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Abstract Thiazolidinediones (TZDs) are peroxisome
proliferator-activated receptor gamma (PPARYy) agonists
used to treat type 2 diabetes. TZD treatment induces side
effects such as peripheral fluid retention, often leading to
discontinuation of therapy. Previous studies have shown
that PPARy activation by TZD enhances the expression or
function of the epithelial sodium channel (ENaC) through
different mechanisms. However, the effect of TZDs on
ENaC activity is not clearly understood. Here, we show
that treating Xenopus laevis oocytes expressing ENaC and
PPARy with the TZD rosiglitazone (RGZ) produced a
twofold increase of amiloride-sensitive sodium current
(lam), as measured by two-electrode voltage clamp. RGZ-
induced ENaC activation was PPARy-dependent since the
PPARy antagonist GW9662 blocked the activation. The
RGZ-induced Jam increase was not mediated through
direct serum- and glucocorticoid-regulated kinase (SGK1)-
dependent phosphorylation of serine residue 594 on the
human ENaC o-subunit but by the diminution of ENaC
ubiquitination through the SGKI1/Nedd4-2 pathway. In
accordance, RGZ increased the activity of ENaC by
enhancing its cell surface expression, most probably indi-
rectly mediated through the increase of SGK1 expression.
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Abbreviations
ENaC Epithelial sodium channel

PPARy Peroxysome proliferator-activated receptor y
TZDs Thiazolidinediones

RGZ Rosiglitazone

GW9662  2-Chloro-5-nitrobenzanilide

SGK Serum- and glucocorticoid-regulated kinase
TEVC Two-electrode voltage clamp technique
Introduction

Thiazolidinediones (TZDs), including the FDA-approved
rosiglitazone (RGZ) and pioglitazone (PGZ), are peroxi-
some proliferator-activated receptor gamma (PPARY)
agonists drugs clinically used to treat type 2 diabetes
mellitus (T2DM). The antidiabetic TZD drugs were found
to be high-affinity PPARy ligands that activate PPARy and
increase insulin sensitivity (Forman et al. 1995; Lehmann
et al. 1995; Willson et al. 2001). However, TZD-induced
fluid retention seen in T2DM patients is an unwanted side
effect mediated by PPARy in the distal nephron, often
leading to the discontinuation of therapy (Guan et al. 2005;
Ruan et al. 2008; Tontonoz and Spiegelman 2008; Zhang
et al. 2005). In 4-15% of T2DM TZD-treated patients,
excessive renal Na' reabsorption in the distal nephron
increases blood volume, leading to fluid retention that can
progress into pulmonary edema and congestive heart fail-
ure (Fuchtenbusch et al. 2000; Hirsch et al. 1999; Thomas
and Lloyd 2001; Yang and Soodvilai 2008; Zhang et al.
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2005). Alternative splicing and differential promoter usage
are responsible for the generation of three different PPARY)
transcripts: PPARy1, PPARy2 and PPARy3 (Fajas et al.
1997, 1998). Compared to PPARy2, PPARyl mRNA is
highly expressed in the human kidney and shows a more
ubiquitous expression pattern across tissues (Fajas et al.
1997). More specifically, PPARy was found to be localized
in the aldosterone-sensitive distal nephron (Guan et al.
1997; Hong et al. 2003).

The amiloride-sensitive epithelial sodium channel
(ENaC) is implicated in TZD-induced fluid retention in the
aldosterone-sensitive distal nephron (ASDN), composed of
the collecting duct (CD), the distal convoluted tubule
(DCT) and the connecting tubule (CNT) (Guan et al. 2005;
Nofziger et al. 2005; Zhang et al. 2005). Besides, the fine
Na" absorption regulation is done in the ASDN, where
ENaC activity is the rate-limiting step for transepithelial
Na transport and the CNT may even contribute more than
the cortical collecting duct (CCD) to the maintenance of
body Na™ balance (Frindt and Palmer 2004; Loffing and
Korbmacher 2009; Zacchia et al. 2008). The ENaC is a
protein complex composed of three homologous subunits
(o, B, y) encoded by three different genes (Canessa et al.
1993, 1994). Recent studies in rats and mice have shown
that TZDs cause an increase in the expression of ENaC
subunits and in the amiloride-sensitive Na™ absorption in
cultured CDs through a PPARy-dependent pathway (Guan
et al. 2005; Riazi et al. 2006). However, the mechanisms
responsible for the increase in the activity of this channel
still have to be unraveled.

Na™ transport through the ENaC is regulated by many
different mechanisms, of which ubiquitination plays a
major role. Following ubiquitination of the ENaC by the
E3 ubiquitin ligase Nedd4-2 (neural precursor cells
expressed developmentally downregulated), which inter-
acts with the C-terminal PY motif (PPPXY) of the f# and
7y subunits, the ENaC is removed from the cell membrane
by endocytosis (Abriel et al. 1999; Kamynina et al. 2001;
Staub et al. 1997). The discovery of the mutations in
human ENaC (hENaC) subunits linked to Liddle’s syn-
drome, causing arterial hypertension due to excessive
Na™" reabsorption (Freundlich and Ludwig 2005; Hansson
et al. 1995; Lifton 1996), led to the discovery that
Nedd4-2 ubiquitination is indisputably important for the
regulation of ENaC cell surface expression. In Liddle’s
syndrome, ENaC ubiquitination by Nedd4-2 is inhib-
ited due to mutations causing loss of the PY motifs or
C-terminal truncation from f§ and y ENaC subunits, thus
preventing Nedd4-2 binding and increasing ENaC
expression at the cell surface (Shimkets et al. 1994; Staub
et al. 1996).

