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Background: Hormone regulation of ion channels requires assembly of multiprotein complexes.
Results: The epithelial sodium channel is present in a hormone-dependent �1.1-MDa complex, which requires the scaffold
protein CNK3 for assembly.
Conclusion: CNK3-dependent assembly of this regulatory complex is essential for control of epithelial sodium transport.
Significance: This is the first demonstration of scaffold-mediated assembly for a sodium channel-regulatory complex.

Hormone regulation of ion transport in the kidney tubules is
essential for fluid and electrolyte homeostasis in vertebrates. A
largebodyof evidencehas suggested that transporters and chan-
nels exist in multiprotein regulatory complexes; however, rela-
tively little is known about the composition of these complexes
or their assembly. The epithelial sodium channel (ENaC) in par-
ticular is tightly regulated by the salt-regulatory hormone aldos-
terone, which acts at least in part by increasing expression of the
serine-threonine kinase SGK1. Here we show that aldosterone
induces the formation of a 1.0–1.2-MDa plasma membrane
complex, which includes ENaC, SGK1, and the ENaC inhibitor
Nedd4-2, a key target of SGK1. We further show that this com-
plex contains the PDZ domain-containing protein connector
enhancer of kinase suppressor of Ras isoform 3 (CNK3). CNK3
physically interacts with ENaC, Nedd4-2, and SGK1; enhances
the interactions among them; and stimulates ENaC function in a
PDZ domain-dependent, aldosterone-induced manner. These
results strongly suggest that CNK3 is a molecular scaffold,
which coordinates the assembly of amultiprotein ENaC-regula-
tory complex and hence plays a central role inNa� homeostasis.

Epithelial ion channels and transporters are regulated by
hormonal and non-hormonal signals, which alter their plasma
membrane abundance and activity (1–6). A large body of evi-
dence has suggested that these transporters and channels exist
in multiprotein regulatory complexes, which influence their
steady state levels and net activity (7–12). However, in only a
few cases have intact complexes been identified (7, 13–16), and
very little is known about the existence and function of vali-

dated regulators within such complexes. The epithelial Na�

channel (ENaC)3 in particular is a heterotrimeric highly selec-
tive Na� channel, which is essential for the control of Na� and
K� balance, extracellular fluid volume, and blood pressure in
most vertebrates. Animals or humans with defects in this chan-
nel (or upstream regulators) have severe disorders of Na�wast-
ing and K� excess (17, 18). Its activity and cell surface expres-
sion are tightly regulated by a variety of hormonal and
non-hormonal signals, most notably the salt-regulating hor-
mone aldosterone. This steroid hormone acts through an intra-
cellular receptor, the mineralocorticoid receptor, to trigger
coordinated changes in the expression of several mediators,
which increase plasma membrane ENaC numbers (and to a
lesser extent open probability) and hence Na� transport.

Recent evidence has suggested that several ENaC-regulatory
proteins function within a multiprotein complex, which gov-
erns the net cell surface expression and activity of the channel
(1, 12, 19). In the absence of aldosterone, Raf-1 and the ubiqui-
tin ligase Nedd4-2 are constitutively expressed ENaC inhibi-
tors, which associate with the channel, enhance its internaliza-
tion and, if unabated lead to its degradation. SGK1 is an
aldosterone-regulated serine-threonine kinase, which selec-
tively increases ENaC plasma membrane abundance by phos-
phorylating and inhibiting Nedd4-2 (20, 21) and possibly other
targets, including Raf-1. SGK1 has been shown to interact with
both ENaC and Nedd4-2 and to be present at the plasmamem-
brane (12, 21–24); however, there has been no direct evidence
for an intact multiprotein complex containing ENaC and its
validated regulators at the plasma membrane. Furthermore,
how SGK1 and other regulatory factors are recruited to ENaC
and organized into a regulatory complex at the plasma mem-
brane has remained obscure. Importantly, none of the previ-
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ously identified ENaC-interacting proteins has been shown to
function as a scaffold protein for this putative plasma mem-
brane complex.
Here we report the identification of a plasma membrane

complex of �1.0–1.2 MDa containing ENaC and some of its
established regulators, including SGK1 and Nedd4-2, in mouse
distal nephron cells treated with aldosterone. We further iden-
tify in the same complex, connector enhancer of kinase sup-
pressor of Ras isoform 3 (CNK3), a putative scaffold protein
recently shown to be a functionally important aldosterone-reg-
ulated protein in the distal nephron (25). Unlike other aldoste-
rone-regulated gene products, CNK3 has the classic structural
features of a scaffold protein, and its close relative, CNK1, has
been shown to function as a scaffold (26, 27). Notably, like
CNK1, CNK3 contains a PSD-95/DLG-1/ZO-1 (PDZ) domain,
which is found inmany proteins implicated in the plasmamem-
brane expression and function of membrane transporters. In
particular, members of the NHERF family have been shown to
enhance the plasma membrane stability of the epithelial ion
transporters NaPi-IIa and sodium-hydrogen exchanger 3 chan-
nel (NHE3) (28–31). These observations suggested the hypoth-
esis that CNK3 serves as an aldosterone-induced scaffold,
which enhances the recruitment of SGK1 and potentially other
stimulatory factors to ENaC. We therefore characterized the
functional effects and physical interactions of CNK3.We found
that CNK3 directly interacts with ENaC at the cell surface as
well as with other ENaC-interacting proteins, including
Nedd4-2, Raf-1, and SGK1. Importantly, we demonstrated that
CNK3 stimulates interactions of regulatory proteinswith ENaC
and with each other. CNK3 also increases ENaC cell surface
expression as well as endogenous ENaC activity in renal epithe-
lial cells. These effects of CNK3 are aldosterone-dependent and
require an intact PDZ domain. Taken together, the functional
and biochemical data support the idea that CNK3 is an aldoste-
rone-induced scaffold protein, which coordinates the dynamic
assembly of a �1.0–1.2-MDa plasma membrane ENaC-regu-
latory complex.

