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Background: PI3K regulates the surface expression of Kv7.1.
Results:Kv7.1 surface expression depends on PI3K activity in polarized epithelial cells. SGK1 is the primary downstream target
of PI3K in this process, which involves inhibition of Nedd4-2-dependent endocytosis of the channel.
Conclusion: The surface expression of Kv7.1 is regulated by a PI3K-SGK1-Nedd4-2-mediated pathway.
Significance: This pathway could regulate Kv7.1 cell surface expression levels in epithelial cells and cardiac myocytes.

Epithelial cell polarization involves several kinase signaling
cascades that eventually divide the surface membrane into an
apical and a basolateral part. One kinase, which is activated
during the polarization process, is phosphoinositide 3-kinase
(PI3K). InMDCKcells, the basolateral potassium channel Kv7.1
requires PI3K activity for surface-expression during the polar-
ization process. Here, we demonstrate that Kv7.1 surface
expression requires tonic PI3K activity as PI3K inhibition trig-
gers endocytosis of these channels in polarizedMDCK.Pharma-
cological inhibition of SGK1 gave similar results as PI3K inhibi-
tion, whereas overexpression of constitutively active SGK1
overruled it, suggesting that SGK1 is the primary downstream
target of PI3K in this process. Furthermore, knockdown of the
ubiquitin ligase Nedd4-2 overruled PI3K inhibition, whereas a
Nedd4-2 interaction-deficient Kv7.1 mutant was resistant to
both PI3K and SGK1 inhibition. Altogether, these data suggest
that a PI3K-SGK1 pathway stabilizes Kv7.1 surface expression
by inhibiting Nedd4-2-dependent endocytosis and thereby
demonstrates that Nedd4-2 is a key regulator of Kv7.1 localiza-
tion and turnover in epithelial cells.

The potassium channel Kv7.1 (KCNQ1, KvLQT) plays an
important role in a number of tissues where it associates with
the auxiliary KCNE �-subunits. In the heart, Kv7.1, together
with KCNE1, forms the delayed rectifier potassium current IKs,
which is an important contributor to the repolarization of the
cardiac action potential (1, 2). Kv7.1 is also present in pancre-
atic �-cells, where it is thought to be implicated in the regula-
tion of insulin secretion (3, 4). In addition, Kv7.1 is expressed in
several epithelia, where it is involved in salt andwater transport
(5, 6). Most importantly, the channel regulates gastric acid
secretion (7, 8) and contributes to the release of potassium to
the endolymph in the inner ear (9, 10). Accordingly, Kv7.1
knock-out mice show gastric hyperplasia and are completely
deaf (11). Mutations in the KCNQ1 gene are furthermore asso-
ciated with long QT (LQT)4 syndrome, an inherited form of
cardiac arrhythmia that can lead to cardiac arrest (12). In its
recessive form, the Jervell and Lange-Nielsen syndrome (13),
the disease additionally leads to hearing loss due to distur-
bances in the flow of potassium in the inner ear. The mecha-
nism underlying the LQT syndrome is reflected in a loss of
Kv7.1 function, frequently originating from trafficking disor-
ders, and hence a decrease in number of channels in the plasma
membrane (14–16). Nevertheless, the molecular and cellular
mechanisms controlling the cell surface expression of Kv7.1 in
cardiomyocytes and epithelial cells are still largely unknown.
We recently observed that the basolateral Kv7.1 potassium

channel displays a very dynamic localization pattern during
Madin-Darby canine kidney (MDCK) cell polarization con-
trolled by a calcium switch (17). We found that initiation of
MDCK cell polarization results in removal and degradation
of surface-expressed Kv7.1 and subsequent accumulation of
newly synthesized channels in the endoplasmic reticulum (ER).
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Later in the polarization process, Kv7.1 is released from the ER,
and surface expression is recovered. While the initial removal
of Kv7.1 from the cell surface ismediated by theAMP-activated
protein kinase and E3 ubiquitin ligase Nedd4-2 (neuronal pre-
cursor cell expressed developmentally down-regulated 4-2)
(18), the subsequent recovery of Kv7.1 surface expression
depends on PI3K activity (17). PI3K is an important kinase that
is implicated in the control of a number of cellular processes
including cell proliferation, cell survival, and epithelial cell
polarization (19–22). It has in particular received a lot of atten-
tion in relation to human cancer as the kinase is one of themost
common oncogenes (reviewed in Ref. 23). PI3K is composed of
a regulatory subunit and a catalytic subunit that phosphorylates
phosphatidylinositol 4,5-bisphosphate into phosphatidylinosi-
tol (3,4,5)-trisphosphate. Phosphatidylinositol (3,4,5)-trisphos-
phate is an important signalingmolecule that binds proteins via
a pleckstrin homology domain, which is found in e.g. 3-phos-
phoinositide-dependant-kinase 1 and the Akt kinase (also
denoted protein kinase B) (24, 25). In polarizing MDCK cells,
PI3K is activated by adherens junction assembly, resulting in
Rac1-dependent changes in the actin cytoskeleton (26, 27).
In polarized MDCK cells, adherens junctions are enriched in
phosphatidylinositol (3,4,5)-trisphosphate suggesting that
PI3K remains tonically active at this subcellular location (28).
Furthermore, long term inhibition of PI3K reduces MDCK cell
height, suggesting that tonic PI3K activity regulates basolateral
membrane formation and maintenance (19, 28).
Two well described downstream targets of PI3K are the

serum- and glucocorticoid-inducible kinase 1 (SGK1 (29)) and
Akt (reviewed in Ref. 30). Both protein kinases have been
reported to stimulate Kv7.1-KCNE1 currents in Xenopus
oocytes (31, 32) and inhibit the actions of Nedd4-2 (33–35),
another well known regulator of Kv7.1 (36). Nedd4-2 is an E3
ubiquitin ligase that ubiquitylates target membrane proteins
such as ion channels, thereby increasing the rate of their inter-
nalization and degradation (37, 38). SGK1 and Akt can phos-
phorylate Nedd4-2, thus increasing the binding affinity to
14-3-3 proteins (39). For the epithelial sodiumchannel ENaC, it
has been found that 14-3-3 protein binding to Nedd4-2 pre-
vents Nedd4-2-mediated ubiquitylation and thereby increases
surface expression levels of the channel (39, 40). Because the
interaction of Nedd4-2 with both ENaC and Kv7.1 is medi-
ated by intrinsic sequences known as PY motifs, it is possible
that the interaction of Nedd4-2 with Kv7.1 is inhibited by the
same phosphorylation of Nedd4-2. Overall, these observa-
tions position SGK1 and Akt as possible downstream targets
of the PI3K effect upon Kv7.1 localization during the polar-
ization process.
In this study, we demonstrate that a PI3K pathway stabi-

lizes cell surface expression of Kv7.1 channels in both polar-
izing and polarized cells. We find that PI3K primarily acts
through SGK1 and demonstrate that SGK1 controls Kv7.1
localization by inhibiting Nedd4-2-dependent endocytosis
of the channel. Intriguingly, the PY motif Kv7.1 mutant that
cannot interact with Nedd4-2 displayed increased expres-
sion in the apical membrane, suggesting that Nedd4-2-de-
pendent endocytosis is important to avoid apical trapping of
the channel during polarization. Overall, our data suggest

that a PI3K-SGK1 pathway promotes cell surface stabiliza-
tion of Kv7.1 by inhibiting Nedd4-2-dependent endocytosis
and places Nedd4-2 as a key regulator of Kv7.1 surface
expression and turnover.

