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Background: Proteolytic degradation of epithelial sodium channels (ENaC) assists in regulating net salt and water balance
in lung epithelia.
Results: H2O2 increases surface expression of ␣-ENaC, transepithelial Na transport, and alveolar fluid clearance via redoxsensitive Nedd8.
Conclusion: Redox-sensitive Nedd8 is involved in the ubiquitination of lung ENaC.
Significance: Understanding ROS-mediated signaling of lung ENaC is crucial for understanding pulmonary physiology and
pathology.
Redundancies in both the ubiquitin and epithelial sodium
transport pathways allude to their importance of proteolytic
degradation and ion transport in maintaining normal cell function. The classical pathway implicated in ubiquitination of the
epithelial sodium channel (ENaC) involves Nedd4-2 regulation
of sodium channel subunit expression and has been studied
extensively studied. However, less attention has been given to
the role of the ubiquitin-like protein Nedd8. Here we show that
Nedd8 plays an important role in the ubiquitination of ENaC in
alveolar epithelial cells. We report that the Nedd8 pathway is
redox-sensitive and that under oxidizing conditions Nedd8 conjugation to Cullin-1 is attenuated, resulting in greater surface
expression of ␣-ENaC. This observation was confirmed in our
electrophysiology studies in which we inhibited Nedd8-activating enzyme using MLN4924 (a specific Nedd8-activating
enzyme inhibitor) and observed a marked increase in ENaC
activity (measured as the product of the number of channels (N)
and the open probability (Po) of a channel). These results suggest that ubiquitination of lung ENaC is redox-sensitive and may
have significant implications for our understanding of the role
of ENaC in pulmonary conditions where oxidative stress occurs,
such as pulmonary edema and acute lung injury.

Epithelial sodium channels (ENaC)2 play a key role in maintaining salt and water balance in the body. Three homologous
ENaC subunits (␣, ␤, and ␥) are primarily expressed in the kidney, colon, and lung in a fixed stoichiometry. The ␣-ENaC subunit has been described as the most abundant subunit
expressed at the cell membrane (1) capable of forming nonselective amiloride-sensitive current alone, or alongside ␤- and
␥-ENaC subunits (2) to transport Na with high specificity. Mice
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that lack expression of ␣-ENaC fail to thrive because of an
inability to clear lung fluid, which highlights the importance of
studying lung ENaC (3). Additionally, ENaC has a relatively
short half-life (estimated t1/2 between 1– 4 h) (4, 5), and as such,
studying the regulatory factors that influence insertion or
removal of Na channel subunits in the apical membrane may be
key in advancing understanding of salt-wasting and hyperabsorptive conditions. Indeed, changes in proteolysis and/or
inappropriate activation of sodium channels at the membrane
have been implicated as the underlying cause of pseudohyperaldosteronism type 1, Liddle’s syndrome, and cystic fibrosis
lung disorders (6 – 8). Comprehending the role of Nedd8 (an
ubiquitin-like protein) and its associated E3-ligases in Na transport could lead to improved therapies for both hypo- and
hyperabsorptive diseases.
Ubiquitin controls the cellular levels of proteins. Like all proteins labeled for degradation, polyubiquitination of ENaC
requires a series of enzymes that act in sequence. Generally
speaking, ubiquitin is first charged by E1, an ubiquitin activation enzyme, and then transferred to an ubiquitin carrier protein, E2, followed by the addition of ubiquitin to target proteins
via an ubiquitin ligase (E3). HECT domain E3 enzymes, such as
Nedd4-2, form high-energy thioester bonds between ubiquitin
and the E3 ligase before its transfer to, for example, the ENaC
substrate, where it is tagged for proteolytic degradation. Alternatively, protein degradation can occur via proteolytic elimination via ubiquitin-like modifiers, albeit via distinct mechanisms. Currently, several ubiquitin-like modifiers, such as
Nedd8, have been identified.
Nedd8 shares 80% homology with ubiquitin (9). Again, similar to the ubiquitin proteolytic pathway, Nedd8 requires the
coordinated action of APP-BP1 (a heterodimeric E1-like
enzyme) and Ubc12 (an E2-like enzyme) (Fig. 1). Unlike ubiquitination, however, neddylation of Cullin-1 is required for the
Cullin-1䡠RING䡠E3 complex to form to transfer ubiquitin from
its E2 enzyme (Ubc12) to the target (whereas ubiquitination
transfers ubiquitin from E2 3 E3 3 directly to 3 target). Cullin-1, Skp1, Rbx, and an F-box protein comprise the E3 complex
required for complete neddylation of substrate protein. AddiVOLUME 288 • NUMBER 12 • MARCH 22, 2013
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FIGURE 1. Model for redox regulation of ENaC where reactive ROS or
MLN4924 inactivates the Ubc12 enzyme, hindering E3-CRL complex formation (i.e. ubiquitination of the target substrate). In this model, oxidizing conditions (or MLN4924 inhibition of neddylation) attenuates ubiquitination of ␣-ENaC (dashed arrows). Conversely, neddylation (Cul-1-Nedd8
conjugation) results in ubiquitination of ␣-ENaC (solid arrow). Skp1, Cul-1, and
F-box comprise the E3 ligase (E3-SCF) alongside Rbx, a small zinc-binding
domain. This is called the RING finger, to which the E2-ubiquitin conjugate
binds. Cul-1, Cullin-1; Ub, ubiquitin.