Another important molecular partner in ENaC regula-
tion is serum- and glucocorticoid-regulated kinase (SGK1),
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a serine-threonine kinase expressed in the distal nephron
(Saad et al. 2009; Vallon and Lang 2005). With two dif-
ferent SGK1 knockout mouse lines, it was shown that
SGK1~"~ mice exhibited a salt-wasting phenotype when
challenged with a low-Na* diet (Fejes-Toth et al. 2008;
Wulff et al. 2002). SGK1 can act on the ENaC either
indirectly through Nedd4-2 or directly. Phosphorylation of
Nedd4-2 at serine residue 444 by SGK1 favors its binding
to 14-3-3 proteins, thus reducing the binding of Nedd4-2 to
the ENaC and its ubiquitination, which results in an
increase in Na™ transport (Bens et al. 2006; Debonneville
et al. 2001; Lee et al. 2008; Snyder et al. 2002). Further-
more, using gene-targeted mice lacking SGKI1, Artunc
et al. (2008) found that RGZ treatment increases renal
SGKI1 expression, which contributes to fluid retention (see
also Wulff et al. 2002). Consequently, side effects observed
in TZD-treated T2DM patients suggest an alteration of Na™*
and water reabsorption via SGKI1. The direct action of
SGKI1 on ENaC is thought to be accomplished through the
phosphorylation of a serine residue (Ser621) in the
C-terminal part of the rat ENaC o-subunit (Ser594 in
hENaC), a state that increases its channel activity (Diakov
and Korbmacher 2004).

Furthermore, in human CCD cells the PPAR) agonist
RGZ stimulates SGK1 transcription through PPAR?y acti-
vation, leading to increased SGKI1 activity followed by a
quick increase of «ENaC expression at the cell surface
(translocation of existing ®ENaC) and later an increase in
oENaC transcription and translation (Hong et al. 2003).
Transcriptional activation of SGK1 is due to the heterodi-
mer PPAR)/RXR (retinoic X receptor) binding a consensus
PPAR response element (PPRE) sequence in the SGKI1
promoter region (Hong et al. 2003). Many studies have
implicated the ENaC in TZD-induced fluid retention. Using
in vivo the ENaC-specific blocker amiloride or inactivating
PPARy in the CD, Guan et al. (2005) and Zhang et al.
(2005) were able to counteract the increase in weight due to
water retention. The important role of the ENaC in TZD-
induced fluid retention was further confirmed in humans
when polymorphisms in the ENaC f-subunit were associ-
ated with this side effect (Spraggs et al. 2007).

In the present study, our aim was to determine whether
RGZ induces an increase of ENaC activity in a PPARy1-
dependent or -independent manner and to unravel the
mechanisms implicated in this regulation. Amiloride-sen-
sitive sodium current (/am) recordings using two-electrode
voltage clamp (TEVC) were performed in Xenopus laevis
oocytes expressing hENaC o, f and y subunits in the
presence or absence of human PPARyl (hPPARy1) and
treated or not with RGZ. RGZ treatment increased the Jam
by twofold in a PPARy1-dependent manner. Subsequently,
we showed by mutating the SGK1-dependent phosphory-
lation site on serine residue 594 in the hENaC o-subunit
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that targeting by SGKI1 is not the mechanism responsible
for the observed RGZ-induced /am increase. Nonetheless,
using Liddle ENaC channels, Nedd4-2 and immunocyto-
chemistry, our data showed that the RGZ-induced /am
increase is most likely achieved through the inhibition of
ENaC ubiquitination, thus increasing the presence of ENaC
in the cell membrane. We showed that RGZ seems to
stimulate ENaC-mediated /am through the SGK1/Nedd4-2-
dependent pathway since it increased SGK1 expression.
Finally, we have shown that RGZ-induced /am stimulation
is correlated with an increase of ENaC expression at the
cell surface. Thus, this work confirms that the ENaC is a
target in TZD side effects.

Materials and Methods
Molecular Biology

Wild-type (wt) hENaC o (accession number NM_001038),
B (accession number NM_000336) and y (accession num-
ber NM_001039) subunits were subcloned into Psport
vector (Invitrogen, Burlington, Canada). hPPARYy1 (acces-
sion number NM_138712), generously provided by M.-F.
Langlois (Service of Endocrinology, CHUS, FMSS, Uni-
versity of Sherbrooke), was subcloned into Psd5 vector
(Invitrogen). Nedd4-2 (accession number AJOO0O85) and
Nedd4-2 CS (inactive Nedd4-2 mutant), generously pro-
vided by O. Staub, were subcloned into pSDeasy (Invit-
rogen). Linearized vectors were in vitro transcribed using
T7 (hENaC subunits) or SP6 (hPPARy1, Nedd4-2) RNA
polymerase (Promega, San Luis Obispo, CA) according to
the manufacturer’s instructions. Site-directed mutagenesis
was performed using the pfu turbo DNA polymerase
according to the manufacturer’s instructions (Stratagene,
La Jolla, CA). Thirty nucleotide sense and antisense
primers encoding mutations in the center of the sequence
were used. To generate S594,A hENaC o-subunit, mutagenic
forward (5'-GAAGCCGATACTGGGCTCC AGGCCGAG
GGG-3') and reverse (5-CCCCTCGGCCTGGAGCC
CAGTATCGGCTTC-3') primers were used to introduce a
single-nucleotide substitution. The same strategy was
applied to generate YgyoA hENaC f-subunit using the
forward (5'-CCCGCCCCCCAACGCTGACT CCCTGCG
TCT-3') and reverse (5-AGACGCAGGGAGTCAGCGT
TGGGGGGCGGG-3') primers. After 30-cycle PCRs,
parental cDNA was degraded using Dpnl methylated spe-
cific restriction enzyme (Promega). All mutations were
confirmed by sequencing (University Core DNA Services,
Calgary, Canada). Plasmids encoding mutant o and
f subunits were processed as described for wt hENaC
subunits.

