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leading to decreased channel expression.

strategies.
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(Bacl(ground: Alterations in #ZERG-encoded K* channel current can cause fatal cardiac electrical disturbances.
Results: Caveolin-3 enhances ubiquitin ligase Nedd4-2 interaction with mature hERG channels in the plasma membrane,

Conclusion: Caveolin-3 regulates hERG expression and thus function via Nedd4-2.
Significance: Understanding of hERG regulation pathway is important for cardiac electrophysiology and antiarrhythmic

J

The human ether-a-go-go-related gene (ZERG) encodes the
rapidly activating delayed rectifier potassium channel (Iy,)
which plays an important role in cardiac repolarization. A
reduction or increase in hERG current can cause long or short
QT syndrome, respectively, leading to fatal cardiac arrhythmias.
The channel density in the plasma membrane is a key determi-
nant of the whole cell current amplitude. To gain insight into the
molecular mechanisms for the regulation of hERG density at the
plasma membrane, we used whole cell voltage clamp, Western
blotting, and immunocytochemical methods to investigate the
effects of an integral membrane protein, caveolin-3 (Cav3) on
hERG expression levels. Our data demonstrate that Cav3, hERG,
and ubiquitin-ligase Nedd4-2 interact with each other and form
a complex. Expression of Cav3 thus enhances the hERG-
Nedd4-2 interaction, leading to an increased ubiquitination and
degradation of mature, plasma-membrane localized hERG
channels. Disrupting Nedd4-2 interaction with hERG by muta-
tions eliminates the effects of Cav3 on hERG channels. Knock-
down of endogenous Cav3 or Nedd4-2 in cultured neonatal rat
ventricular myocytes using siRNA led to an increase in native
I,. Our data demonstrate that hERG expression in the plasma
membrane is regulated by Cav3 via Nedd4-2. These findings
extend our understanding of the regulation of hERG channels
and cardiac electrophysiology.

The rapidly activating delayed rectifier K* channel (I,),?
encoded by the human ether-a-go-go-related gene (ZERG),
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plays an important role in cardiac repolarization (1, 2). A reduc-
tion in the hERG current (I,,rg) delays cardiac repolarization
and causes long QT syndrome (3). However, an increase in
I rrg can cause short QT syndrome (4). Both long QT syn-
drome and short QT syndrome predispose individuals to high
risk of lethal arrhythmias and sudden death (3, 5). Although
mutation- or drug-mediated alterations in Iz have been
studied extensively, little is known about how the density of
wild-type (WT) hERG channels in the plasma membrane is
regulated. In particular, the mechanism for degradation of
mature hERG channels in the plasma membrane is unknown.

We demonstrated previously that a reduction in extracellular
K* concentration, clinically known as hypokalemia, induces
endocytic degradation of the cell surface hERG channels (6).
There are many ways that endocytic cargo molecules can be
internalized. Clathrin-dependent endocytosis is the best char-
acterized route, which mediates degradation of various mem-
brane proteins including ion channels such as cystic fibrosis
transmembrane conductance regulator and connexin 43 (7, 8).
Caveolin-dependent endocytosis represents another pathway
for membrane protein internalization (9, 10). We have previ-
ously demonstrated that caveolin-1 (Cavl), but not clathrin, is
involved in the low K" -induced endocytosis of hRERG channels
expressed in HEK 293 cells (11, 12). However, the degradation
routes for hRERG channels in normal (5 mm K*) culture condi-
tions are unknown.

The caveolin protein family contains three distinct isoforms.
Whereas Cavl and caveolin-2 (Cav2) are expressed in non-
muscle cells such as adipocytes, endothelial and epithelial cells
as well as fibroblasts, caveolin-3 (Cav3) is muscle-specific. In
particular, HEK 293 cells express Cavl, and cardiomyocytes

