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Increased distal nephron sodium absorption in response to
aldosterone involves Nedd4-2 phosphorylation, which blocks
its ability to ubiquitylate ENaC and increases apical mem-
brane channel density by reducing its endocytosis. Our prior
work (Liang, X., Peters, K. W., Butterworth, M. B., and Friz-
zell, R. A. (2006) J. Biol. Chem. 281, 16323–16332) showed
that aldosterone selectively increased 14-3-3 protein isoform
expression and that the association of 14-3-3� with phospho-
Nedd4-2 was required for sodium transport stimulation. The
knockdown of 14-3-3� alone nearly eliminated the response
to aldosterone, despite the expression of other 14-3-3 iso-
forms in cortical collecting duct (CCD) cells. To further
examine this marked effect of 14-3-3� knockdown, we eval-
uated the hypothesis that phospho-Nedd4-2 binding prefers a
heterodimer composed of two different 14-3-3 isoforms. We
tested this concept in polarized CCD cells using RNA inter-
ference and assays of sodium transport and of the interaction
of Nedd4-2 with 14-3-3�, a second aldosterone-induced iso-
form. As observed previously for 14-3-3� knockdown, small
interfering RNA-induced reduction of 14-3-3� markedly
attenuated aldosterone-stimulated ENaC expression and
sodium transport and increased the interaction of Nedd4-2
with ENaC toward prealdosterone levels. After aldosterone
induction, 14-3-3� and 14-3-3� were quantitatively co-im-
munoprecipitated from CCD cell lysates, and the association
of both isoforms with Nedd4-2 increased. Finally, the knock-
down of either 14-3-3� or 14-3-3� reduced the association of
Nedd4-2 with the other isoform. We conclude that the two
aldosterone-induced 14-3-3 isoforms, � and �, interact with
phospho-Nedd4-2 as an obligatory heterodimer, blocking its
interaction with ENaC and thereby increasing apical ENaC
density and sodium transport.

The homeostatic control of salt and water balance occurs
primarily through regulation of the rate of sodium absorption

across renal cortical collecting duct (CCD)2 epithelia, where the
epithelial sodium channel, ENaC, provides the limiting entry
step in this process (1). ENaC is composed of three homologous
subunits, �, �, and � (2, 3), and its significance in fluid balance
and blood pressure regulation is demonstrated by ENaC sub-
unitmutations that are found in familieswith genetic hyperten-
sion or salt wasting (4–6).
In response to reduced extracellular fluid volume, aldoster-

one stimulates distal nephron sodium absorption via coordi-
nated transcriptional regulation of transport and metabolic
protein expression (7, 8). One aspect of this response involves
the increased expression of ENaC, principally its �-subunit,
whose expression appears to be limiting for the trafficking of
functional sodium channels to the apical surface of distal
nephron principal cells (9). Once delivered to the apical mem-
brane, the endocytic retrieval and recycling of ENaC are rela-
tively rapid events (10, 11). The internalization of ENaC from
the cell surface is dictated largely by protein interactions that
involve the recognition of PY motifs at the ENaC subunit C
termini by theWWdomains of the E3ubiquitin ligase,Nedd4-2
(neural precursor cell-expressed developmentally down-regu-
lated gene 4 isoform 2). ENaC ubiquitylation facilitates engage-
ment of the channel by the endocytic machinery, which pro-
motes its internalization and can lead subsequently to ENaC
degradation (12). Removal of ubiquitin allows the channel to
recycle to the apical surface, however (11, 13).
The action of aldosterone to increase sodium absorption

across the collecting duct is primarily explained by increases
in apical membrane ENaC density and increased apical
channel residency that are associated with reduced interac-
tions between ENaC and Nedd4-2. Their reduced interac-
tion is mediated by SGK1 (serum- and glucocorticoid-in-
duced kinase 1), whose expression is augmented as a
component of the early response of CCD cells to the steroid.
SGK1 phosphorylates sites that correspond to its consensus
phosphorylation motif, RXRXX(S/T), and there are three
such sites within Nedd4-2 (14, 15). This post-translational
modification disrupts the ability of Nedd4-2 to bind ENaC
and thereby interferes with the channel’s ubiquitylation and
internalization, resulting in increased cell surface expression
and sodium transport.
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We (16) and others (17, 18) have demonstrated that 14-3-3
proteins are essential components of ENaC regulation by aldos-
terone. These proteins associate with SGK1-phosphorylated
Nedd4-2 to maintain its phosphorylated/inactive state and
thereby obstruct its physical association with ENaC. In prior
studies, we detected the expression of five of the seven mam-
malian 14-3-3 isoforms in mouse cortical collecting duct
(mCCD) epithelia by reverse transcription-PCR and immuno-
blot, and we showed that the expression of the 14-3-3� and �
isoforms were elevated 3- and 12-fold, respectively, by physio-
logical levels of aldosterone, whereas the expression of other
expressed isoforms, 14-3-3�, -�, and -�, were unaffected by the
steroid. We focused on 14-3-3� as the predominant isoform
expressedinaldosterone-treatedepithelia,andweobservedtime-
dependent increases in 14-3-3� levels during aldosterone stim-
ulation that paralleled the increases in SGK1, �-ENaC, and
phospho-Nedd4-2. Co-immunoprecipitation (co-IP) experi-
ments demonstrated that aldosterone shifted Nedd4-2 from an
association with ENaC to an interaction with 14-3-3�. As
shown by a site-specific phosphorylation-sensitive antibody,
this 14-3-3 isoform interacted with Ser328 of phosphorylated
Nedd4-2 to block ENaC binding.
The physiological significance of the 14-3-3�-phospho-

