THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 1, pp. 150-157, January 2, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Functional Regulation of the Epithelial Na* Channel by
IkB Kinase-f3 Occurs via Phosphorylation of the Ubiquitin

Ligase Nedd4-2*

Received for publication, September 23, 2008, and in revised form, October 28,2008 Published, JBC Papers in Press, November 3, 2008, DOI 10.1074/jbc.M807358200

Robert S. Edinger’, Jonathan Lebowitz", Hui Li*, Rodrigo Alzamora*, Huamin Wang®, John P. Johnson™,

and Kenneth R. Hallows ™'

From the Renal-Electrolyte Division, Departments of *Medicine and °Cell Biology and Physiology, University of Pittsburgh

School of Medicine, Pittsburgh, Pennsylvania 15261

We have previously shown that IkB kinase-f3 (IKKp) interacts
with the epithelial Na* channel (ENaC) B-subunit and enhances
ENaC activity by increasing its surface expression in Xenopus
oocytes. Here, we show that the IKK-ENaC interaction is physio-
logically relevant in mouse polarized kidney cortical collecting
duct (mpkCCD,,,) cells, as RNA interference-mediated knock-
down of endogenous IKKp in these cells by ~50% resulted in a
similar reduction in transepithelial ENaC-dependent equivalent
short circuit current. Although IKKf binds to ENaC, there was no
detectable phosphorylation of ENaC subunits by IKKf in vitro.
Because IKKf stimulation of ENaC activity occurs through
enhanced channel surface expression and the ubiquitin-pro-
tein ligase Nedd4-2 has emerged as a central locus for ENaC
regulation at the plasma membrane, we tested the role of
Nedd4-2 in this regulation. IKKf3-dependent phosphorylation
of Xenopus Nedd4-2 expressed in HEK-293 cells occurred both
in vitro and in vivo, suggesting a potential mechanism for regu-
lation of Nedd4-2 and thus ENaC activity. 3*P labeling studies
utilizing wild-type or mutant forms of Xenopus Nedd4-2 dem-
onstrated that Ser-444, a key SGK1 and protein kinase A-phos-
phorylated residue, is also an important IKK phosphorylation
target. ENaC stimulation by IKKf was preserved in oocytes
expressing wild-type Nedd4-2 but blocked in oocytes expressing
either a dominant-negative (C938S) or phospho-deficient (S444A)
Nedd4-2 mutant, suggesting that Nedd4-2 function and phospho-
rylation by IKK are required for IKKf3 regulation of ENaC. In
summary, these results suggest a novel mode of ENaC regulation
that occurs through IKKB-dependent Nedd4-2 phosphorylation at
arecognized SGK1 and protein kinase A target site.

The epithelial Na™ channel (ENaC)? is the rate-limiting step
in electrogenic Na™ reabsorption in a variety of epithelia that
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develop steep transepithelial Na* concentration gradients,
including the aldosterone-sensitive distal nephron, colon, and
alveoli (1). ENaC is therefore critical to the regulation of extra-
cellular and airway fluid volume (1, 2). Given its importance to
normal homeostasis, channel activity is highly regulated by a
number of hormonal influences, including aldosterone and
vasopressin, as well as numerous intra- and extracellular
stimuli such as flow rate, Na™ concentration, and proteolytic
activation (1).

Several kinases have been shown to be important in mediat-
ing these regulatory influences, including SGK1, protein kinase
A (PKA), protein kinase C, ERK, the G-protein-coupled recep-
tor kinase (Grk2), and AMP-activated protein kinase (AMPK)
(1, 3—8). In some cases, as with ERK and Grk2, these kinases
phosphorylate ENaC directly (5, 6); but in many cases, kinase
activity alters the activity of key intracellular regulatory pro-
teins that control the apical membrane insertion or retrieval of
ENaC (1, 9). We have previously described the interaction of
IkB kinase (IKK)-B with the B-subunit of ENaC and have pro-
vided evidence that IKKf increases ENaC activity in an oocyte
expression system, primarily by increasing cell surface expres-
sion of the channel (10). Moreover, expression of a kinase-dead
IKKB had the opposite effect of decreasing ENaC activity,
implying that tonic activation of IKKS may be required for a
significant proportion of basal ENaC activity (10).