3 The abbreviations used are: I, rapidly activating delayed rectifier potas-
sium channel; ALLN, N-[N-(N-acetyl-L-leucyl)-L-leucyl]-L-norleucine; Cav1,
Cav2, and Cav3, caveolin-1, -2, and -3, respectively; co-IP, co-immunopre-
cipitation; EAG, ether-a-go-go; ENaC, epithelial sodium channel; hERG,
human ether-a-go-go-related; Nedd4-2, neural precursor cell expressed
developmentally down-regulated protein 4 subtype 2; Ub, ubiquitin.
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express Cav3 (13). In the present study, we investigated the
effects of Cav3 on hERG expression and function. Using elec-
trophysiological, Western blotting, and immunocytochemical
analyses, our data demonstrate that overexpression of Cav3 sig-
nificantly decreases hERG channel density in the plasma mem-
brane. Mechanistically, Cav3-induced hERG reduction is
accompanied by enhanced hERG ubiquitination through the
ubiquitin (Ub) ligase, Nedd4-2 (neural precursor cell expressed
developmentally down-regulated protein 4 subtype 2). In cul-
tured neonatal rat ventricular myocytes, knockdown of endog-
enous Cav3 or Nedd4-2 leads to an increase in I,. Our data
indicate that Cav3-mediated endocytic degradation may play a
role in the homeostatic regulation of I, expression at the
plasma membrane.

EXPERIMENTAL PROCEDURES

Molecular Biology—hERG cDNA was provided by Dr. Gail
Robertson (University of Wisconsin-Madison). Human ether-
a-go-go (EAG) cDNA was provided by Dr. Luis Pardo (Max-
Planck Institute of Experimental Medicine, Gottingen, Ger-
many). KvI.5 c¢cDNA (encoding the cardiac ultrarapidly
activating delayed rectifier K¥ channel) was provided by Dr.
Michael Tamkun (Colorado State University, Fort Collins, CO).
Cav3 plasmid and Myc-tagged plasmid of Nedd4-1 were
obtained from Origene Technologies. The human Nedd4-2
plasmid in pBluescript II was obtained from Kazusa DNA
Research Institute (Chiba, Japan). The open reading frame was
amplified using PCR and cloned into HA-pcDNA3 (Invitrogen)
to generate HA-tagged Nedd4-2 (Nedd4-2-HA). The hERG
point mutation Y1078A and C-terminal truncation mutation
A1073 were generated using Pfullltra Hotstart PCR Master
Mix (Agilent Technologies, Santa Clara, CA) and confirmed by
DNA sequencing (Eurofins MWG Operon, Huntsville, AL). A
HEK 293 cell line stably expressing hERG channels (hERG-
HEK cells) was obtained from Dr. Craig January (University of
Wisconsin-Madison). Lipofectamine 2000 (Invitrogen) was
used for transfecting various plasmids and siRNAs into HEK
293 cells. Stable cell lines were generated using G418 for selec-
tion (1 mg/ml) and maintenance (0.4 mg/ml). HEK 293 cells
were cultured in minimum essential medium (Invitrogen) sup-
plemented with 10% fetal bovine serum (Invitrogen). For elec-
trophysiological studies with transiently expressed channels,
GFP cDNA (pIRES2-EGFP, Clontech) was co-transfected for
selection of transfected cells. Neonatal rat ventricular myocytes
were isolated from 1-day-old Sprague-Dawley rats of either sex
by enzymatic dissociation as described previously (14). Lipo-
fectamine RNAIMAX (Invitrogen) was used for transfecting
siRNA into cultured neonatal rat ventricular myocytes.

Patch Clamp Recording Method—The whole cell patch
clamp method was used to record the hERG (I,zrg), EAG
(Ieag), and Kv1.5 currents (I, 5). The pipette solution con-
tained 135 mMm KCl, 5 mm EGTA, 1 mm MgCl,, and 10 mm
HEPES (pH 7.2 with KOH). The bath solution contained 135
mM NaCl, 5 mm KCl, 10 mm HEPES, 10 mMm glucose, 1 mm
MgCl,, and 2 mm CaCl, (pH 7.4 with NaOH). [,zra» Ipag OF
Iic,1 s was evoked by incremental depolarization to voltages
between —70 and 70 mV. The tail currents were recorded upon
a repolarizing step to —50 mV. The holding potential was —80
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mV. For the current amplitude analyses, the peak tail current at
—50 mV following the 50-mV depolarizing step for the hRERG
channel, and the pulse current at the end of the depolarizing
step to 50 mV for the Kv1.5 and EAG channel were used. Iso-
lated I, in neonatal ventricular myocytes was recorded using
symmetrical Cs™ solutions by depolarizing pulses to voltages
between —70 and +70 mV in 10-mV increments. Tail currents
upon repolarization to the holding potential of —80 mV after
depolarizing pulse to +50 mV were used to measure the cur-
rent amplitude (15). Patch clamp experiments were performed
at room temperature (22 * 1 °C).