Expression of Wild-Type and Mutant Human ENaC,
PPARy1 and Nedd4-2 in X. laevis Oocytes

In vitro transcribed complementary RNA (cRNA) of wt
hENaC f and y and wt or mutant (Sso4A) o subunits of
hENaC were injected with or without PPARy1 cRNA into
stage V/VI Xenopus oocytes as described elsewhere
(Chraibi et al. 1998). Briefly, 1.6 ng of each ENaC subunit
cRNA and 10 ng of hPPARy1 cRNA were injected per
oocyte in a total volume of 100 nl of water. We investi-
gated whether SGK1 acts directly on the ENaC by phos-
phorylating and interacting with serine residue 594 in the
o-subunit (xSso4A). To investigate the implication of
Nedd4-2 in PPARy-induced ENaC activation, we first
generated a Liddle mutant in the f-subunit (fYg0A). In
vitro transcribed cRNA of wt hENaC o and ) subunits and
either wt mutant (fY¢,0A) f-subunit were injected with or
without hPPARy1 cRNA into stage V/VI Xenopus oocytes.
In a total volume of 100 nl of water, 1.6 or 0.16 ng of each
ENaC subunit cRNA (5 or 0.5 ng of total hENaC cRNA)
and 10 ng of hPPARy1 cRNA were injected per oocyte. In
another series of experiments, we injected 5 ng of wt or
catalytically inactive Nedd4-2 mutant (CS) cRNA, together
with 5 ng total hENaC cRNA and 10 ng of hPPARyl.
Following collection and selection, oocytes were incubated
at 18.5°C in a low-temperature incubator (Fisher Scientific,
Ottawa, Canada) with either DMSO (as a control) or
10 uM of 2-chloro-5-nitrobenzanilide (GW9662; Sigma-
Aldrich, Oakville, Canada) in a modified Barth solution (in
mM: NaCl 85.00, KCI 1.00, NaHCO;5 2.40, MgSO, 0.82,
CaCl, 0.41, Ca[NOs], 0.33, HEPES 16.3 and NaOH 4.08)
during 24 h before cRNA injection. Injected oocytes were
treated with either 10 pM of RGZ (Molekula, Gilligham,
UK) and/or 10 pM of GW9662 in a low-Na® modified
Barth solution (in mM: NaCl 10, MgS0O, 0.82, CaCl, 0.41,
Ca[NOs], 0.33, N-methyl-p-glucamine [NMDG]-CI 80.00,
NMDG-HEPES 5.00 and KCI 2.00) and incubated at
18.5°C. The low-Na™ modified Barth medium was chosen
to prevent excessive Na® loading during the time needed
for ENaC expression. Electrophysiological experiments
were performed 2 days after cRNA injection.

Electrophysiological Measurements in Whole Oocytes

Iam was measured using TEVC as described elsewhere
(Renauld et al. 2008; Renauld and Chraibi 2009). Briefly,
Iam was measured with a Dagan (Minneapolis, MN) TEV
voltage-clamp apparatus at room temperature (RT) by
applying 10-mV pulses, each of 500 ms duration and
delivered between —100 and +50 mV. Perfusion solution
contained (in mM) Na-gluconate 100.0, CaCl, 0.4, MgCl,
0.8, BaCl, 5.0, tetraethylammonium (TEA) chloride 10.0
and NMDG-HEPES (pH 7.4) 10.0. Low CI™ concentration
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and K" channel blockers (barium and TEA, Sigma-
Aldrich) were used to reduce the background membrane
conductance. Extracellular solutions flowed under gravity
at a flow rate of 6-8 ml/min. Current signals were filtered
at 20 Hz using the internal filter of the Dagan apparatus
and continuously recorded and sampled at 1,000 Hz
with pPCLAMP 10 Software (Axon Instruments, Sunnyvale,
CA).