IKKp is a part of the IKK complex formed by IKKa, IKKf,
and IKKvy (or NEMO, the nuclear factor-«B (NF-«B) essential
modulator), which mediates the activation of the NF-«B path-
way by proinflammatory cytokines, bacterial products such as
lipopolysaccharide (LPS), and other stimuli such as heat shock
or oxidative stress (11, 12). Interaction between this canonical
proinflammatory and stress signaling pathway and ENaC func-
tion has been suggested by a number of observations and
appears to be biphasic. Acute exposure to the cytokine tumor
necrosis factor-a has been shown to increase amiloride-sensi-
tive Na™ transport in alveolar epithelium (13) and distal tubule
cells from diabetic rats (14), whereas LPS acutely increases Na™
transport in mouse cortical collecting duct cells (15). Amilo-
ride-sensitive alveolar fluid clearance, a function of ENaC activ-

short-circuit current; xNedd4-2, Xenopus Nedd4-2; WT, wild-type; PKA, pro-
tein kinase A; AMPK, AMP-activated protein kinase; NF-«B, nuclear factor-
kB; LPS, lipopolysaccharide; GST, glutathione S-transferase; SGK1, serum
and glucocorticoid-regulated kinase 1; Grk2, G-protein coupled receptor
kinase 2.
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ity, increases in a rat model of pneumonia by a tumor necrosis
factor-a-dependent mechanism (16). In contrast, prolonged
(12-24 h) exposure of alveolar epithelial cells to tumor necrosis
factor-a (17) or of mouse collecting duct cells to LPS (18) results in
down-regulation of ENaC activity and expression. We have found
that aldosterone, the major hormonal regulator of ENaC, increases
IKKp levels in renal epithelia and activates NF-«B and have sug-
gested that long term stimulation of NF-«B might represent a neg-
ative feedback loop modulating long term ENaC activation in con-
ditions of oxidative or metabolic stress (10).

Despite evidence of cross-talk between the IKK complex and
ENaC-mediated Na™ transport, the significance of the interac-
tion between IKKB and ENaC remains unclear, as does the
potential mechanism of IKKB-dependent up-regulation of
ENaC activity. The current studies were performed to examine
whether ENaC is a substrate for IKKS phosphorylation, the
significance of the IKKB-ENaC interaction in natively express-
ing cells, and the mechanism by which IKKp regulates ENaC
expression. We have found that IKK-dependent regulation of
ENaC is physiologically relevant in mouse kidney collecting
duct cells and that the regulatory mechanism involves phos-
phorylation of the E3 ubiquitin-protein ligase Nedd4-2 by IKK3
at a previously identified SGK1 and PKA phosphorylation site.

EXPERIMENTAL PROCEDURES

Reagents, Chemicals, and Cell Culture—All reagents and chem-
icals used were purchased from Sigma unless otherwise noted.
Plasmids expressing NH,-terminal hemagglutinin-tagged and
COOH-terminal V5-tagged ENaC subunits were kindly provided
by Dr. Thomas Kleyman. HEK-293 and mpkCCD,,, cells were
cultured in high glucose, Dulbecco’s modified Eagle’s medium
and defined medium supplemented with hormones and nutri-
ents, respectively, as described previously (7).

RNA Interference Knockdown of IKKB in mpkCCD,,, Cells—
Approximately 2 X 10° cells at 80-90% confluency were
trypsinized and then resuspended in Nucleofector T solution
containing 100 pmol of either SMART pool® siRNA IKKf (mix-
tures of sequences 5'-GGAAGUACCUGAACCAGUU-3', 5'-
CCAAUAAUCUUAACAGUGU-3', 5'-GGAUUCAGCUUC-
UCCUAAA-3', and 5'-GUGGUGAGCUUAAUGAAUG-3')
or siGENOME® non-targeting siRNA (mixtures of sequences
5'-UAGCGACUAAACACAUCAA-3',5-UAAGGCUAUGA-
AGAGAUAC-3', 5'- AUGUAUUGGCCUGUAUUAG-3', and
5'-AUGAACGUGAAUUGCUCAA-3') (Thermo Fisher/
Dharmacon). Following the manufacturer’s instructions, these
were mixed in the cuvette and directly placed in the Nucleofec-
tor® electroporation device (Amaxa Biosystems). The siRNA
oligonucleotides were electroporated into the cells using
Amaxa Program K-29. An equal volume of warm culture
medium was added, and the cell suspension was then plated on
a plastic 12-well plate containing 2 ml of culture medium. The
following day, the cells were trypsinized and plated onto
12-mm filter inserts (Costar Transwells) at superconfluency.
Two to four days later, the cells were used for electrophysiologi-
cal and biochemical studies.

Equivalent Short-circuit Current Measurements—A portable
epithelial volt ohmmeter was used to measure I across polar-
ized mpkCCD,,, cell monolayers as described (19). Amiloride-
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sensitive equivalent I, was calculated as the difference in equiv-
alent I, measured before versus after addition of 10 um
amiloride to the apical medium.