Western Blot Analysis and Co-immunoprecipitation
(Co-IP)—Membrane protein of ventricular tissues from adult
Sprague-Dawley rats and New Zealand White rabbits as well as
whole cell protein from hERG-HEK cells were used. Western
blot analysis was performed using the previously described pro-
cedure (6, 11, 16). The Precision Plus Protein Dual Color Stand-
ards (161-0374; Bio-Rad) was used as protein ladder. To con-
firm that the 155-kDa hERG protein is localized at the plasma
membrane, cell surface proteins were digested by proteinase K
treatment; live cells were washed with PBS and treated with 200
pg/ml proteinase K (Sigma) in a physiological buffer, contain-
ing 10 mm HEPES, 150 mm NaCl, and 2 mm CaCl, (pH 7.4) at
37 °C for 30 min. The reaction was terminated by adding ice-
cold PBS containing 6 mm phenylmethylsulfonyl fluoride and
25 mm EDTA. The hERG expression levels of whole cell pro-
teins extracted from control and proteinase K-treated hERG-
HEK cells were analyzed using Western blotting. For co-IP
analysis of Ub-hERG interactions, 50 uM ALLN was added to
the culture medium to inhibit hRERG degradation. For co-IP, 0.5
mg of the protein was incubated with the appropriate primary
antibody overnight at 4 °C and then precipitated with protein
A/G Plus-agarose beads at 4 °C for 4 h. The beads were washed
three times with ice-cold radioimmuneprecipitation assay lysis
buffer, resuspended in 2X Laemmli sample buffer, and boiled
for 5 min. The samples were centrifuged at 20,000 X g for 5 min,
and the supernatants were analyzed using Western blotting. An
anti-hERG antibody (C-20, sc-15968; Santa Cruz Biotechnol-
ogy) was used for co-IP analyses between ERG and Cav3 in
samples from rat and rabbit ventricular tissues. This antibody
binds to an epitope between residues 1129 and 1159 in humans.
This region of residues has 30/31 amino acids in common with
rats and is identical with rabbits.

Immunofluorescence Microscopy—hERG-HEK or HEK 293
cells were transiently transfected with Nedd4-2-HA or Cav3
plasmid, respectively. Twenty four hours after transfection,
cells were fixed and permeabilized. hERG channels were
stained with a rabbit anti-hERG primary and Alexa Fluor 488-
conjugated donkey anti-rabbit antibodies. Nedd4-2-HA pro-
tein was detected with mouse anti-HA primary and Alexa Fluor
594-conjugated goat anti-mouse antibodies. The endogenous
Nedd4-2 was stained with a rabbit anti-Nedd4-2 antibody and
an Alexa Fluor 594-conjugated goat anti-rabbit antibody. Cav3
was stained with a mouse anti-Cav3 antibody and an Alexa
Fluor 488-conjugated donkey anti-mouse antibody. Nuclei
were stained with Hoechst 33342 (0.2 ug/ml; Sigma). Cultured
neonatal rat ventricular myocytes were transfected with Cav3
siRNA, Nedd4-2 siRNA, or scrambled control siRNA and cul-
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FIGURE 1. Overexpression of Cav3 reduces the hERG expression at the plasma membrane. A, effects of Cav3 on hERG, Kv1.5, and EAG currents. Repre-
sentative currents in pcDNA3-transfected (control, Ctl) or Cav3-transfected cells are shown. The current amplitudes under various conditions are shown below
the current traces. The numbers in parentheses above each bar indicate the number of cells tested. B, effects of Cav3 on the expression levels of hERG, Kv1.5,and
EAG channel proteins. The relative band intensities of various channel proteins in the presence of Cav3 versus those in the absence of Cav3 are summarized
beneath the representative Western blotimages (n = 8 for hERG, n = 5 for Kv1.5,and n = 4 for EAG). C, hERG 155-kDa band localized on the plasma membrane.
The relative intensities of the 155-kDa and 135-kDa band from hERG-HEK cells treated with proteinase K (PK) versus those from control cells are shown.n = 5;