EXPERIMENTAL PROCEDURES

Cloning of ExpressionConstructs—Complementary synthetic
DNA oligonucleotides for RNA interference (RNAi) targeting
mouse CNK3 (5�-GGAGCAGGTGCTACATCAACTTT-
CAAGAGAAGTTGATGTAGCACCTGCTCC-3�) and a non-
target control (5�-TTCTCCGAACGTGTCACGTTTCAAGA-
GAACGTGACACGTTCGGAGAA-3�) were hybridized and
inserted into pENTR/U6 vector (Invitrogen). shRNA cassettes
were recombined by Gateway cloning into a modified pLenti-6
destination vector (pGT3) to generate lentiviral shRNA expres-
sion constructs. The ORF for mouse wild-type CNK3 was
amplified by RT-PCR from mouse total kidney mRNA and
inserted into pcDNA3.1 directional TOPO vector (Invitrogen)
according to the manufacturer’s recommendations. A V5
epitope tag was added in-frame at the C terminus to allow
detection of expression using anti-V5 antibody. The
pcDNA3.1-human CNK3 and pcDNA3.1-human SGK1 con-
structs were generated similarly from total HEK 293T cell
mRNA. A C-terminal FLAG or V5 epitope tag was added to
facilitate analyses of expression using anti-FLAG or anti-V5

antibody. pcDNA3.1-�PDZ-mCNK3-V5 was generated by
PCR amplification using a primer set flanking the PDZ domain
and introducing EcoRI restriction sites. The construct was
recircularized by ligating EcoRI-digested compatible ends.
Expression constructs mCNK3-V5 and mCNK3�PDZ-V5
resistant to shRNA targeting CNK3 were generated by intro-
ducing multiple silent mutations in the region of the CNK3
ORF targeted by the shRNA. The generation/source of pMO-
mSGK1(S422D)-HA, pMO-mGILZ1, pMO-FLAG-mRaf-1,
and pMO-mNedd4-2-FLAG constructs has been described
previously (12, 19, 32). pMO-FLAG-�/�/�-mouse ENaC con-
structs were generated using pcDNA-�/�/�-ENaC plasmids as
templates and inserting the FLAG epitope in the extracellular
region of �-, �-, and �-ENaC. All constructs were confirmed by
DNA sequencing.
Production of Lentiviruses Encoding shRNA Targeting Mouse

CNK3 and Generation of mpkCCDc14 Cells Stably Silencing
Endogenous CNK3 Expression—Lentivirus production and
infection of cells were essentially carried out according to the
Invitrogen ViraPower Lentiviral Expression Systems User
Manual (33). Briefly, 6 � 106 HEK 293T cells were seeded in
75-cm2 cell culture flasks. Cells were then transfected with len-
tiviral vectors using Lipofectamine 2000 (Invitrogen) and incu-
bated in 10 ml of culture medium. Every 24 h, the medium was
replaced, and supernatants containing viruses were collected,
centrifuged (3,000 rpm for 5 min at 4 °C), and stored at 4 °C.
Lentiviral particles were concentrated by using PEG-itTM (Sys-
tem Bioscience) according to the manufacturer’s instructions
and resuspended in 500 �l of residual medium. Viral stocks
were stored in 100-�l aliquots at �80 °C. Viral titers were
determined by performing a human immunodeficiency virus,
type 1 p24 ELISA (PerkinElmer Life Sciences).
mpkCCDc14 cells were grown in 12-well plates until they

reached �60% confluence. Cells were transduced overnight
with viral supernatants at a multiplicity of infection of 1,
washed, and seeded in antibiotic-free medium in 10-cm dishes.
48 h post-transduction, recombinants were selected with blas-
ticidin (5 �g/ml) for 10 days. Polyclonal cells were expanded
and tested for relative CNK3 knockdown efficiency by quanti-
tative PCRas described previously (25). Recombinant cellswere
grown in the presence of 1 �g/ml blasticidin to maintain selec-
tion pressure. The CNK3 knockdown efficiency (as analyzed by
quantitative PCR) was �70%.
Cell Culture and Electrophysiological Measurements—HEK

293T cells were routinely maintained in high glucose DMEM
supplemented with 100 units/ml penicillin, 100mg/ml strepto-
mycin, and 10% FBS. mpkCCDc14 cells were regularly main-
tained and grown on Transwell filters as described previously
(32, 34). Cells were transfectedwith 4�g of appropriate expres-
sion vector (wild-type as well as shRNA-resistant mCNK3-V5
or �PDZ-mCNK3-V5 constructs or empty vector as a control)
using a high efficiency electroporation protocol (nucleofection,
Amaxa Biosystems, Inc.) as described previously (32). Electro-
physiological measurements were performed prior to and after
aldosterone stimulation also as described previously (12, 32).
All experiments were repeated at least three independent times
with similar results.
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Immunoprecipitations and Immunoblotting—3 � 106 HEK
293T cells were seeded in 10-cm cell culture dishes and allowed
to attach overnight. Cells were then transfected with appropri-
ate expression vectors as specified in the figures using Lipo-
fectamine (Invitrogen) according to the manufacturer’s
instructions. The amounts of DNA transfected were as follows:
2 �g of mSGK1/S422D-HA, 2 �g of hSGK1-V5, 500 ng of
FLAG-mRaf-1, 100 ng of FLAG-mNedd4-2, 750 ng ofmCNK3-
V5, 4 �g of �PDZ-mCNK3-V5, 750 ng of hCNK3-FLAG, and
300 ng of each FLAG-mENaC subunit per dish. 24 h post-trans-
fection, cells were harvested, and lysates were processed for
protein analyses. CNK3 interaction with SGK1 could only be
detected in the presence of co-transfected GILZ1 (1.5 �g of
untaggedmGILZ1/10-cm dish). Immunoprecipitations (IPs) of
the V5 epitope were carried out with Dynabeads Protein G
(Invitrogen) according to the manufacturer’s suggestions. In
brief, total cell lysates were incubated for 30 min with 4 �g of
anti-V5 antibody (Ab) (Invitrogen). Ab-antigen complexes
were then captured for 20 min at 4 °C by adding 1 mg of Dyna-
beads Protein G. The lysate-Ab-bead mixture was kept at 4 °C
under rotary agitation at all times. Captured immune com-
plexes were separated magnetically and washed at least three
times. IPs of the HA and FLAG epitopes were performed as
described previously (12, 19). Immunoblotting was also per-
formed as described previously (19, 25).
The following antibodies were used for immunoblotting:

anti-FLAG-HRPAb (Sigma), anti-HA-HRPAb (RocheApplied
Science), anti V5-HRP Ab (Invitrogen), anti-�-ENaC Ab
(kindly provided by Johannes Loffing, University of Lausanne),
and anti-�-ENaC Ab (kindly provided by Mark Knepper,
National Institutes of Health, Bethesda, MD). Detection of
endogenous aldosterone-induced ENaC-regulatory proteins in
mpkCCDc14 cells was performed using the commercially avail-
able anti-SGK1 Ab (Sigma), anti-CNK3 Ab (Protein Tech
Group Inc., Chicago, IL), anti-Nedd4-2 Ab (Abcam), and anti-
Raf-1 Ab (Cell Signaling Technology). Total GAPDH or �-tu-
bulin was used as a loading control. Appropriate secondary
light chain-recognizing Abs were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA).
For densitometric analyses of immunoblots, signal intensi-

ties of specified bands were determined using NIH ImageJ soft-
ware and normalized to that of the internal control as described
previously (12, 19). For quantification of CNK3 signals, signal
intensities from both bands were added to provide one value.
Values so obtained were used to determine mean � S.E. for a
graphical representation.
Two-dimensional Blue Native (BN) PAGE Analyses of Multi-

protein Complexes Containing ENaC andKey ENaC-regulatory
Proteins—mpkCCDc14 cells were grown on 15-cm dishes and
treatedwith aldosterone (1�M for 2 h) or vehicle (equal volume
of ethanol). HEK293T cells were transfectedwith ENaC (�-,�-,
�-FLAG-ENaC subunits; 750 ng/subunit/15-cm dish) either
alone or in combination with mSGK1/S422D-HA (5 �g/15-cm
dish), mGILZ1 (3.75 �g/15-cm dish), and mCNK3-V5 (5
�g/15-cm dish) using Lipofectamine (Invitrogen) according to
the manufacturer’s instructions. Transfection was allowed to
proceed for 48 h. At the end of the treatment period
(mpkCCDc14 cells) or transfection (HEK293T cells), cells layers

were exposed to a water-soluble membrane-permeable cross-
linking agent, dimethyl-3,3�-dithiobispropionimidate�2 HCl (2
mM) (Thermo Fisher Scientific, Hanover Park, IL) at room tem-
perature as described previously (19). We used dimethyl-3,3�-
dithiobispropionimidate�2 HCl to help preserve possible tran-
sient protein-protein interactions that are likely to be disrupted
during the process of plasmamembrane isolation. Following an
hour of cross-linking, plasma membrane fractions were iso-
lated from these cells using a plasmamembrane protein extrac-
tion kit (BioVision,Mountain View, CA) according to theman-
ufacturer’s instructions. Extracts were solubilized in 2.5%
dodecyl maltoside. Plasma membrane purity was confirmed by
the absence of calnexin (an integral endoplasmic reticulum
membrane marker; antibody purchased from Cell Signaling
Technology) or GAPDH (a cytosolic marker) and by the inde-
pendent enrichment of Na�-K�-ATPase (a plasma membrane
marker; antibody purchased fromAbcam) in the same fractions
(supplemental Fig. 1B). BN gel electrophoresis was performed
with these extracts using 3–12% native PAGE Novex Bis-Tris
gels and the XCell SureLock MiniCell electrophoresis system
(both from Invitrogen). For further separation by second
dimension SDS-PAGE, the vertical lanes from first dimension
BN-PAGEwere cut out, and the gel strips were processed using
an Invitrogen two-dimensional BN-PAGE kit according to the
manufacturer’s instructions. They were then placed into a
4–20% Tris-glycine two-dimensional SDS-polyacrylamide gel
(Invitrogen) and overlaid with 1� SDS Laemmli loading buffer.
The second dimension run and immunoblotting were per-
formed according to standard procedures.
Cell Surface Biotinylation Assays and Double Pulldowns

Using Iminobiotin—Cell surface biotinylation assays were
essentially performed as described previously (12). Briefly, HEK
293T cells were co-transfected as specified in the figures. 48 h
after transfection, cells were treated with EZ-Link sulfo-NHS-
biotin (Pierce) for an hour prior to extraction and recovery of
biotinylated proteins with immobilized NeutrAvidin beads
(Thermo Scientific). Immunoprecipitates were analyzed for
cell surface (biotinylated) �-ENaC or CNK3-V5 by immuno-
blotting using anti-�-ENaC antibody (kindly provided byMark
Knepper, National Institutes of Health) or anti-V5 antibody
(Invitrogen). As a control for integrity of cells during the bioti-
nylation process, the blot was stripped and reprobed for
GAPDH. Total cellular GAPDH was used as a loading control.
Densitometric analyseswere performedusingNIH ImageJ soft-
ware as described above. Endogenous surface SGK1 and CNK3
proteins in mpkCCDc14 cells were detected using anti-SGK1
Ab (Sigma) and anti-CNK3 Ab (Protein Tech Group Inc.)
respectively, following NeutrAvidin pulldowns.
For the double pulldown assays, transfected cells were