tionally, neddylation differs mechanistically from ubiquitination in that Nedd8 conjugation to Ubc12 at Cys-111 is redoxsensitive (10). Under oxidizing conditions, Ubc12-Cys-111
cannot be charged with Nedd8. As such, Cullin-1 remains inactive, leading to a reduction in target protein (e.g. ENaC) degradation. This is a fascinating mechanism by which ubiquitin-like
modifiers can impart redox sensitivity to a targeted protein (see
proposed model in Fig. 1).
Because we have shown that reactive oxygen species play an
important role in up-regulation of ENaC activity in the lung
(11), we tested the hypothesis that Nedd8 and its associated E2
carrier protein (Ubc12) and E3-SCF ligase play a key role in
regulating the expression and activity of ENaC in alveolar type
1 (T1) cells and alveolar type 2 (T2) cells.

MATERIALS AND METHODS
Animal Care—All procedures conformed to the National
Institutes of Health animal care and use guidelines and were
approved by the Institutional Animal Care and Use Committee
of Emory University. Twelve-week-old female C57Bl/6 mice
were purchased from The Jackson Laboratory (Bar Harbor,
ME). 8- to 12-week-old male Sprague-Dawley rats were purchased from Charles River Laboratories, Inc. (Wilmington,
MA).
Chemicals and Reagents—Unless stated otherwise, all chemicals and reagents were purchased from Sigma-Aldrich (St.
Louis, MO).
Isolation of Primary Alveolar Type 2 (T2) cells—Rat lungs
were perfused via the pulmonary artery with 50 ml of solution A
(5.5 mM dextrose, 10 mM HEPES, 2 mM CaCl2, 1.3 mM MgSO4,
140 mM NaCl, and 5 mM KCl (pH 7.4)) followed by washing with
MARCH 22, 2013 • VOLUME 288 • NUMBER 12

solution B (5.5 mM dextrose, 10 mM HEPES, 197 mM EGTA, 140
mM NaCl, 5 mM KCl). Lungs were excised, lavaged tracheally
with 13 mg of elastase reconstituted in 40 ml of solution A for 30
min at 37°C, and then minced in solution A supplemented with
2 mg/ml of DNase I and 50% FBS. Pneumocytes were successively filtered through 100-m and 40-m filters, centrifuged,
and resuspended in selection media consisting of DMEM/F12
50/50, 2 mM L-glutamine, and 20 units/ml of penicillin-streptomycin. The cell suspension was then panned for 1 h at 37 °C on
an IgG-coated Petri dish. Non-adherent T2 cells were removed
and centrifuged at 1200 ⫻ g for 5 min in DMEM-F-12 culture
medium (supplemented with 10% FBS, 2 mM L-glutamine, 20
units/ml of penicillin-streptomycin, 84 M gentamycin, 1 M
dexamethasone). Using this protocol we obtained primary T2
cells with ⬎ 95% purity.
Lung Slice Preparation—Rat lung slice preparation was performed as described previously (11). Lung slices were maintained in 50:50 ice-cold DMEM/F-12 culture medium (supplemented with10% FBS, 2 mM L-glutamine, 1 M dexamethasone,
84 M gentamicin, and 20 units/ml penicillin-streptomycin).
Alveolar T1 cells were patched for single channel analysis
within 6 h of tissue preparation.
Patch Clamp Analysis—Single channel patch clamp analysis
of T1 and T2 cells was performed in the cell-attached configuration. Micropipettes were pulled from borosilicate glass capillaries (TW-150, World Precision Instruments), and Gigaohm
seals were formed between the electrode tip and the cell membrane following gentle negative pressure. Electrode and saline
solution contain 96 mM NaCl, 3.4 mM KCl, 0.8 mM CaCl2, 0.8
mM MgCl2, and 10 mM HEPES, with pH adjusted to 7.4 with
NaOH. Following a control recording period, H2O2 or
MLN4924 (Millenium Pharmaceuticals) was applied to the
same cell-attached recording. Channel activity (NPo, the product of the number of channels and the open probability) was
calculated from pClampfit 9.2 data software (Molecular
Devices). Highly selective cation (HSC) channel and non-selective cation (NSC) channel conductances were calculated following H2O2 and MLN4924 treatment using a minimum of
three holding potentials.
