone induces hy-
pertrophy of CD principal cells,” while the primary cilia
have been to participate in renal epithelial cell volume con-
trol.'"!? To determine whether primary cilia are involved in
the aldosterone-induced increase in cell size, we compared
ciliated and non-ciliated cells under control conditions and
after 24 hours of exposure to aldosterone (Figure 8). The
percentage of ciliated mCCD,; cells with a volume of >500
um® increased from 43% to 72% in response to aldosterone
treatment (Figure 8A). In contrast, the cell volume of mC-
CD,; cells that were deciliated by doxycycline-induced
IFT88 knockdown did not change in response to aldosterone
treatment. Notably, IFT88 silencing caused the percentage
of cells with a volume >1000 um® to increase slightly from
5% in WT cells to 19% among IFT88KD cells (Figure 8A),
which supports previous studies.*® These results suggest that
primary cilia are necessary for the aldosterone-induced in-
crease in CD principal cell size (Figure §B).

4 | DISCUSSION

Primary cilia of nondividing cells are dynamic structures,
which continue to grow even after they are fully devel-
oped. Although ciliary length is defined by the cell type,
it is regulated by environmental stimuli and may modu-
late the functional activity of the organelle.**”>® In the
kidney, the length of primary cilia is regulated by via an
adaptive mechanism in response to changes in glomerular
filtration rate (GFR) and, therefore, electrolyte delivery
to the ASDN.*73%40 For instance, unilateral nephrectomy,
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FIGURE 7 Availability of IFT88 limits elongation of primary cilia in collecting duct principal cells. After transduction with lentiviruses
encoding doxycycline-inducible scrambled shRNA (SCR) or shRNA targeting IFT88, mCCD,; cells were grown to confluence in the
presence (Dox) or absence (Ctl) of 0.5 pg/mL doxycycline for 5 days. A, Transepithelial potential difference measured in eight filters.
Inducible silencing of IFT88 did not alter transepithelial potential difference. Each point represents a single measurement and bars represent
mean =+ standard error of the mean. B, Representative western blot from four independent experiments showing that shIFT88 caused almost
complete knockdown of IFT88. C, Cells were fixed and stained with antibodies against acetylated a-tubulin to visualize primary cilia. Violin
plot showing repartition of primary cilia by length with 250-300 cilia per condition. Results are from four independent experiments. Points
represent the length of a single cilia and bars represent mean =+ standard deviation. (D-G) mCCD, cells were transduced with lentiviruses
encoding green fluorescent protein (GFP-PSF) or IFT88 (IFT88-PSF). D, Transepithelial potential difference measured in three filters. Each
point represents a single measurement and bars represent mean + standard error of the mean. E, Representative western blot of total cell lysate
confirming IFT88 overexpression in IFT88-PSF cells compared with GFP-PSF cells. Cells were fixed and stained with antibodies against
acetylated a-tubulin to visualize primary cilia. F, Representative summarized z-stacks from three independent experiments. G, Violin plot
showing repartition of primary cilia by length with about 300 cilia per condition. Results are from three independent experiments. Points
represent the length of a single cilia and bars represent mean + standard deviation. Statistical analysis was performed by two-tailed Student’s
ttest. *P < .05

which is associated with increased GFR and tubular Na* transport, independent of ENaC expression levels. This
delivery, leads to ciliary elongation in epithelial cells of suggests that the GFR-related changes in primary cilium
the remnant kidney.42 Conversely, acute kidney injury length relies, at least in part, on alteration of intracellu-
which results in decreased GFR and, therefore, Na*t deliv- lar Nat influx and/or concentration. Primary cilia play
ery to renal tubule epithelial cells causes primary cilium a role in the macula densa-mediated regulation of Na*
shortening via reactive oxygen species/oxidative stress excretion,” and deletion of primary cilia leads to a 40%
response mechanism.’’*° The present study demonstrates increase in tubuloglomerular feedback response and a sub-
that primary cilium length is linked to transepithelial Na* sequent reduction in GFR.*
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FIGURE 8 Aldosterone induces cilium-regulated hypertrophy in collecting duct principal cells. A, Cell volume distribution of mCCD,,
cells transduced with lentiviruses encoding doxycycline-inducible scrambled shRNA (SCR) or shRNA targeting IFT88 (shIFT88) and grown to
confluence in the presence (Dox) or absence (Ctl) of 0.5 ug/mL doxycycline for 5 days. Cells were then incubated in serum- and hormone-deprived
medium for 24 hours in the absence (0 hours Aldo) or presence of 107% M aldosterone (Aldo) for 24 hours. The cell volume of individual cells was
measured on three-dimensional reconstructions of z-stack images (see Video 1 and Section 2). A total of 400-600 cells from three independent
experiments was measured for each condition. B, Schematic representation of the working model. Aldosterone-induced CD principal cell