Nedd4-2 interaction was revealed by 14-3-3� knockdown,
which increasedENaC-Nedd4-2 interactions to prealdosterone
levels, blunted the steroid-induced increase in �-ENaC expres-
sion, and virtually eliminated the aldosterone-induced stimula-
tion of sodium absorption across mCCD epithelia. Thus, the
knockdown of 14-3-3� alone markedly suppressed several
important features of the aldosterone response, despite the
expression of other 14-3-3 isoforms and the parallel induction
of 14-3-3� expression by the steroid (16).

The binding between a 14-3-3 protein and its substrate is
generally triggered by phosphorylation of the target at specific
Ser/Thr residues (19). In this manner, the 14-3-3 proteins are
key regulators of phosphoprotein targets within a variety of
cellular signaling pathways. Structural studies show that 14-3-3
proteins interact with their client proteins as dimers, thus pos-
sessing two binding sites for target protein interactions. This
arrangement may allow them to bring different regions of the
same protein into proximity (20, 21). In addition, it is thought
that substrate binding specificity may arise from the formation
of an optimal dimer interface between two 14-3-3 monomers
(22). Structural studies suggest also that 14-3-3 dimers are
especially rigid due to their high helical content, and that their
conformation is minimally perturbed during client protein
binding. This property permits 14-3-3 proteins to physically
deform their binding partners. Thus, the intramolecular bind-
ing of a 14-3-3 dimer within Nedd4-2 would be expected to
obstruct its ability to interact productively with ENaC, accord-
ing to the “molecular anvil” hypothesis of 14-3-3 interactions
proposed by Yaffe (23).
The rationale for the present study was provided by our find-

ing of the selective induction of two 14-3-3 isoforms,� and �, by
aldosterone, and the known functional requirement of 14-3-3
proteins for dimer association. We asked whether the marked
dependence of aldosterone action on the � isoform, as detected
in prior knockdown studies, reflects a binding preference of

phospho-Nedd4-2 for a heterodimer of the two 14-3-3 isoforms
whose expression is augmented by steroid treatment.

EXPERIMENTAL PROCEDURES

Antibodies—Antibodies specific for 14-3-3� (A-15), 14-3-3�
(T-16) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Antibodies to Nedd4 were obtained from Upstate
Biotechnology, Inc. (Lake Placid, NY). For �-ENaC, a rabbit
polyclonal antibody was raised against an epitope of the extra-
cellular loop as described (16). Secondary antibodies against
mouse or rabbit were obtained from Amersham Biosciences.
Antibodies to �-actin and the HA epitope were obtained from
Sigma.
Cell Culture—mpkCCDc14 cells (provided by A. Vandewalle

and M. Bens, Institut National de la Santé et de la Recherche
Médicale, Paris, France) were grown in flasks (passages 30–40)
in defined medium, as described previously (24). The growth
medium was composed of equal volumes of Dulbecco’s modi-
fied Eagle’s medium and Ham’s F-12, plus 60 nM sodium sele-
nate, 5 �g/ml transferrin, 2 mM glutamine, 50 nM dexametha-
sone, 1 nM triiodothyronine, 10 ng/ml epidermal growth factor,
5 �g/ml insulin, 20 mM D-glucose, 2% (v/v) FCS, and 20 mM
HEPES, pH 7.4 (reagents from Invitrogen and Sigma). The cells
were maintained at 37 °C in 5% CO2, 95% air, and the media
were changed every second day.
For the transepithelialmeasurements,mCCD cells were sub-

cultured onto permeable filter supports (0.4-�m pore size,
0.33-cm2 surface area; Transwell; Corning Costar). After �7
days, a polarized monolayer had developed, as assessed by
recordings of open circuit voltage (typically�50mV) and tran-
sepithelial resistance (typically �2 kiloohms�cm2), detected
using “chopstick” electrodes (Millipore). For the biochemical
experiments, mCCD epithelia were polarized on 4.5-cm2 filters
(Corning) for �7 days prior to use. To assure a regulatory base
line, the growth medium bathing cells on filters was replaced
with a minimal medium of Dulbecco’s modified Eagle’s medi-
um/F-12 (without drugs or hormones) for at least 24 h prior to
experiments. Thereafter, mCCD epithelia were either main-
tained without additives or treated with aldosterone (10 nM;
Sigma). This concentration of aldosterone activates mineralo-
corticoid receptors in CCD cells (25), and it corresponds to
plasma aldosterone levels that can be reached during severe salt
restriction (26).
Co-immunoprecipitation Assays—Protein assays (BCA;