In Vitro Phosphorylation Assays—For in vitro phosphoryla-
tion assays of ENaC, plasmids expressing NH,-terminal hem-
agglutinin-tagged and COOH-terminal V5-tagged ENaC sub-
units were translated in vitro using the TNT coupled
reticulocyte lysate system (Promega) in the presence or absence
of [**S]Met/Cys following the manufacturer’s instructions.
ENaC subunits were immobilized using 1 ul of anti-V5 mono-
clonal antibody (Invitrogen) per reaction coupled to protein
A/G beads (15-ul bead volume; Pierce). In vitro phosphoryla-
tion was performed by adding 1 ul of purified active IKKf
enzyme (Upstate) versus control buffer (50 mm Tris-HCl, pH
7.5, 150 mm NaCl, 0.1 mm benzamidine, 0.2 mM phenylmethyl-
sulfonyl fluoride, and 0.1% 2-mercaptoethanol) with
[y->2P]ATP (20 uCi; MP Biomedicals, Irvine, CA) at room tem-
perature for 1 h. As a positive control for ENaC phosphoryla-
tion, parallel in vitro phosphorylation of B-ENaC was per-
formed using 1 wl of purified casein kinase-2 (Promega)
following the manufacturer’s recommendations. As a positive
control for IKKf activity, another parallel in vitro phosphoryl-
ation was performed using glutathione-Sepharose beads
(Pierce) to pull down purified glutathione S-transferase (GST)-
tagged IkBa (Upstate) for use as a reaction substrate. After
SDS-PAGE and transfer to nitrocellulose membranes, phos-
phorylated bands on the membrane were imaged by exposure
to a phospho-screen (Molecular Dynamics), and the bands
were quantitated using a Bio-Rad phosphorimaging device.

Assays of Nedd4-2 in vitro phosphorylation were performed
as described previously (20). HEK-293T cells transiently trans-
fected with 3 ug of plasmid DNA/60-mm dish using Lipo-
fectamine 2000 (Invitrogen) to express wild-type or mutant
FLAG-xNedd4-2 were lysed 1 day after transfection. Nedd4-2
was immunoprecipitated from cell lysates using 1 ul of anti-
FLAG monoclonal antibody M2 coupled to protein A/G beads
(20-ul bead volume). In vitro phosphorylation reactions were
performed as above using either purified active IKKS enzyme
or control buffer. As a positive control for FLAG-xNedd4-2
phosphorylation, parallel in vitro phosphorylations were per-
formed using 1 ul of purified SGK1 (Upstate). As a positive
control to check IKKB enzymatic activity, GST-tagged IkBa
was again used as a reaction substrate. After SDS-PAGE and
transfer to nitrocellulose membranes, immunoblotting for
expression of FLAG-xNedd4-2 was first performed (anti-
Nedd4 WW2 domain antibody (Upstate) at 1:10,000 and sec-
ondary horseradish peroxidase-conjugated goat anti-rabbit
antibody (Amersham Biosciences) at 1:5000) and quantitated
using a Versa-Doc imager with Quantity One software (Bio-
Rad). After the chemiluminescent signal had decayed, phos-
phorylated bands on the membrane were imaged by exposure
to a phospho-screen, and the bands were quantitated using a
Bio-Rad phosphorimaging device. The intensity of each band
was corrected by subtracting out the local background in the
same lane.

In Vivo Phosphorylation Assays—In vivo phosphorylation
assays were performed based on our previously described pro-
tocol (20). Either Mam-X (stably transfected with a short hair-
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pin RNA that does not target any known mammalian gene),
HEK-293 cells, or HEK-293T cells were transiently co-trans-
fected using Lipofectamine 2000 with the pMO-FLAG-
xNedd4-2 plasmid and either SMARTpool® IKKB siRNA or
siGENOME® non-targeting siRNA according to the manufac-
turer’s instructions 2 days prior to experimentation. For label-
ing, cells were washed twice in phosphate-free efflux buffer
containing 140 mm NaCl, 3 mm KCl, 1 mm MgSO,, 1 mm CaCl,,
10 mm glucose, and 10 mm HEPES, pH 7.4 (with 1 M Tris base).
Each dish of cells was then incubated at 37 °C for 3 h in 1.5 ml of
this buffer containing 0.3 mCi of [**P]orthophosphate (MP Bio-
medicals). After incubation, cells were washed once in ice-cold
phosphate-free buffer before lysis in ice-cold radioimmune pre-
cipitation assay buffer containing 50 mm Tris-HCI, pH 7.5, 100
mM NaCl, 50 mm NaF, 1 mm EDTA, 1 mm EGTA, 1 mMm phen-
ylmethylsulfonyl fluoride, 1 mm sodium orthovanadate, 0.1
mg/ml aprotinin, 1X complete protease inhibitor mixture
(Roche Applied Science), 0.1% SDS, 1% sodium deoxycholate,
and 1% Triton X-100 (phosphatase and protease inhibitors
added just prior to use). After clearing the lysates by high speed
centrifugation, FLAG-xNedd4-2 was immunoprecipitated
using the anti-FLAG monoclonal antibody M2 coupled to pro-
tein A/G beads, washed, eluted in Laemmli sample buffer, sub-
jected to SDS-PAGE, and then transferred to a nitrocellulose
membrane. Nedd4-2 Western blotting was performed first, fol-
lowed by a phosphorimaging device analysis of the same mem-
brane. The ratio of the phosphorylation signal to the immuno-
blot signal in each lane was compared across conditions to
derive relative phosphorylation levels.