EXPERIMENTAL PROCEDURES

Chemical Compounds

The activators and inhibitors used in this study were as
follows: 52-(4-morpholinyl)-8-phenyl-1(4H)-benzopyran-4-one
hydrochloride (LY294002, Sigma-Aldrich); 2-cyclopentyl-4-(5-
phenyl-1H-pyrrolo[2,3-b]pyridin-3-yl-benzoic acid (GSK650394,
Tocris Bioscience); N4-(7-chloro-4-quinolinyl)-N1,N1-dimethyl-
1,4-pentanediamine diphosphate salt (chloroquine, Sigma-Al-
drich);Akt inhibitor IV(SantaCruzBiotechnology); andcyclohex-
imide (Sigma-Aldrich).

Antibodies

The antibodies used in this study were as follows: goat anti-
Kv7.1 (1:50, C-20, Santa Cruz Biotechnology, Heidelberg, Ger-
many), rabbit anti-Kv7.1 (Western blots, 1:1000, APC-022,
Alomone, Israel), mouse anti-actin (Western blots, 1:500,
A-2066, Sigma), mouse anti-ZO-1 (1:25, ZO1-1A12, Invitro-
gen), mouse anti-desmoplakins (1:200, multiepitopemixture
to desmoplakin 1 and 2, Progen, Heidelberg, Germany),
mouse anti-EEA1 (1:100, clone 14, BD Transduction Labo-
ratories), mouse anti-LAMP2 (1:100, AC17, Acris Antibodies,
Herford, Germany),mouse anti-mannose-6-phosphate recep-
tor (1:100, M6PR clone 2G11, Abcam, Cambridge, UK), rab-
bit anti-Nedd4-2 (Western blots, 1:1000, no. 4013, Cell Sig-
naling Technology), rabbit anti-Nedd4-2 Ser-448 (Western
blots, 1:1000, no. 8063, Cell Signaling Technology), mouse
anti-T7 (1:200, Novagene, Madison, WI), mouse anti-E-cad-
herin (1:20, rr1, Developmental Studies Hybridoma Bank, Uni-
versity of Iowa). The rr1 anti-E-cadherin antibody developed by
Barry Gumbiner was obtained from the Developmental Studies
Hybridoma Bank developed under the auspices of the National
Institute of Child Health and Human Development and main-
tained by The University of Iowa, Department of Biology (Iowa
City, IA).
As secondary antibodies an Alexa Fluor� 488-conjugated

donkey anti-mouse IgG (1:200), an Alexa Fluor� 488-conju-
gated donkey anti-goat IgG (1:200), and an Alexa Fluor� 568-
conjugated donkey anti-goat IgG (1:800) were employed. Alexa
Fluor� 647 phalloidin (1:200) was used to stain actin filaments,
and DAPI (Invitrogen) was used to stain the nucleus. All Alexa
Fluor�-coupled reagents were purchased from Invitrogen.
HRP-conjugated donkey anti-rabbit and donkey anti-mouse
F(ab�)2 fragments were from Jackson ImmunoResearch Labo-
ratories (1:10,000, West Grove, PA).
DNA Constructs—The expression vectors for pXOOM-

hKv7.1, pXOOM-hKv7.1-YA, pXOOM-hNedd4-2, and pXOOM-
Nedd4-2-CS have been described previously (36, 41, 42). The
pDsRed2-ER construct was purchased from Clontech. The
pEGFP-N2-hKv7.1 construct was a kind gift from Professor
Guiscard Seebohm. pXOOM-T7-SGK1 was subcloned from
pcDNA3-T7-SGK1, which was a kind gift from Professor
Oliver Staub. TheT7-tagged pXOOM-SGK1-S422Dmutantwas
obtained by PCR-based site-directed mutagenesis (Pfu Turbo
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polymerase, Stratagene/Agilent Technologies, Waldbronn,
Germany) using pXOOM-T7-SGK1 as template.

Transient and Stable Expression in MDCK Cells

MDCK (strain II) cells were grown in DMEM (Invitrogen)
supplemented with 100 units/ml penicillin, 100mg/ml strepto-
mycin, and 10% FCS (Sigma-Aldrich; henceforth called normal
calcium medium, NCM) at 37 °C in a humidified atmosphere
with 5% CO2.
Transient Transfections—MDCK cells were transfected in

suspension using Lipofectamine and Plus Reagent (Invitrogen)
and plated on glass coverslips (12 mm in diameter, Thermo
Fischer Scientific).
Stable Transfections—Themonoclonal stable Kv7.1 cell lines

MDCK-Kv7.1 and MDCK-Kv7.1-YA as well as the polyclonal
stable cell line expressing pEGFP-N2-hKv7.1 have been
described previously (18).

Calcium Switch and Inhibitor Experiments

MDCK cells stably expressing hKv7.1, hKv7.1-YA (andwhen
relevant, transiently expressing the ER marker DsRed2-ER) or
empty cells (negative control forWestern blotting) were plated
on glass coverslips or in Petri dishes (forWestern blotting), and
the calcium switch experiment was performed as described
previously (17). Briefly, the cells were allowed to attach to the
coverslips for 1.5 h in full DMEM and then washed three times
in a low calciummedium (calcium-freeMEM, SpinnerModifi-
cation (Sigma-Aldrich) supplemented with 5% dialyzed fetal
bovine serum (Invitrogen), 100 units/ml penicillin, 100 mg/ml
streptomycin, 2 mM L-glutamine, and 1.6 �M calcium chloride)
and grown for 2 days in low calcium medium until reaching
confluency. The medium was then changed to NCM, which
started the polarization process, and the cells were allowed to
polarize for up to 24 h.
For the calcium switch inhibitor studies, NCMwas added for

1 h and 45 min and then changed to NCM supplemented with
either 10 �M LY294002, 10 �M Akt inhibitor IV, or 1 �M

GSK650394 to inhibit PI3K, Akt, or SGK1, respectively. The
polarization process was followed for up to 24 h. For inhibitor
studies performed on polarized cells, a 24-h calcium switch was
performed followed by a 3-h treatment with NCM supple-
mented with either 10 �M LY294002, 1 or 10 �M Akt inhibitor
IV, or 1 �M GSK650394.

Immunofluorescence

Transiently or stably transfected cells grown on glass cover-
slips were fixed in 4% paraformaldehyde in PBS for 30 min at
room temperature. Blocking and permeabilization was per-
formed by a 30-min incubation with 0.2% fish skin gelatin in PBS
supplemented with 0.1% Triton X-100 (PBST). The cells were
incubated for 1 h in primary antibodies diluted in PBST. Second-
ary antibodies were diluted in PBST and applied for 45 min. The
coverslips were mounted in Prolong Gold (Invitrogen).

