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Introduction

Hyperosmolality damages cytosolic

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

proteins, increases
protein aggregation, alters membrane trafficking and
induces autophagy (Carpentier et al. 1989; Heuser and
Anderson 1989; Ellis and Minton 2006; Choe and Strange
2008; Hasler et al. 2008; Munishkina et al. 2008; Zhou

Abstract

Large shifts of osmolality occur in the kidney medulla as part of the urine
concentrating mechanism. Hyperosmotic stress profoundly challenges cellular
homeostasis and induces endoplasmic reticulum (ER) stress. Here, we exam-
ined the unfolded protein response (UPR) in hyperosmotically-challenged
principal cells of the kidney collecting duct (CD) and show its relevance in
controlling epithelial sodium channel (ENaC) abundance, responsible for the
final adjustment of Na® excretion. Dehydration increases medullary but not
cortical osmolality. Q-PCR analysis of microdissected CD of water-deprived
mice revealed increased aquaporin-2 (AQP2) expression in outer medullary
and cortical CD while ENaC abundance decreased in outer medullary but not
cortical CD. Immunoblotting, Q-PCR and immunofluorescence revealed that
hyperosmolality induced a transient ER stress-like response both ex vivo and
in cultured CD principal cells and increased activity of the canonical UPR
mediators PERK and ATF6. Both hyperosmolality and chemical induction of
ER stress decreased ENaC expression in vitro. ENaC depletion by either stim-
ulus was abolished by transcriptional inhibition and by the chemical chaper-
one 4-phenylbutyric acid and was partly abrogated by either PERK or ATF6
silencing. Our data suggest that induction of the UPR by hyperosmolality may
help preserve body fluid homeostasis under conditions of dehydration by
uncoupling AQP2 and ENaC abundance in outer medullary CD.

et al. 2008; Burkewitz et al. 2011; Nunes et al. 2013).
These illustrate the dramatic and broad effects of hypero-
smolality on cellular homeostasis and structural organiza-
tion and offer the intriguing possibility that other major
cellular processes might be affected. Endoplasmic reticu-
lum (ER) stress is a fundamental stress response that
allows cells to adapt to environmental change by restoring
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cellular homeostasis. It arises when the processing and
folding capacities of the ER are overwhelmed, either by
an overload of nascent proteins or by exogenous disrup-
tion of the protein folding and trafficking system
(Rutkowski and Kaufman 2004; Ron and Walter 2007).
The accumulation of unfolded protein in the ER lumen
triggers the cytoprotective unfolded protein response
(UPR) that transiently attenuates protein synthesis,
degrades misfolded proteins and increases ER protein
folding capacity. This allows cells to adapt to environ-
mental change by restoring cellular homeostasis. If the
stress persists and homeostasis cannot be reestablished,
for instance when proteotoxic stimuli are excessive, UPR
signaling can activate cell-death pathways. In the kidney,
extracellular osmolality increases along the corticomedul-
lary axis and is enhanced by arginine vasopressin (AVP)
in response to an increase of plasma osmolality (Sands
and Layton 2014). Several pieces of experimental data
have shown that alterations of inner medullary osmolality
are accompanied by altered expression of genes that are
typically induced by ER stress (Zhang et al. 1999; Tian
and Cohen 2002; van Balkom et al. 2004; Hoorn et al.
2005; Cai et al. 2006, 2010). This strongly suggests that
hypertonicity induces ER stress. How hyperosmolality
affects UPR signaling is largely unexplored.

The final adjustment of salt and water excretion, criti-
cal for the regulation of whole body extracellular fluid
volume and electrolyte balance, is achieved by the collect-
ing duct (CD) and predominantly relies on epithelial
sodium channel (ENaC, a heterotrimeric protein com-
posed of o, f and y subunits) and aquaporin-2 (AQP2)
expressed at the apical surface of principal cells. AVP
increases both AQP2 abundance and its expression in the
apical membrane (Fushimi et al. 1993; Nielsen et al.
1993). Accumulating evidence indicates that in addition
to enhancing water transport AVP also stimulates Na*
reabsorption. Stimulation of Na* reabsorption by aldoste-
rone is synergized by AVP (Reif et al. 1986; Kudo et al.
1994; Verrey 1994). AVP increases Na' transport by corti-
cal CD (CCD) (Tomita et al. 1985; Nicco et al. 2001) and
reduces sodium excretion (Bankir et al. 2005). The
involvement of ENaC in this process is supported by the
observation that both ENaCf and ENaCy mRNA and
protein abundance are increased by AVP in kidney cortex
(Ecelbarger et al. 2000; Nicco et al. 2001). Furthermore,
AVP increases ENaC activity in isolated CCD (Kudo et al.
1994; Nicco et al. 2001; Bugaj et al. 2009) and cultured
CCD cells (Gaeggeler et al. 2011). Consistent with
increased AQP2 and ENaC activities, transepithelial Na*
transport across CCD induced by AVP was found to be
proportionally accompanied by osmotically-driven water
flow (Kudo et al. 1994; Nicco et al. 2001; Gaeggeler et al.
2011). This begs the question of how the kidney recali-
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brates water and salt transport under conditions of elec-
trolyte imbalance, such as dehydration, which would
necessitate uncoupling between water and salt transport.
Interestingly, unlike AQP2, several studies have shown
that expression levels of all three ENaC subunits globally
decline from the cortex to the inner medulla (Duc et al.
1994; Vehaskari et al. 1998; MacDonald et al. 2000; Kim
et al. 2004; Frindt et al. 2007), suggesting that coupled
water and salt transport by CCD may not necessarily
occur in medullary CD. The inverse relationship between
ENaC abundance and the corticomedullary osmotic gradi-
ent suggests a role for hyperosmolality in decreased ENaC
abundance. This is supported by the observation that
abundance of at least some ENaC subunits in inner med-
ullary CD (IMCD) are decreased by water restriction (Cai
et al. 2006), which increases medullary osmolality. Inver-
sely, ENaC levels are increased by vasopressin escape (Ho-
orn et al. 2005) and increased in IMCD of aquaporin-1
knockout mice that display an impaired ability to concen-
trate urine (Morris et al. 2005). Possibly, hyperosmolality
may decrease ENaC abundance by inducing ER stress.