Oocyte Two-electrode Voltage Clamp Measurements—Xeno-
pus laevis oocytes were harvested, collagenase-treated, and
maintained as described previously (7). Oocytes were injected
with cRNAs encoding mouse «-, 3-, and y-ENaC (7), NH,-
terminal FLAG-xNedd4-2 (20), and/or IKKB (10) cRNAs in the
combinations and amounts indicated in the legend to Fig. 7.
Two-electrode voltage clamp measurements of amiloride-sen-
sitive ENaC currents in oocytes were performed 1-2 days after
cRNA injection as described previously (7).

Statistics—Statistical analyses were performed using either
StatView (SAS) or SigmaPlot software (Jandel Scientific). Anal-
ysis of variance was used to compare data obtained from differ-
ent batches of oocytes for two-electrode voltage clamp experi-
ments. For other biochemical experiments, statistics were
performed using Student’s ¢ tests, as described in each figure
legend. In all cases, p values <0.05 were considered significant.

RESULTS

Endogenous Regulation of ENaC by IKKB in mpkCCD,,,
Cells—We previously discovered that IKKf interacts with the
COOH-terminal cytoplasmic tail of B-ENaC through a yeast
two-hybrid screen, and this interaction was confirmed bio-
chemically through co-immunoprecipitation studies. Func-
tionally, IKK co-expression was found to enhance ENaC activ-
ity by increasing its surface expression in Xenopus oocytes (10).
To test whether the regulation of ENaC by IKKf is physiologi-
cally relevant in an endogenously expressing cell system, we
used polarized mpkCCD_,, cells and knocked down IKKf
expression through RNA interference (Fig. 1). Transfection of
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FIGURE 1. Knockdown of IKK causes parallel inhibition of ENaC currents
in mpkCCD_,, cells. A, typicalimmunoblot demonstrating significant knock-
down of IKK3 protein expression in cells transfected with IKKB siRNA relative
to that of cells transfected with control siRNA (Con). B, summary of relative
IKKB protein expression in cells transfected with IKKB versus control siRNA (¥,
p = 0.01; two-tailed unpaired t test relative to control siRNA; n = five samples
for each group from two separate experiments). C, summary of mean (+S.E.)
amiloride-sensitive equivalent /. measurements by epithelial volt-ohmmeter
in IKKB siRNA- and control siRNA-transfected cells (#, p = 0.002; two-tailed
unpaired t test relative to control siRNA; n = 15 samples for each group).

siRNAs directed specifically against IKKS knocked down its
protein expression by a mean of ~40-50% relative to control
siRNA-transfected cells (Fig. 1, A and B). Concomitant with
thisknockdown of IKK B expression, amiloride-sensitive, ENaC-
dependent equivalent I, was similarly reduced by ~50% (Fig.
1C). These findings suggest that IKK3 expression in these cells
is required to sustain ENaC currents under basal conditions;
when IKKp levels are reduced, ENaC activity is also inhibited.