Confocal Microscopy and Imaging

Laser scanning confocal microscopy was performed using
either the Leica TCS SP2 system equipped with argon and
helium-neon lasers or the Zeiss LSM 780 confocal system.

Images were acquired using a 63� water immersion objective,
NA of 1.2 (Leica TCS SP2) or a 63� oil immersion objective,
numerical aperture of 1.4 (Zeiss LSM780) with a pinhole size of
1 and a pixel format of 1024� 1024. Line averaging was used to
reduce noise. For double- and triple-labeling experiments,
sequential scanning was employed to allow the separation of
signals from the individual channels.

Quantifications

Total cell fluorescence and intracellular fluorescent signals
were quantified using the Zen 2010 confocal software and the
submembranous actin cytoskeleton to define the localization of
the plasma membrane. Specifically, the exterior and interior of
plasma membrane-associated Alexa Fluor� 647 phalloidin
staining was used to define the regions quantified. Signals were
subtracted for background fluorescence (the mean intensity of
the background was obtained from an area of the nucleus as
none of the proteins quantified would be expressed there.) For
data analysis, signals originating from the surface membrane
were obtained by subtracting the intracellular signal from the
total cell fluorescent signal. The surface-associated signal was
subsequently expressed as a percentage of the total cell fluores-
cence. n � 20 cells from three independent experiments were
quantified. Data analysis was carried out using one-way analysis
of variance test or t test and the Prism statistical software pack-
age. Data are presented as S.E.

Live Cell Imaging

MDCK cells stably expressing pEGFP-N2-hKv7.1 were sub-
jected to a 24-h calcium switch before being transferred to an
imaging chamber. The medium was changed from NCM to
Hanks’ balanced salt solution supplemented with 10 �M

LY294002, 10 mM HEPES, pH 7.3. The experiment was per-
formed at 37 °C. Cells were visualized by confocal laser scan-
ning microscopy using the CSU-X1 spinning disk module on a
ZeissCellObserver (Carl ZeissmicroimagingGmbH, Jena,Ger-
many) with a 63� oil immersion objective (numerical aperture
of 1.2).
Time Lapse—The first z-stack was acquired 30 min after

addition ofHanks’ balanced salt solution supplementedwith 10
�M LY294002, 10 mM HEPES, pH 7.3, and thereafter, z-stacks
were acquired every 3 min with an exposure time of 350 ms
using the AxioVision software (version 4.8). The three-dimen-
sional reconstruction of the obtained time lapse was created by
using the Imaris software (version 7.2). Data are presented as a
QuickTime movie.

Cell Lysates

MDCKcells stably expressingKv7.1 orKv7.1-YAwere plated
in 25 cm2 flasks and subjected to a 24-h calcium switch followed
by a 3-h incubation in NCM supplemented with 40 �g/ml
cycloheximide. Cells were collected and solubilized in solubili-
zation buffer (50 mM Tris, pH 7.4, 10 mM NaCl, 10 mM KCl, 10
mM NaF, 1% Triton X-100 (Sigma Aldrich) and 0.5% sodium
deoxycholate (Sigma Aldrich), 50 �l of protease inhibitor mix-
ture (dilution of 1:200, Sigma Aldrich), and a phosphatase
inhibitor tablet (Roche Diagnostics)) for 3 h at 4 °C. The sam-
ples were centrifuged at 15,000 rpm for 10 min, and the super-
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natant was collected. The protein concentration was deter-
mined by performing Bradford assay (Bio-Rad) according to
manufacturer’s instructions and calibrated to 2 �g/�l.

Western Blotting

Cell lysates were loaded in equal amounts and separated on
gradient (5–15%) SDS-PAGE gels. Proteins were transferred
onto a Hybond-P PVDF transfer membrane (Amersham Bio-
sciences, 0.45 �m) in 25 mM Tris base, 200 mM glycine, 20%
methanol using a mini transblot (Hercules, CA). After transfer,
the membranes were incubated for 1 h in blocking buffer (PBS
containing 4% lowfat milk powder or 5% bovine serum albu-
min). Themembranewas incubated overnight at room temper-
ature in blocking buffer containing anti-Kv7.1, anti-Nedd4-2,
anti-Nedd4-2 Ser-468, or anti-actin antibodies. After washing,
bound antibody was revealed with HRP-conjugated F(ab�)2
fragment donkey anti-rabbit or donkey anti-mouse IgG
(1/10,000, Jackson ImmunoResearch Laboratories) in blocking
buffer for 30 min. For visualization, blots were incubated for 5
min in a 1:1 mixture of the following: 1) 100 mM Tris, pH 8.5,
containing 2.5 mM luminol (5-amino-2,3-dihydro 1,4-phthal-
azinedione) and 0.4 mM p-coumaric acid and 2) 100 mM Tris,
pH 8.5, containing 0.018% hydrogen peroxide. The solutions
were prepared and mixed just before use. Immunoblots were
exposed on hyperfilm ECL (Amersham Biosciences).

Nedd4-2 Knockdown in MDCK Cells

A double-stranded 5�-GGGAAGAGAAGGUGGACAA-3�
siRNA targeting canine Nedd4-2 was employed as it has previ-
ously been demonstrated to result in robust knockdown of
Nedd4-2 in MDCK cells (43). Non-targeting siRNA (5�-
CCAUCCUGAUGUCGCAAUA-3�) was used as a negative con-
trol. Both siRNAoligonucleotides were purchased fromEurogen-
tec. MDCK cells stably expressing Kv7.1 were transfected with 20
nM total siRNA oligonucleotides using siLentFectTM (Bio-Rad)
according to manufacturer’s instructions. In addition, eGFP
(eGFP-pcDNA3) was co-transfected serving as a marker for
siRNA-transfected cells. The cells were plated on glass cover-
slips and grown for 2 days before being treated with 10 �M

LY294002 for 90 min prior to fixation.

cRNA Generation and Oocyte Injection

cRNAwas generated from linearized pXOOMplasmids car-
rying the gene of interest using the Ambion T7 m-Message
Machine kit (Ambion, Austin, TX) according to the manufac-
turer’s instructions. cRNA concentrations were determined
using the ND-1000 NanoDrop UV spectrophotometer, and its
integrity was confirmed by gel electrophoresis. cRNAs were
stored at �80 °C until injection. Xenopus laevis oocytes were
obtained from EcoCyte Bioscience (Castrop-Rauxel, Ger-
many). Oocytes were kept at 19 °C in Kulori solution consisting
of 4 mM KCl, 90 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM

HEPES, pH 7.4, for a minimum 24 h before injection. Injection
of 50 nl of cRNA (1 ng of all Kv7.1, SGK1, and Akt variants, and
0.2 ng of Nedd4-2/Nedd4-2 CS) was accomplished using a
Nanoject microinjector from Drummond (Drummond Scien-
tific, Broomall, PA). Injected oocytes were kept at 19 °C for 2
days prior to measurements.