Immunoblotting

Following electrophysiological readings, measured
(n = 3-6) and unmeasured X. laevis oocytes were pooled
(n = 15) and stored on ice. Oocytes were centrifuged
(1 min, 750x g at RT), and the supernatant was discarded.
Pelleted oocytes were lysed on ice by adding 375 pl of lysis
buffer (100.0 mM NaCl, 50.0 mM Tris—HCI [pH 7.5],
40 mM f-glycerophosphate, 50 mM NaF, 5% glycerol, 1%
Triton X-100, 200 uM sodium orthovanadate and 5.0 mM
EDTA) containing the complete EDTA-free protease
inhibitor cocktail (Roche Diagnostics, Laval, Canada).
Oocytes were disrupted three times using a P1000 pipetman
within 15 min. Oocyte homogenates were then centrifuged
(10 min, 10,000x g at 4°C). Supernatants containing lipids
were discarded, and proteins in the lower phase were col-
lected and stored at —80°C. Protein concentrations were
determined using the Bradford protein assay method.
Equivalent total protein amounts (40-60 pg/sample) solu-
bilized in 1 x Laemmli sample buffer (10% glycerol, 5% f-
mercaptoethanol, 2.3% SDS, 62.5 mM Tris—HCI [pH 6.8]
and 0.1% bromophenol blue) were subjected to SDS-PAGE
and Western blot analysis. Following electrotransfer to Hy-
bond-ECL membranes (GE Healthcare, Piscataway, NJ)
using standard protocol, the membranes were blocked for 1 h
at RT in TBS containing 0.1% Tween-20 (TBST) and 5%
skimmed milk. The membranes were cut into two parts,
according to the different molecular weights of the proteins
of interest (PPARy1, M, ~ 57 kDa; SGK1, M, ~ 56 kDa)
and GAPDH (M, ~ 37 kDa). Each part was hybridized with
its respective specific primary and secondary antibodies. The
antibodies used were rabbit polyclonal anti-PPARy1 (1:500;
Cayman Chemical, Ann Arbor, MI), rabbit polyclonal anti-
SGKI1 (1:1,000; Abcam, Cambridge, MA), rabbit polyclonal
anti-GAPDH (1:1,000, Abcam) and HRP-linked sheep anti-
rabbit IgG secondary antibody (1:5,000; AbD Serotec,
Raleigh, NC). Primary antibodies were diluted in blocking
solution and hybridized overnight at 4°C. Membranes were
washed five times (10 min each) in TBST and hybridized
(1 h at RT with gentle shaking) with the appropriate HRP-
conjugated secondary antibody diluted in blocking solution.
After five washes in TBST, proteins were subjected to
Western Lightning Chemiluminescence Reagent Plus
(Perkin-Elmer, Woodbridge, Canada) and detected on
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Amersham Hyperfilm ECL (GE Healthcare). After
detection, membranes were stained with Ponceau S (Sigma-
Aldrich, Oakville, Ontario, Canada), to confirm protein
loading equivalence. Densitometric analysis of the protein of
interest normalized with GAPDH was performed with Ima-
gel software (Abramoff et al. 2004).

Immunocytochemistry

Oocytes were fixed for 30 min in ethanol/acetic acid
solution (95:5) at RT 48 h after cRNA injection. Oocytes
were rehydrated in 50% PBS/50% fixative solution for
15 min and washed 2 x 15 min in PBS. Samples were
permeabilized in PBS 4 0.5% Tween-20 for 10 min.
Nonspecific sites were blocked with 10% BSA fraction V
in PBS for 1 h at RT. Oocytes were then incubated over-
night at 4°C with anti-aENaC goat polyclonal antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1/500
in PBS + 0.1% Tween-20, 1% BSA fraction V. After five
washes in PBS (5 x 5 min), oocytes were incubated for
1 h at RT with Alexa Fluor 488 donkey anti-goat antibody
(Invitrogen) diluted 1/1,000 in PBS + 0.1% Tween-20, 1%
BSA fraction V. Oocytes were then washed five times in
PBS. Oocytes were examined with a Fluoview Confocal
Scanning System FV1000 (Olympus, Markham, Canada,
mounted on an Olympus IX-81 microscope). Alexa Fluor
488 fluorophore was imaged using 488 nm excitation and a
green bandpass emission filter. Images were analyzed with
Metamorph 7 software (Molecular Devices, Sunnyvale,
CA).

Statistical Analysis

Data are presented in the text and in the figures as means £
SEM, and differences were considered statistically signif-
icant at the 95% confidence level (P < 0.05). One-way
ANOVA with Tukey’s or Dunnett’s multiple comparison
posttest, as indicated in the figure legends, and two-way
ANOVA were performed using Prism, version 5.02 for
Windows (GraphPad Software, San Diego, CA).

Results

RGZ Stimulates ENaC-Mediated Na* Transport
in a PPARy-Dependent Manner

We investigated whether RGZ affects Na™ transport
through ENaC in a PPARyl-dependent or -independent
manner. Thus, /am was measured 48 h after X. laevis
oocytes expressing wt hENaC alone or together with
hPPARy1 were treated with 10 uM of RGZ. In Fig. la,
recordings of representative traces of macroscopic currents
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are presented. When comparing the currents recorded from
the control oocyte (DMSO) in the top part and following its
perfusion with amiloride (10 pM) in the middle part of both
conditions, we can conclude that the currents recorded are
specific to ENaC since amiloride is able to block it. The
bottom parts of the recordings show that this block is
reversible after amiloride is washed out from the oocyte. As
shown with -V curves in Fig. 1b (top), a 48-h RGZ
treatment did not increase /am in oocytes expressing hE-
NaC alone. However, the same 48-h RGZ treatment
increased /am in oocytes expressing both hENaC and
hPPARy1 (Fig. 1b, bottom). The fact that this activation
was completely abolished by pretreating oocytes with
10 uM of GW9662, an irreversible TZD antagonist

Fig. 1 RGZ stimulates ENaC- a

mediated Na™ transport in a hENaC+hPPARy1+DMSO
PPARy-dependent manner.

a Representative tracings of
macroscopic current obtained

from oocytes expressing hENaC %_ f o 8

and hPPARy1 treated with
DMSO or RGZ. In both DMSO
and RGZ conditions, pulses
were applied on an oocyte in the
presence of control solution