Pierce) ensured that equivalent amounts of protein were used
forWestern blot analysis and immunoprecipitation. Precleared
mCCD cell lysates (�1 mg of protein) were mixed with the
appropriate primary antibodies for 1.5 h at 4 °C in lysis buffer
(0.4% deoxycholate acid, 1% Nonidet P-40, 50 mM EDTA, 10
mMTris�HCl at pH 7.4). Twenty-five�l of washed proteinA- or
G-Sepharose beadswas added to each sample and incubated 1 h
at 4 °C with gentle rotation. Immunocomplexes were washed
with lysis buffer four times and precipitated by centrifugation at
12,000 � g for 10 s. The immunocomplexes were resuspended
in SDS sample buffer and subjected to immunoblotting (see
below). Controls for the immunoprecipitations were per-
formed using a concentration of HA antibody equal to that of
the primary precipitating antibody.
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Immunoblot Analyses—Equal amounts of protein from
either aldosterone-treated or nontreated, polarized mCCD
cells or the immunoprecipitates described above were resolved
by 10% SDS-PAGE and transferred to polyvinylidene difluoride
membranes. Unbound sites were blocked for 1 h at room tem-
perature with 5% (w/v) skimmilk powder in TBST (10 mM Tris
(pH 8.0), 150 mMNaCl, 0.05% Tween 20). The blots were incu-
bated with primary antibodies (anti-14-3-3 isoforms, each
1:1000; anti-Nedd4-2, 1:1000; anti-�- ENaC, 1:1000; or anti-�-
actin, 1:3000) at room temperature for 2 h. The blots were then
washed three times for 10 min each with TBST and incubated
for 1 h with 2 �g/ml horseradish peroxidase-conjugated sec-
ondary antibodies (1:1000; Amersham Biosciences) in TBST
with 5% milk, followed by three TBST washes. The reactive
bands were visualized with enhanced chemiluminescence
(PerkinElmer Life Sciences) and exposed to x-ray film (Eastman
Kodak Co.). �-Actin expression provided an internal control.
Immunoblot data were scanned, and band densities were quan-
tified using ImageJ software.
mCCDTransfection with siRNA—Control siRNA and siRNA

for 14-3-3� and 14-3-3� were obtained from Dharmacon Inc.
(Chicago, IL) as SMARTpool� reagents. The control siRNAs
were composed of four nontargeting siRNAs, as provided by
the manufacturer. Selective isoform knockdown by this
approach was verified (see data). In vitro transfections with
14-3-3 or control siRNAs were performed using Lipofectamine
2000 (Invitrogen) according to themanufacturer’s instructions.
In brief, mCCD cells were seeded onto filters and were trans-
fected with siRNAs when they were �80% confluent. A total of
100 pmol of siRNA was used for 5 � 105 cells in 2 ml of culture
medium. The filters were washed 24 h after transfection and
then maintained under control conditions or treated with
aldosterone (10 nM) for 48 h. Thus, 3 days elapsed between
siRNA transfection and the biochemical or functional assays to
evaluate the influence of 14-3-3 isoform knockdown on protein
expression, protein interactions, or sodium transport. In addi-
tion to the siRNA control, the results were compared with data
obtained from untreated CCD cells.
Short Circuit Current Recordings—Epithelia cultured on fil-

ter supports were mounted in modified Using chambers
(Costar), and the cultures were continuously short circuited by
an automatic voltage clamp (Department of Bioengineering,
University of Iowa, Iowa City, IA), as previously described (10).
Transepithelial resistancewas calculated fromOhm’s law using
a periodic 2.5-mVbipolar pulse. The bathing solution consisted
of 120 mM NaCl, 25 mM NaHCO3, 3.3 mM KH2PO4, 0.8 mM

K2HPO4, 1.2 mM MgCl2, 1.2 mM CaCl2, and 10 mM D-glucose.
Chambers were maintained at 37 °C and gassed continuously
with a mixture of 95% O2, 5% CO2, which fixed the pH at 7.4.
Amiloride (10 �M) was added to the apical bath to determine
ENaC-mediated transepithelial currents.
Statistical Analysis—Data were obtained from experiments

performed 3–4 times, and values are presented as mean � S.E.
p values were calculated by analysis of variance, followed by
unpaired t test as appropriate. A p value of �0.05 was consid-
ered to be statistically significant.