** p < 0.01 versus control (Ct/).

tured for 24 —48 h. Cell surface I, protein was labeled with a
rabbit anti-hERG (anti-Kv11.1, P0749; Sigma) antibody at room
temperature for 20 min. This antibody corresponds to residues
430-445 of human ERG (AFLLKETEEGPPATEC), which
shares 11/16 residues with rat and 15/16 residues with rabbit.
After labeling, the unbound antibody was washed away, and the
cells were cultured at 37 °C for 4 h, fixed, and permeabilized.
Alexa Fluor 488-conjugated donkey anti-rabbit antibody was
used to stain ERG. Hoechst 33342 (0.2 ug/ml) was used to stain
nuclei. Images were acquired using a Leica TCS SP2 Multi Pho-
ton confocal microscope.

Reagents and Antibodies—Rabbit anti-Kv11.1 (hERG), anti-
Kv10.1 (EAG-1), mouse anti-Myc, anti-HA, and anti-actin anti-
bodies, G418, proteinase K, and ALLN were purchased from
Sigma. Goat anti-hERG (C-20 and N-20), anti-actin and anti-
GAPDH, rabbit anti-Kvl.5 and anti-GAPDH, mouse anti-
Cavl, anti-Cav3, anti-Na-K ATPase, and anti-GAPDH; donkey
anti-goat IgG, goat anti-mouse IgG and anti-rabbit IgG; siRNAs
for Cav3, Nedd4-2 and scrambled control; and protein A/G
Plus-agarose for immunoprecipitation assay were purchased
from Santa Cruz Biotechnology. Rabbit anti-Nedd4-2 antibod-
ies were obtained from Abcam and New England Biolabs. The
biotinylation kit for surface protein isolation was purchased
from Pierce.

All data are expressed as the mean = S.E. A one-way ANOVA
or two-tailed Student’s ¢ test was used to determine statistical
significance between the control and test groups. A p value
=0.05 was considered significant.

RESULTS

Cav3 Decreases hERG Expression in the Plasma Membrane—
Fig. 1 illustrates the effects of Cav3 expression on the function
and expression of hERG, Kvl.5, and EAG channels stably
expressed in HEK 293 cells. Cav3 or empty pcDNA3 plasmid
(control, Ctl) was transiently transfected into each of the stable
cell lines. Transfected cells were cultured in regular minimum
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essential medium for 24 h and then collected for whole cell
patch clamp experiments. Cav3 expression significantly
decreased I, zrg. However, it did not affect the Kv1.5 current
(Iiy1.5) or EAG current (I, o) (Fig. 1A). Cav3 expression did not
affect the biophysical properties of [, zs. The half-activation
voltage and the slope factor of [, zrg were —9.1 = 0.9 mV and
7.6 = 0.6 mV in control cells,and —11.2 = 0.7 mV and 8.1 = 0.7
mV in Cav3-transfected cells (p > 0.05).

To determine whether Cav3 decreases [, zrg through reduc-
ing the hERG channel density in the plasma membrane, hERG
protein expression was detected using Western blot analysis.
Whole cell protein was extracted from hERG-HEK cells after
transfection with either Cav3 or an empty pcDNA3 plasmid
(control) for 24 h. The effects of Cav3 on the Kv1.5 and EAG
expression were also investigated. The hERG protein extracted
from hERG-HEK cells displayed two bands with molecular
masses of 155 and 135 kDa, representing the mature, fully gly-
cosylated form in the plasma membrane and the immature,
core-glycosylated form in the endoplasmic reticulum, respec-
tively (14, 17). To quantify the effects of Cav3 on the expression
level of various channels, the intensity of the respective protein
band from cells transfected with Cav3 was expressed as a value
relative to that from control cells. Expression of Cav3 signifi-
cantly reduced the intensity of the 155-kDa hERG band but did
not affect the 135-kDa hERG band. Expression of Cav3 did not
affect the expression of Kv1l.5 or EAG channels stably expressed
in HEK 293 cells (Fig. 1B).