In the present study, we examine how hyperosmolality
affects UPR signaling and how this may affect ENaC
abundance in outer medullary CD (OMCD), a tubule seg-
ment whose capacity to reabsorb water relies on extracel-
lular osmolality. We show that water deprivation that
increases extracellular osmolality of the medulla but not
cortex decreases abundance of all three ENaC subunits in
OMCD but not CCD while AQP2 abundance is increased
in both cortical and medullary CD. Hyperosmolality pro-
duces similar effects in cultured mCCD,; and mpkCCD gy
cells and induces an ER stress-like response and UPR sig-
naling in vitro and ex vivo that is linked with decreased
ENaC abundance. Our study sheds new light on the
mechanistic control of ENaC abundance in OMCD and
provides evidence that hyperosmolality reinforces inde-
pendent regulation of water and salt excretion by this
tubule segment.

Materials and Methods

Materials

Antibodies are depicted in Table 1. Aldosterone, actino-
mycin D, and 4-phenylbutyric acid were purchased from
Sigma-Aldrich (St. Louis, MO). Lipopolysaccharide,
thapsigargin and tunicamycin were purchased from EMD
Millipore (Billerica, MA).

Animal studies

For dehydration experiments, C57B6 mice were divided
into two groups, control animals with access to food and

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Table 1. Antibodies.

ER Stress Decreases ENaC Abundance

Primary IgG Host Dilution (WB) Dilution (IF) Manufacturer
Primary 1gG
AQP2 Rabbit 1:10000 Nielsen et al. (2006)
ENaCo Rabbit 1:1000 Picard et al. (2008)
Tubulin Mouse 1:10000 Sigma-Aldrich, St. Louis, MO
Actin Mouse 1:40000 Sigma-Aldrich
GAPDH Mouse 1:100000 Millipore, Billerica, MA
GRP78 Rabbit 1:1000 Abcam, Cambridge, UK
ATF4 Rabbit 1:1000 1:200 Cell Signaling, Danvers, MA
ATF6 Mouse 1:100 Abcam
ATF6 Rabbit 1:1000 1:200 Sigma-Aldrich
XBP-1 Rabbit 1:1000 1:200 Sigma-Aldrich
GM130 Rabbit 1:150 Abcam
Phospho-PERK Rabbit 1:1000 Cell Signaling
Phospho-Akt Rabbit 1:2500 Cell Signaling
Akt Rabbit 1:2500 Santa Cruz Biotechnology, Santa Cruz, CA
Phospho-Erk1/2 Rabbit 1:2000 Cell Signaling
Erk2 Rabbit 1:1000 Santa Cruz Biotechnology
Secondary IgG
Anti-rabbit HRP Goat 1:20000 BD Biosciences, San Jose, CA
Anti-mouse HRP Goat 1:20000 BD Biosciences
Anti-rabbit CY3 Goat 1:1000 Jackson ImmunoResearch Laboratories, West Grove, PA
Anti-mouse FITC Goat 1:1000 Jackson ImmunoResearch Laboratories

WB, Western blot; IF, immunofluorescence, HRP, horseradish peroxidase.

water ad libitum and animals deprived of water for 24 h.
In some experiments, after microdissection, pools of 50
tubules were incubated for 3 h at 37°C in the presence or
absence of 1 umol/L thapsigargin in medium (21 mmol/L
Na-gluconate, 1.2 mmol/L MgSO,, 2 mmol/L K,HPO,,
2 mmol/L Ca lactate, 1 mmol/L Na-citrate, 5.5 mmol/L
glucose, 12 mmol/L creatinine, 10 mmol/L HEPES and
5 mmol/L TRIS, pH 7.4) adjusted either at 300 mOsmol/kg
or at 500 mOsmol/kg with NaCl. Cortical and medullary
CD were microdissected from kidney slices as previously
described (Roger et al. 1999). Each experimental group
was constituted by pools of at least 50 tubules from the
same animal. All animal experiments were approved by
the Institutional Ethical Committee of Animal Care in
Geneva and Cantonal authorities.

Cell culture and transfection

mpkCCD,4 (Bens et al. 1999) and mCCD,; (Gaeggeler
et al. 2005) cells are spontaneously immortalized murine
cell lines that express ENaC and display highly differen-
tiated properties of CD principal cells (Bens et al. 1999;
Gaeggeler et al. 2005). We previously used these cells to
examine various hyperosmolality-inducible events (Has-
ler et al. 2005, 2006, 2008, 2008; Hasler 2009; Roth
et al. 2010). Cells were cultured on permeable filters as

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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previously described (Gaeggeler et al. 2005; Hasler et al.
2005) and transiently transfected using INTERFERin
(Polyplus, Illikirch, France) with siRNA depicted in
Table 2. All siRNA duplexes were made by Life Tech-
nologies (Carlsbad, CA). For hyperosmotic challenge,
isosmotic medium (300 mOsmol/kg) was made hyperos-
motic (350-500 mOsmol/kg) by substituting part of
both apical (600 uL total) and basal (1200 uL total) med-
ium with the appropriate amount of 1100 mOsmol/kg
medium containing NaCl, urea or mannitol. Medium
osmolality was checked using an osmometer (Advanced
Instruments, Norwood, MA).

RNA isolation and real-time quantitative (Q)
PCR

Total RNA from rat kidney sections, mouse microdissect-
ed CD and mpkCCDg4 and mCCD,, cells was isolated
using the NucleoSpin RNA II kit (Macherey-Nagel,
Diiren, Germany) and reverse transcription and triplicate
Q-PCR amplification reactions were performed as previ-
ously described (Feraille et al. 2014). Primers used are
depicted in Table 2. Ribosomal phosphoprotein P,
expression was used as a reliable internal standard. The
fold change of test gene mRNA was expressed as 284
where ACt is the difference in threshold cycles for the
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Table 2. PCR primer sequences (mouse unless specified).