10 uM amiloride

(Collino et al. 2005; Pavlov et al. 2009), before adding
RGZ confirms that this activation is promoted through
PPARy (Fig. 1b, bottom). Analysis of the data at —100 mV
showed that RGZ induced a twofold increase of /am when
compared to the DMSO-treated control group (Fig. 1c).
DMSO-treated oocytes produced an Jam of 7.27 £
1.09 pA compared to 14.24 £+ 0.80 pA in RGZ-treated
oocytes (n = 5, 5-8 oocytes per n). As seen in Fig. 1b, this
activation was abolished by performing a GW9662
(10 pM) pretreatment on RGZ-treated oocytes, whereas
GW9662 alone did not affect Jam (Fig. 1c). As shown in
Fig. 1c, immunoblot analysis confirmed the presence of
hPPARyl protein only in hPPARyl cRNA-injected
oocytes. Taken together, these results confirmed that RGZ

(top), followed by 10 uM of
amiloride (middle) and then
after amiloride was washed out
(bottom). I-V curves for Jam
from oocytes expressing (b, top)
hENaC alone (n = 5, 5-8
oocytes per n) or (b, bottom)
with hPPARy1 (n = 5, 5-8
oocytes per n) and treated with
DMSO (control), RGZ, the
antagonist GW9662 and RGZ
with GW9662. (¢, top)
Representation of /am measured

Wash

,?Tss
ALY

hENaC+hPPARy1+RGZ

Control

-—
|

Eea

at =100 mV from oocytes
shown in b. (¢, bottom)

Immunoblot analysis showing v
the presence of PPARYy protein \
. . \
in cRNA-injected oocytes "

(n = 2, 15 oocytes per n). These
results show that RGZ-induced
Tam stimulation is PPARy-
dependent. RGZ induced a
1.9-fold increase of /am in

10 uM amiloride

oocytes expressing hPPARy1, Wash
and this activation was ;
antagonized by GW9662. f — \

* P < 0.05, one-way ANOVA
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induced the activation of hENaC in a specific hPPARYy-
dependent manner.

Direct Phosphorylation of «®ENaC Serine Residue 594
by SGK1 is not Essential for RGZ-Induced /am
Increase

To determine whether RGZ stimulation of ENaC is medi-
ated by SGKI1 direct phosphorylation of oENaC serine
residue 594, PCR-directed mutagenesis was performed in
the SGK1 consensus binding site located in the C terminus
of the hENaC o-subunit («Ss94A). The wt or mutated
o-subunit was coexpressed with hENaC f and y subunits
and hPPARy1. Jam measured at —100 mV showed for the
wt channels that RGZ treatment induces a 1.6-fold increase
compared to the Jam generated by oocytes from the
DMSO-treated control condition (Fig. 2, left). The wt
channels produced an Jam of 8.22 4+ 0.88 pA in the
DMSO-treated and 13.15 £ 1.11 pA in the RGZ-treated
oocytes (n = 3, 5-7 oocytes per n). As seen with the wt
channels, RGZ treatment induced a 1.7-fold increase of
Iam with the mutated ENaC (aSso4A fy) (Fig. 2, right).
Mutated channels produced an /am of 7.59 + 0.91 pA in
the DMSO-treated and 13.10 & 0.85 pA in the RGZ-trea-
ted oocytes (n = 3, 5-7 oocytes per n). Statistical analysis
did not reveal significant differences between RGZ-
induced Jam activation in wt and mutant channels. These
results contradict the hypothesis that RGZ-induced Jam
increase is caused by SGKI1 direct phosphorylation of
oENaC serine residue 594.

CJIDMSO
Bl RGZ 10 yM
% *
154
_ 104
E! L T
g
=
54
0 T I
afy hENaC o SsosA, By hENaC
hPPARy1 hPPARy]1

Fig. 2 Direct phosphorylation of ENaC by SGKI1 is not essential for
RGZ-induced Jam increase. /Jam measured at —100 mV in oocytes
expressing PPARy1 and wt or Sso4A-ENaCa together with f# and y
subunits and treated with DMSO as a control or RGZ. The RGZ-
induced /am increase was not significantly different between condi-
tions. * P < 0.05 compared to DMSO treatment, two-way ANOVA
with Bonferroni posttest
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RGZ Increases Jam Through Inhibition of ENaC
Ubiquitination

To determine whether inhibition of ENaC ubiquitination,
resulting in enhanced cell surface presence, contributes to
the observed RGZ-induced /am stimulation, we generated a
single mutation (Ygy0A) in the PY motif of the hENaC
f-subunit known to be involved in Liddle’s syndrome in
humans. Snyder et al. (1995) found that this mutation
increased Jam by 1.85-fold compared with 1.61-fold when
the C-terminal domain of hENaC f-subunit (fRs¢6X) was
truncated. Thus, we coexpressed fY¢0A mutant in X. la-
evis oocytes together with hENaC o and y subunits and
hPPARy1. As anticipated, in the control oocytes (DMSO-
treated) Liddle channels generated a 1.9-fold increase of
macroscopic /am compared to wt hENaC channels (Fig. 3).
Furthermore, RGZ treatment did not increase macroscopic
Iam in oocytes expressing Liddle channels, whereas a
significant increase was measured in wt hENaC expressing
oocytes (Fig. 3). Since these results pointed toward an
increase of Liddle channel density at the membrane, we
investigated whether the lack of RGZ-induced activation
was due to Liddle channel saturation at the membrane.
Therefore, oocytes were injected with 10 times less hENaC
cRNA (ay wt and f wt or Y ¢0A mutant) than previously
injected but with the same amount of hPPARy1 cRNA. As
shown in Fig. 3, reducing the amount of cRNA injected
produces similar results as when injections were done with