treated with EZ-Link NHS-iminobiotin (Pierce) instead of bio-
tin for an hour prior to extraction and recovery of iminobioti-
nylated proteins with immobilized NeutrAvidin beads accord-
ing to the manufacturer’s instructions (Thermo Scientific).
Iminobiotinylated proteins immobilized onNeutrAvidin beads
were recovered in a minimal volume of elution buffer for 5 min
and then subjected to a second pulldown using EZview anti-
FLAG affinity matrix (Sigma) as described previously (12).
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GST Pulldown Assays—In vitro transcription and translation
of full-length wild-type mCNK3 was performed using the TNT
T7QuickCoupledTranscription andTranslation rabbit reticu-
locyte system (Promega) in the presence of [35S]methionine
according to the manufacturer’s instructions. Glutathione
S-transferase (GST)-ENaC fusion proteins were expressed
using the GST purification system (Amersham Biosciences) as
described previously (24) with minor modifications as follows.
TheC-terminal cytoplasmic domains ofmouse�- (amino acids
613–700) and �-ENaC (amino acids 557–638) were subcloned
from the respective full-length mouse pMO-ENaC plasmids
into the GST-containing prokaryotic expression vector pGEX-
4T1 (Amersham Biosciences) using PCR. The plasmids were
confirmed by sequencing and then transformed into BL-21
Escherichia coli for high level expression followed by purifica-
tion on a glutathione-Sepharose column according to theman-
ufacturer’s protocol. GST alone, purified simultaneously using
the pGEX-4T3 plasmid, served as a negative control. Binding
experiments and signal visualization were performed as
described previously (24).
Statistical Analyses—Data are represented as mean � S.E. In

all experiments involving statistical analyses, three to six sam-
ples were tested, and at least three independent experiments

were performed with the same treatment protocol. Unless oth-
erwise specified, all statistical comparisons were evaluated
using a Student’s unpaired two-tailed t test, and significance
was defined as a p value 	0.05.

RESULTS

ENaC, SGK1, Nedd4-2, and CNK3 Are Part of a Large �1.0–
1.2-MDa Regulatory Complex—We used the two-dimensional
BN-PAGE technique (35–38) to characterize the size and com-
position of ENaC-containing multiprotein complexes isolated
from plasma membrane preparations of mpkCCDc14 cells.
These cells, which express endogenous ENaC and respond to
aldosterone with an increase in ENaC-dependent Na� current,
provide a faithful model of aldosterone-regulated Na� trans-
port in the kidney tubule. Cells were treated with vehicle (Fig.
1A) or aldosterone (Fig. 1B), and plasma membranes were iso-
lated and subjected to two-dimensional electrophoresis as
described under “Experimental Procedures.” In the first dimen-
sion (“blue native” PAGE), intact protein complexes were sep-
arated by size, and in the second dimension (SDS-PAGE), they
were denatured and separated into their separate components.
Thus, proteins that are components of the same multiprotein
complex co-migrate in the first (horizontal) dimension and are

FIGURE 1. Detection of multiprotein complexes containing ENaC and some of its key regulatory proteins. Solubilized plasma membrane lysates from
mpkCCDc14 cells treated with vehicle (A) or aldosterone (1 �M for 2 h) (B) were subjected to two-dimensional BN/SDS-PAGE to separate native multiprotein
complexes. Immunoblotting (IB) was performed using specific antibodies as described under “Experimental Procedures.” HEK 293T cells were transfected with
ENaC either alone (C) or with key regulatory proteins (D) as described under “Experimental Procedures.” Solubilized plasma membrane lysates from these cells
were subjected to BN-PAGE followed by subsequent two-dimensional SDS-PAGE to separate out the components of the multiprotein complexes. Immuno-
blotting was performed using specific antibodies as described under “Experimental Procedures.” These blots are representative of at least four similar
immunoblots.
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separated into distinct spots in the same vertical line in the
second dimension (35). In the absence of aldosterone, we
observed that ENaC was present at levels slightly above back-
ground (detected by anti-�-ENaC antibody) and distributed
along the horizontal axis between �720 kDa and 1.2 MDa. A
separate spot at �600 kDa was also observed. The presence of
ENaC complexes in the range of 600–720 kDa is consistent
with previous reports (14, 39). Under these conditions, we were
unable to detect clear plasma membrane signals for previously
identified ENaC regulators, SGK1, Nedd4-2, GILZ1, and
CNK3.
Upon aldosterone treatment, plasma membrane ENaC

increased markedly and was detected in a much tighter distri-
bution primarily between 1.0 and 1.2MDa (in the native dimen-
sion). A weaker but distinct signal was detected between 600
and 720 kDa (Fig. 1B, see �-ENaC panel). We next probed the
blots for previously characterized ENaC regulators, some of
which had been shown to interact with ENaC and with each
other (12) but which had not been shown to be present in a
single native complex. As shown in the lower panels of Fig. 1B,
we detected the negative regulator, Nedd4-2, as well as the pos-
itive regulator, SGK1, in the same distribution as ENaC in the
native dimension (see arrow). Consistent with earlier observa-
tions (12), we also detected Raf-1 at modest levels in the native
complex (first dimension) (see supplemental Fig. 1); however, it
did not appear in the subsequent SDS-PAGE blots because
expression was below the limit of detection for the two-dimen-
sional blot. Interestingly, despite its effect on ENaC plasma
membrane localization (12, 32), we could not detect GILZ1 in
this membrane complex. Based on a recent report identifying
the putative scaffold protein CNK3 as an aldosterone-stimu-
lated regulator of ENaC (25), we also probed for this protein. As
shown in Fig. 1B, bottompanel, CNK3was found entirely in two
distinct spots, largely co-migrating with ENaC between 1.0 and
1.2 MDa. Together with previous data (12) and data below,
these findings strongly support the conclusion that we have
identified a native plasma membrane complex containing
ENaC and key regulators, Nedd4-2, SGK1, andCNK3.We have
previously used the term ENaC-regulatory complex (ERC) to
describe this multiprotein complex consisting of ENaC and its
regulators.
To examine directly whether these regulators are sufficient

to cause the increase in plasma membrane ENaC, we tran-
siently transfectedHEK 293T cells with ENaC either alone (Fig.
1C) or with the regulators (Fig. 1D). These mammalian human
embryonic kidney cells are known to reliably express and traffic
to the plasma membrane a variety of integral membrane pro-
teins, including ion transporters and channels like ENaC (12,
32, 40, 41). When expressed alone in these cells, ENaC (again
detected using anti-�-ENaC antibody) was found at levels
slightly above background in the region between 700 kDa and
1.1 MDa (Fig. 1C), similar to native ENaC in mpkCCDc14 cells
in the absence of aldosterone. In the presence of co-transfected
regulators, ENaC plasma membrane expression was markedly
induced with a distinct signal detected at 1.0–1.2 MDa (Fig.
1D). A strong ENaC signal was also detected more diffusely
between 480 kDa and 1.0 MDa. We next probed the blots for
the various regulators and as in the native complex identified