Protein Biochemistry—T2 cells were resuspended in cell culture medium and treated in suspension with H2O2 (0.1–1.0
mM) or the specific Nedd8-activating enzyme inhibitor
MLN4924 (0.1–10 nM) at 37 °C and 5% CO2 for 5, 15, 30, 60, or
120 min (12). After treatment, cells were washed with ice-cold
PBS supplemented with 1⫻ protease inhibitors (Calbiochem)
and pelleted. Standard immunoblotting techniques were used.
Lysates were electrophoresed on a 10% acrylamide gel, transferred to a nitrocellulose membrane (Bio-Rad), and then immunoblotted with anti-␣ ENaC C-20 antibody directed against the
C-terminal domain (Santa Cruz Biotechnology, Inc.). For
immunoprecipitation assays, cells were lysed in EBC buffer (50
mM Tris (pH 8.0), 120 mM NaCl, and 0.5% Nonidet P-40 supplemented with protease inhibitor mixture (Calbiochem) and
phosphatase inhibitors 1 and 11 (Calbiochem)). Thereafter, 800
mg of lysate was incubated with either (1–2 mg) ␣-ENaC, Cullin-1, Nedd8, Ubc12, or IgG-coated beads overnight, followed
by 1-h room-temperature incubation with protein G-Sepharose beads (Pierce). Immunocomplexes were washed five times
JOURNAL OF BIOLOGICAL CHEMISTRY
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with NETN buffer (20 mM Tris (pH 8.0), 100 mM NaCl, 1 mM
EDTA, and 0.5% Nonidet P-40) before SDS-PAGE analysis (⫾
DTT) and immunoblotted with antibodies of interest (as indicated in the figure legends). To detect immunoreactive signal
on Western blot analyses, IgG-HRP-labeled secondary antibody (KPL, Gaithersburg, MD) was added at a concentration of
1 mg/10 ml in EBC buffer and incubated for 1 h at room temperature. An alkaline phosphatase signal was detected using
CDP-Star chemiluminescent substrate for AP (Tropix, Bedford, MA). Blots were analyzed on a Carestream imaging station GL4000 (New Haven, CT) and compatible Carestream
Molecular imaging software.
Biotinylation of Apical Membrane Proteins—After treatment
with either H2O2 or MLN4924, T2 cells were washed with icecold PBS, and apical membrane proteins were biotinylated with
0.5 mg/ml of S-S biotin (Pierce) in borate buffer containing 85
mM NaCl, 4 mM KCl, 15 mM Na2B4O7 (pH 8.0)) for 30 min. Cells
were then washed three times in ice-cold PBS, and biotinylation
was quenched with DMEM supplemented with 10% horse
serum and 125 mM lysine. Supernatant protein concentrations
were determined using a standard Bradford assay. Neutravidin
beads (Pierce) were combined with 300 mg of biotinylated protein and incubated overnight at 4 °C. Streptavidin-bound protein was collected in 1⫻ SDS sample buffer, heated to 95 °C for
3 min, and then separated by SDS-PAGE.
Cycloheximide Chase—Primary rat alveolar T2 cells were
treated in a 0.01% solution of cycloheximide (Sigma) with or
without 10 nM MLN4924. Protein was harvested at 0, 5, 15, 30,
60, and 120 min, immunoblotted for ␣-ENaC, and then protein
expression normalized to ␤-actin.
Real-time PCR—Total RNA was extracted from rat T2 cells
using an RNeasy isolation kit (Qiagen) following the protocol of
the manufacturer. RNA was then treated with DNaseI and
reverse-transcribed using Superscript II RNaseH-reverse transcriptase (Invitrogen). The level of ENaC subunit mRNA
expression was determined using the following pairs of forward
and reverse primers: ␣-ENaC, TGC TCC TGT CAC TTC AGC
AC (forward) and CCC CTT GCT TAG CCT GTT C (reverse);
␤-ENaC, CCC CTG ATC GCA TAA TCC TA (forward) and
GCC CCA GTT GAA GAT GTA GC (reverse); and ␥-ENaC,
ACC CTT TCA TCG AAG ACG TG (forward) and CCT CTG
TGC ACT GGC TGT AA (reverse). Threshold levels of mRNA
expression (⌬⌬Ct) were normalized to mouse GAPDH levels,
and values represent the mean of triplicate samples ⫾ S.E. Data
are representative of three independent studies.