Electrophysiological Recordings on X. laevis Oocytes

Kv7.1 currents were recorded using a two-electrode voltage-
clamp amplifier (Dagan CA-1B, Minneapolis, MN). Electrodes
were pulled from borosilicate glass capillaries on a horizontal
patch electrode puller (DMZ universal puller, Zeitz Instru-
ments,München, Germany) and had tip resistance between 0.5
and 2.0 megohms when filled with 2 M KCl. The recordings
were done at room temperature under continuous superfusion
with Kulori solution. Kv7.1 currents were analyzed by applying
a standard step protocol with pulses from �60 to �40mV (5 s)
in 20-mV increments from a holding potential of�80mV. The
tail currents were measured at �30 mV. The condition of each
single oocyte was tested before measurements by recording
membrane potentials. Only oocytes with amembrane potential
more negative than�40mVwere used in the experiments. The
results were analyzed by GraphPad Prism software (GraphPad
Software, San Diego, CA).

Data Analysis

Data analysis and drawingswere performedusing IGOR soft-
ware (version 4,WaveMetrics, Lake Oswego, OR) or GraphPad
Prism software (version 4, GraphPad Software, SanDiego, CA).
All deviations of calculatedmean values are given as S.E. values.
Statistical significance was determined by t test or one-way
analysis of variance for more than two groups of data. The
quantitative analysis of Western blot experiments was done
using Odyssey Imaging Software (LI-COR Biosciences, Lin-
coln, NE). Confocal images were adjusted by the use of either
Leica Confocal Software (Leica Microsystems, Mannheim,
Germany) or Zen 2009 (Carl Zeiss) and Adobe Photoshop CS5.

RESULTS

Kv7.1 Surface Expression Requires Continuous PI3K Activity
in Polarized MDCK Cells—Epithelial cell polarization, a pro-
cess dependent on the calcium concentration in the extracellu-
lar medium, can be controlled by the calcium switch assay (44).
We have previously reported that Kv7.1 is retained intracellu-
larly during the early stages of epithelial cell polarization
induced by the calcium switch but is redistributed to the baso-
lateral cell surface in a PI3K-dependent manner at a later stage
(17). As PI3K activity not only regulates the formation of the
basolateral membrane but also appears to be required for its
preservation (28), we speculated whether tonic PI3K activity
would be required to maintain Kv7.1 expression at the basolat-
eral plasma membrane of polarized MDCK cells. To test this,
MDCK cells were subjected to a 24-h calcium switch and then
incubated in NCM containing 10 �M of the PI3K inhibitor
LY294002 for an additional 3 h. As illustrated in Fig. 1A,
LY294002 treatment resulted in a disappearance of Kv7.1 from
the basolateral cell surface and an intracellular accumulation of
the channel (27 h, LY294002). Kv7.1 was primarily observed in
vesicular structures and in the ER, as revealed by a partial co-
localization with the ER marker, DsRed-ER. LY294002-treated
cells displayed a 60% decrease in Kv7.1 signal at the cell surface
compared with control cells (see Fig. 8B). Thus, PI3K activity
appears to be required for maintaining basolateral surface
expression of Kv7.1 in polarized MDCK cells. This effect was
not due to changes in the overall polarity of the cells as the
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localizations of the tight junction protein ZO-1, the adherens
junction protein E-cadherin, and the desmosome component
desmoplakin all remained unaffected by a 3-h treatment with
LY294002 (Fig. 1, C and D).
To follow the effects of PI3K inhibition upon the localization

of Kv7.1 more dynamically, live-cell imaging was performed on
MDCK stably expressing EGFP-tagged hKv7.1. Z-stacks were
acquired every 3 min for 1 h (starting at 30 min (24 h, 30 min)
after addition of LY294002, Fig. 1B). The obtained images were
then presented as a three-dimensional reconstruction (see sup-
plemental Movie 1 or Fig. 1B). The live-cell imaging experi-
ments confirmed our observations from fixed cells as LY294002
treatment resulted in loss of the Kv7.1-GFP membrane-associ-

ated signal and an accumulation of the channel in vesicular
structures.
To reveal the identity of the intracellular structures in which

Kv7.1 resided, polarized MDCK cells treated with PI3K inhibi-
tor for up to 1 h were co-stained for Kv7.1 and endosomal
markers. The vesicular structures containing Kv7.1 partly co-
localized with markers of the early (EEA1) and late (M6PR)
endosomes as well as lysosomes (LAMP2, Fig. 2). This observa-
tion suggests that PI3K inhibition initiates endocytosis and sub-
sequent degradation of surface-expressed Kv7.1 channels.
SGK1 Inhibition Mimics the Effects of PI3K Inhibition—As

mentioned above, interesting downstream partners of PI3K are
the SGK1 andAkt kinases, which have been reported to up-reg-
ulate Kv7.1 currents (31, 32, 45–47). To test for a possible
involvement of the two kinases upon Kv7.1 localization, the
effects of the inhibitors GSK650394 (SGK1) and Akt inhibitor
IV (Akt) were examined. In polarizedMDCKcells, addition of 1
�M of GSK650394 resulted in an intracellular accumulation of
Kv7.1 (Fig. 3). In contrast, 1 �M Akt inhibitor IV was without
effect (Fig. 3). At higher concentrations (10 �M), Akt inhibitor
IV also caused intracellular accumulation of Kv7.1 (Fig. 3).
However, at this concentration, Akt inhibitor IV can also target
SGK1 (48), thus causing uncertainty in regards to the specificity
of the effect. Quantifications of the Kv7.1 fluorescent signals
revealed a decrease of �60% in the level of Kv7.1 at the plasma
membrane when inhibiting SGK1 (see Fig. 8B). Similar to the
observations in polarized cells, GSK650394 prevented accumu-
lation of Kv7.1 at the basolateral cell surface when applied dur-
ing the calcium switch (Fig. 4). These observations suggest that
SGK1, similarly to PI3K, regulates the basolateral surface
expression of Kv7.1 in both polarizing and polarized MDCK
cells.

FIGURE 1. Kv7.1 changes localization upon PI3K inhibition in polarized
MDCK cells. A, MDCK cells stably expressing Kv7.1 were transiently trans-
fected with pDsRed-ER and subjected to a calcium switch assay for 24 h (24 h).
At this point, the medium was changed to NCM containing 10 �M of the PI3K
inhibitor LY294002 (27 h LY294002) or just NCM (control, 27 h) for 3 h. The cells
were fixed and stained for Kv7.1. Scale bar, 10 �m. B, MDCK cells stably
expressing Kv7.1-GFP were subjected to a calcium switch assay for 24 h and
thereafter treated with 10 �M LY294002 for up to 1 h and 30 min. Z-stacks
were obtained on living cells every 3 min during the experiment and used for
three-dimensional reconstruction. Representative cell are illustrated after 30,
60, and 90 min of PI3K inhibitor treatment. Scale bar, 5 �m. C, MDCK-Kv7.1
cells stained for the tight junction protein ZO-1. The cells were subjected to
the calcium switch for 24 h and thereafter treated with the LY294002 (10 �M)
for 3 h (27 h LY294002). Control cells (27 h control) were not treated with the
inhibitor. As illustrated, cell polarization, indicated by the presence of the
tight junctions (stained by ZO-1), was unaffected by PI3K inhibition. Scale bar,
10 �m. D, polarized MDCK cells were treated for 3 h with 10 �M LY294002 and
then fixed and stained for the adherens junction protein E-cadherin or des-
mosome components desmoplakins. As shown, 3 h of PI3K inhibition did not
affect the localizations of E-cadherin or desmoplakins compared with
untreated control cells. Scale bar, 10 �m.