SGK1 andCNK3, but notGILZ1, in the 1.0–1.2-MDa complex.
CNK3 in particular was strikingly localized to the 1.0–1.2-MDa
region; SGK1 was found in the same location as well as more
diffusely between �60 and 750 kDa. The signal at around 60
kDa, which was particularly intense, is consistent with SGK1
alone, which runs at slightly above 50 kDa on denaturing gels
(as seen in the second dimension of the present blots). This
observation is consistent with the idea that SGK1 is not tightly
associated with the ERC and tends to dissociate during electro-
phoresis (see also below). GILZ1 was not in any of these mem-
brane blots.
CNK3 and SGK1 Are Functionally Important Stimulators of

ENaC—It is well established in multiple cultured cell types and
in vivo that SGK1 is a physiologically important regulator of
vertebrate Na� homeostasis primarily through effects to
increase ENaC plasmamembrane abundance in a subset of epi-
thelial cells in the kidney tubules (42–48). By phosphorylating
and inhibiting Nedd4-2, SGK1 inhibits ENaC ubiquitinylation
and thereby decreases channel internalization from the plasma
membrane and subsequent degradation (20, 49, 50). The full
range of SGK1 effects and the subcellular locations for these
effects have not been determined. However, increasing recent
evidence supports the idea that a significant locus of SGK1
action is at the plasma membrane (Fig. 1 and Refs. 22 and 51).
Importantly, SGK1 and Nedd4-2 have been shown to interact
with ENaC at the plasma membrane as well as with each other
(12, 23, 52–55).
Less is known about CNK3; however, one recent report dem-

onstrated that CNK3 is a mineralocorticoid receptor target
gene highly expressed in native collecting duct and that it stim-
ulates ENaC-mediated Na� transport in M1 kidney collecting
duct cells (25). Furthermore, in this same report, CNK3 was
detected in both cytosolic and membrane fractions. To study
CNK3 function in the context of the present experiments, we
first examined the effect of shRNA-mediated knockdown of
endogenous CNK3 on aldosterone-induced ENaC activity in
mpkCCDc14 cortical collecting duct principal cells, which reca-
pitulate key features of aldosterone-regulated Na� transport in
native distal nephronmore closely thanM1 cells (56). The cells
were stably transduced with lentiviruses that code for either
shRNA targeting mouse CNK3 or a non-target control shRNA.
Cells were then analyzed on Transwell filters for aldosterone-
stimulated transepithelial Na� transport as described previ-
ously (32, 34). Fig. 2A depicts the -fold change in aldosterone-
induced Na� current over basal. CNK3 depletion resulted in a
dramatic decrease in aldosterone-stimulated transepithelial
Na� transport, confirming the functional role of CNK3 in
ENaC stimulation in this cell line. We next assessed the effects
of heterologous CNK3 expression on ENaC cell surface expres-
sion using biotinylation assays in ENaC-transfected HEK 293T
cells as described previously (12). The abundance of plasma
membrane ENaC was analyzed by immunoblotting using an
antibody specific to �-ENaC. As shown in Fig. 2B, CNK3 sig-
nificantly stimulated ENaC surface expression. Thus, together
with prior literature, these experiments confirm that SGK1 and
CNK3 are functionally important in regulating ENaC activity
through their effects on channel cell surface expression.
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ERC Components Nedd4-2, Raf-1, SGK1, and CNK3 Physi-
cally Interact with ENaC and with Each Other—The two-di-
mensional gel experiments support the conclusion that in the
presence of aldosterone plasma membrane ENaC exists in a
1.0–1.2-MDa complex that contains the regulatory proteins
Nedd4-2, SGK1, and CNK3 (Fig. 1). To further examine the
physical interactions among these complex components, we
performed a series of co-IP experiments in transfected HEK
293T cells. In the absence of CNK3, SGK1 showed weak but
significant interaction with ENaC (Fig. 3), consistent with pre-
vious results (24). Interestingly, this interaction was markedly
stimulated by CNK3 (Fig. 3A, top panel, compare lanes 2 and 3;
Fig. 3B shows a graphical representation of the same). SGK1
also physically interacted with Nedd4-2 (Fig. 4A, top panel)
although weakly, consistent with previous reports (12, 52). As
for ENaC, the interaction of SGK1 with Nedd4-2 was markedly
stimulated by co-expression of CNK3 (Fig. 4A, top panel, com-
pare lanes 2 and 3; Fig. 4B shows a graphical representation of
the same). We also found that SGK1 physically interacted with
CNK3 itself (Fig. 5A). Finally, we examined the physical inter-
actions of CNK3 with ENaC, Nedd4-2, and Raf-1, finding
robust specific interactions (Fig. 5, B and C). Together, these
findings confirm the physical interactions among components
of the 1.0–1.2-MDa plasma membrane ERC and begin to sug-
gest that CNK3 functions as a molecular scaffold that stimu-
lates formation of this complex.
Role of the PDZ Domain in CNK3 Interactions—CNK3 pos-

sesses multiple protein-protein interaction motifs, which are
typical of amolecular scaffold (57), and its close relative, CNK1,

has been shown to be a scaffold (58). In particular, CNK3, like
CNK1, has a PDZ domain; PDZ domains have been implicated
in the assembly of large multiprotein complexes at the cell
membrane, linking cytosolic signaling proteins to membrane
transporters (59–62). To begin to explore the function of the
CNK3PDZdomain in ERC formation and ENaC regulation, we
generated a CNK3mutant that lacks the PDZ domain (referred
to as �PDZ-CNK3) and examined the interaction of wild-type
and mutant CNK3 with key ERC components in whole-cell
lysates. As shown in Fig. 6A (top panel), �PDZ-CNK3 failed to
co-immunoprecipitate ENaC, whereas full-length/wild-type
(WT) CNK3 showed robust interaction (also shown in Fig. 5B).
�PDZ-CNK3 also failed to interact with SGK1 (Fig. 6B, top
panel). In contrast,�PDZ-CNK3was able to interact with both
Nedd4-2 and Raf-1 (supplemental Fig. 2), the ENaC-inhibitory
proteins.
The Role of the CNK3 PDZDomain in ENaC Regulation—To