IKKB Does Not Directly Phosphorylate ENaC in Vitro—As
IKK} is a kinase that binds to B-ENaC, we next tested whether
any of the ENaC subunits may serve as direct substrates for
IKK phosphorylation in vitro. In vitro transcribed and trans-
lated epitope-tagged mouse a-, B-, or y-ENaC subunits were
immunoprecipitated and then incubated with [y->*P]ATP in
the presence or absence of purified IKKf as described under
“Experimental Procedures.” The samples were then subjected
to SDS-PAGE and transferred to nitrocellulose membranes
(Fig. 2). [**S]Met/Cys labeling of ENaC was performed for some
samples so that the ENaC subunit mobilities could be assessed
on the membrane. No appreciable **P incorporation into ENaC
was apparent in the samples exposed to IKKf, yet IKKS auto-
phosphorylation bands were observed at ~90 kDa, as indicated
in Fig. 2A. The presence of co-precipitated IKKB confirms that
this kinase binds to both «- and B-ENaC and, to a much lesser
extent, y-ENaC, findings consistent with our earlier work (10).
GST-tagged IkBa was used as an additional positive control to
demonstrate IKKf activity, and casein kinase-2 was used as a
positive control to demonstrate phosphorylation of ENaC by
another kinase (Fig. 2B). Similar negative ENaC in vitro phos-
phorylation data were derived from experiments where ENaC
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FIGURE 2. IKKp fails to phosphorylate ENaC subunits in vitro. A, epitope-
tagged a-, B-, or y-ENaC subunits, synthesized by coupled in vitro transcrip-
tion/translation with (+) or without (—) [**S]Met/Cys labeling, were sub-
jected to in vitro [y->?P]ATP labeling in the presence (+) or absence (—) of
purified IKKB enzyme, as indicated. Autophosphorylation of IKKB is apparent
in the lanes where IKKB is added, but no phosphorylation bands at the mobil-
ities of the ENaC subunits are apparent in these lanes (compare with 3°S-
labeled ENaC subunits in nearby lanes). B, in vitro phosphorylation of GST-
IkBa by IKKP (left lane) and that of B-ENaC by casein kinase-2 (CK-2; right lane)
are shown as positive controls. The data shown are representative of three
similar experiments.

subunits were transiently expressed in HEK-293 cells and then
immunoprecipitated from cell lysates prior to performing in
vitro phosphorylation assays (data not shown). The failure of
IKK to phosphorylate ENaC in vitro suggests that its regula-
tion of ENaC is indirect, not occurring through direct phospho-
rylation of the channel.

IKKB-dependent Phosphorylation of Nedd4-2 in Vitro and in
Vivo—W e have previously reported that IKKS stimulation of
ENaC activity occurs through enhanced channel plasma mem-
brane expression in Xenopus oocytes (10). As the E3 ubiquitin-
protein ligase Nedd4-2 has emerged as a central locus for the
regulation of ENaC expression at the apical plasma membrane
(21), we considered that ENaC regulation by IKKB may be
mediated indirectly through Nedd4-2. Of note, Nedd4-2 has
been recently reported to be a substrate for various kinases,
including SGK1, PKA, AMPK, and Grk2, which may modulate
Nedd4-2 function (3, 4, 20, 22). To test whether IKK phospho-
rylates Nedd4-2 in vitro, FLAG-xNedd4-2 was expressed in and
immunoprecipitated from HEK-293 cell lysates, and in vitro
phosphorylation assays were performed (Fig. 3). As a positive
control for Nedd4-2 phosphorylation, we confirmed that puri-
fied SGK1 robustly phosphorylated xNedd4-2 (Fig. 3, upper
panel, left). IKKB similarly phosphorylated xNedd4-2 (Fig. 3,
upper panel, middle) and its positive control, GST-tagged IkBa
(upper panel, right). As observed in Fig. 2, autophosphorylation
of IKKB was also detected in these assays.
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FIGURE 3.In vitro phosphorylation of Nedd4-2 by IKK. Phosphorylation of
Nedd4-2 (left) or GST-IkBa (right) in the absence (—) or presence (+) of puri-
fied SGK1 or IKKB, as indicated, is shown. Phospho-screen (upper panel) and
Nedd4-2 immunoblot (lower panel) images from the same nitrocellulose
membrane are shown. Autophosphorylation of IKKB is also indicated on the
phospho-screen. Images shown are representative of those obtained in three
replicate experiments.

To determine whether IKKS-dependent phosphorylation of
Nedd4-2 occurs in intact cells, in vivo labeling with
[**P]orthophosphate of HEK-293 cells expressing xNedd4-2
was performed under control conditions, after IKKB protein
expression was knocked down by RNA interference (Fig. 4A4), or
after overnight stimulation by 100 ng/ml LPS, an upstream acti-
vator of the IKK/NF-«B pathway. After immunoprecipitation
of FLAG-xNedd4-2 from cell lysates, immunoblotting was per-
formed first, followed by a phosphorimaging device analysis of
the same membrane (Fig. 4B). The ratio of the phosphorylation
signal to the immunoblot signal in each lane was compared
across conditions to derive relative phosphorylation levels (Fig.
4C). Knockdown of IKKS reduced in vivo [**P]orthophosphate
incorporation into xNedd4-2 by 33 £ 8% relative to control
siRNA-transfected cells (Fig. 4C, left). Conversely, LPS stimu-
lation of these cells enhanced in vivo [**P]orthophosphate
labeling of xNedd4-2 by 57 = 19% (Fig. 4C, right). Taken
together, these data indicate that IKK3-dependent phosphoryl-
ation of Nedd4-2 occurs both in vitro and in vivo, suggesting a
potential mechanism for regulation of Nedd4-2 and thus ENaC
activity by IKKp.