G. Crambert et al.

Targeted gene Forward Reverse
Real-Time PCR
Po AATCTCCAGAGGCACCATTG GTTCAGCATGTTCAGCAGTG
Po (rat) CCTTCTCCTTCGGGCTGATC GGGCTGTAGATGCTGCCATT
ENaCo CAGACTTGGAGCTTTGACAAGGA ACTTCTCTGTGCCTTGTTTATATGTGTT
ENaCux (rat) CACTGTCTGCACCCTTAATCCTT TGATGCGGTCCAGCTCTTC
ENaCp CAGACTGGGCCTATTGCTATCTAAA ACATGCTGAGGCAGGTCTCTCT
ENaC§p (rat) TGAGCAGGAAGGGTATTGTCAA TTGTTGGCCGGCGATT
ENaCy CCGAGATCGAGACAGCAATGT CGCTCAGCTTGAAGGATTCTG
ENaCy (rat) GATGGAGATCGAGACAGCAATG CGCTCAGCTTGAAGGATTCTG
AQP2 CTTCCTTCGAGCTGCCTTC CATTGTTGTGGAGAGCATTGAC
AQP2 (rat) CGGTTGCTCCATGAATCCA GAAGACCCAGTGATCATCAAACTTG
TNFo GACCCTCACACTCAGATCATCTTCT CCACTTGGTGGTTTGCTACGA
TonEBP GCTTCAGCCCAAGGCATACA GTCCCGGGCTGTGAGATG
AR AGTGCGCATTGCTGAGAACTT GTAGCTGAGTAGAGTGGCCATGTC
SGK1 CCAAACCCTCCGACTTTCAC CCTTGTGCCTAGCCAGAAGAA
GlLz GGTGGCCCTAGACAACAAGATT GCGTACATCAGGTGGTTCTTCA
Grp94 TTGAACCTCTGCTCAACTGG ATCCATACTGACTGGCCACA
Calreticulin TCCGGTGTAAGGATGATGAA AGTCCCAATCATCCTCCAAG
p58IPK GTGGAGTAAATGCGGATGTG TGCAGCGTGAAACTGTGATA
Grp78 AGGAGACTGCTGAGGCGTAT CAGCATCTTTGGTTGCTTGT
ATF3 GAGGATTTTGCTAACCTGACACC TTGACGGTAACTGACTCCAGC
EDEM1 TCGTCTTCGGCTATGACAAC TTCAGATTGGAAGGGTCTCC
HERP CACCTTGTGTGCAATGTGAA ATTAGAGTTGTCCGGCTGCT
ATF6 TGAGCAGCTGAAGAAGGAGA TTCTCTGACACCACCTCGTC
PERK GGAAGGTCATGGCGTTTAGT TTCTTCGCTGGCTGTGTAAC
IRE1 TTCGAGAATCAGACGAGCAC CAAAGTCCTTCTGCTCCACA
XBP1 AAACAGAGTAGCAGCGCAGA TCTTCCAAATCCACCACTTG
CHOP GGAAACGGAAACAGAGTGGT TCCTGCTCCTTCTCCTTCAT
PCR
XBP1 (splice) GAACCAGGAGTTAAGAACACG AGGCAACAGTGTCAGAGTCC
SIRNA
Scramble 5'-GCCACUCGUUUGUCGCCCUUGUAAA -3’
PERK 5-CCAGAGGUGUUUGGGAACAAGAUGA -3/
IRE1 5-CGGGCUCCAUCAAGUGGACUUUAAA -3’
XBP-1 5'- CAGCGCAGACUGCUCGAGAUAGAAA -3’
ATF6 5’- CACAGACUCGUGUUCUUCAACUCAG -3’

test gene and P, and where AACt is the difference of
ACt between stimulated (and/or cells transfected with
siRNA) and non-stimulated (and/or cells transfected with
scramble siRNA) control. All primers were made by
Microsynth (Balgach, Switzerland).

PCR analysis of Xbp-1 mRNA splicing

Total RNA from mCCDy; cells was isolated using the
NucleoSpin RNA II kit (Macherey-Nagel) and first strand
cDNA was synthesized using SuperScript II Reverse
Transcriptase (Life Technologies). Both spliced and unsp-
liced Xbp-1 mRNA were detected by PCR using primers
depicted in Table 2. Experiments were repeated three
times.
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Western blot analysis and preparation of
nuclear and cytosolic extracts

Kidney tissue samples and mpkCCDg,/mCCDy; cells
were homogenized in 1 ml or 100 pl, respectively, of lysis
buffer and protein quantification, SDS-PAGE and protein
blotting were performed as previously described (Feraille
et al. 2014). Antibody dilutions are depicted in Table 1.
Horseradish peroxidase-conjugated secondary antibodies
(Table 1) were used for detection of immunoreactive pro-
teins by chemiluminescence. Protein levels were quanti-
fied using Image] Java-based image processing software
(National Institutes of Health) after background subtrac-
tion. Test/loading control protein ratios were calculated
and normalized to that of non-stimulated (and/or cells

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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transfected with scramble siRNA) control. Nuclear and
cytosolic extracts were prepared as previously described
(Roth et al. 2010) and 1 ug of each extract was loaded on
gels for Western blotting analysis.

Fluorescence microscopy

Cells seeded on glass coverslips were fixed in 4% para-
formaldehyde (PFA) for 20 min at room temperature

mRNA (relative fold) >

ER Stress Decreases ENaC Abundance

and then mounted in SlowFade mounting medium
(Life Technologies). Antibody dilutions are depicted in
Table 1. For imaging of the endoplasmic reticulum
(ER), cells were loaded with ER-Tracker Red (Life
Technologies), washed and fixed in PFA. Confocal
imaging was performed on a Leica TCS SP5 MP confo-
cal microscope system equipped with a 63X— 1.4 NA
Plan-apo HCS oil objective, using Leica Application
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Figure 1. Hyperosmolality decreases ENaC abundance. (A) Q-PCR analysis of ENaC and AQP2 mRNA abundance of microdissected CCD and
OMCD from mice that were deprived of water for 24 h (WD) or given free access to water (Ctl). Data is represented as fold difference of
expression over values obtained in CCD of Ctl homogenate and is expressed as the mean 4+ SEM of data from at least six animals. (B, C and E)
mRNA abundance of ENaC (B and C) and AQP2 (E) in mCCD; (B and E) and mpkCCD4 (C and E) cells challenged or not (Ctl) with NaCl or
urea (500 mOsmol/kg) for 1-24 h. (D) Western blot against ENaCo from lysate of mCCD; (top panel) and mpkCCD4 (bottom panel) cells
challenged 6 or 24 h with aldosterone (1 pmol/L) or 1-24 h with NaCl (500 mOsmol/kg). The blot against ENaCe at right was overexposed in
order to better illustrate decreased ENaCo abundance by NaCl. f-actin was used as a loading control. For (B), (C) and (E), data is represented as
fold difference over non-stimulated cells and is expressed as the mean + SEM of four independent experiments.
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Germany). Confocal z-stacks shown in Figures 4H, S5E
and 5F are represented as
acquired using Image].

maximum projections

Statistics

Results are given as the mean = SEM from »n independent
experiments. Each in vitro experiment was performed on
cells from the same passage and all experiments were per-
formed at least three times. The precise number of experi-
ments performed is indicated in the Figure legends. All
statistical analyses were performed using Prism software
(Graphpad, La Jolla, CA). Significance between two pairs
of experiments was determined using a student’s ¢-test.