further explore the functional role of CNK3 and its PDZ
domain in ENaC regulation and formation of the plasmamem-
brane complex, a series of surface biotinylation experiments
were performed with wild-type CNK3 and the PDZ domain-
deficient mutant (Fig. 7A). Consistent with the two-dimen-
sional gel experiments (Fig. 1D), in transfected HEK 293T cells,
wild-type CNK3 significantly increased surface biotinylated
ENaC (Fig. 7A, top panel, Pulldown: N, IB: �-ENaC, compare
lanes 3 and 4). Also consistent with the two-dimensional gel
experiments as well as with the co-IP experiments (Fig. 5B),
CNK3 was present in the surface biotinylated fraction only
when ENaC was co-expressed (Fig. 7A, top panel, Pulldown: N,
IB: V5, compare lanes 2 and 4), supporting the idea that ENaC
brings CNK3 to the cell surface. In contrast to wild-type CNK3,
we were not able to detect any cell surface-associated �PDZ-
CNK3 (Fig. 7A, top panel, Pulldown: N, IB: V5, lane 5), nor did
�PDZ-CNK3 stimulate ENaC surface expression (Fig. 7A, top
panel, Pulldown: N, IB: �-ENaC, lane 5). In fact, �PDZ-CNK3
appeared to have a dominant negative effect.
To confirm that the capture of CNK3 in the surface biotin-

labeled fraction was due to its interaction with ENaC, double
pulldown experiments were performed. Eluates of the cell sur-

FIGURE 2. CNK3 positively regulates ENaC surface expression and activ-
ity. A, knockdown of endogenous CNK3 decreases ENaC activity in
mpkCCDc14 cells. mpkCCDc14 cells stably expressing CNK3 or control (non-
target) shRNA were plated on Transwell filters and allowed to grow to high
resistance. The cell monolayers were then treated with aldosterone (1 �M for
3 h) prior to determination of ENaC activity. Shown is the -fold change in
aldosterone-induced equivalent short circuit current in CNK3 shRNA-express-
ing cells. Also shown is a representative blot demonstrating knockdown of
endogenous CNK3. ***, p 	 0.001 compared with control (n 
 6). B, cell sur-
face biotinylation assay for ENaC in HEK 293T cells transiently transfected with
FLAG-tagged �-, �-, and �-mENaC subunits. After transfection, cells were
treated with EZ-Link sulfo-NHS-biotin before protein extraction and recov-
ered by affinity immobilization using NeutrAvidin-conjugated agarose beads
followed by immunoblot (IB) analysis with anti-�-ENaC antibody. Shown is a
graphical representation of CNK3-dependent augmentation of surface ENaC
based on multiple repeats of biotinylation assays. Also shown is a represent-
ative blot demonstrating CNK3 overexpression. ***, p 	 0.001 compared with
control (n 
 4). Error bars represent S.E. WCL, whole-cell lysate.

FIGURE 3. CNK3 markedly stimulates interaction of SGK1 with ENaC. A, co-
immunoprecipitation assays in HEK 293T cells revealing the ability of CNK3 to
markedly augment interaction of SGK1 with ENaC. Blots showing total cellular
expression of the various proteins specified are also depicted. GAPDH was
used as a loading control. IB, immunoblot; WCL, whole-cell lysate. Also shown
is a graphical representation of the above data (B) demonstrating signifi-
cantly increased SGK1-ENaC interaction in the presence of CNK3. ***, p 	
0.001 compared with control (n 
 4). Error bars represent S.E.
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face proteins isolated by biotinylation as above were subjected
to immunoprecipitation using anti-FLAG antibody (to capture
FLAG-ENaC), and then these immunoprecipitates were
probed for CNK3 (V5) by Western blot. This sequential pull-
down confirms that WT-CNK3 physically interacts with cell
surface ENaC and that it significantly stimulates ENaC surface
expression (Fig. 7A, middle panel of blots). Consistent with
results shown thus far, �PDZ-CNK3 failed to co-fractionate
with plasma membrane ENaC and inhibited rather than stim-
ulated ENaC cell surface expression. The observed changes

were restricted to surface ENaC in that total cellular ENaC lev-
els were not affected by CNK3 expression (Fig. 7A, whole cell
lysate panel of blots, IB: �-ENaC).

Next we examined the effects of aldosterone on cell surface
recruitment of endogenous ENaC, SGK1, and CNK3 by per-
forming cell surface biotinylation assays in untransfected
mpkCCDc14 renal epithelial cells (Fig. 7B). As expected, upon
aldosterone stimulation, we found enhanced levels of endoge-
nous surface ENaC (Fig. 7B,WCLpanel, IB: CNK3). In the same
fraction, we could also detect robust aldosterone-stimulated

FIGURE 4. CNK3 significantly stimulates interaction of SGK1 with its target substrate, Nedd4-2. A, co-immunoprecipitation assays in transiently trans-
fected (as specified) HEK 293T cells demonstrating that CNK3 stimulates the interaction of SGK1 with Nedd4-2. Blots showing total cellular expression of the
various proteins specified are also depicted. GAPDH was used as a loading control. IB, immunoblot; WCL, whole-cell lysate. Also shown is a graphical repre-
sentation of the above data (B) clearly demonstrating that CNK3 markedly augments the SGK1-Nedd4-2 interaction. ***, p 	 0.001 (n 
 4). Error bars represent
S.E.