FIGURE 2. Kv7.1 is endocytosed upon inhibition of PI3K. MDCK cells stably
expressing Kv7.1 were subjected to a 24-h calcium switch assay and thereaf-
ter treated with 10 �M PI3K inhibitor LY294002 for up to 1 h. The cells were
then fixed and co-stained for Kv7.1 and markers of the early endosomes
(EEA1), late endosomes (M6PR), and lysosomes (LAMP2). As illustrated, Kv7.1-
containing vesicular structures were found to partly co-localize with the three
endosomal markers (white arrows). Scale bar, 10 �m.
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Constitutively Active SGK1 Prevents LY294002-induced Inter-
nalization of Kv7.1—To examine whether SGK1 could be the
primary mediator of the PI3K effects on Kv7.1 localization, we
tested the impact of PI3K inhibition in MDCK cells overex-
pressing a constitutively active SGK1 mutant, SGK1-S422D.
We transfected MDCK cells stably expressing Kv7.1 with this
mutant and applied LY294002 for 1–3 h to the cells at the polar-
ized state. In support of SGK1 being the primary target of PI3K,
SGK1-S422D overexpression prevented LY294002-induced
removal of Kv7.1 from the basolateral cell surface (Fig. 5). To
further establish the important role of SGK1, we examined the
localization of Kv7.1 during the calcium switch in cells co-ex-
pressing SGK1-S422D (Fig. 6). SGK1-S422D expression pre-
vented the clearance of Kv7.1 from the cell surface, which is
normally observed upon switch initiation (17). This observa-
tion supports an important role for SGK1 in regulating Kv7.1
cell surface expression.
SGK1 Counteracts Nedd4-2-mediated Down-regulation of

Kv7.1—As mentioned, SGK1 can inhibit Nedd4-2 (33, 34), a
ubiquitin ligase that down-regulates Kv7.1 currents (36). We

therefore hypothesized that SGK1 promotes Kv7.1 surface
expression by inhibiting Nedd4-2. To address this, we per-
formed two-electrode voltage-clamp experiments on oocytes
co-expressing Kv7.1, Nedd4-2, and SGK1, as well as catalyti-
cally inactive forms of Nedd4-2 and SGK1 (Nedd4-2 CS and
SGK1 KA; Fig. 7A). In line with previous observations (32, 36),
SGK1 co-expression significantly increased Kv7.1 current lev-
els, whereas Nedd4-2 co-expression significantly decreased
them (Fig. 7A). Interestingly, SGK1 rescued the effect of
Nedd4-2 co-expression. Although Nedd4-2 decreased the
Kv7.1 current by approximately half, the additional co-expres-
sion of SGK1 caused a significant increase in the current ampli-
tude, suggesting that SGK1 inhibits Nedd4-2 and thereby
recovers the Kv7.1 current (Fig. 7A). This relationship was not
observed for the catalytically inactive SGK1KAmutant. In con-
trast to SGK1, Akt co-expression did not antagonize the
Nedd4-2-mediated down-regulation of the Kv7.1 current.
Kv7.1 current levels in oocytes co-expressing Kv7.1, Nedd4-2,
and Akt were not statistically different from the current levels
obtained in oocytes co-expressing Kv7.1, Nedd4-2, and catalyt-

FIGURE 3. Inhibition of SGK1 leads to intracellular accumulation of Kv7.1 in polarized MDCK cells. MDCK cells stably expressing Kv7.1 were subjected to
a calcium switch for 24 h. The cells were then incubated in NCM containing 1 �M SGK1 inhibitor GSK650394 or 1–10 �M Akt IV inhibitor for 3 h, after which they
were fixed and stained for Kv7.1. Illustrated are confocal horizontal and vertical scans of MDCK-Kv7.1 cells before addition of the inhibitor (control), 3 h after
addition of the Sgk1 inhibitor (1 �M GSK650394 3 h) or Akt inhibitor (1–10 �M Akt IV inhibitor 3 h), and control cells not treated with the inhibitor (27 h, control).
Actin was stained by phalloidin, and DAPI (blue) was used to stain the nucleus (shown in merged pictures). Scale bars, 10 �m.
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ically inactive Akt 3A (Fig. 7B). Thus, SGK1 appears to be the
primary regulator of Kv7.1, and the kinase could be acting
through inhibition of Nedd4-2 activity.
The PI3K-SGK1 Pathway Promotes Kv7.1 Surface Expression

by Inhibiting Nedd4-2-dependent Endocytosis—To further
examine whether PI3K and SGK1 act on Kv7.1 through a
Nedd4-2-dependent mechanism, we tested the effects of PI3K
and SGK1 inhibition upon the localization of a Nedd4-2 inter-
action-deficient Kv7.1 mutant (Kv7.1-YA). As speculated, the
localization of Kv7.1-YA was unaffected by inhibition of PI3K
and SGK1 in polarized MDCK cells, suggesting that the two
kinases act through Nedd4-2 (Fig. 8). Moreover, the involve-
ment ofNedd4-2was additionally supported by the observation
that inhibition of both PI3K and SGK1 were without effect on
the membrane localization of Kv7.1-YA in polarizing cells, i.e.
during the calcium switch (data not shown). Interestingly, the
Kv7.1-YAmutant also displayed localization in the apicalmem-
brane (side scans in Fig. 8A, 27 h control, versus Fig. 1A, 27 h),
indicating that Nedd4-2-dependent endocytosis is important
to avoid apical trapping of the channel upon cell polarization.