RESULTS

14-3-3� Knockdown Increases the Association of ENaC with
Nedd4-2—A significant early manifestation of aldosterone’s
action is a decrease in the interaction of Nedd4-2 with ENaC,
which is associatedwith the early induction of SGK1 expression
and its phosphorylation of Nedd4-2. We previously showed
that the interaction of 14-3-3� with SGK1-phosphorylated
Nedd4-2 stabilizes the inactive form of the ubiquitin ligase and
reduces its interaction with the channel. To evaluate the ability
of the other aldosterone-induced isoform, 14-3-3�, to interfere
with ENaC-Nedd4-2 interactions, we examined the effect of
14-3-3� knockdown on the co-IP of �-ENaC and Nedd4-2
under basal and stimulated conditions (Fig. 1A). siRNA-in-

FIGURE 1. 14-3-3� knockdown reverses the aldosterone-induced
decrease in Nedd4-2 binding to �-ENaC. A, preconfluent mCCD epithelia
were transfected with siRNAs targeting 14-3-3� expression or with control
siRNAs, as described under “Experimental Procedures.” Expression of the indi-
cated proteins was determined by immunoblot using mCCD epithelia that
had been maintained under control (base-line) conditions or stimulated with
10 nM aldosterone for 48 h before cell lysis. Knockdown of 14-3-3� is docu-
mented by blots in the last row. Co-immunoprecipitations were performed
using antibodies against �-ENaC or Nedd4; binding of Nedd4-2 or �-ENaC,
respectively, was then determined by immunoblot, as shown. Nedd4 IP/IB
(third row) was performed as a control and for data normalization. IP with an
anti-HA IgG was performed as a control and yielded no signal for either
Nedd4-2 or �-ENaC. B, densitometric quantitation of results from the Nedd4/
�-ENaC co-IP (row 1) were normalized to bands from the Nedd4 IP/IB, with the
control (base-line) level set to unity. Total Nedd4 expression is not influenced
by aldosterone (16), making this normalization method possible. Summary
data are from three independent experiments.
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duced reduction in 14-3-3� expression in different experiments
ranged between 90 and 60% under basal versus stimulated con-
ditions (i.e. knockdownwas less efficient following aldosterone-
induced expression of the protein). In this and subsequent
experiments, the control siRNA pool had no effect.
The antibodies to Nedd4 used in these co-IP experiments

recognize its second WW domain and therefore both the
Nedd4-1 and Nedd4-2 isoforms. The complete gel from a
Nedd4 blot is provided in supplemental Fig. 1, and it indicates
that other WW domain proteins were not detected in mCCD
lysates. The small difference in molecular weight of the 4-1 and
4-2 isoforms is not resolved under these conditions, butmCCD
cells express both isoforms, and only the latter interacts physi-
cally and functionally with ENaC (27). The reported Nedd4
blots and IPs provide data on both isoforms and are labeled
Nedd4. However, immunoprecipitation of ENaC followed by
Nedd4 immunoblot provides data on the selective interaction
of ENaC with Nedd4-2 (27), and the blots of these IPs are
labeled as such (Fig. 1A).
As observed previously for 14-3-3�, reducing 14-3-3�

expression did not alter the ENaC-Nedd4-2 interaction at base
line, in the absence of aldosterone treatment. This outcome is
probably due to the low levels of phospho-Nedd4-2 that are
found in the absence of steroid treatment (16, 28). As antici-
pated, aldosterone decreased the interaction of Nedd4-2 with
�-ENaC (lane 1 versus lane 4), and as with 14-3-3�, the knock-
down of 14-3-3� reversed this interaction toward levels
observed in the absence of steroid. As controls, IP with an
anti-HA IgG yielded no signal for either Nedd4-2 or �-ENaC.
Quantitation of the results from all experiments (Fig. 1B) indi-
cated that aldosterone produced a 70% reduction in the amount
of Nedd4-2 associated with �-ENaC, whereas the aldosterone-
induced reduction in ENaC-Nedd4-2 binding was reduced to
30% when the expression of 14-3-3� was reduced by 60%. Our
prior study (16) showed that aldosterone elicited a �10-fold
increase in 14-3-3� binding to Nedd4-2. Thus, the present data
are consistent with the concept that the association of 14-3-3�
with phospho-Nedd4-2 blocks the ENaC-Nedd4-2 interaction.
14-3-3� Knockdown Blocks Aldosterone-induced Increases in