FIGURE 5. CNK3 is an integral component of the ERC. A–C, co-immunoprecipitation assays in HEK 293T cells demonstrating the ability of CNK3 to physically
interact with SGK1 (A), ENaC (B), and the ENaC-inhibitory proteins Raf-1 and Nedd4-2 (C). Blots depicted are representative of at least four independent
experiments each, performed with the same treatment protocol. Blots showing total cellular expression of the various proteins specified are also depicted.
GAPDH was used as a loading control. IB, immunoblot; WCL, whole-cell lysate.
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surface localization of CNK3 as well as SGK1. Interestingly, the
increase in plasma membrane abundance of CNK3 after 3-h
treatment with aldosterone was substantially more robust than
the increase in total cellular levels (Fig. 7C). At later time points,
CNK3 expression increased further (data not shown). Double
pulldown of endogenous ENaC (as in Fig. 7A) was not techni-
cally feasible; however, taken together with the data in Fig. 7A,
these results strongly support the conclusion that endogenous
CNK3 physically interacts with ENaC at the plasmamembrane
in a PDZ domain-dependent, aldosterone-stimulated fashion.
Finally, to confirm the functional importance of the PDZ

domain in aldosterone-regulated transepithelial Na� trans-
port, we performed rescue experiments in mpkCCDc14 cells in
which expression of endogenous CNK3 was knocked down
(Fig. 8). mpkCCDc14 “shRNA4” cells stably silencing the CNK3
gene or “control” parental mpkCCDc14 cells were transiently
transfected with shRNA-resistant expression constructs (res-
WT-CNK3 and res-�PDZ-CNK3, which harbor silent muta-
tions that confer shRNA resistance) or empty vector as speci-
fied. Cells were grown on Transwell filters and analyzed for
aldosterone-induced ENaC activity as described previously
(32). We found that res-WT-CNK3 restored transepithelial
Na� transport in cells lacking endogenous CNK3, but res-
�PDZ-CNK3 did not (Fig. 8), confirming the functional impor-
tance of CNK3 and strongly supporting the conclusion that its
PDZ domain is required for its ENaC-stimulatory activity.
CNK3Physically Interacts with ENaCC-terminal Tails—The

above experiments demonstrate that CNK3 interacts with
ENaC at the plasmamembrane, but they do not assess whether
this represents a direct physical interaction. We therefore
examined whether CNK3 physically interacts with ENaC in
vitro. TheC-terminal tails of ENaC subunits are important sites
of regulation and have been shown to interact with other regu-
lators, including SGK1, ERK1/2, and Nedd4-2. We therefore
expressed �- and �-ENaCC-terminal tails in E. coli as glutathi-
one S-transferase fusion proteins, captured them on glutathi-
one-Sepharose beads, and purified them to near homogeneity.
The immobilized fusion proteins were then incubatedwith 35S-
labeled CNK3 expressed in reticulocyte lysate as described pre-
viously (24). We observed that in vitro translated full-length
CNK3 specifically interacted with �- and �-ENaC (Fig. 9, lanes

2 and 3) but exhibited negligible binding to GST alone (Fig. 9,
lane 1). These data provide strong support for the idea that
CNK3 physically interacts with the �- and �-ENaC tails with
the caveat that a generic component of reticulocyte lysate could
function as an intermediary.

DISCUSSION

A variety of evidence over the last several years has suggested
that ion channels and transporters are contained within multi-
protein complexes, which are required for their regulation.
However, direct characterization of intact complexes with
identification of validated regulators has been scarce. In the
case of ENaC, several reports have addressed the potential role
of ENaC-interacting proteins (9, 63, 64) and aldosterone-in-
duced proteins (65, 66) in the control of plasma membrane
channel levels and activity, and a few have isolated intact mul-
tiprotein complexes. In at least two reports (14, 15), complexes
�600 kDa were identified, and one of these was followed up
with identification of some components of the intact complex,
including a 41-kDa pertussis toxin-sensitive G�i-3 (67). How-
ever, functional roles of associated proteins in ENaC regulation
were not established. A functional picture only began to emerge
subsequently with the identification of ENaC-interacting pro-
teins (54) and aldosterone-induced proteins using recombinant
DNA methodologies (25, 32, 68–72). In particular, the ubiqui-
tin ligase Nedd4-2 was identified in a yeast two-hybrid interac-
tion screen as an ENaC-interacting protein (54), whereas SGK1
was identified as an aldosterone-induced mRNA using a sub-
tractive library approach (68). Together with the subsequent
demonstration that SGK1 phosphorylates and inhibits
Nedd4-2 (20), these findings provided a new paradigm in ion
channel regulation through kinase-dependent modulation of a
channel-inhibitory ubiquitin ligase. More recently, it has
become clear that SGK1 interacts with ENaC at the plasma
membrane (22, 24) as well as with Nedd4-2 and Raf-1 (12, 21,
23). Indeed, based on co-IP data, it appeared that inhibitory and
stimulatory ENaC factors are present together in amultiprotein
ENaC-associated complex, which physically interacts with the
channel and controls its subcellular localization and stability
(12). However, the demonstration of an intact complex con-
taining ENaC along with key established regulators at the cell

FIGURE 6. The PDZ domain in CNK3 is essential for its ability to interact with ENaC and the key ENaC-regulatory kinase, SGK1. HEK 293T cells were
transiently transfected with FLAG-tagged �-, �-, and �-mENaC subunits and V5-tagged WT- or �PDZ-CNK3 with or without SGK1 as specified. Shown are
co-immunoprecipitation assays demonstrating the drastically reduced ability of �PDZ-CNK3 to interact with ENaC (A) (n 
 4) or SGK1 (B) (n 
 5). Blots showing
total cellular expression of the various proteins specified are also depicted. GAPDH was used as a loading control. IB, immunoblot; WCL, whole-cell lysate.
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surface has been challenging. More importantly, the basis of
assembly of this putative multiprotein complex has also
remained elusive.
Here we report for the first time the identification of an