Fluoroscopic Determination of Lung Fluid Clearance—Animals were tracheally instilled with a saline challenge of 5L/g
body weight, as described in Refs. 11, 13. The saline solution
contained 96 NaCl, 3.4 KCl, 0.8 CaCl2, 0.8 MgCl2, and 10
HEPES, with the pH adjusted to 7.4 with NaOH. Immediately
following instillation (Io), animals were radiographed using an
in vivo MS FX Pro small animal imager (Carestream Health)
with an E-Z Anesthesia unit (Palmer, PA) attached to deliver
oxygen and 2% isoflurane. Animals were X-rayed at 5-min
intervals (with 2-min exposure times) up to 120 min with the
following acquisition settings: 2X2 binning, 180-mm field of
view, and 149-A x-ray current. X-ray density was quantified
using Carestream Health MI software with a defined 5-mm2
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region of interest. All fluoroscopic regions of interest (ROI)
were background-corrected and normalized to the initial x-ray
intensity (Io) to make comparisons between time points and
experimental groups. Changes in lung fluid volume are
expressed as I-Io, where I is the x-ray density at a respective time
point and Io is the initial x-ray density following the saline
challenge.
Statistical Evaluation—All data are summarized as mean ⫾
S.E. Single comparisons were performed using paired Student’s
t tests. Multiple comparisons were performed using one-way
analysis of variance followed by the Bonferroni post-hoc test for
pair-wise comparisons. p values of ⱕ 0.05 were considered statistically significant.

RESULTS
Lung ENaC Is Redox-sensitive—To show that lung ENaC
activity is redox-sensitive, we treated alveolar T2 cells with 250
M H2O2 while maintaining a Gigaohm seal in the cell-attached
configuration. Fig. 2, A–C, shows a representative trace demonstrating an increase in ENaC NPo following ⱖ 35 min of
H2O2 application to the extracellular bath (Fig. 2D, n ⫽ 4). A
comparison of ENaC activity from all cells observed show that
HSC channel (␥ ⫽ 6 pS ⫾ 1.1 S.E. from mean) and NSC channel
(␥ ⫽ 11 ⫾ 0.8 pS) channels are activated following H2O2 stimulation of T2 cells (Fig. 2, E–F, n ⫽ 4).
Prior to using a commercially available anti-␣-ENaC C-20
antibody directed against the C-terminal epitope, we characterized the binding specificity of this antibody under reducing
(⫹DTT) and non-reducing (-DTT) conditions. As shown in Fig.
3A, the predominate immunoreactive band detected using this
antibody is ⬃65 kDa, although a larger 150 kDa band can be
faintly detected under non-reducing conditions (discussed
below). In Fig. 3B, alveolar T2 cells treated with 250 M H2O2
(applied to the culture media) showed that protein expression
of ␣-ENaC significantly increases following oxidation. The
graph in Fig. 3B quantifies the robust increase in the 65 kDa
cleaved form of ␣-ENaC (14, 15) from three independent observations. Interestingly, a second immunoreactive band of ⬃150
kDa in molecular size was also robustly detected using the anti␣-ENaC C-20 antibody following H202 exposure (as indicated
by the asterisk in Fig. 3B). Although the molecular identity of
this larger band remains unknown, peptide competition indicates antibody specificity (Fig. 3A, right panel). Fig. 3B shows
that H2O2 significantly increased total ␣-ENaC at 60 and 120
min (n ⫽ 3, * ⫽ p ⬍ 0.05). In Fig. 3C, we show that surface
expression (biotinylated) of ENaC was enhanced significantly
following 60- and 120-min exposure to H2O2 (* ⫽ p ⬍ 0.05).
Interestingly, only the cleaved form of ␣-ENaC was biotinylated
(65 kDa) before and after H2O2 exposure (and the larger 150kDa immunoreactive band detected using whole cell lysate was
not observed in Fig. 3C). Additionally, ␤-tubulin labeling of
biotinylated protein indicates that intracellular protein did not
pull down. Positive ␤-tubulin signal control (from cell lysate) is
also included in Fig. 3C.
Real-time PCR evaluation of ␣, ␤, and ␥ ENaC mRNA levels
following H2O2 treatment of T2 cells indicates no change in
transcription of the sodium channel subunits (Fig. 3D).
Together, these data indicate that H2O2 treatment enhances
VOLUME 288 • NUMBER 12 • MARCH 22, 2013
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FIGURE 2. Lung ENaC is redox-sensitive. A, continual, representative, single channel patch clamp recording obtained from isolated primary alveolar T2 cell
before and after 250 M H202 application (as indicated on the trace). B and C, higher resolution of the single channel recording shown in A, 30 s in duration,
showing increases in open probability (Po), the fraction of time a channel is open, following H202 treatment. In A–C, the arrow denotes the closed state, and
downward deflections from the closed state represent inward Na current. D, average Po values from four independent observations show that ENaC activity
significantly increases following H202 treatment. Data were sampled from 5-min recording periods before, 5–10 min after, and beyond 30 min of hydrogen
peroxide application. *, p ⬍ 0.05. E and F, chord conductances (␥) were calculated following H202 treatment, showing HSC (Ave ␥ ⫽ 6 ⫾ 1.1 pS) and NSC (Ave
␥ ⫽ 11 ⫾ 0.85 pS) channel activity under oxidizing conditions.