Sodium Transport—To evaluate the functional impact of
reduced 14-3-3� on ENaC-mediated sodium absorption, we
determined the amiloride-sensitive currents acrossmCCD epi-
thelia under control conditions and after transfection with
14-3-3� or control siRNAs. During the next 48 h, mCCD epi-
thelia remained under basal conditions or were treated with
aldosterone. Fig. 2 shows typical transepithelial current records
(Fig. 2A) and summary data of the amiloride-sensitive short
circuit current (Isc), which was increased by aldosterone 2.2-
fold (Fig. 2B). The control siRNA treatment had no significant
effect on either basal current or the current response to aldos-
terone. In the absence of aldosterone, 14-3-3� siRNA had no
effect on Isc, as observed for ENaC-Nedd4-2 interactions (see
above). Also, similar to the data of Fig. 1, and as found previ-
ously for 14-3-3� knockdown (16), treatment with siRNA tar-
geting 14-3-3� expression essentially abolished aldosterone-
stimulated sodium absorption. In other words, the Isc values
from basal and aldosterone-treated epithelia after 14-3-3�
knockdownwere not statistically different. The basis of the dis-

proportionate effect on sodium absorption of a �60% knock-
down of 14-3-3 isoforms is not known; however, preliminary
data suggest that other steps in the aldosterone-stimulated
ENaC trafficking pathway involve mediation by 14-3-3 pro-
teins.3 Thus, the cumulative effect of inhibition at serial steps in
the trafficking pathway could yield a large net effect on apical
ENaC density relative to that expected from inhibition at a sin-
gle site. Nevertheless, together with the biochemical data of Fig.
1, these findings highlight the physiological requirement for
14-3-3� in the sodium transport response to aldosterone.
14-3-3� Knockdown Reverses the Aldosterone-induced

Increase in ENaC Expression—A significant action of aldoster-
one to elevate ENaC-mediated sodium transport involves
increased channel expression. At least in part, this effect is due
to increased transcriptional production of channel subunits by
the steroid (9, 29, 30). As shown in Fig. 3, aldosterone treatment
of mCCD epithelia produced a 5–6-fold increase in expression
of �-ENaC. As previously reported (16), aldosterone also
increased the steady-state expression of 14-3-3� and 14-3-3�.
The expression of 14-3-3� under basal conditions was weakly
detectable, and aldosterone increased its expression �10-fold.
The significance of 14-3-3� in the response of �-ENaC expres-
sion was evaluated using 14-3-3�-targeted siRNAs in polarized

3 X. Liang, M. B. Butterworth, K. W. Peters, W. H. Walker, and R. A. Frizzell,
unpublished data.

FIGURE 2. 14-3-3� knockdown blocks aldosterone-induced sodium trans-
port across mCCD epithelia. Experimental conditions for 14-3-3� knock-
down were as in Fig. 1. A, typical traces of short circuit current (Isc; �A/cm2)
across mCCD epithelia under control conditions or 48 h after treatment with
aldosterone (10 nM), using control or 14-3-3� siRNA-transfected epithelia, as
indicated. The abrupt drop in Isc is elicited by the apical addition of amiloride
(10 �M). B, amiloride-sensitive INa from all experiments of the type shown in A.
Summary data are from eight epithelia studied under each condition.
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mCCD cells. Importantly, 14-3-3� knockdown was selective
and did not affect the expression of 14-3-3� (Fig. 3A).
The influence of 14-3-3� knockdown on the expression of

�-ENaC is illustrated by the blots of Fig. 3A and the quantita-
tion of the complete data set, provided in Fig. 3B. In nonstimu-
lated cells, a reduction in 14-3-3� did not alter �-ENaC expres-
sion, again indicating that this 14-3-3 isoform does not play a
significant role under nonstimulated conditions. In stimulated
cells, the increase in �-ENaC expression observed with aldos-
terone treatment was blunted 65% in cells with reduced 14-3-
3�. The �2-fold elevation of �-ENaC remaining after 14-3-3�
knockdown probably reflects the influence of aldosterone on
the transcription of this ENaC subunit.
Together, the data of Figs. 1–3 indicate that 14-3-3� partici-

pates in the regulation of apical membrane ENaC density by
aldosterone, similar to findings previously published for 14-3-
3�, the other aldosterone-induced isoform in mCCD epithelia.
In view of the disproportionate biochemical and functional
effects of 14-3-3 knockdown, and since these proteins act as
dimers (31), we asked whether 14-3-3� and 14-3-3� associate
with one another in mCCD cells and act as a heterodimer in
their interaction with phospho-Nedd4-2.
14-3-3� and 14-3-3� Interact in Vivo—To determine the

extent of endogenous 14-3-3� and 14-3-3� interactions, we
performed co-immunoprecipitation experiments using cell

lysates from polarized mCCD epithelia. Protein complexes
were isolated from epithelia maintained under basal or aldoste-
rone-treated conditions using anti-14-3-3�, resolved by SDS-
PAGE, and blotted for 14-3-3�. Representative data are illus-
trated in Fig. 4A. IPs performed with an anti-HA IgG as control
yielded no 14-3-3� or -� signal in the presence or absence of
steroid. Under basal nonstimulated conditions, a modest
amount of 14-3-3� was precipitated with 14-3-3�. As shown by
the input (see also Figs. 1 and 3), the expression of 14-3-3� is
relatively low in the absence of aldosterone. Relative to basal
conditions, aldosterone increased the expression of both
14-3-3� and 14-3-3� and increased the association of these iso-
forms with one another.
Further evidence of a strict interaction between 14-3-3� and