Identification of Ser-444 in xNedd4-2 as the Target for IKKf3
Phosphorylation in Vitro and in Vivo—Although several IKKS3
target phosphorylation sites have been identified within various
components of the NF-kB-I«B protein complex (11, 23-25), no
single consensus IKKfJ target peptide sequence motif has
emerged that would allow prediction of IKKB phosphorylation
sites in new protein substrates. It has been shown previously
that both SGK1 and PKA stimulate ENaC activity via phospho-
rylation of Nedd4-2 at two key residues, Ser-338 and Ser-444
(Xenopus numbering), which has an inhibitory effect on
Nedd4-2 function (3, 4). As IKKB also stimulates ENaC activity,
we tested whether IKK3 phosphorylates xNedd4-2 at the same
SGK1 and PKA phosphorylation sites. In vitro phosphorylation
assays were performed in the presence or absence of purified
IKKB using immunoprecipitated WT Nedd4-2 or Nedd4-2
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FIGURE 4. IKKB-dependent in vivo phosphorylation of Nedd4-2. A, repre-
sentative immunoblot of lysates from siRNA-transfected Mam-X HEK-293
cells demonstrating knockdown of IKKB protein expression relative to 3-ac-
tin expression levels. Typical IKKB knockdown from three replicate exper-
iments was 50-60% in the IKKB siRNA-transfected cells relative to control
siRNA-transfected cells. B, representative image showing differential
[*?Plorthophosphate labeling of Nedd4-2 relative to total Nedd4-2 immuno-
precipitated from Mam-X HEK-293 cell lysates under baseline conditions
(Con), following knockdown of IKKB (IKKB siRNA) or following overnight treat-
ment with 100 ng/ml Escherichia Coli-derived LPS. Phospho-screen (upper
panel) and Nedd4-2 immunoblot (lower panel) images from the same nitro-
cellulose membrane are shown. C, summary of the mean (=S.E.) Nedd4-2 in
vivo phosphorylation signals normalized to the control condition from three
replicate experiments (¥, p = 0.015; #, p = 0.006; two-tailed unpaired t tests
relative to the control).

with either Ser-338 or Ser-444 mutated to Ala (S338A or
S444A) (Fig. 5). Nedd4-2 phosphorylation signal normalized to
Nedd4-2 protein expression was quantitated and compared in
the two mutant Nedd4-2 constructs relative to that of WT
Nedd4-2 (Fig. 5B). Although the relative in vitro phosphoryla-
tion of the S338A mutant was not different from WT Nedd4-2,
the 3P incorporation of the S444A mutant was dramatically
reduced by 80-90% in vitro.

To test whether differential IKKB-dependent phosphoryla-
tion at Ser-444 also occurs in vivo, we performed in vivo
[**P]orthophosphate labeling studies using the same three
Nedd4-2 constructs in control green fluorescent protein-trans-
fected cells and in cells transfected to overexpress IKK (Fig. 6).
Of note, IKK overexpression appeared to enhance the steady-
state expression of transfected Nedd4-2 in these cells, whereas
expression of the S444A mutant was decreased compared with
the other Nedd4-2 constructs under both control and IKKB
co-expression conditions (Fig. 6A4). Nevertheless, when nor-
malized for Nedd4-2 protein expression, overexpression of
IKK dramatically increased in vivo phosphate labeling of WT
and S338A Nedd4-2 by ~5-8-fold. However, there was only a
smaller, albeit significant, ~2-fold increase in phosphate label-
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FIGURE 5. In vitro phosphorylation of wild-type versus mutant Nedd4-2
by IKKB. A, phosphorylation of WT, S338A, or S444A Nedd4-2 in the absence
(—) or presence (+) of purified IKKp, as indicated. Representative phospho-
screen (upper panel) and Nedd4-2 immunoblot (lower panel) images from the
same nitrocellulose membrane are shown. Autophosphorylation IKKB band
is also indicated on the phospho-screen. B, summary of IKKB-dependent
Nedd4-2 in vitro phosphorylation corrected for protein expression reported
relative to WT Nedd4-2 within each experiment. Results shown are the
mean * S.E. from four replicate experiments (*, p < 0.001 relative to WT;
two-tailed unpaired t test).