sodium channel activity, possibly by increasing the resident
time of channels in the plasma membrane. Below, we explore
the possibility that redox-sensitive proteolytic pathways play an
important role in regulating sodium channel activity (NPo)
under oxidizing conditions.
MLN4924 Increases Surface ENaC Activity—MLN4924 (IC50
4.7 nM) is a specific inhibitor of Nedd8-(E1)-activating enzyme
(12). As such, this compound has been shown to be effective in
controlling the activity of the Cullin-RING subtype of ubiquitin
ligases, thereby regulating the turnover of proteins in the
plasma membrane (12). In Fig. 4A, we show that activated Cullin, Cullin-1 conjugated with Nedd8, is ⬃95 kDa (in the presence of DTT). In Fig. 4B, we show that T2 cells are indeed
responsive to 10 and 100 nM MLN4924 treatment, as detection
of Cullin-Nedd8 conjugation decreases following MLN4924
inhibition of the E1 enzyme without changes in ␤-actin protein
levels. Cullin-Nedd8 conjugates decreased significantly with
MLN4924 treatment (compared with time-matched controls,
* ⫽ p ⬍ 0.05). Fig. 4, C and D, shows that MLN4924 disruption
of Cullin-Nedd8 conjugation leads to increases in total (C) and
biotinylated (D) ␣-ENaC protein (* ⫽ p ⬍ 0.05). The 65-kDa
immunoreactive band is shown and quantified because it is the
cleaved, active form of ␣-ENaC (14, 15). To demonstrate that
Nedd8 has a role in the proteolytic degradation of ENaC, we
performed a cycloheximide chase assay using isolated alveolar
MARCH 22, 2013 • VOLUME 288 • NUMBER 12

T2 cells with and without MLN4924 (Fig. 4E). Inhibition of
Nedd8 with MLN4924 significantly attenuated ENaC degradation at 60 and 120 min (n ⫽ 3, * ⫽ p ⬍ 0.05). Corresponding
patch clamp data shown in Fig. 5 (obtained from alveolar T1
cells) and Fig. 6 (obtained from alveolar T2 cells) show that
MLN4924 significantly increases HSC channel and NSC channel activity in both alveolar epithelial cell types. In particular,
ENaC NPo increased from 0.34 ⫾ 0.20 to 0.82 ⫾ 0.30 (in T1
cells) and 0.07 ⫾ 0.03 to 0.80 ⫾ 0.16 (in T2 cells) ⬃1 h postMLN4924 treatment. Collectively, these data demonstrate that
Cullin-dependent ubiquitination of ENaC is redox-sensitive, as
inhibiting activated Cullin (Nedd8 conjugated with Cullin-1)
using H2O2 significantly increased ENaC protein expression
and ENaC activity. Additionally, inhibition of activated Cullin
using the Nedd8 E1 activating enzyme inhibitor, MLN4924
compound, attenuated ENaC protein degradation.
To verify that changes in single channel activity lead to
altered lung function, we compared the effects of tracheally
instilling C57Bl/6 mice with either 10 M MLN4924 (Fig. 7, ●),
10 M MLN4924 ⫹ 1 mM amiloride (E), or saline only (f).
Consistent with our report that MLN4924 significantly
increases ENaC HSC and NSC channel activity in alveolar cells,
Fig. 7 shows that mouse lung instilled with 10 M MLN4924
(n ⫽ 7) cleared the saline challenge at a rate significantly greater
than saline control (saline only, n ⫽ 15) between 65–120 min
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 3. H2O2 increases cell surface expression of ␣-ENaC in alveolar epithelial cells. A, characterization of anti-␣-ENaC C20 antibody under nonreducing (-DTT) and reducing (⫹DTT) conditions with a peptide competition assay (right panel) indicating antibody specificity and ␤-actin loading controls.
B, representative blot and quantification of the 65-kDa ␣-ENaC immunoreactive band assayed from whole cell lysate following 0.5 mM H2O2 treatment. A larger,
⬃150-kDa band was also detected following hydrogen peroxide treatment and noted with an asterisk. C, representative blot and quantification of surface
␣-ENaC assayed from biotinylated T2 cells following treatment with 0.5 mM H202. D, 0.5 mM H2O2 did not affect relative ENaC subunit mRNA expression levels.
n ⫽ 3. *, p ⬍ 0.05.