Results
ENaC abundance in outer medullary CD is
decreased by hyperosmolality

Water deprivation increases plasma AVP concentration
and consequently increases extracellular osmolality of
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the medulla but not cortex. We examined in vivo
whether hyperosmolality affects ENaC mRNA expression
by comparing cortical and medullary ENaC expression
from microdissected CCD and OMCD of animals that
were deprived of water for 24 h or given free access to
water. We also compared changes of ENaC expression
to those of AQP2. As previously reported (Kishore
et al. 1996), AQP2 abundance in both CCD and
OMCD was greatest in water-deprived animals as com-
pared to normally hydrated animals (Fig. 1A). Contrary
to AQP2, dehydration decreased mRNA expression of
all three ENaC subunits, but only in OMCD. In CCD,
expression levels of all three ENaC subunits increased
(Fig. 1A).

Water deprivation increases NaCl and, to a lesser
extent, urea concentration in the outer medulla. This led
us to examine the effects of NaCl and urea on ENaC
mRNA abundance in vitro. Expression of all three ENaC
subunits gradually decreased over time in both mCCD,
and mpkCCDy, cells challenged with NaCl (500 mO-
smol/kg) or urea (500 mOsmol/kg), with a maximal
effect observed after 6 h of challenge (Fig. 1B and
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Figure 2. NaCl dose-dependence and effects of aldosterone and TonEBP on decreased ENaC abundance by NaCl. (A and B) mRNA abundance
of ENaC in mCCD¢; (A) and mpkCCD4 (B) cells challenged or not (Ctl) 6 h with NaCl (350-500 mOsmol/kg). (C) mRNA abundance of ENaC
in mCCDy; cells challenged or not (Ctl) with aldosterone (1 pgmol/L) or NaCl (500 mOsmol/kg) alone or with both stimuli for 6 h. Data is
represented as fold difference over non-stimulated cells and is expressed as the mean + SEM of three independent experiments. (D) mCCD
cells transfected with scramble siRNA or siRNA against TonEBP (siTonEBP) were challenged or not (Ctl) with NaCl for 6 h. TonEBP, aldose
reductase (AR) and ENaC mRNA abundance was analyzed by Q-PCR. Data is represented as fold difference over non-stimulated cells
transfected with scramble siRNA and is expressed as the mean + SEM of three independent experiments.
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C). Equiosmolar (500 mOsmol/kg) mannitol pro-
duced similar effects (not shown). NaCl also decreased
ENaCo protein abundance in a time-dependent man-
ner (Fig. 1D). As we have previously shown (Hasler
et al. 2005) NaCl, but not urea, first decreased but
then increased AQP2 mRNA abundance (Fig. 1E).
Collectively, our in vivo and in vitro data indicate that
an increase of medullary environmental osmolality trig-
gered by dehydration decreases ENaC abundance in

ER Stress Decreases ENaC Abundance

Hyperosmolality decreases ENaC abundance
independently of aldosterone and TonEBP

Addition of NaCl to the cell medium decreased ENaC
mRNA expression in a dose-dependent manner in both
mCCDy; (Fig. 2A) and mpkCCD, (Fig. 2B) cells, with
a maximal effect observed at 500 mOsmol/kg. We
investigated the effects of aldosterone on decreased
ENaC mRNA abundance by hyperosmolality. ENaCo,

OMCD. but not ENaCf or ENaCy, was increased by
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Figure 3. ER stress decreases ENaC abundance via a transcriptionally mediated mechanism. (A and B) mCCD¢; (A) and mpkCCD (B) cells
were challenged with either actinomycin D (5 umol/L) or NaCl (500 mOsmol/kg) alone or simultaneously challenged with both actinomycin D
and NaCl for 30 min to 6 h. mRNA of all time points were extracted at the same time and ENaC abundance was analyzed by Q-PCR. Data is
represented as fold difference over values obtained in unstimulated cells (O min) and is expressed as the mean + SEM of four independent
experiments. (C) mRNA abundance of ENaC and AQP2 in cells challenged or not (Ctl) with NaCl, thapsigargin (Tg, 1 umol/L), tunicamycin (Tun,
3 pmol/L) or both NaCl and either chemical agent for 6 h. (D) mRNA abundance of ENaC in cells challenged or not with actinomycin D with or
without (Ctl) NaCl, Tg or Tun for 6 h. Data is represented as fold difference over values obtained in unstimulated cells and is expressed as the

mean + SEM of four independent experiments.
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aldosterone alone and NaCl decreased expression of
each ENaC subunit in the absence or presence of aldo-
sterone (Fig. 2C). This indicates that hyperosmolality
decreases ENaC abundance independently of aldoste-
rone.
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TonEBP is a transcription factor whose activity is
primarily regulated by extracellular tonicity (Jeon et al.
2006). We have previously shown that it may
enhance AQP2 gene transcription by NaCl (Hasler et al.
2006). siRNA targeting TonEBP significantly decreased

mpkCCDecl4
Bct
B NaCl1h
BNaCl3h
[ NaCl 6 h
NaCl 24 h

-
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mRNA (relative values) O

F ex vivo CCD
* 5_
0 4] x
é‘m . =
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>
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Figure 4. ER stress is transiently induced by NaCl. (A) mRNA abundance of ER-stress responsive genes in mCCD; cells challenged or not (Ctl)
with thapsigargin (Tg, 1 umol/L) or tunicamycin (Tun, 3 umol/L) for 6 h. (B—E) mRNA abundance of ER-stress responsive genes in mCCD