14-3-3� following aldosterone treatment was provided by com-
parisons of the 14-3-3� content of supernatant and pellet fol-
lowing IP of 14-3-3�, as illustrated in Fig. 4B. The blots show
that the IP-induced depletion of 14-3-3� from the supernatant
is paralleled by the nearly complete depletion of 14-3-3�, pro-
viding evidence of a stoichiometric interaction between these
isoforms in aldosterone-treated epithelia. As shown in Fig. 4C,
a similar quantitative depletion of 14-3-3� from the superna-
tant occurred when 14-3-3�was removed by IP. These findings
provide strong evidence for the in vivo assembly of a het-
erodimer of 14-3-3� and 14-3-3�, the two isoforms whose
expression is induced by aldosterone.
14-3-3 Isoforms Interact with Nedd4-2 in Vivo—In separate

co-immunoprecipitation experiments, we showed previously

FIGURE 3. 14-3-3� knockdown reduces aldosterone-stimulated �-ENaC
expression. Experimental conditions for 14-3-3� knockdown were as in Fig.
1. A, expression of the indicated proteins was determined by immunoblot
using mCCD epithelia that had been maintained under control (base-line)
conditions or stimulated with 10 nM aldosterone for 48 h before cell lysis.
B, quantitation of �-ENaC expression as a function of experimental condition
from three experiments of the type shown in A.

FIGURE 4. 14-3-3� and 14-3-3� interact directly in vivo. Interactions of
14-3-3� with 14-3-3� were evaluated using lysates from mCCD epithelia
obtained under basal conditions and after treatment with aldosterone (10
nM) for 48 h. A, the IPs employed antibodies to 14-3-3� or, as control, to the HA
epitope; binding of 14-3-3� was determined by immunoblot. B, immunoblots
for 14-3-3� or � were performed using the supernatant (S) or solubilized pellet
(P) derived from IP experiments for 14-3-3� in CCD epithelia treated with
aldosterone for 48 h. C, IP similar to B was performed using antibodies against
14-3-3� followed by blot of 14-3-3� in supernatant or pellet. The data are
representative of results from three experiments.
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that 14-3-3� or 14-3-3� interact with Nedd4-2 in vivo (16). The
effect of aldosterone on these interactions is illustrated in Fig. 5.
Co-IP experiments were performed using lysates from polar-
ized mCCD epithelia under basal and aldosterone-treated con-
ditions. Protein complexes were isolated using anti-Nedd4,
resolved by SDS-PAGE, and blotted with antibodies to 14-3-3�
or -�. IPs performed with an anti-HA IgG as control yielded no
14-3-3 signal. In our prior study (16), preincubation of cell
lysates with an antibody directed at Nedd4-2 phosphoserine
328 blocked its interaction with 14-3-3�, indicating that 14-3-3
binding requires an interaction at this phosphorylated residue.
Since this site is absent in Nedd4-1 (27), co-IPs performed with

the Nedd4 antibody will detect only the interaction of 14-3-3s
with Nedd4-2.
Under basal conditions, associations of 14-3-3� or 14-3-3�

with Nedd4-2 were not detected; however, their interactions
were readily observed following aldosterone treatment. The
negligible interaction of Nedd4-2 with these 14-3-3 isoforms
under basal conditions explains the absence of effects of 14-3-3
knockdown in the absence of steroid treatment (Figs. 1–3). The
findings of Fig. 5 set the stage for examining the interdepen-
dence of isoform interactions with Nedd4-2 using selective iso-
form knockdown.
Isoform Knockdown Affects Nedd4-2 Binding of the Other

Isoform—Since the knockdown of either 14-3-3� or 14-3-3�
markedly reduced aldosterone-simulated increases in ENaC
expression and current, we asked whether a reduction in the
expression of one isoform would abrogate binding of the other
isoform by Nedd4-2. As shown in Fig. 6, A and B, the siRNA-
mediated knockdown of 14-3-3� expression led to a reduction
not only of the extent of 14-3-3� binding byNedd4-2 but also to
a decrease in its interaction with 14-3-3�. This reduction in
14-3-3� binding was restricted to aldosterone-treated epithelia,
as observed previously for the functional effects of isoform
knockdown, and its magnitude (�60%) was quantitatively sim-
ilar to the reduction in 14-3-3� binding by Nedd4-2.

Similarly, as shown in Fig. 6, C and D, the knockdown of
14-3-3� expression led to reductions in the association of both

FIGURE 5. 14-3-3� and � interact with Nedd4-2 in vivo. Interactions of
14-3-3� and � with Nedd4-2 were evaluated using lysates from mCCD epithe-
lia obtained under basal conditions and after treatment with aldosterone (10
nM) for 48 h. The IPs employed antibodies to Nedd4-2 or, as control, the HA
epitope, followed by 14-3-3 isoform blot. Data are representative of the
results from three experiments.