(as indicated with an asterisk). Importantly, coinstilling animals
with MLN4924 and amiloride (E, n ⫽ 10) significantly attenuated the rate of lung fluid clearance at all time points compared
with MLN4924-instilled animals (and between 0 – 60 min when
compared with saline control animals, indicated by #). We also
compared mice receiving MLN4924 with amiloride (E) to
amiloride alone (䡺, n ⫽ 15) and did not detect a significant
difference. Together, the data strongly indicate that the neddylation pathway plays an important role in regulating ENaC
activity and, hence, lung fluid balance in vivo.
Redox Regulation of Nedd8 Ubiquitination of ENaC—Recent
work by the Neish laboratory (16, 17) established that reactive
oxygen species mediate changes in Cullin-1 and Nedd8 conjugation. Specifically, their research showed that reactive oxygen
species cause oxidative inactivation of the catalytic cysteine residue of Ubc12, the Nedd8-conjugating enzyme. The resulting
transient loss of Cullin-1 neddylation indeed altered cell signaling (17). To determine whether Nedd8 plays a role in proteolytic degradation of ENaC, we coimmunoprecipitated Cullin-1
and Nedd8 in the presence and absence of H2O2 and blotted for
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␣-ENaC using an antibody directed against the C-terminal
domain of ␣-ENaC. Fig. 8A shows decreased Cullin-1 and
Nedd8 association with ␣-ENaC subunit under oxidizing conditions (⫹ DTT), thus supporting the notion that the redoxsensitive Nedd8 signaling pathway regulates ENaC activity. The
right panel in Fig. 8A provides a negative signal control for the
immunoprecipitation studies performed, in which there was no
␣-ENaC detected following pull-down with IgG beads only. We
also coimmunoprecipitated Ubc12, an ⬃20-kDa E2 enzyme,
Fig. 8C, left panel) with ␣-ENaC subunit in the presence and
absence of H2O2. H2O2 reduced ENaC and Ubc12 association.
This ⬃85-kDa band is highlighted in Fig. 8B (n ⫽ 3, p ⫽ 0.05).
Collectively, these data demonstrate that the formation of the
Cullin-RING complex with ENaC is redox-sensitive.
Next we examined total protein ubiquitination in T2 cell
extract (Fig. 8C), as well as the extent of ␣-ENaC polyubiquitination (D) from immunoprecipitated samples with and without
exposure to H2O2. In Fig. 8C, we show that the level of ubiquitination in T2 cells is decreased significantly after 2 h of 0.5 mM
H2O2 treatment (n ⫽ 3, p ⫽ 0.01, data normalized to ␤-actin
VOLUME 288 • NUMBER 12 • MARCH 22, 2013
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FIGURE 4. MLN4924 decreases Nedd8 conjugation to Cullin-1 and increases the expression of ␣-ENaC in isolated rat alveolar T2 cells. A, Western blot
analysis (IB) demonstrating that in the presence of DTT the Cullin-1- Nedd8 conjugate is ⬃95 kDa. IP, immunoprecipitation. B, Western blot analysis depicting
changes in Cullin1-Nedd8 conjugates in response to 10 nM and 100 nM MLN4924 with quantification of blots shown in a bar graph. C, Western blot analysis
demonstrating an increase in total ␣-ENaC following treatment with 10 nM or 100 nM MLN4924. The graphs below show quantification of ␣-ENaC. D, Western
blot analysis and bar graph demonstrating biotinylated ␣-ENaC expression following treatment with 100 nM MLN4924. E, a cycloheximide chase experiment
shows preservation of ␣-ENaC expression in isolated rat T2 cells. n ⫽ 3. *, p ⬍ 0.05.

levels). To determine whether H2O2 specifically attenuates
ENaC polyubiquitination, we immunoprecipitated ␣-ENaC
from T2 cells in the presence or absence of 10 M H2O2 and
immunoblotted using P4D1 ubiquitin antibody (Cell Signaling
Technology, Inc.). In Fig. 8D, left panel, we show ␣-ENaC antibody specificity in whole cell lysate. Quantification of the smear
(signal between 220 – 65 kDa in each lane) indicates that H2O2
decreased ubiquitination of ENaC by ⬃40% (p ⫽ 0.003, n ⫽ 4).

DISCUSSION
Our laboratory has reported previously that glucocorticoids
and mineralocorticoids, the principal steroid hormone regulators of ENaC, stimulate production of reactive oxygen species
in sodium transporting epithelia (18). This finding indicates
that steroid-hormone-receptor activation of ENaC may, in
part, occur via regulated ROS signaling. In support of this, our
laboratory has shown recently that sequestering superoxides
with a superoxide mimetic, tetramethyl-piperidine oxide
(TEMPO) and inhibition of NADPH oxidase (a superoxideMARCH 22, 2013 • VOLUME 288 • NUMBER 12

generating enzyme) with a Rac1-inhibiting compound similarly
resulted in attenuation of normal ENaC activity (19). Conversely, application of exogenous superoxides using hypoxanthine and xanthine oxidase to cell-attached patch clamp
recordings lead to substantial increases in ENaC activity (18),
thereby enhancing net Na⫹ transport. In this study, we report a
plausible new mechanism by which ROS could be up-regulating
sodium channel activity in the lung by attenuating proteolytic
degradation of ENaC.