To confirm that Nedd4-2 acts downstream of PI3K-SGK1,
we reduced the expression of Nedd4-2 in MDCK cells stably
expressing Kv7.1 by using a previously employed Nedd4-2
siRNA oligonucleotide (43). First, we verified that the siRNA
oligonucleotide indeed decreased Nedd4-2 expression levels.
As illustrated in Fig. 9C, we observed a reduction in the protein
level of Nedd4-2 in cells transfected with the Nedd4-2-specific
siRNA compared with control cells transfected with a non tar-
geting control siRNA. By quantifying the signal intensity of the
Nedd4-2 band and the corresponding actin band, we calculated
an�30% reduction inNedd4-2 expression (data not shown).As
our transfection efficiencies rarely exceed 25–30%, it indicates
that cells transfected with the Nedd4-2-specific siRNA have a
very robust reduction in Nedd4-2 protein expression. This is in
agreement with previous results using this specific Nedd4-2
siRNA in MDCK cells (43). Therefore, MDCK cells were next
transfected with Nedd4-2 siRNA followed by treatment of the
cells with LY294002. Nedd4-2 silencing prevented LY294002-
induced internalization of Kv7.1, which was not the case when
non-targeting siRNA was used as a control (Fig. 9A). Quantifi-

FIGURE 4. SGK1 inhibition prevents surface expression of Kv7. 1 in polarizing MDCK cells. MDCK cells stably expressing Kv7.1 were transiently transfected
with DsRed-ER cDNA and subjected to a calcium switch in the presence of the SGK1 inhibitor GSK650394 (1 �M). GSK650394 was added 1 h and 45 min after
initiation of the switch, and cells were fixed at different time points after initiation of the switch. Illustrated are confocal horizontal and vertical scans of
MDCK-Kv7.1 cells before addition of the inhibitor (t � 1 h, 45 min), 24 h after addition of the inhibitor (24 h GSK), and control cells not treated with the inhibitor
(24 h control). Scale bar, 10 �m.
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cations revealed that LY294002-treated cells transfected with
Nedd4-2 siRNAhad significantly highermembrane to intracel-
lular Kv7.1 signal ratio than the cells transfected with control
siRNA (Fig. 9B), suggesting that Nedd4-2 silencing protects
Kv7.1 from internalization upon PI3K inhibition.
Nedd4-2 is a direct substrate of SGK1 and contains threewell

described SGK1 phosphorylation sites (33, 35). Phosphoryla-
tion of these sites increases interaction with proteins of the
14-3-3 family, keeping Nedd4-2 in an inactive phosphorylated
state (40). To determinewhether LY294002 treatment of polar-
ized MDCK cells directly affected the phosphorylation state of
Nedd4-2, we examined the degree of phosphorylation on one of
these key sites, Ser-468 in human Nedd4-2, after treatment. As
shown in Fig. 9D, exposure to 10 �M LY294002 for 2 h signifi-
cantly reduced the fraction of Nedd4-2 phosphorylated at this
site by 28%. This observation suggests a direct impact of the
PI3K-SGK1 pathway upon Nedd4-2 phosphorylation state.

Kv7.1 Turnover Is Primarily Mediated by a Nedd4-2-related
Mechanism in Polarized MDCK Cells—The central involve-
ment of Nedd4-2 in the regulation of Kv7.1 endocytosis sug-
gests that this ubiquitin ligase is a key regulator of Kv7.1 cell
surface expression. To examine this further, we investigated the
turnover of Kv7.1 and Kv7.1-YA in polarized MDCK cells.
MDCK cells stably expressing Kv7.1 or Kv7.1-YA were sub-
jected to a 24-h calcium switch, and protein synthesis was
inhibited with cycloheximide for 3 h. Total cell lysates were
harvested at time points 24 and 27 h and analyzed by Western
blotting. As illustrated in Fig. 10A, Kv7.1 protein levels were
reduced by�50% after a 3-h cycloheximide treatment, indicating
a fast turnover of the channel. In contrast, Kv7.1-YAprotein levels
were unaffected by the 3-h treatment with cycloheximide (Fig.
10B), demonstrating that the turnover of this mutant is signifi-
cantly slower. This suggests that the normal turnover of Kv7.1 is
primarily mediated by a Nedd4-2-dependent mechanism.

FIGURE 5. Overexpression of constitutively active SGK1 prevents internalization of Kv7. 1 in response to PI3K inhibition. A, MDCK cells stably expressing
Kv7.1 were transfected with SGK1-S422D, subjected to a 24-h calcium switch, and then treated with the PI3K inhibitor (LY294002; 10 �M) for 1 and 3 h. The cells
were then fixed and stained for Kv7.1, SGK1, and actin. Illustrated are untreated cells (24 h) and polarized cells treated for 1 and 3 h with the inhibitor (25 h
LY294002 and 27 h LY294002). Scale bar, 10 �m. B, quantification of the cell surface-associated signal of Kv7.1 in control cells (dark gray bars) and cells
expressing the constitutively active SGK1-S422D (light gray bars) in response to PI3K inhibition. The signal obtained 24 h into the calcium switch was set to
100%, and the membrane-associated signals 1 and 3 h after application of PI3K inhibitor (25 h LY294002 and 27 h LY294002) were expressed as a percentage
of the signal obtained at 24 h. 9 –14 cells were quantified per condition. Quantifications was performed as described under “Experimental Procedures”; ***, p �
0.001. Bars represent means of each group 	 S.E.
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Insulin Counteracts Nedd4-2-mediated Reduction in Kv7.1
Current—As a final step, wewanted to investigatewhether acti-
vation of PI3K inXenopus oocytes could rescue the reduction in
Kv7.1 current observed upon co-expressing Nedd4-2. Insulin,
an activator of PI3K, has previously been demonstrated to stim-
ulate Kv1.5 currents in an SGK1-dependent manner when the
channelwas expressed in oocytes (49) andwas therefore used to

activate the proposed pathway. Oocytes expressing Kv7.1 alone
or together with Nedd4-2 were incubated in Kulori buffer with
and without insulin for 6 h prior to current measurements.
Insulin treatment significantly rescued (p � 0.001) the Kv7.1
current reduction caused by Nedd4-2 co-expression (Fig. 11B),
thereby indicating that activation of PI3K also can lead to inhi-
bition of Nedd4-2 in Xenopus oocytes.

DISCUSSION

Epithelial cell polarization involves a cascade of processes
that ultimately divide the membrane into two distinct parts: an
apical and a basolateral. To ensure vectorial transport of ions
and solutes, these twomembrane domains express different ion
channels and transporters. In this study, the mechanisms reg-
ulating cell surface expression of the basolateral Kv7.1 channel
were studied in MDCK cells both during epithelial cell polar-
ization and in polarized cells. We previously reported that the
activity of PI3K is required for recovering Kv7.1 cell surface
expression during the polarization process (17). Here, we dem-
onstrate that tonic PI3K activity stabilizes cell surface expres-
sion of Kv7.1 in polarized cells, which positions PI3K as an
important regulator of Kv7.1 localization and turnover.
To uncover themolecularmechanisms underlying the PI3K-

mediated promotion of Kv7.1 cell surface expression, we
looked at two well described downstream targets of PI3K, the
homologous kinases SGK1 and Akt. We found that pharmaco-
logical inhibition of SGK1 in polarized MDCK cells resulted in
disappearance of Kv7.1 channels from the surface membrane
and intracellular accumulation of the channel. We observed
similar effects by using Akt inhibitor IV but only at concentra-
tions where it can also suppress SGK1 (48), suggesting that the
observed effect could be due to inhibition of SGK1. In support

SGK1-S422D Kv7.1 Merge

0 h

15 min

3 h

FIGURE 6. Overexpression of constitutively active SGK1 prevents inter-
nalization of Kv7.1 in response to initiation of a calcium switch. MDCK
cells stably expressing Kv7.1 were transiently transfected with SGK1-S422D
and subjected to a calcium switch. Cells were fixed before initiation of the
switch (t � 0 h), 15 min into the switch (15 min), as well as 3 h after the switch
was initiated (3 h). As shown, overexpression of SGK1-S422D prevents the
reduction in Kv7.1 cell surface expression observed after 15 min as well as 3 h.
Scale bar, 10 �m.