ing with the S444A Nedd4-2 mutant (Fig. 6B). These results
suggest that Ser-444 is also the dominant target for IKKS3-de-
pendent phosphorylation in vivo, although additional IKKf3-
dependent Nedd4-2 phosphorylation site(s) could exist.
IKKB-dependent Regulation of ENaC Requires Functional
Nedd4-2 and Phosphorylation at Ser-444—To explore the
potential functional role of Nedd4-2 in the regulation of ENaC
by IKKS, we measured amiloride-sensitive whole cell currents
in oocytes co-expressing mouse ENaC, either WT or mutant
xNedd4-2 constructs, and/or IKKB (Fig. 7). Confirming our
previous findings (10), co-expression of IKKB with ENaC
increased ENaC current by ~30% over that of oocytes express-
ing ENaC alone. Wild-type xNedd4-2 co-expression dramati-
cally reduced ENaC currents under control conditions, but this
reduction was substantially reversed by IKKfS co-expression.
Indeed, ENaC current was increased ~150% by IKKfB co-ex-
pression relative to ENaC alone in the presence of Nedd4-2,
consistent with the idea that the presence of additional
Nedd4-2 magnified the regulatory effect of IKKB on ENaC. Co-
expression of a ubiquitin ligase-deficient, dominant-negative
xNedd4-2 mutant (C938S) (26) greatly increased ENaC cur-
rents, presumably by preventing Nedd4-2-dependent ENaC
ubiquitination and degradation. Under this condition, IKKf3
failed to activate ENaC, suggesting that inhibition of Nedd4-2-
mediated ENaC ubiquitination is involved in the IKKp-
dependent activation of ENaC. Finally, co-expression of the
IKK phosphorylation-deficient S444 A xNedd4-2 mutant sub-
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FIGURE 7. IKKB-dependent regulation of ENaC requires functional Nedd4-2
and phosphorylation at Ser-444. The mean = S.E. of amiloride-sensitive ENaC
currents measured by two-electrode voltage clamp at —100 mV in oocytes that
were co-injected with 2 ng each of mouse a-, 3-, and y-ENaC cRNAs = 5 ng of
IKKB = 0.7 ng of WT or S444A Nedd4-2 or 5 ng of C938S Nedd4-2, as indicated, is
shown. For each condition, ENaC currents were measured and compared with or
without IKKB co-expression (¥, p < 0.001 compared with corresponding control
in the absence of IKKB co-expression; two-tailed unpaired t tests; n = 18-68
oocytes, three batches for each of the Nedd4-2 co-expression conditions, and
nine batches for ENaC alone condition).
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stantially inhibited ENaC current. Again, IKKp failed to acti-
vate ENaC current with co-expression of this mutant, suggest-
ing that IKKB-mediated phosphorylation of Ser-444 in
xNedd4-2 is required for the IKKB-dependent regulation of
ENaC.

DISCUSSION

In this study, we have further characterized the mechanism
and relevance of ENaC regulation by IKK3, a novel interaction
partner and activator of ENaC that we recently identified (10).
Knockdown of endogenous IKKB in polarized mpkCCD_,,
cells inhibited ENaC-dependent transepithelial currents, sug-
gesting that under baseline conditions in these cultured cells,
without exogenously induced stimulation of the IKK/NF-kB
pathway, there is tonic IKKS activity supporting basal ENaC
activity. This result is consistent with our previous finding that
overexpression of a dominant-negative mutant of IKK3 down-
regulated ENaC currents expressed in oocytes under basal con-
ditions (10). Although IKK binds to ENaC, we have found that
Nedd4-2, rather than ENaC, is the phosphorylation target for
this kinase. We have further shown that phosphorylation of
Ser-444 in xNedd4-2, a dominant SGK1/PKA target site, is the
relevant target of IKKf in vitro and in vivo. Nedd4-2 mediates
the IKKB-dependent regulation of ENaC, and phosphorylation
at Ser-444 appears to be required for this regulation to occur.
Although our data demonstrate that IKKS phosphorylates
xNedd4-2, we feel it is likely that IKKB will also phosphorylate
mammalian Nedd4-2 based on the highly conserved sequence
near Ser-444 across species (3), but this prediction remains to
be tested.