In Fig. 2, we show that moderately strong oxidizing agents
such as hydrogen peroxide increase surface expression of ENaC
in lung epithelial cells. Exposure of isolated primary alveolar T2
cells to hydrogen peroxide resulted in a time- and concentration-dependent increase in ␣-ENaC subunit expression, as
determined by Western blot analysis and surface biotinylation
assays. In our biochemical detection of ENaC, H2O2 increases
the expression of the cleaved form of ␣-ENaC subunit (a
65-kDa band). In the literature, anti-␣-ENaC antibody has been
reported to immunoreact with both protein bands of apparent
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 5. MLN4924 increases ENaC activity in lung primary T1 cells. A, representative single channel patch recording of a primary T1 cell in the cell-attached
configuration. The arrow denotes the closed state, and downward deflections represent Na channel openings. Enlarged insets of the recording from the control
(i) period and near 5 (ii), 15 (iii), 30 (iv) and 50 (v) min (-40 mV, -Vp) are shown. B and C, calculated chord conductance of HSC and NSC channels present in T1 cells.
D, results from five independent observations shown on dot-plot graphs with y axis ⫽ ENaC activity (NPo) measured as the product of the number of channels
(N) and the open probability (Po). NPo values increased from 0.34 ⫾ 0.20 to 0.82 ⫾ 0.30. p ⫽ 0.05.

masses near 85 kDa and 60 kDa in rat kidney epithelia (20),
Xenopus A6 distal nephron cells (21), and lung epithelia (22).
Using the same commercially available ␣-ENaC C-terminal
C20 antibody (purchased from Santa Cruz Biotechnology, Inc.),
our research group, alongside published reports by Dr. Baines’
laboratory (23, 24), consistently detect the cleaved protein of
⬃65 kDa in human H441 airway or in rat epithelia, as reported
here (Fig. 3). In a previous study, Xu and Chu (22) report the
effects of hydrogen peroxide on ␣-ENaC protein expression,
with the focus placed primarily on the declined detection of the
85-kDa band, in which the authors presumed to be an ␣2-ENaC
variant following 24 h of 0.5 mM H2O2 treatment. Our study
differs from this effect in that we report marked increases in
surface expression of (cleaved ⬃65 kDa) ␣-ENaC following 4 h
of 0.5 mM H2O2 treatment with no change in the ENaC subunit
transcript (Fig. 3C). In contrast, the O’Brodovich laboratory
(25) has shown that superoxide scavenger TEMPO decreases
␣-ENaC mRNA levels in fetal distal lung epithelial cells. These
data, combined with our recent observations, suggest that reactive oxygen species can work through disparate signal transduction pathways to reinforce net salt and water reabsorption in
the airways. ENaC mRNA expression is clearly associated with
redox-sensitive NF-␤ transcription factor activation (for a
review, see Ref. 26). In future studies, we propose to examine
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the effect of H202 on each of the sodium channel subunit that
comprises the architecture of ENaC 27–29.
Importantly, however, our studies also revealed that a larger
(⬃150-kDa) band is immunoreactive using the C-20 anti-␣ENaC antibody following H2O2 treatment under reducing conditions (Fig. 3B). Although the molecular identity of this band is
presently unknown, it is interesting to note the specificity of
antibody used (Fig. 3A) and the conditions in which this larger
band is detected. Because the gel presented in Fig. 3B is indeed
reducing (⫹DTT), the larger band must represent non-covalent changes in ␣-ENaC protein following H2O2 exposure.
Beyond the scope of this study, as a future area of the research
interest of our laboratory we posit that the larger molecular
weight band detected following H2O2 treatment could represent ␣-ENaC subunits with significant thiol modifications
withstanding the effects of DTT.
Extensive studies in the past decade have revealed that surface expression of ENaC is tightly regulated by ubiquitin-mediated trafficking of surface-expressed ENaC (1, 12, 30 –33).