We have shown previously that the 155-kDa hERG band rep-
resents the mature channels localized in the plasma membrane,
and the 135-kDa band represents immature channels within
the cells (14, 16). As shown in Fig. 1C, exposure of live hERG-
HEK cells to a broad spectrum serine protease, proteinase K,
resulted in a selective digestion of the 155-kDa band protein,
confirming that the 155-kDa hERG protein is localized in the
plasma membrane. Thus, expression of Cav3 selectively
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numbers in italics) is shown. Position number indicates the location of first proline (P) in the PPXY sequence.

decreases the expression level of plasma membrane-localized
mature (155-kDa) hERG channels without affecting the expres-
sion level of the 135-kDa hERG channels.

Cav3 Accelerates hERG Degradation and Enhances hERG
Ubiquitination—One possible way for Cav3 to decrease expres-
sion levels of the mature hERG band is to facilitate hERG deg-
radation. To test this, we used brefeldin A (10 uM), which inhib-
its transport of newly synthesized proteins from the
endoplasmic reticulum to Golgi, to block the conversion of
hERG from its immature 135-kDa form to its mature 155-kDa
form (11, 17, 18). I, prg in brefeldin A-treated hRERG-HEK cells
displayed a time-dependent decline, reflecting the natural deg-
radation of the existing hERG channels in the plasma mem-
brane (11, 18). Expression of Cav3 significantly accelerated the
rate of [, ;. decay. As shown in Fig. 24, the relative reductions
in I prg after 6 h of brefeldin A treatment were more pro-
nounced in Cav3-expressing cells than that in the control cells.

To investigate the mechanism of Cav3-induced hERG reduc-
tion, we performed co-IP analysis to study the association
between hERG channels and Cav3. Whole cell lysates were
extracted from hERG-HEK cells 12 h after Cav3 transfection.
An anti-hERG antibody was used to immunoprecipitate hRERG
and its associated proteins. The proteins were then immuno-
blotted to detect Cav3; a strong Cav3 band was detected in the
hERG antibody-precipitated proteins (Fig. 2B, left). Inversely,
when the cell lysates were immunoprecipitated with an anti-
Cav3 antibody, the 155-kDa but not 135-kDa band of hERG
proteins was detected in the precipitated proteins (Fig. 2B,
right). Thus, Cav3 interacts with the mature hERG channels.
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Covalent binding of Ub to proteins, a process known as ubiq-
uitination, is well known for labeling proteins for degradation
(19). To test whether Cav3 promotes hERG degradation
through enhancing hERG ubiquitination, we performed co-IP
experiments to determine the effects of Cav3 on the Ub-hERG
interactions. Whole cell lysates were immunoprecipitated with
an anti-Ub antibody, and hERG expression levels in the precip-
itates were detected. As shown in Fig. 2C, Cav3-transfected
cells displayed a darker band close to 155 kDa, likely reflecting
the monoubiquitinated mature hERG channels (20). Thus,
Cav3 promotes hERG degradation through enhancing ubiquiti-
nation of hERG.