(B and D) and mpkCCD4 (B) cells challenged or not with NaCl (500 mOsmol/kg, B and C) or urea (500 mOsmol/kg, D and E) for 1-24 h. Data
is represented as fold difference over non-stimulated cells and is expressed as the mean + SEM of four independent experiments. (F) mMRNA
abundance of ATF3 in microdissected CCD challenged or not (Ctl) with NaCl (500 mOsmol/kg) or Tg (1 umol/L) for 3 h. Data is represented as
fold difference over non-stimulated CCD and is expressed as the mean + SEM of data from at least six animals. (G) Western blot analysis of
Grp78 protein in mCCD¢; cells challenged or not (Ctl) with NaCl, Tg or Tun for 6 h (left panel) or NaCl for 10 min to 24 h (right panel). Data
is represented as fold difference over non-stimulated cells and is expressed as the mean + SEM of three independent experiments.
Representative Western blots are shown. GAPDH was used as a loading control. (H) Confocal maximum projections of mCCD; cells loaded
with ER-Tracker Red challenged or not (0 min) with NaCl or Tg for 2 or 25 min. Shown are representative images of three similar experiments.
Arrows depict the transient appearance of spherical clusters by NaCl. Bar, 10 umol/L.
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NaCl-enhanced mRNA expression of aldose reductase, a
TonEBP target gene, but had no effect on mRNA
expression of any ENaC subunit, either under isotonic
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or hypertonic conditions (Fig. 2D). These data indicate
that hyperosmolality decreases ENaC abundance inde-
pendently of TonEBP.
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Figure 5. PERK and ATF6 activities are increased by NaCl. (A) Western blot analysis of phosphorylated PERK in mCCD; cells challenged or not
(Ctl) with NaCl (500 mOsmol/kg), thapsigargin (Tg, 1 umol/L) or tunicamycin (Tun, 3 umol/L) for 6 h (left panel) or NaCl for 10 min to 24 h
(right panel). Data is represented as fold difference over non-stimulated cells (Ctl) and is expressed as the mean + SEM of three independent
experiments. Representative Western blots are shown. GAPDH was used as a loading control. (B) PCR analysis of XBP-1 mRNA splicing in
lysates of cells challenged or not (Ctl) with Tg or Tun for 6 h or with NaCl for 30 min to 6 h. Bands >200 bp were consistently observed in
samples from cells challenged with either chemical compound and may be experimental artifacts. A representative gel from three similar
experiments is shown. (C) Western blot analysis of nuclear ATF4, XBP-1 and ATF6 in cells challenged with NaCl for 1 or 3 h or Tg or Tun for

3 h. Data is represented as fold difference over non-stimulated cells (Ctl) and is expressed as the mean & SEM of three independent
experiments. Representative Western blots of cytoplasmic and nuclear extracts are shown. a-tubulin was used as a control of nuclear extract
purity. (D) mRNA abundance of ATF6 in microdissected CCD challenged or not (Ctl) with NaCl (500 mOsmol/kg) or Tg (1 umol/L) for 3 h (left
panel) or in mCCD; cells challenged or not (Ctl) with Tg or Tun for 6 h (left panel) or with NaCl or urea (500 mOsmol/kg) for 1-24 h (right
panel). Data is represented as fold difference over non-stimulated CCD/cells and is expressed as the mean + SEM of data from at least six
animals or 4 experiments (for mCCD; cells). (E) Confocal z-stacks of ATF4, XBP-1 and ATF6 in cells challenged or not (Ctl) with NaCl, Tg or
Tun for 3 h. (F) Confocal single-frame images and z-stacks of ATF6 (green) and GM130 (red), a cis-Golgi matrix protein, in cells challenged or
not (Ctl) with NaCl for 30 min or 3 h. ATF6 accumulated in the Golgi after 30 min of challenge, as suggested by increased yellow staining, and
in the nucleus (stained with Hoechst 33342, blue, shown in z-stacks) after 3 h of challenge. Inserts depict enlarged images of regions depicted

by white squares. For (E) and (F), representative images of three similar experiments are shown. Bar, 10 umol/L.

Hyperosmotic stress induces an ER stress-
like response that decreases ENaC
abundance via a transcriptionally mediated
mechanism

We investigated ENaC mRNA stability under hyperos-
motic conditions by treating mCCD,, (Fig. 3A) and
mpkCCDy, (Fig. 3B) cells with actinomycin D, which
halts de novo mRNA gene transcription. Cells were
challenged with either actinomycin D or NaCl alone or
were simultaneously challenged with both actinomycin
D and NaCl for various periods of time (30 min to
6 h). Each experimental point was compared to the
same control (untreated cells). Under control isosmotic
conditions, actinomycin D decreased ENaCo and ENaCy
mRNA  expression. Unexpectedly, actinomycin D
increased expression of ENaCf mRNA. This implies the
loss of short-lived repressive element(s) that are quickly
depleted in the presence of actinomycin D. Decreased
ENaC mRNA abundance by hyperosmolality was
blunted by actinomycin D, indicating that the effects of
NaCl on ENaC abundance are transcriptionally medi-
ated.

Decreased expression levels of all three ENaC subunits
by hyperosmolality could be indicative of a single cellu-
lar event having global effects on gene expression. ER
stress is a strong candidate for such an event. Both
thapsigargin (Tg) and tunicamycin (Tun), two potent
inducers of ER-stress, decreased expression of all three
ENaC subunits to extents that were similar, but not
additive, to that achieved by NaCl (Fig. 3C). Tg and
Tun decreased AQP2 abundance, but not to extents
achieved for ENaC (Fig. 3C). Decreased ENaC abun-
dance by either Tg or Tun was either blunted (ENaCux
and ENaCp) or significantly reduced (ENaCy) by actino-
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mycin D (Fig. 3D). These data indicate that chemical
induction of ER stress mimics the effects of hyperosmol-
ality on ENaC expression.