Ubiquitination of ENaC by the Nedd4-2 ubiquitin ligase (a
HECT domain-containing E3 ligase) has been shown to affect
post-trafficking and degradation of ENaC via the lysosomal or
the proteasomal pathways (20, 21). In this study, we examined
post-translational modification of ENaC activity by redox-senVOLUME 288 • NUMBER 12 • MARCH 22, 2013
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FIGURE 6. MLN4924 increases ENaC activity in isolated rat alveolar T2 cells. A, representative single channel patch recording of alveolar T2 cell in the
cell-attached configuration. The arrow denotes the closed state, and downward deflections represent Na⫹ channel openings and breaks in the recording
(indicated with //). Again, enlarged excerpts of the control (i) period recording and at ⬃7.5 (ii), 27.5 (iii), 47.5 (iv) and 62.5 (v) min (-40 mV (-Vp)) are shown. B and
C, IV curves depicting the calculated chord conductance of HSC channels (7pS) and NSC (12pS) channels present in T2 cells. D, results from eight independent
observations shown on dot-plot graphs with y axis ⫽ ENaC activity (NPo), where n ⫽ number of channels and Po ⫽ open probability. NPo values increased from
0.07 ⫾ 0.03 to 0.80 ⫾ 0.16. p ⬍ 0.005.

FIGURE 7. MLN4924 increases lung clearance in vivo. Line graph showing changes in lung fluid clearance presented with time on the x axis and I-Io on the y
axis, where I is the x-ray density at a respective time and Io is the initial x-ray density following the tracheal instillation. Mice received a tracheal instillation of
either 10 M MLN4924 (●), saline only (f), 10 M MLN4924 with 1 mM amiloride (E), or 1 mM amiloride alone (䡺). *, p ⬍ 0.01; #, p ⬍ 0.05.
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FIGURE 8. Nedd8-mediated ubiquitination of ␣-ENaC is redox-sensitive. A, coimmunoprecipitation (IP) of Cullin-1 and Nedd8 with ␣-ENaC shown under
denaturing (⫹DTT) conditions. The intense bands below 60 kDa are immunoglobulins. IB, immunoblot. B, coimmunoprecipitation of ␣-ENaC and Ubc12 from
isolated T2 cell treated ⫾ 0.5 mM H2O2. The left panel shows the predicted molecular weight for Ubc12. The right panel shows that H2O2 reduced Ubc 12
conjugated ␣-ENaC. n ⫽ 3. p ⬍ 0.05. C, T2 cell lysate was treated ⫾ 0.5 mM H2O2 for 1 h, and the ubiquitinated protein was quantified using P4D1 ubiquitin
antibody. Data were normalized to the ␤-actin expression level. n ⫽ 3. p ⫽ 0.01. D, ␣-ENaC was detected in T2 cell lysate (left panel). Ubiquitinated ␣-ENaC was
detected (right panel) following immunoprecipitation of ␣-ENaC (using anti-␣ -ENaC C20 antibody and P4D1 ubiquitin antibody) in samples ⫾ 2 h exposure to
0.5 mM H2O2. Quantification of immunoprecipitated ␣-ENaC (⫾ 0.5 mM H2O2 exposure for 2 h) demonstrates an ⬃40% reduction in ubiquitination. n ⫽ 4. p ⫽
0.02.

sitive pathways, such as neddylation. Nedd8 is a ubiquitin-like
protein that can indeed regulate the number of active channels
residing in the apical membrane. Previous studies by the Neish
laboratory (13, 34) indicate that hydrogen peroxide controls
neddylation of Cullin-1 and, hence, formation of a functional
E3-ubiquitin ligase. On the basis of our results, we propose that
in alveolar epithelial cells, ROS interferes with Nedd8 conjugation with Cullin-1, which would of course attenuate ubiquitination of lung ENaC. Further, we propose that ENaC is indeed
a target of the neddylation pathway, as inhibition of Nedd8
activating enzyme significantly increases channel activity and
clearance. Additionally, in Fig. 8, we show that ␣-ENaC is intimately associated with Cullin-1, Nedd8, and Ubc12. We
focused primarily on evaluating ␣-ENaC subunit association
with the E3-SCF complex as an initial first step in studying this
novel mode of ENaC regulation, given that ␣-ENaC subunits
(alone) can form functional channels (35, 36) and that, because
of the three homologous subunits, loss of ␣-ENaC expression in
the lung leads to a non-viable lung phenotype (32, 37).
This study puts forth a novel mechanism of redox-sensitive
regulation of ENaC, indicating that inactivation of the neddylation pathway may be a useful point of intervention in pulmonary disorders such as acute lung injury and pulmonary edema.
Interestingly, the Wei laboratory (35, 36) has shown recently
that phosphorylation of Rictor at Thr-1135 impairs the
Rictor䡠Cullin-1 complex (and no other Cullin family member)
to ubiquitinate the serum and glucocorticoid kinase 1 (SGK1).
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Because SGK1 clearly interacts with the WW domains of
Nedd4-2 (37– 43), the important implication from the study of
Wei et al. (35, 36) is that Cullin-1 can alter ENaC activity in a
redox-sensitive manner (via neddylation) or via a non-ROS-dependent pathway (such as promoting SGK1 degradation after
association with the Ricotor-mTOR complex). Normal and
misdirected redox-sensitive pathways leading to altered
sodium transport in lung epithelia is the focus of future studies.
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