Ubiquitination is carried out by a series of enzymes including
the E3 Ub ligases which selectively attach Ub to target proteins
through recognition motifs (21). Of particular interest is the Ub
ligase Nedd4-2 which regulates the epithelial Na* channel
(ENaC) (22). Nedd4-2 binds to the PPXY (PY) motif of ENaC
via its WW domains (22), leading to internalization of ENaC
subunits from the cell surface (23). Mutations in the PY motif of
ENaC disrupt Nedd4-2 binding and result in an accumulation
of ENaC at the apical membrane of kidney epithelial cells. This
increases tubular Na* reabsorption (23) and causes Liddle syn-
drome, an autosomal dominant disorder characterized by early,
frequently severe hypertension. Nedd4-2 also binds to the PY
motif of the cardiac Na* channel, Navl.5, enhances channel
ubiquitination, leading to a reduction of heterologously
expressed Navl.5 channels (24, 25). Notably, the conserved PY
motif is present in the C terminus of the hERG channel but not
present in either Kvl.5 (NCBI NP_002225.2) or EAG

JOURNAL OF BIOLOGICAL CHEMISTRY 33135
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(NP_758872.1) channel (Fig. 2D). Indeed, we have reported
previously that Nedd4-2 ubiquitinates and eliminates mature
hERG channels (26). This observation was subsequently con-
firmed in a study reported by Albesa et al. (27).

Fig. 3A shows the effects of Nedd4-2 overexpression on
Lrrer L1 s> and I, . Overexpression of Nedd4-2 completely
eliminated [} zr - In contrast, it had no effect on either I, 5 or
It o Thus, among three channels examined, Nedd4-2-medi-
ated regulation is specific for the hERG channel.

To determine whether the eliminated I .5 in Nedd4-2-
overexpressed cells was the result of increased hERG degrada-
tion, the expression level of hERG channels was examined.
Nedd4-2 overexpression significantly decreased the 155-kDa,
but not the 135-kDa, band intensity of hRERG channels (Fig. 3B).
As well, the Nedd4 family member Nedd4-1 (28) had no effect
on hERG channel expression (Fig. 3B).

Our data show that Nedd4-2 overexpression completely
eliminated /, zrg (Fig. 3A) but only partially reduced the 155-
kDa expression level of hERG channels (Fig. 3B). This seem-
ingly discrepancy resulted from the fact that the transfection
rate of Nedd4-2 into hRERG-HEK cells is about ~50%. Whereas
single Nedd4-2-expressing (GFP-positive) cells were selected
for I prg recording, both Nedd4-2-expressing and Nedd4-2-
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nonexpressing cells were collected for Western blot analysis.
Thus, the remaining 155-kDa protein likely reflects mature
hERG channels in those cells without Nedd4-2 overexpression.
This notion is directly supported by our immunocytochemical
analysis shown in Fig. 4A. In the group of cells transfected with
Nedd4-2-HA plasmid for 24 h, only a fraction of cells expressed
Nedd4-2. Compared with Nedd4-2-HA-nonexpressing cells,
Nedd4-2-HA-expressing cells displayed a diminished hERG
expression (Fig. 44).

Nedd4-2 is endogenously expressed in HEK 293 cells. We
examined the interaction between Nedd4-2 and hERG using
co-IP analysis in hRERG-HEK cells. When the whole cell lysate
was precipitated with anti-hERG antibody, Nedd4-2 was
detected in the precipitated proteins (Fig. 4B), suggesting that
hERG interacts with Nedd4-2. To further examine whether
Nedd4-2 overexpression enhances hERG ubiquitination, levels
of ubiquitinated hERG channels were compared between the
control  (pcDNA3-transfected) and Nedd4-2-transfected
hERG-HEK cells. As shown in Fig. 4C, hERG was detected in Ub
antibody-precipitated proteins in control cells, likely reflecting
the basal level of ubiquitinated hERG channels. Nedd4-2 over-
expression significantly enhanced the amount of ubiquitinated
hERG channels. The intensity of the band with a molecular
mass close to 155 kDa was enhanced, suggesting that Nedd4-2
promotes monoubiquitination of the mature hERG channels
(20).

Cav3 Decreases hERG Channels via Nedd4-2—Among K*
channels hERG, Kv1.5, and EAG, only hERG possesses a PY
motif and is sensitive to Nedd4-2 (Figs. 2D and 3). Consistent
with the results reported by Albesa et al. (27), our data show
that Nedd4-2 interacts with the PY motif of hERG to induce
channel degradation. As shown in Fig. 5, A and B, disruption of
PY motif, by point mutation Y1078A or C-terminal truncation
mutation A1073, eliminates the effects of Nedd4-2 overexpres-
sion on the expression level and the current of hRERG channels.
Interestingly, these PY motif-disrupting mutations in hERG
also eliminated the Cav3-induced reduction in hERG expres-
sion and I, ;g (Fig. 5, C and D). These data indicate that the
integrity of hRERG-Nedd4-2 interaction is required for Cav3-
induced reduction of hERG expression.