FIGURE 7. SGK1, but not Akt, counteracts Nedd4-2-mediated down-regulation of Kv7.1 currents in X. laevis oocytes. A, the effect of SGK1 on the Kv7.1 current
in X. laevis oocytes. Two-electrode voltage clamp measurements of Xenopus oocytes are shown. The obtained current levels were measured in the end of the �40-mV
step. Presented is a summary of three individual two-electrode voltage clamp experiments (n � 6 in each) in oocytes expressing Kv7.1 alone (normalized to 100) or in
combination with Nedd4-2/Nedd4-2-CS and/or SGK/SGK KA, where Nedd4-2-CS and SGK KA are catalytically inactive versions of the respective enzymes. The Kv7.1
current measured in oocytes co-expressing Kv7.1, Nedd4-2, and SGK1 was significantly increased compared with oocytes co-expressing Kv7.1, Nedd4-2, and the
catalytically inactive version of SGK1 (SGK1 KA). The difference in Kv7.1 current level between oocytes co-expressing Kv7.1 and Nedd4-2 and those additionally
expressing SGK1 KA, was not significant. In all of the conditions where active SGK1 was co-expressed, an increased Kv7.1 current, as compared with Kv7.1 alone, was
observed; ***, p � 0.001. Bars represent means of each group 	 S.E. B, the effect of Akt on the Kv7.1 current in X. laevis oocytes. Two-electrode voltage clamp
measurements of Xenopus oocytes are shown. The obtained current levels were measured in the end of the �40-mV step. Presented is a summary of three individual
two-electrode voltage clamp experiments (n � 6 in each) in oocytes expressing Kv7.1 alone (normalized to 100) or in combination with Nedd4-2/Nedd4-2-CS and/or
Akt/Akt 3A, where Nedd4-2-CS and Akt 3A are catalytically inactive versions of the respective enzymes. Akt has very little or no effect on Nedd4-2-mediated decrease
of Kv7.1 current. There was no difference in Kv7.1 current level in oocytes co-expressing Kv7.1, Nedd4-2, and Akt as compared with Kv7.1, Nedd4-2 and catalytically
inactive Akt 3A. Bars represent means of each group 	 S.E. ns, not significant.
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of this, SGK1, and not Akt, could counteract Nedd4-2-medi-
ated down-regulation of Kv7.1 currents in Xenopus oocytes.
Furthermore, overexpression of constitutively active SGK1
overruled the endocytotic response of Kv7.1 to PI3K inhibition,
which is supportive of SGK1 being the primary downstream
target of PI3K.

SGK1 and Akt are both known inhibitors of Nedd4-2 (33, 34,
50), and several observations in our study support that the
PI3K-SGK1 signaling pathway promotes Kv7.1 cell surface
expression by inhibiting Nedd4-2. First, SGK1 can antagonize
Nedd4-2-mediated down-regulation of Kv7.1 currents inXeno-
pus oocytes. Second, insulin, a known activator of PI3K, also
antagonizes Nedd4-2-mediated reductions in Kv7.1 currents.
In addition, the Nedd4-2-interaction deficient Kv7.1-YA
mutant did not respond to PI3K and SGK1 inhibition and
Nedd4-2 knockdown in MDCK cells prevented endocytosis of
the channel in response to PI3K inhibition. Nedd4-2 inhibition
by the PI3K-SGK1 pathway is further supported by the obser-
vation that the LY294002 treatment results in decreased phos-
phorylation of Ser-468 in Nedd4-2, a previously described
SGK1 phosphorylation site, which plays a critical role in medi-
ating interactionwith the inhibitory 14-3-3 proteins (40). Over-
all, these observations suggest that Nedd4-2 is the primary
effector of the PI3K-SGK1 pathway controlling Kv7.1 cell sur-
face expression and positions Nedd4-2 as an important regula-
tor of Kv7.1. Indeed, the Kv7.1-YA mutant displayed a much
slower turnover than the wild-type channel, indicating that
Nedd4-2 is a key regulator of the Kv7.1 degradation process. In
support of this, AMP-activated protein kinase-mediated endo-
cytosis of Kv7.1 in the beginning of the calcium switch is also
Nedd4-2-dependent (18). Interestingly, AMP-activated protein
kinase activation in polarized MDCK cells is without effect
upon Kv7.1 surface expression, which suggests that the
Nedd4-2 activation is overruled by other pathways at the more
polarized state (18). The PI3K-SGK1-mediated inhibition of
Nedd4-2-dependent endocytosis described in this study could
explain this observation.
The PI3K-SGK1 pathway possibly promotes Kv7.1 surface

expression by additional mechanisms. SGK1 was reported pre-
viously to increase the surface expression of the Kv7.1-KCNE1
channel complex by promoting RAB11-mediated channel recy-
cling (32). In line with this observation, we also observed an
increase in Kv7.1 current levels upon SGK1 co-expression.
Interestingly, co-expression of SGK1 and Nedd4-2 did not
increase the current level to that of the control but fully
restored it to the same level as SGK1-expressing oocytes. This
indicates that there are possibly two different SGK1 pathways
that work simultaneously to promote the surface expression
of Kv7.1. The Nedd4-2 pathway decreases internalization of
surface-expressed channels, whereas the RAB11 pathway
enhances forward trafficking and recycling. Interestingly, a
similar two-way mechanism appears to regulate the surface
expression of the epithelial sodium channel ENaC. ENaC is
regulated by Nedd4-2, and SGK1 promotes ENaC surface
expression by inhibiting the interaction between Nedd4-2 and
ENaC. However, SGK1 also increases the surface expression of
ENaC channels carrying PYmotifmutations, suggesting that an
additional pathway exists (51). RAB11 has recently been shown
to enhance the surface expression of ENaC, which raises the
possibility that the mechanism is similar to that reported for
Kv7.1 (52, 53).
One explanation for activating and inhibiting Nedd4-2-de-

pendent endocytosis during polarization could be to avoid
localization of Kv7.1 channels in the apical membrane after the