We next examined whether
induce ER stress and UPR signaling in vitro. ER stress
activates the UPR, which in turn increases expression of
genes that help restore ER homeostasis. We began our
analysis of ER stress by hyperosmotic stress by examin-
ing the induction of genes that are typically upregulated
by the UPR. We used Tg and Tun as control stimuli of
ER stress. As expected, strong induction of ER stress by
either Tg or Tun in mCCDg; cells dramatically
increased UPR target gene expression (Fig. 4A). Some,
but not all, of these genes were significantly upregulated
by either NaCl (500 mOsmol/kg, Fig. 4B and C) or urea
(500 mOsmol/kg, Fig. 4D and E) in both mCCD,; and
mpkCCDyy cells. Of all genes tested, ATF3 mRNA
upregulation by NaCl was strongest. Consistent with
previous studies (Tian and Cohen 2002; Cai and Brooks
2011), this gene was also strongly upregulated in

hyperosmolality can

response to urea in both cell lines (Fig. 4D and E) and
was also upregulated by either NaCl or Tg in microdis-
sected CD (Fig. 4F). We continued our investigation of
ER stress induction by hyperosmolality by examining
Grp78 protein abundance (Fig. 4G). Similar to Grp78
mRNA, NaCl transiently increased Grp78 protein abun-
dance. Induction peaked shortly following challenge,
reaching levels similar to those achieved by either Tg or
Tun (Fig. 4G). NaCl also altered ER morphology, as
revealed by spherical clusters that immediately, but tran-
siently, appeared upon NaCl but not Tg challenge
(Fig. 4H). Possibly, an increase of intracellular osmolal-
ity upon NaCl challenge may affect ER volume, which
could be connected with ER stress. Together, these data
indicate that hyperosmolality transiently induces ER

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 6. PERK, IREx and ATF6 differently influence abundance of each ENaC subunit. (A and B) mRNA abundance of ATF3 (A) and ENaC (B)
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stress, albeit at levels lower than that achieved by chem-
ical inducers.

Hyperosmolality increases PERK and ATF6
activity

The mammalian UPR involves three canonical ER-resident
transmembrane proteins: RNA-dependent protein kinase-
like ER kinase (PERK), inositol-requiring ER-to-nucleus
signal kinase 1 (IREla) and activating transcription factor
6 (ATF6). PERK phosphorylation, and consequent activa-
tion, was transiently increased by NaCl, albeit at lower
levels than by either Tg or Tun, as would be expected
(Fig. 5A). X box-binding protein 1 (XBP1) mRNA splic-
ing, used as an indicator of IRE1 activity, was induced by
Tg and Tun but not NaCl (Fig. 5B). Analysis of nuclear
ATF4, XBP-1 and ATF6 expression, by Western blot
analysis of nuclear extracts (Fig. 5C) and immunofluores-
cence (Fig. 5E) revealed that NaCl increased nuclear
localization of XBP-1 and ATF6 but not ATF4. ATF6
activation by NaCl was examined further. Tg and Tun
increased, and NaCl transiently increased, ATF6 mRNA
(Fig. 5D), reflecting increased ATF6 protein abundance
(Fig. 5C). ATF6 mRNA levels were also significantly
increased in microdissected CD challenged with either
NaCl or Tg (Fig. 5D). We further investigated the ATF6
arm of the UPR by examining its intracellular distribu-
tion following NaCl challenge (Fig. 5F). ER stress
increases translocation of an inactive precursor of ATF6
from the ER to the Golgi, where it is cleaved by Golgi-
resident proteases. The cytosolic fragment is an active
transcription factor that translocates to the nucleus.
Under isotonic conditions, low levels of ATF6 were
observed in the nucleus and Golgi, as revealed by its
co-localization with Hoechst 33342, a nuclear stain, and
GM130, a cis-Golgi matrix protein (Fig. 5F). We have
previously observed strong alterations of Golgi morphol-
ogy upon NaCl challenge, characterized by the appear-
ance of symmetrical Golgi structures that circumvent the
centrosome (Nunes et al. 2013). These structural altera-
tions were accompanied by an accumulation of ATF6 in
the Golgi after 30 min of NaCl challenge (Fig. 5F), indi-
cating increased translocation of pre-existing ATF6 to the
Golgi. Golgi morphology recovered after 3 h of NaCl
challenge, at which time ATF6 accumulated in both the
Golgi and nucleus (Fig. 5F), presumably as a consequence
of de novo ATF6 protein synthesis (Fig. 5C and D).
ATF6 signal specificity was verified using another anti-
ATF6 antibody (Sigma-Aldrich) and the signal obtained
by either antibody was abated by siRNA against ATF6
(not shown). Together, these observations indicate that
while Tg and Tun strongly activate PERK, IREla and
ATF6, NaCl activates PERK and ATF6.
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Increased PERK and ATF6 activity upon
hyperosmotic stress differently affect each
ENaC subunit

We examined the effects of modulated UPR activity on
ENaC abundance. Chemical attenuation of ER stress by
4-phenylbutyric acid (PBA) abolished induction of ER-
stress responsive genes by NaCl, Tg and Tun, as illus-
trated by blunted ATF3 induction (Fig. 6A). PBA also
abolished the effects of NaCl, Tg and Tun on all three
ENaC subunits (Fig. 6B). We next investigated how each
UPR arm affects ENaC abundance by transfecting cells
with siRNA against PERK, IRElo or ATF6. Globally, each
siRNA reduced ATF3 induction by NaCl, Tg or Tun but
to a significantly smaller extent than PBA (Fig. 6C, E and
G). This may be expected since decreased activity of any
one UPR mediator is likely to be at least partly compen-
sated by other UPR arms (Ron and Walter 2007).
Because simultaneous downregulation of all three UPR
mediators blunted cell proliferation, we were unable to
analyze their combined effects. Attenuated PERK expres-
sion partly blunted the effect of NaCl, Tg and Tun on
ENaCux, but not ENaCf or ENaCy (Fig. 6D). Similar
results were obtained when IRElwx expression was attenu-
ated, but only in cells challenged with Tg or Tun
(Fig. 6F), corroborating our observation that IREla is
not significantly activated by NaCl (Fig. 5B). XBP-1
silencing by siRNA did not significantly affect decreased
abundance of any ENaC subunit by either NaCl, Tg or

Extracellular ,

osmolality
Il
||| Plasma membrane
v Tg
ER stress ===]>> ER stress
Tun

REa ‘

PERK f UPR

‘ PERKf =] ENaCa \/
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Figure 7. Proposed model of decreased ENaC abundance by
hyperosmolality. Increased extracellular osmolality induces transient
ER stress and activation of the PERK and ATF6 arms of the UPR.
Through a transcriptionally-mediated mechanism, PERK signaling
down-regulates ENaCo while ATF6 signaling decreases ENaCf and
ENaCy expression. The effects of PERK and ATF6 signaling on each
ENaC subunit were reproduced by thapsigargin (Tg) and
tunicamycin (Tun). Although IRE1a activation by hyperosmolality
was not detected, chemical induction of its activity attenuated
ENaCo expression.