§

200 1

CJDMSO

|i| |&| Il RGZ 10 yM
T
154
Z 104 |—§|
k] % NS
) i ’l‘ l
0 1 1 |_-Lll I
wt B Ye20A wt B Ye20A
5 ng hENaC cRNA 0.5 ng hENaC cRNA
10 ng hPPARYy1 10 ng hPPARy1

Fig. 3 RGZ does not enhance the activity of Liddle ENaCs. Jam
measured at —100 mV in oocytes expressing wt or Liddle channels.
Each oocyte was injected with the cRNA of PPARyl (constant
quantity) and hENaC « and y subunits with either wt or Liddle mutant
Ye20A-hENaC f-subunit. When comparing DMSO controls, in both
injection conditions (5 and 0.5 ng of total hENaC cRNA), Liddle
channels generated larger /am than wt channels. RGZ treatment
induced an increase of /am only when wt channels were expressed in
oocytes. * P < 0.05 compared to DMSO treatment; ® P < 0.05
compared to wt, two-way ANOVA with Bonferroni posttest
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10 times more cRNA. As a matter of fact, the Liddle
channel macroscopic /am was still higher than the Jam
recorded with wt hENaC channels (5.16 & 1.02 and
2.40 £ 0.50 pA, respectively), and RGZ produced an
increase of Jam only in oocytes expressing wt channels
compared to DMSO controls (Fig. 3). These results suggest
that RGZ treatment increases ENaC activity, likely by
diminishing Nedd4-2-mediated ENaC ubiquitination, a
pathway involving the phosphorylation of Nedd4-2 by
SGKI.

To test this hypothesis, we expressed wt or catalytically
inactive Nedd4-2 mutant (CS) together with hENaC and
hPPARy1. As shown in Fig. 4, expression of wt Nedd4-2
strongly diminished /am (1.46 + 0.22 pA) compared with
oocytes expressing hENaC and hPPARy1 alone (control
oocytes) (11.26 & 1.26 pA). This effect is consistent with
previous reports that showed a negative regulation of
ENaC by Nedd4-2. This regulation is dependent on the
presence of the PY motifs of ENaC and on Nedd4-2
with ubiquitin-protein ligase activity (Abriel et al. 1999;
Kamynina et al. 2001). RGZ treatment of oocytes
expressing Nedd4-2 (with hENaC and hPPARy1) still
produces a strong increase of amiloride-sensitive sodium
current. In contrast, expression of the inactive Nedd4-2
mutant (CS) resulted in a twofold increase in /Jam com-
pared to control oocytes. In oocytes expressing Nedd4-2
mutant, RGZ treatment did not significantly increase Jam
compared with the DMSO-treated group. Altogether, these
results strongly indicate that RGZ increases the amiloride-

CIDMSO
M RGZ 10 uM
251 = NS
* [
[—
T
< 15
£
< 10 %
[—
| I i
0 , . .
hENaC + + +
hPPARy1 + + +
Nedd4-2 wt - + -
Nedd4-2 CS - - +

Fig. 4 RGZ stimulates ENaC activity through Nedd4 inhibition. /am
was measured at —100 mV in oocytes expressing hENaC and
hPPARyl alone or together with wt or mutant Nedd4-2 (CS)
(n = 3, 7 oocytes per n). Expression of wt Nedd4-2 decreased /am
compared to control condition and 48-h RGZ treatment stimulated
ENaC activity as described previously. Expression of Nedd4-2 mutant
slightly increased ENaC activity and 48-h RGZ treatment did not
change Jam intensity. * P < 0.05, one-way ANOVA with Tukey’s
posttest

sensitive sodium current through inhibition of ENaC
ubiquitination.

RGZ Increases ENaC Expression at the Plasma
Membrane

Since RGZ treatment seemed to increase ENaC activity
through the diminution of Nedd4-2-mediated ENaC ubig-
uitination, we sought to determine whether the observed
RGZ-induced Jam stimulation was correlated with an
increase of hENaC expression at the cell surface. Conse-
quently, immunocytochemical experiments were per-
formed on the hENaC «-subunit as a representation of the
whole channel. Figure 5 shows ENaC o expression of
noninjected oocytes (a) and hENaC and hPPARyl
expressing oocytes treated with DMSO (b) or 10 uM of
RGZ (c). The results shown in Fig. 5 are representative of
three biological replicates in which four oocytes per
treatment were analyzed. As expected, hENaC « was not
detected at the plasma membrane in noninjected oocytes
(Fig. 5). In DMSO-treated oocytes, hENaC « was detected
at a low level at the plasma membrane. However, RGZ
induced a 2.98-fold increase & 0.45 of a-subunit at the cell
membrane (Fig. 5d). Oocytes incubated only with the
secondary antibody, as a negative control, did not show any
hENaC o expression (data not shown). RGZ treatment did
not affect background fluorescence measured in nonin-
jected oocytes (Fig. 5d). These results suggest that the
RGZ-induced /am increase is due to an increase of ENaC
expression at the plasma membrane, in accordance with a
diminution of Nedd4-2-mediated ENaC retrieval.