Additional molecular details regarding the mechanism for
IKKB-dependent regulation of ENaC are not yet clear, but a few
intriguing possibilities are suggested by our findings. It has been
shown previously that SGK1-dependent phosphorylation of
Ser-444 in xNedd4-2 enhances the binding of Nedd4-2 to
14-3-3 scaffolding proteins, which sequesters Nedd4-2 and
thereby prevents it from interacting with ENaC (27-29).
Therefore, as the effect of IKK3 on ENaC, like that of SGK1 and
PKA, is stimulatory and requires phosphorylation at Ser-444, it
is reasonable to propose that these three kinases share this
common mechanism for ENaC regulation. However, the
SGK1/PKA regulation of ENaC appears to require the addi-
tional phosphorylation at one of two other minor SGK1/PKA
phosphorylation sites, Ser-338 or Thr-363. Such phosphoryla-
tion may enable the binding of another 14-3-3 molecule within
a dimeric 14-3-3 complex to the same Nedd4-2 molecule, and
this additional interaction appears to be necessary for the effi-
cient sequestration of Nedd4-2 (3, 4). However, Ser-338 was not
found to be a site for IKKB phosphorylation of Nedd4-2. More-
over, at least based on our in vitro analysis of the IKKB-depend-
ent phosphorylation of Nedd4-2 (cf Fig. 5), there are no other
apparent significant IKKB target phosphorylation sites in
Nedd4-2 besides Ser-444. Therefore, an interesting question
for future study is to determine whether SGK1 or PKA phos-
phorylation at another site is required to confer the IKKB3-me-
diated regulation of ENaC.

Normally, IKKa and IKKf exist together in a complex,
along with IKKy/NEMO and other adaptor proteins such as
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Hsp90 and Cdc37 (12). Of note, as observed for IKKfB, we
have also found that siRNA-mediated knockdown of IKK«
produces a similar inhibition of ENaC-dependent current in
mpkCCD_,, cells (data not shown). This finding indicates
that disruption of the IKK complex in vivo may be sufficient
to modulate ENaC currents. Furthermore, based on the find-
ing that IKKfB co-precipitates when added to immunopre-
cipitates of either ENaC subunits (especially a and B) (Fig. 2)
or Nedd4-2 (Figs. 3 and 5) in vitro, it is likely that at least the
IKK complex, ENaC, and Nedd4-2 can exist together as a
larger signaling complex in cells. We propose that this com-
plex may afford the efficient coupling and integration of sig-
nals from various potential upstream pathways that impinge
on IKK to regulate ENaC activity via its phosphorylation and
functional regulation of Nedd4-2. Moreover, as Nedd4-2
appears to be an important regulator of a growing list of
other ion transport proteins in cells (e.g. voltage-gated Na™
and K" channels, KCNQ channels, CIC Cl~ channels, the
SGLT1 Na™/glucose co-transporter, and the NaP; IIb Na*/
phosphate co-transporter) (30-35), IKKB-dependent regu-
lation of Nedd4-2 function may serve as a general transduc-
tion mechanism that couples changes in inflammation and
potentially other signaling pathway inputs to transport pro-
tein regulation.

There are differing reports in the literature as to the func-
tional consequences of IKK/NF-«kB pathway stimulation on
ENaC activity. Certain studies suggest that stimulation of
the IKK/NF-kB pathway by either tumor necrosis factor-a or
LPS inhibits ENaC activity, at least over relatively long time
intervals (hours to days) (17, 18). This inhibition may occur
via down-regulation of SGK1 in renal collecting duct epithe-
lial cells and is earliest seen at 6 h (18). However, shorter
term, acute effects may occur within 30 min and appear to be
stimulatory (13—15), indicating a probable biphasic response
of ENaC to this pathway. Our findings in this study show a
stimulatory effect, at least under baseline conditions. There
is good evidence that interstitial inflammation enhances
renal Na™ reabsorption in association with proteinuric glo-
merular damage (36). We speculate that inflammation-asso-
ciated activation of IKK/NF-«B and ENaC may contribute to
this response. Acute up-regulation of renal salt absorption
via this mechanism could also help the body defend against
hypotension that occurs with systemic vasodilatation in the
setting of sepsis and generalized inflammation.

As there is apparent tonic activity of IKK with respect to
ENaC function in our system in the absence of induced
inflammatory stimuli, it seems likely that other noninflam-
matory signaling pathways regulate the IKK complex under
the conditions of our experiments. However, it is not yet
clear what the potential upstream regulators of the IKK
pathway are in this case. Interestingly, the metabolic sensor
AMPK has been reported to be an upstream inhibitor of IKK
in several cell systems (37-39), and we have shown that
AMPK inhibits ENaC, also via effects on Nedd4-2 in an
AMPK phosphorylation-dependent manner (7, 20). Further
studies to test for the potential involvement of AMPK and
other cellular signaling pathways as upstream regulators of
the IKKB-dependent regulation of ENaC are thus warranted.
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In summary, we have identified a previously characterized
node of Nedd4-2 regulation by SGK1 and PKA as the target for
IKKB-dependent regulation of ENaC. Via effects on Nedd4-2
function, the IKK/NF-kB pathway may play an important role
in integrating the response of ENaC and other epithelial ion
transport proteins and thus transepithelial salt transport to var-
ious pathways (e.g. inflammation, hormonal (aldosterone versus
vasopressin), and metabolic).
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