FIGURE 6. Effect of 14-3-3� or � knockdown on their interaction with Nedd4-2. Experimental conditions were as in Fig. 1. A, knockdown of 14-3-3�;
immunoprecipitations were performed using antibodies against Nedd4 and binding of 14-3-3� or -� determined by immunoblot, as shown. Nedd4-2 IP/IB (last
row) was performed as a control. B, quantitation of summary data from three independent experiments; normalization was performed as for Fig. 1B. C, knock-
down of 14-3-3�; immunoprecipitations were performed using antibodies against Nedd4, and binding of 14-3-3� or -� was determined by immunoblot. Nedd4
IP/IB (last row) was performed as a control and for data normalization. D, quantitation of data (as above) from three independent experiments.
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14-3-3� and 14-3-3� with Nedd4-2, and these effects were
observed only after aldosterone treatment. As observed above,
the �80% reduction in 14-3-3� binding to Nedd4-2 with
14-3-3� knockdown was similar to the decrease in 14-3-3�
binding. These findings indicate that 14-3-3� and 14-3-3� act
as a heterodimer in their interaction with phosphorylated
Nedd4-2 to support the action of aldosterone in augmenting
ENaC-mediated sodium absorption.

DISCUSSION

ENaC is of fundamental importance in the control of sodium
absorption in a variety of epithelial tissues, including the kid-
ney, lung, exocrine gland ducts, and colon (32). Thus, ENaC
activity is an important determinant in the control of sodium
balance, blood pressure, and airway surface liquid clearance
(33). As such, ENaC is a principal target in the hormonal regu-
lation of sodium retention by aldosterone, vasopressin, and
insulin (34). The aldosterone-induced expression of the serine-
threonine kinase SGK1 represents a central control point in the
molecularmechanism of the steroid’s actions. The rapid induc-
tion of SGK1 (�1 h) leads to phosphorylation of the E3 ubiq-
uitin ligase, Nedd4-2, which reduces its affinity for ENaC bind-
ing and thereby reduces ubiquitin-mediated channel
endocytosis and degradation (14, 35).
Important in themaintenance of this response is the interac-

tion of phosphorylated Nedd4-2 with 14-3-3 proteins (16, 18).
We previously determined the expression of 14-3-3 isoforms in
aldosterone-responsive, mpkCCDc14 epithelia and showed
that the expression of two isoforms, 14-3-3� and -�, was
induced by treatment with physiological aldosterone concen-
trations. The induction of 14-3-3� expression by aldosterone
paralleled that of SGK1,�-ENaC, and phosphorylatedNedd4-2
over the 48-h time course examined (16).
Although the upstream regulatory sequences for 14-3-3 pro-

teins are poorly explored, we have examined the 1,000-bp
region directly upstream of the transcription start site for
14-3-3� on contig AL591542.20.1.197190 from the Ensembl
mouse genome sequence data base. Analysis of this putative
promoter region using Transcription Element Search System
software identified several glucocorticoid receptor consensus
binding sites. Due to overlapping consensus sequences, some of
the glucocorticoid receptor binding motifs contain half-site
consensus binding motifs for mineralocorticoid receptors. It
has become evident that the regulation of transcription by ste-
roid hormone receptors, including the mineralocorticoid
receptors, is complex and regulated by interacting signaling
networks (36). Whether these upstream loci account for the
aldosterone-induced expression of 14-3-3� will require more
extensive analysis.
RNAi-mediated silencing of 14-3-3� expression blunted the

aldostereone-induced increases in�-ENaCexpression, its asso-
ciation with Nedd4-2, and sodium absorption rate (16). The
large magnitude of the responses to 14-3-3� knockdown
prompted the present study to determine whether a het-
erodimer of the two aldosterone-induced isoforms, � and �,
might be responsible for the stabilization of phospho-Nedd4-2.
Consistent with this concept, we found that the knockdown of
14-3-3� expression also abrogated several actions of aldoster-

one, including its ability to suppress the interaction between
ENaC andNedd4-2 (Fig. 1), its stimulation of sodium transport
(Fig. 2), and ENaC subunit expression (Fig. 3). Although aldos-
terone is known to augment ENaC transcription (9), the large
decreases in ENaC expression that resulted from the knock-
down of 14-3-3� or -� (Fig. 3) (16) highlight the significance of
ENaC stabilization at the apical membrane by the inhibitory
action of the 14-3-3 proteins on Nedd4-2.
The absence of these effects of 14-3-3 isoform knockdown