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



G. Crambert et al.

Tun (not shown). Attenuated ATF6 expression had no
effect on ENaCo abundance but increased basal levels of
both ENaCp and ENaCy mRNA and partly blunted their
decreased abundance by NaCl, Tg and Tun (Fig. 6H).

Discussion

Interference of ER protein folding and membrane traffick-
ing leads to ER stress (Rutkowski and Kaufman 2004;
Ron and Walter 2007). Hyperosmolality affects cellular
homeostasis and structural organization (Carpentier et al.
1989; Heuser and Anderson 1989; Ellis and Minton 2006;
Choe and Strange 2008; Hasler et al. 2008; Munishkina
et al. 2008; Zhou et al. 2008; Burkewitz et al. 2011; Nunes
et al. 2013) and previous observations (Kultz et al. 1998;
Zhang et al. 1999; Tian and Cohen 2002; van Balkom
et al. 2004; Hoorn et al. 2005; Cai et al. 2006, 2010;
Dihazi et al. 2011) strongly suggest that hypertonicity
induces ER stress in the renal medulla, consistent with
our data. In the present study, we examined how hyperto-
nicity affects the UPR in CD principal cells and how this
affects ENaC abundance. As summarized in Figure 7,
hypertonicity was found to increase activity of the PERK
and ATF6 arms of the UPR. Our data indicate that
ENaCa abundance is downregulated by PERK signaling
while ENaCff and ENaCy abundance in non-stimulated
cells is maintained at low levels by basal ATF6 activity,
whose activation by NaCl further decreases abundance of
both ENaC subunits.

Our study contributes to the literature that show that
hyperosmotic stress induces an ER stress-like response.
Water restriction or dDAVP infusion, which both increase
medullary osmolality, increased Grp78 and ATF4 expres-
sion in the inner medulla (van Balkom et al. 2004; Cai
et al. 2006, 2010). Conversely, GRP78 protein abundance
decreased in IMCD of animals subjected to vasopressin
escape (Hoorn et al. 2005). Expression levels of ER stress-
responsive genes CHOP and ATF3 were increased by
either NaCl or urea challenge in cultured IMCD cells
(Kultz et al. 1998; Zhang et al. 1999; Tian and Cohen
2002) and several ER stress-responsive genes were upregu-
lated by NaCl challenge in renal fibroblast cell lines
(Dihazi et al. 2011). Our study shows that overall, the
extent of induction of ER stress-responsive genes by either
Tg or Tun was significantly higher than that induced by
hyperosmolality. However, it should be noted that induc-
tion of ER stress by either chemical agent would be
expected to be much higher than that induced by a more
physiological stimulus since the effects of both chemical
agents accumulate over time and eventually induce apop-
tosis. In this respect, the situation for hyperosmotic stress
is very different. Indeed, cells recover from osmotic stress
and hyperosmolality may be expected to only transiently

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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increase ER stress-responsive gene expression, as was
observed. The observation that ER stress-responsive genes
were similarly induced by NaCl and urea indicates that
these effects are induced by an increase of intracellular
osmolality, and not by NaCl per se.

To the best of our knowledge, very little is known of
its effects on UPR signaling. Bioinformatic pathway analy-
sis of proteins regulated by vasopressin escape indicates
that ATF6, XBP1 and elF2a are associated with this
response (Hoorn et al. 2005). NaCl (1 h) was shown to
increase elF2o. phosphorylation in mouse reticulocytes
(Lu et al. 2001). Another study found that urea increased
elF20. phosphorylation, ATF3 mRNA and protein abun-
dance in cultured IMCD cells (1-6 h), although the
authors attributed elF2o kinase phosphorylation to gen-
eral control kinase GCN2 rather than PERK (Cai and
Brooks 2011). Our study suggests that increased UPR
activity by NaCl is primarily associated with activation of
PERK and ATF6 but not IREla in cultured CD principal
cells. IREla activity was previously found to be inhibited
when bound to an aberrant splicing isoform of preseni-
lin-2 caused by hypoxia or oxidative stress (Katayama
et al. 2004). Possibly, a similar mechanism may occur in
osmotically-challenged cells. Upregulated expression of
only relatively few genes by ER stress can be tied defini-
tively to a specific canonical UPR transducer (Arensdorf
et al. 2013). Our data indicate that unlike chemical chap-
erones that blunted hyperosmolality-induced ENaC
downregulation, siRNA against canonical ER stress trans-
ducers only partly reduced this effect. This can likely be
accounted for by crosstalk between canonical UPR arms
and/or activation of non-canonical UPR pathways (Arens-
dorf et al. 2013) by hyperosmolality. For instance, nuclear
accumulation of factors like bZIPs and C/EBPo,f by
PERK (Arensdorf et al. 2013) might occur in osmotically
challenged cells independently of the PERK canonical
downstream target ATF4. Although IREla activation by
hyperosmolality might be too mild or transient to be
detected by our assays, this may also help explain how
XBP-1 translocates to the nucleus upon hypertonic chal-
lenge independently of an increase of IREla activity. On
the other hand, manipulation of IRElx affected down-
regulated ENaCo expression by chemical ER stress induc-
tion, suggesting that other sources of ER stress that
induce the IREla pathway may affect ENaCo expression.