FIGURE 8. Kv7.1-YA mutant does not change localization upon inhibition
of SGK1 and PI3K in polarized cells. A, MDCK cells stably expressing
Kv7.1-YA were transiently transfected with DsRed-ER cDNA and subjected to
a calcium switch for 24 h. The cells were then incubated in NCM containing
SGK1 inhibitor GSK650394 (1 �M) or the PI3K inhibitor LY294002 (10 �M) for
3 h (27 h) and fixed and stained for Kv7.1. Illustrated are untreated cells (27 h
control) and polarized cells treated for 3 h with the inhibitors (27 h
GSK650394, 27 h LY294002). Scale bar, 10 �m. B, quantification of the cell
surface-associated signal of Kv7.1 (dark gray bars) and Kv7.1-YA (light gray
bars) in response to PI3K and SGK1 inhibition. The signal obtained 24 h into
the calcium switch was set to 100% and the membrane-associated signals 3 h
after incubation in NCM without (27 h, control) or with application of PI3K and
SGK1 inhibitors (27 h, LY294002 and 27 h, GSK650394) were expressed as a
percentage of the 24 h signal. 20 –30 cells were quantified per condition.
Quantification was performed as described under “Experimental Proce-
dures”; ***, p � 0.001. Bars represent means of each group 	 S.E.
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establishment of tight junctions. By promoting degradation of
surface-expressed Kv7.1 and not allowing the channel to
restore cell surface expression before proper protein trafficking
pathways are established, the cell can prevent trapping of Kv7.1
in the apical membrane. This hypothesis is supported by the
increased localization of the Nedd4-2-interaction-deficient
Kv7.1 mutant in the apical membrane, which could result from
hindered endocytosis during the early stages of polarization.

The PI3K-SGK1-Nedd4-2 pathway described here could also
regulate Kv7.1 surface expression levels under other conditions
than cell polarization. As mentioned, Kv7.1 regulates acid
secretion in the stomach. Interestingly, glucocorticoids have
been reported to increase gastric acid secretion and up-regulate
Kv7.1 by an SGK1-dependent mechanism (54). SGK1-medi-
ated inhibition of Nedd4-2 could possibly explain this effect.
Furthermore, the pathway could be important in other cell

FIGURE 9. Nedd4-2 knockdown protects Kv7.1 from internalization upon PI3K inhibition. A, MDCK cells stably expressing Kv7.1 were transiently co-
transfected with eGFP and siRNA targeting Nedd4-2 or a non-coding siRNA, which was used as a negative control. Polarized cells were treated with 10 �M PI3K
inhibitor LY294002 for 90 min. The localization of Kv7.1 was examined in transfected cells expressing eGFP (GFP) as these were expected also to be transfected
with the siRNA. As demonstrated, Kv7.1 was internalized in cells expressing the non-targeting control siRNA. This internalization was not observed in cells
expressing siRNA targeting Nedd-2 (Nedd4-2 siRNA). Scale bar, 10 �m. B, quantification of membrane and intracellular Kv7.1 signals from cells expressing either
non-targeting control siRNA or siRNA targeting Nedd4-2 (Nedd4-2 siRNA). The two bars demonstrate the ratios between membrane and intracellular signals
in cells expressing the two siRNAs. The data are from four experiments with a total n � 17. The cells transfected with Nedd4-2 siRNA have a significantly higher
membrane to intracellular signal ratio than the cells transfected with control siRNA; ***, p � 0.001. Bars represent means of each group 	 S.E. C, Western blot
of MDCK cells transfected with control siRNA (lane 1) or Nedd4-2 siRNA (lane 2). A reduction in the signal intensity of the band at �120 kDa, which correspond
to Nedd4-2, is observed in lane 2 compared with the lane 1. Actin was used as a loading control. D, Western blots of cell lysates from polarized, non-treated
control MDCK cells (control) and cells treated with 10 �M LY294002 (LY294002) for 2 h. The blots were probed for total Nedd4-2 (left blot) or with Ser-468
phospho-specific Nedd4-2 antibody (right blot). The graph to the right displays band intensity quantifications from n � 3 experiments. The amount of
phospho-Nedd4-2 relative to the total amount of Nedd4-2 is shown. The control condition was set to 1. A significant reduction in the relative signal
for phospho-Nedd4-2 was observed in response to LY294002 treatment. *, p � 0.05. Actin was used as a loading control.
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types and not only limited to epithelial cell physiology. Asmen-
tioned, Kv7.1, togetherwithKCNE1, forms the delayed rectifier
potassium current IKs, which is one of the main contributors to
the repolarization of the cardiac tissue (1, 2).Mutations leading
to loss of channel function causes the most common type of
congenital LQT syndrome, type 1 (LQT1). It results in a reduc-
tion of IKs and thus a prolongation of action potential duration
and theQT interval (see Ref. 55), which often causes dangerous
arrhythmias. A recent study reported a mechanism for drug-
induced QT interval prolongation that involves changes in sev-
eral ion currents caused by a decrease in PI3K signaling (56).
Although PI3K inhibition of canine cardiacmyocytes caused an
increase in action potential duration, this could be reversed by
intracellular infusion of PIP3. This increase in action potential
duration was caused by a decrease in IKs as well as a number of
other action potential-shaping currents. Interestingly, the
effects of PI3K inhibition were only observed after prolonged
exposure suggesting that the effect was not due to direct chan-
nel modulation. As Nedd4-2 is also strongly expressed in heart
(36), the identified PI3K-SGK1-Nedd4-2 pathway could well
explain how PI3K inhibition can cause the observed decrease in
IKs.
In summary, the present study positions Nedd4-2 as a key

regulator of Kv7.1 cell surface expression. In our previouswork,
we found that an AMP-activated protein kinase pathway inhib-

FIGURE 10. Kv7.1-YA displays a slower turnover than WT Kv7.1. MDCK cells
stably expressing Kv7.1 (A) or Kv7.1-YA (B) were subjected to a 24-h calcium
switch and thereafter treated with 40 �g/ml cycloheximide (cyclo) for 3 h to
inhibit protein synthesis. Cells were harvested at t � 24 h or t � 27 h, and the
resulting protein samples were analyzed by Western blotting. Representative
blots illustrating the protein levels of Kv7.1 (A) and Kv7.1-YA (B) are presented.
The bottom graphs represent band intensity quantification of n � 3 experiments,
where each column corresponds to the lane above. Actin was used as a loading con-
trol in each experiment. The protein level was normalized to the control (lane 2 in Fig.
7, A and B, set to 100); *, p � 0.01. Bars represent means of each group 	 S.E. ns, not
significant.

FIGURE 11. Insulin rescues Nedd4-2-dependent decrease of Kv7.1 current. A, representative current traces of Kv7.1, Kv7.1 � insulin, Kv7.1 � Nedd4.2, and
Nedd4.2 � Kv7.1 � insulin. B, two-electrode voltage clamp experiment on Xenopus oocytes expressing Kv7.1 alone or together with Nedd4-2. The oocytes were
incubated in Kulori 	 1 �M insulin for 6 h before measurements. The data are a summary of three individual experiments with a total of 21 � n � 44 oocytes for each
group. Insulin treatment significantly increased the current in oocytes co-expressing Kv7.1 and Nedd4-2; ***, p � 0.001. Bars represent means of each group 	 S.E.
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its Kv7.1 surface expression through activation of Nedd4-2
(18). Here, we report a PI3K-SGK1mechanismwith the oppos-
ing effect on Kv7.1, namely, stabilizing its surface expression,
through inhibition of the ubiquitin ligase Nedd4-2.
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