RGZ Increases ENaC Activity Through SGK1
Expression

Next, we tested whether PPARy) activation by RGZ treat-
ment could increase the expression of SGK1, which would
indirectly increase ENaC activity through Nedd4-2. We
collected oocytes at different time points following hENaC
and hPPARy1 cRNA injection (0, 6, 12, 24, 30, 36 and
48 h) to detect hPPARy1 and endogenous SGK1 proteins.
As shown in Fig. 6 a and b, hPPARy1 protein could be
detected as soon as 6 h postinjection and densitometric
analysis revealed a high level of protein expression over
the whole time course. In oocytes treated with DMSO,
SGKI1 protein expression was slightly decreased over time
even if hPPARyl expression was increased (Fig. 6c, e).
Interestingly, in oocytes treated with RGZ, SGK1 protein
expression was increased significantly 12 h postinjection,
6 h after an increase of hPPARy1 expression was detected
(Fig. 6d, e). These results suggest that increased SGK1
expression could be responsible for the observed RGZ-
induced ENaC activity increase.
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Fig. 5 RGZ increases hENaC o-subunit expression at the plasma
membrane. Representative confocal images of a a noninjected oocyte
treated with DMSO, b an oocyte treated with DMSO expressing
hENaC and hPPARy1 and ¢ an oocyte treated with RGZ expressing
hENaC and hPPARy1. Noninjected oocytes did not show any ENaCa
expression (a). In oocytes expressing hENaC and hPPARyl, RGZ

Discussion

PPARy agonists are therapeutic drugs used to improve
insulin sensitivity in T2DM. One major side effect is renal
fluid retention, which is thought to be secondary to ENaC
activation in the ASDN. Our data provide evidence that the
PPARy agonist RGZ increases human ENaC-mediated Na™
transport (Fig. 1). This activation was abolished by the
PPARy antagonist GW9662. Furthermore, Xenopus PPARy
was undetectable in uninjected oocytes, strengthening the
PPARy dependence of the RGZ-induced /am increase.
Also, we wanted to decipher the mechanism by which
RGZ stimulates Jam, and SGK1 appeared to be part of an
interesting pathway to investigate. ENaC activity can be
increased by the serine-threonine kinase SGK1 through the
putative phosphorylation of a serine residue in the SGK1
consensus motif (;sRSRYWSg,,) located in the C-termi-
nal part of ENaC o-subunit (rENaCa) (Diakov and Kor-
bmacher 2004; Vallon and Lang 2005). In this study, we
showed that the direct action of SGK1 on serine residue
594 of hENaCo (S¢,; in tTENaCa) is not a mechanism by

@ Springer

treatment (c) increased hENaC o-subunit expression at the plasma
membrane compared to DMSO control (b). Fluorescence in arbitrary
units (A.U.) shows a 2.98-fold & 0.45 increase of ENaCu expression
in RGZ-treated oocytes (d) (n = 2, 3-4 oocytes per n). Scale
bar = 200 um. The same parameters were used for all images.
** P < 0.001, two-way ANOVA with Bonferroni posttest

which the RGZ-induced Jam increase can be explained
(Fig. 2). Actually, mutating the SGK1 consensus binding
site on hENaCa did not abrogate the RGZ-induced Jam
increase in PPARy1-injected oocytes. The same mutation
at a homologous site in rENaCua (Sg>;A) was used to show
that direct action of SGKI on ENaC is accomplished
through the phosphorylation of a serine residue in the
C-terminal part of rENaCa. Moreover, it has been found in
X. laevis oocytes heterologously expressing ENaC that the
serine residue 621 was essential for the activation of ENaC
by SGK1, most probably through phosphorylation of this
residue (Diakov and Korbmacher 2004). However, from
our results, we can conclude that direct phosphorylation of
hENaCu serine residue 594 by Xenopus SGK1 would not
be the mechanism responsible for the RGZ-induced
increase of ENaC conductance in the X. laevis oocyte
expression system. In accordance with these results,
another group has found, by deleting all three ENaC sub-
unit C-termini, that in X. laevis oocytes the SGK-induced
Na® current is not mediated via direct phosphorylation
(Alvarez de la Rosa et al. 1999). Nevertheless, N-terminal
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Fig. 6 RGZ increases ENaC
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activity through SGK1
expression. a Representative
immunoblot of PPARy1
expression in oocytes injected
with each wt hENaC subunit
cRNA and PPARy1 cRNA.

b Densitometric analysis of
hPPARy1 protein expression
shows an increase of protein
amount 6 h after cRNA
injection (n = 5, 15 oocytes per
n). Representative immunoblots
of SGK1 protein expression in
oocytes injected with each wt
hENaC subunit cRNA and
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phosphorylation of Ser/Thr residues in the ENaC «-subunit
could be linked to ENaC activation by SGK1 (Alvarez de
la Rosa et al. 1999).