hypertrophy is prevented by disruption of primary cilia

In renal epithelial cells, the primary cilia are considered
to have a mechanosensory function, which is important in
the fluid shear stress response.“’46 The entire ciliary com-
partment (cilioplasm) acts as a signal transduction plat-
form linking many signaling pathways such as calcium and
cAMP, mTOR, sonic hedgehog, PDGF, Wnt, Janus kinase/
signal transducers, and activators of transcription, and mito-
gen-activated protein kinase-1 signaling pathways,5’16’46’48
in which the cellular response to external stimuli correlates
with the change in ciliary length.‘w’48 The ciliary LKB1
module regulates macrophage recruitment and kidney
chemokine signaling by downregulating CCL2 expression
in tubular cells and is therefore implicated in ADPKD.*
Activation of signaling pathways may be controlled by cili-
ary length because the number of signaling units contained
within the organelle and/or mechanical properties of the
primary cilia will be affected by the length. Indeed, longer
cilia are more elastic and, therefore, susceptible to bending
by tubular flow, which regulates cell mechanosensitivity.5 !
This creates an additional level of signaling regulation via
mechanotransduction pathways.5 253 The changes in ciliary
length that we observed may also regulate Na™ reabsorp-
tion through paracrine purinergic signaling.‘“”sét’55 One can
speculate that aldosterone-stimulated ciliary elongation is

part of the negative feedback—mediated inhibition of ENaC
in response to ATP release.”’

In the present study, we demonstrate that changes in
abundance of IFT88, a component of the ciliary building
machinery responsible for anterograde transport along cil-
iary microtubules, are associated with variations in length
of primary cilia. Complete or partial silencing of IFT88
resulted in the absence or shortening of primary cilia, re-
spectively, while overexpression resulted in longer primary
cilia. Therefore, aldosterone-induced ciliary elongation
may be caused by increased IFT88 abundance due to in-
hibition of protein degradation. IFT88 has been shown to
regulate prorenin and urinary angiotensin II levels, indi-
cating activation of the intrarenal renin-angiotensin sys-
tem (RAS),*® which suggests that primary cilia may play
a role in local RAS activation is response to aldosterone
exposure.

The present study provides insight into the interplay
between aldosterone and the primary cilia in the regula-
tion of the size of CD principal cells. The effect of mMTOR
activity on cell size has been previously described as hy-
pertrophic adaptive response.lg’59 Here, we describe the
importance of the primary cilia in aldosterone-mediated
cell size regulation, an adaptive phenomenon that has
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been known for decades but remains enigmatic.'® Larger
cells have larger apical surfaces incorporating more
ENaC channels and larger basolateral surfaces containing
more Na-K-ATPase units; two features that were observed
following sustained aldosterone stimulation. In addition,
larger cells may contain more mitochondria owing to
their increased energy demand. Control of cell size may
rely on the modulation of autophagy as well as mTORC
and AMPK pathways by the primary cilia.*® Although
our experiments were performed under static conditions,
while in vivo CD principal cells are exposed to a luminal
fluid flow, the physiological changes that we observed in
mCCD,; cells subjected to chronic orbital flow (which
mimics luminal tubular flow) were independent of pri-
mary cilia integrity.

In conclusion, we demonstrate adaptive lengthening of
primary cilia in response to stimulation of transepithelial Na*
transport. Our results confirm that primary cilia are structur-
ally dynamic cellular organelles. This morphological change
is brought about, at least in part, by inhibition of IFT88 degra-
dation. Our results highlight the correlation between integrity
of the primary cilia and hypertrophic cell size increase in re-
sponse to increased Na* transport. Thus, we propose that elon-
gation of the primary cilia participates in this adaptive process.
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