�1.0–1.2 MDa native complex containing ENaC and key reg-
ulatory factors, including SGK1, Nedd4-2, c-Raf, and CNK3, at
the plasma membrane in mpkCCDc14 cells treated with aldos-
terone (Fig. 1B). A complex of the same size and containing
these same regulators was also identified in plasma membrane
isolated from HEK 293T cells transiently transfected with
ENaC and a select set of regulators (Fig. 1D). Together with
previous data, our present findings support the idea that in the
absence of aldosterone Nedd4-2 and Raf-1 (and likely addi-

tional proteins) associate with the channel and trigger channel
internalization and degradation (73–77). In the presence of
aldosterone, the levels of stimulatory factors (notably SGK1 and
CNK3) rise, are recruited into the ERC, and inhibit Nedd4-2
and the Raf-MEK-ERK signaling module, thereby increasing
ENaC retention at the plasma membrane and hence steady
state levels (Figs. 3–9).
Our data further suggest that CNK3 functions as a scaffold

for this complex. Scaffold proteins play key roles in facilitating
specific signal transduction throughpotentially pleiotropic net-
works by interacting with multiple components of signaling
cascades, tethering them into complexes, and localizing themat
particular subcellular compartments, thereby enhancing sig-

FIGURE 7. CNK3 interacts with ENaC at the cell surface and significantly stimulates its plasma membrane abundance. A, cell surface biotinylation assays
in HEK 293T cells showing a marked reduction in the ability of �PDZ-CNK3 to stimulate surface expression of ENaC in contrast to that of WT-CNK3. Also shown
is the dependence of CNK3 on ENaC for its surface recruitment. GAPDH served as a negative control for NeutrAvidin IP (“N”) blots that primarily contained
surface proteins (n 
 4). Sequential cell surface biotinylation and co-immunoprecipitation assays confirm that WT-CNK3 interacts with cell surface ENaC and
stimulates its plasma membrane abundance (see “Experimental Procedures” for experimental details). Blots showing total cellular expression of the various
proteins specified are also depicted. In whole-cell lysates (WCL), GAPDH was used as a loading control (n 
 4). B, cell surface biotinylation assays for endogenous
ENaC, CNK3, and SGK1 proteins in mpkCCDc14 kidney epithelial cells. Aldosterone stimulation (1 �M for 3 h) markedly augments co-localization of ENaC and
associated CNK3 and SGK1 proteins on the cell surface. Blots showing total cellular expression of the various proteins specified are also depicted. In whole-cell
lysates, �-tubulin was used as a loading control (n 
 4). C, graphical representation of the -fold increase in total (left bar) versus plasma membrane-associated
(right bar) CNK3 in response to 3-h treatment with aldosterone. Surface expression (NeutrAvidin pulldown) and whole-cell lysate data from B were quantitated
by densitometry. Bars represent signal ratios in the presence versus absence of aldosterone. Total CNK3 continued to increase at later time points, reaching a
peak of �3-fold stimulation at 6 – 8 h of aldosterone treatment (not shown; see text for details). ***, p 	 0.001 (n 
 4). Error bars represent S.E. IB, immunoblot.
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naling specificity. Our data demonstrate that CNK3 interacts
with ENaC itself (Figs. 5B and 7A), that this interaction is direct
(Fig. 9), and that it occurs at the cell surface in an aldosterone-
dependent manner (Fig. 7B). Interestingly, the effect of aldos-
terone on CNK3 association with ENaC at the plasma mem-
brane is more robust and occurs more rapidly than stimulation
of CNK3 expression (Fig. 7B). The basis for this effect is uncer-
tain at this time, but it seems likely that it reflects the actions of
more rapidly induced aldosterone target genes on preformed
CNK3. CNK3 also physically interacts with SGK1 andNedd4-2
(Fig. 5,A and C) and stimulates interactions of SGK1 with both
ENaC (Fig. 3) and Nedd4-2 (Fig. 4). The interactions of CNK3
with ENaCandwith SGK1, but notwithNedd4-2 orRaf-1, were
dependent on an intact PDZ domain (Fig. 6 and supplemental
Fig. 2). Importantly, the ability of CNK3 to stimulate interac-
tion of SGK1 and ENaC was dependent on an intact PDZ
domain as was its ability to promote ENaC cell surface expres-

sion (Fig. 7A) or stimulate Na� current (Fig. 8). Indeed, Na�

transport in polarized mpkCCDc14 cells in which endogenous
CNK3 was suppressed by shRNA could be restored by exoge-
nous expression of shRNA-resistant WT-CNK3 but not by
shRNA-resistant �PDZ-CNK3 (Fig. 8).
It is notable that PDZ domain-containing proteins have been

found previously to regulate membrane transporters in polar-
ized epithelial cell membranes (78, 79). For instance, the stim-
ulatory effects of glucocorticoids on the NHE3 in proximal
tubule cells are at least in part dependent on SGK1, which is
recruited in a PDZ domain-dependent interaction by NHERF2
to the plasma membrane (60). Similarly, the ability of the PDZ
protein NHERF1 to interact dynamically with the parathyroid
hormone receptor (a G protein-coupled membrane receptor)
and cognate adaptor proteins regulates receptor trafficking and
signaling in a spatially and temporally coordinated manner
(61). A detailed analysis of precise residues within the PDZ
domain important for the association of CNK3 with its inter-
acting ENaC-regulatory proteins is an important issue and
remains to be elucidated. It will also be of great interest to iden-
tify the structural motifs involved in CNK3 interaction with
Nedd4-2 and Raf-1 and to determine how these motifs are uti-
lized in conjunctionwith the PDZdomain to effect the dynamic
assembly and disassembly of the ERC.
In conclusion, we demonstrate the presence of an aldoste-

rone-induced �1.0–1.2-MDa ENaC-containing native com-
plex at the plasma membrane and also provide evidence that
CNK3 is a hormone-induced scaffolding platform that orches-
trates the assembly of this complex, recruits SGK1, and thereby
is essential for the stimulatory effects of aldosterone on ENaC.
This large complex undoubtedly contains additional protein
components, and a key next step is their identification and
characterization both at the plasma membrane and in other
intracellular compartments. In this latter regard, it will be of
particular interest to identify the compartment(s) in which
GILZ1, which is not present in the plasma membrane ERC,
interacts with ERC components such as SGK1. Furthermore,
understanding the precise mechanism of ERC function will
require knowledge of the order and kinetics of its assembly and
disassembly and ascertaining which of the protein-protein
interactions are direct and which result indirectly from com-
plex formation.
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