Following these negative results, we sought to determine
whether inhibition of Nedd4-2-mediated ENaC retrieval by
ubiquitination could be the mechanism by which RGZ
stimulates /am. Cell surface expression of ENaC can be
controlled by Nedd4-2, which ubiquitinates ENaC sub-
units, resulting in its internalization and degradation (Staub
et al. 1997; Staub and Verrey 2005). The proposed model
for the regulation of ENaC by SGK1 and Nedd4-2 is that
SGKI1 would phosphorylate Nedd4-2 on serine residue 444
(PY motif/WW domain interaction), triggering Nedd4-2
binding to 14-3-3 proteins, thus preventing Nedd4-2
interaction with the ENaC (Bens et al. 2006; Debonneville
et al. 2001; Lee et al. 2008; Snyder et al. 2002; Staub and
Verrey 2005). Without ubiquitination, the ENaC accumu-
lates at the cell surface, indicating that SGK1 can indirectly
stimulate ENaC Na™ transport activity through Nedd4-2 by
increasing its membrane expression (Debonneville et al.
2001; Staub and Verrey 2005; Thomas and Itani 2004). In
Liddle’s syndrome, ENaC ubiquitination by Nedd4-2 is
inhibited due to mutations that remove the PY motif of
ENaC f and/or 7y subunit, preventing Nedd4-2 binding and,

SGKI “'q,g. <56 kDa

30 36 48(h)

T ) 1
| 2

Relative expression

hence, increasing ENaC expression at the cell surface
(Abriel et al. 1999). In our study, mutating the PY motif
(Ye20A) of hENaC f-subunit generated a 1.9-fold increase
of macroscopic /am when compared to wt hENaC channels
(Fig. 3). Furthermore, we have shown that when ENaC
ubiquitination was hindered, RGZ treatment was not able
to increase ENaC-mediated Na™ transport as Jam was not
increased. This lack of effect was not due to Liddle channel
saturation at the membrane since even when the Jam was
lowered by injecting less cCRNA, RGZ treatment was still
unable to increase lam. Also, overexpressing Nedd4-2
produced a strong decrease of Jam and RGZ treatment was
still able to induce an increase of ENaC activity. On the
other hand, Nedd4-2 CS increased Jam and RGZ treatment
did not significantly increase /am in oocytes expressing
Nedd4-2 mutant. Thus, our results suggest that RGZ
treatment increased ENaC activity in a PPARy-dependent
manner by diminishing Nedd4-2 ubiquitination of the
ENaC. Therefore, we assessed whether ENaC activity
stimulated by RGZ was correlated with an increase in the
expression of ENaC at the plasma membrane. Confocal
image analyses revealed that RGZ treatment increased
hENaC «-subunit expression at the cell surface (Fig. 5).
The ENaC a-subunit was chosen to represent the whole
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ENaC channel since it is known to play a determining role
in its function (Canessa et al. 1994). Thus, we can conclude
that the Jam increase seen in RGZ-treated oocytes corre-
lates with a higher number of ENaCs at the cell surface.
Further experiments using brefeldin A, an inhibitor of the
secretory pathway, could help to confirm that the ENaC
cell surface presence is increased due to a slower rate of its
endocytosis from the plasma membrane and not to a higher
rate of translocation of preexisting ENaC.

Depending on the cell type, SGK1 transcription is reg-
ulated by an impressive array of stimuli (e.g., mineralo-
corticoids, cytokines and growth factors) (Lang et al. 2009;
Lee et al. 2008). Actually, in human CCD cells it was
shown that RGZ can stimulate SGK1 transcription through
PPARy (Hong et al. 2003; Song et al. 2004). Because our
results suggested that ENaC stimulation by RGZ was done
through the pathway involving the phosphorylation of
Nedd4-2 by SGK1, we investigated wether SGK1 activity
could be increased due to elevated protein levels. Endog-
enous SGKI1 protein is detectable in X. laevis oocytes
(Fig. 6) and in the renal cell line A6 (Taruno et al. 2008).
This finding is not surprising since it can be detected in
species as distinct as shark and Caenorhabditis elegans
(Lang et al. 2006). By performing a time course, we found
that in DMSO-treated oocytes SGK1 expression slightly
decreased over time. Corepressors such as nuclear receptor
corepressor (NcoR) and silencing mediator for retinoid and
thyroid receptor (SMRT) were reported to repress the
transcriptional activity of PPARy in adipose tissue (Feige
et al. 2006), which could explain the negative regulation of
SGKI1 expression in DMSO-treated oocytes. Interestingly,
in PPARy/hENaC cRNA-injected oocytes treated with
RGZ, SGK1 protein expression was increased significantly
12 h postinjection (i.e., 6 h after hPPARy expression had
been detected). These results suggest that an increase in
SGKI1 expression could be responsible for the observed
RGZ-induced ENaC expression through Nedd4-2-mediated
channel retrieval reduction. Interestingly, it was shown that
the PY motifs of Xenopus ENaC are required for Xenopus
SGKI1 to stimulate ENaC activity, indicating that the effect
of SGK1 on ENaC is via Nedd4-2 (Debonneville et al.
2001). Further experiments could determine whether SGK1
protein increase is correlated with Nedd4-2 phosphoryla-
tion. Our data show that this PPARy agonist increases
ENaC activity and allows its accumulation at the plasma
membrane via Nedd4-2-mediated ubiquitination. However,
they do not exclude a potential function of other channels
or transporters in fluid retention and sodium reabsorption in
response to PPARYy agonists.

In summary, our findings suggest that RGZ increases
ENaC activity and cell surface presence by increasing
SGKI1 expression, which would inhibit Nedd4-2-mediated
ENaC retrieval. Furthermore, our experiments cannot rule

@ Springer

out the possibility that RGZ could also lead to an increase
of translocation of existing «ENaC as shown in human
CCD cells (Hong et al. 2003) or in Xenopus oocytes
(Alvarez de la Rosa et al. 1999). Further experiments are
needed to answer those questions.
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