Salt and water reabsorption by the CD is far better
understood than coupling between both processes. Water
flow across CD principal cells relies on apical AQP2
expression and apical ENaC constitutes a rate-limiting
step for Na' transport across the apical membrane of
these cells. Several pieces of experimental data indicate
that Na* transport across cortical CD epithelia is isosmot-
ically coupled to water transport (Kudo et al. 1994; Nicco
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et al. 2001; Hasler et al. 2003; Bugaj et al. 2009; Gaeggeler
et al. 2011). This is likely not the case for medullary CD
since the abundance of ENaC, but not AQP2, decreases
along the CD, being highest in the CCD and lowest in
the IMCD (Duc et al. 1994; Vehaskari et al. 1998; Mac-
Donald et al. 2000; Kim et al. 2004; Frindt et al. 2007).
Our study suggests a role for hyperosmolality in uncou-
pling water flow from Na* transport. We illustrate this
principle by water deprivation, which increases outer
medulla osmolality by several hundred mOsmol/kg.
Under these conditions, reabsorption of isosmotic fluid
would help restore blood volume but extracellular osmo-
lality would remain elevated. Increasing free water reab-
sorption, via increased AQP2 and decreased ENaC
expression, would help resolve this dilemma. Such uncou-
pling would endow the OMCD with the ability to recali-
brate water and salt transport and help correct electrolyte
imbalance.

Medullary, but not cortical, osmolality varies with cir-
culating AVP levels. Dehydration increases plasma AVP
concentration. Under these conditions, AQP2 abundance
is increased in both the CCD and OMCD (our study
and (Kishore et al. 1996)). On the other hand, our
study shows that mRNA expression of all three ENaC
subunits increased in the CCD but decreased in the
OMCD. Consistent with this study, ENaCf and ENaCy
mRNA expression was increased in the renal cortex of
Sprague Dawley rats after 5 days of moderate water
restriction (Nicco et al. 2001). AVP increases Na* trans-
port by CCD (Tomita et al. 1985; Reif et al. 1986; Hawk
et al. 1996; Djelidi et al. 1997; Nicco et al. 2001; Bugaj
et al. 2009) and increases ENaCfi and ENaCy, but not
ENaCo, abundance in a rat CCD cell line (RCCD,)
(Djelidi et al. 1997). ENaCf and ENaCy mRNA were
also increased by dDAVP infusion (5 days) in the renal
cortex of Sprague Dawley rats and Brattleboro rats lack-
ing endogenous AVP (Nicco et al. 2001). In another
study, protein levels of all three ENaC subunits were
increased in the renal cortex of Brattleboro rats by acute
(<6 h) or prolonged (7 days) dDAVP infusion (Ecelbar-
ger et al. 2000). Consequently, dehydration may increase
ENaC abundance in the CCD via a direct effect of AVP.
On the other hand, despite increased plasma AVP con-
centration, ENaC was downregulated in the OMCD of
dehydrated animals. This is in line with a previous study
(Ecelbarger et al. 2000), which showed increased protein
expression of all three ENaC subunits in cortex, but not
medulla, of Brattleboro rats acutely (<1 h) administered
with  dDAVP. Under conditions of dehydration,
increased ENaCf and ENaCy abundance by AVP in the
CCD may be complemented, when dehydration is severe,
by an increase of ENaCo abundance by aldosterone fol-
lowing activation of the renin-angiotensin aldosterone
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system. Our data show that hyperosmolality decreases
upregulated ENaCx abundance by aldosterone in vitro,
indicating that the effect of hyperosmolality in the outer
medulla may prevail both in the absence and presence
of aldosterone in vivo.

ENaC protein is inefficiently assembled in the ER and a
significant percentage of each subunit is targeted for ER-
associated degradation (Staub et al. 1997; Buck et al.
2013). The present study revealed decreased expression of
all three ENaC subunits by ER stress, induced by either
chemicals or hyperosmolality. Our data indicate that the
UPR is involved in this event. Interestingly, while most
attention has focused on transcriptional upregulation of
genes by the UPR, up to half of all genes regulated by ER
stress are actually suppressed (Arensdorf and Rutkowski
2013; Arensdorf et al. 2013). It is also becoming increas-
ingly clear that the UPR is deeply rooted in cellular physi-
ology and regulates genes that do not seemingly affect ER
function (Arensdorf and Rutkowski 2013; Arensdorf et al.
2013). As part of a protective response, increased intracel-
lular Na* concentration decreases both ENaC open prob-
ability and expression at the cell surface (Kashlan and
Kleyman 2012), thereby averting excessive Na* entry into
cells. This may hold particularly true for renal medullary
cells of dehydrated animals since an efficient urinary con-
centrating mechanism is accompanied by hypoxia (Brezis
et al. 1989). It is therefore conceivable that hyperosmotic
activation of the UPR might contribute to the protective
response by decreasing ENaC abundance. Our data reveal
that hyperosmolality does not immediately decrease ENaC
abundance. Instead, it gradually decreases over time fol-
lowing challenge. This indicates that the transient increase
of UPR signaling by hyperosmolality is sufficient to
induce de novo gene transcription, as corroborated by
our pharmacological data. This may involve upregulated
activity of complexes that repress ENaC gene transcrip-
tion, like those reported to repress ENaCo gene transcrip-
tion (Zentner et al. 2001; Zhang et al. 2006, 2006, 2007).
Alternatively, the UPR may also decrease transcription of
factors that degrade ENaC mRNA. Increased abundance
of ENaCffi mRNA by actinomycin D point to this possi-
bility, at least for this subunit. In this respect, modulation
of ENaC abundance by microRNA might be particularly
pertinent, as illustrated by the effects of hyperosmolality
on the cellular abundance of numerous miR (Huang et al.
2011).

In conclusion, our study provides strong evidence that
hyperosmolality attenuates ENaC abundance. This at least
partly relies on transient activation of PERK and ATF6.
The effects of hyperosmolality are partly abrogated by
chemical attenuation of ER stress, depleted expression
of UPR transducers and inhibition of transcriptional
activity. These observations reveal a role for the UPR in

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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uncoupled AQP2 and ENaC abundance that would allow
the OMCD to re-equilibrate water and salt excretion
under conditions of electrolyte imbalance.
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Hyperosmotic stress profoundly challenges cellular homeostasis and induces endoplasmic reticulum stress. We show that
hyperosmolality triggers a unfolded protein response response in kidney collecting duct principal cells that decreases ENaC
abundance. This may help preserve body fluid homeostasis under conditions of dehydration by uncoupling AQP2 and
ENaC abundance in outer medullary CD.