under basal conditions appears to be due to the low level of
SGK1 expression and the correspondingly low levels of Nedd4-2
phosphorylation, as found previously (16). A minor amount of
14-3-3� and � interaction was detected under basal conditions
(Fig. 4), but in the absence of aldosterone, no significant asso-
ciation of either isoform with Nedd4-2 was observed (Fig. 5).
Rather, these interactions were encouraged by aldosterone, due
to its stimulation of SGK1, 14-3-3�, and 14-3-3� expression.
Therefore, our findings indicate that, as for 14-3-3�, 14-3-3�
participates in the regulation of apical ENaC density by aldos-
terone, providing direct evidence that a heterodimer of these
isoforms interacts with phospho-Nedd4-2. The heterodimer
stabilizes the phosphorylated state of Nedd4-2, physically
blocks its association with ENaC, and thereby reduces ubiquiti-
nation and endocytic retrieval of the channel.
14-3-3 Dimer Formation—In the presence of aldosterone,

the in vivo interactions of 14-3-3� and -� were direct and stoi-
chiometric (Fig. 4). The immunoprecipitation of either isoform
quantitatively depleted the other isoform from mCCD super-
natants. Also, reducing 14-3-3� expression decreased the inter-
action of Nedd4-2 with 14-3-3�, and reducing 14-3-3� expres-
sion decreased the interaction of Nedd4-2 with 14-3-3�.

The 14-3-3swere the first family of proteins to be regarded as
phosphoserine/threonine binding modules. Initial studies to
determine 14-3-3 binding sites revealed that their optimal tar-
get sequences could be characterized as either mode-1 (RSX-
pSXP; where pS represents phosphoserine) or mode-2 (RXXX-
pSXP) (19, 37). Using a genetic screen, Coblitz et al. (38)
identified the C-terminal sequence SWpTX as a “mode-3”
14-3-3 binding motif (38). This collection of target sites is
described as canonical, but variations on these motifs have also
been documented to mediate 14-3-3 protein interactions with
substrates (39). The human genome contains seven distinct
14-3-3 genes denoted �, �, �, �, �, �, and 	, and structural stud-
ies have shown that these proteins interact with their phospho-
binding sites exclusively as dimers (31). Some isoforms prefer to
adopt strictly homodimeric interactions, such as human
14-3-3� and -� (40, 41), whereas others have been implicated in
preferential heterodimer formation, such as human 14-3-3�
(42). Dimeric 14-3-3s bind to a wide variety of proteins to reg-
ulate and coordinate a diverse array of cellular processes, such
as protein trafficking, signal transduction, cytoskeletal rear-
rangements, etc. It has remained largely unresolved how 14-3-3
proteins exhibit specificity toward the binding and regulation
of a diverse set of targets that are involved in many different
signaling pathways; however, structural studies have provided
important clues to this process.
The human 14-3-3� (43) and 14-3-3	 (44) crystal structures,

first reported in 1995, revealed that 14-3-3 proteins form a
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dimer resembling a flattened horseshoe with a central cavity,
35 � 35 Å and 20 Å deep, that contains two phosphoprotein
binding sites. Each monomeric subunit is composed of nine
antiparallel�-helices (identified as�A–�I). Residueswithin the
first four �-helices form the dimer interface (�A, �B, �C, and
�D), as well as the floor of the cavity. Helices �A and �B from
onemonomer interact with�C� and�D� of the othermonomer
across the dimer interface. Three salt bridges involving Arg18–
Glu89, Glu5–Lys74, and Asp21–Lys85, as well as several buried
polar and hydrophobic residues, are involved in maintaining
the homodimer interface in the 	 isoform (44). The first salt
bridge and all of the key hydrophobic/polar contacts are con-
served in all human 14-3-3 isotypes. However, the second salt
bridge is absent in �, �, �, and � isoforms, and the third salt
bridge is present in all human 14-3-3 structures except �. Thus,
the potential for formation of only one, rather than three, salt
bridges across the interface of a 14-3-3� homodimer probably
accounts for its propensity to form heterodimers with other
isoforms. This property is predicted to discourage �
homodimer formation butwould allowup to two additional salt
bridges to form at the interface of a heterodimer of 14-3-3�with
other isoforms (31).
These considerations are entirely consistent with the impli-

cations, from the present study, that aldosterone induces the
selective expression of two 14-3-3 isoforms that strongly asso-
ciate with one another in vivo and that this heterodimer has a
binding preference for phospho-Nedd4-2. In prior work (16),
we demonstrated that incubation of cell lysates with an anti-
body directed at phosphoserine 328 of mouse Nedd4-2 elimi-
nated the interaction of 14-3-3� with Nedd4-2 in co-IP exper-
iments. In total, there are three SGK1 phosphorylation sites in
mNedd4-2 that represent candidates for an intramolecular
interaction with the 14-3-3�/� heterodimer. Indeed, 14-3-3s
primarily exhibit intramolecular interactions with their targets
(39), making it likely that the �/� heterodimer associates with
phospho-Ser328 as well as another phosphorylation site within
Nedd4-2 to distort its conformation and thereby its ability to
interact with ENaC.
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