Next, we investigated how Cav3 interacts with Nedd4-2 to
enhance hERG degradation. As demonstrated in Fig. 1C, the
mature, 155-kDa form of hERG is localized in the plasma mem-
brane. Interestingly, our data show that both Nedd4-2 and Cav3
overexpression selectively decrease the 155-kDa, but not the
135-kDa form of hERG (Figs. 1, 3, and 5). In other words, both
Nedd4-2 and Cav3 selectively target the membrane-localized
hERG channels.

Cav3islocalized predominantly in the caveolae, small invagi-
nations of the plasma membrane. Nedd4-2 contains a catalytic
C-terminal HECT domain, a N-terminal C2 domain and sev-
eral WW domains (29). Whereas WW domains are responsible
for substrate recognition by binding to the PPXY motif, the C2
domain functions as a Ca*>*-dependent phospholipid binding
domain (29 -31). It has been shown that the C1 and C2 domains
target human type 6 adenylyl cyclase to lipid rafts and caveolae
(32). Because caveolin is the signature component of caveolae,
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membrane expression of Nedd4-2.

we reasoned that expression of Cav3 may enhance cell mem-
brane localization of Nedd4-2 through C2 domain-mediated
membrane translocation of Nedd4-2. To this end, we used
co-IP analysis to investigate the interactions between Nedd4-2
and Cav3 in HEK 293 cells transfected with Cav3 plasmid for
24 h. As shown in Fig. 64, Nedd4-2 or Cav3 was detected in
Cav3- or Nedd4-2 antibody-precipitated proteins, respectively.
Because our data have also shown that both Cav3 and Nedd4-2
interact with hERG (Figs. 2B and 4B), Cav3, Nedd4-2, and
hERG likely form a complex in the plasma membrane.

To study further the interaction between Nedd4-2 and Cav3,
we detected the effect of Cav3 expression on the protein expres-
sion and distribution of endogenous Nedd4-2. As shown in Fig.
6B, expression of Cav3 in HEK cells did not affect the total
endogenous Nedd4-2 expression in the whole cell lysate. How-
ever, it significantly increased the Nedd4-2 expression in the
cell surface proteins isolated using biotinylation method. These
data suggest that Cav3 expression recruits Nedd4-2 from cyto-
sol to the plasma membrane. This notion is supported by our
immunocytochemical results shown in Fig. 6C. When HEK 293
cells were transfected with Cav3, only a fraction of cells dis-
played Cav3 expression. Thus, the non-Cav3-expressing cells
serve as an ideal control for the Cav3-expressing cells. Com-
pared with the non-Cav3 expressing cells, Cav3-expressing
cells display enhanced Nedd4-2 expression, which is co-local-
ized with Cav3 in the plasma membrane (Fig. 6C).

To investigate further the role of Cav3 and Nedd4-2 in the
homeostasis of hERG channels, we created a HEK 293 stable
cell line that concomitantly expresses both Cav3 and hERG
channels. Because HEK 293 cells endogenously express
Nedd4-2, this stable cell line mimics cardiac myocytes with
respect to these three proteins (hERG, Cav3, and Nedd4-2).
Knockdown of either Cav3 or Nedd4-2 using siRNA signifi-
cantly enhanced I,.,5 and 155-kDa hERG expression levels
(Fig. 7). We also found that co-silencing of Nedd4-2 and Cav3
resulted in increases in 155-kDa intensity and [, pzg to extents
similar to those of silencing of Nedd4-2 alone (data not shown),
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FIGURE 7. Knockdown of Cav3 or Nedd4-2 enhances I, (A) and the 155-
kDa hERG expression (B) in a stable HEK 293 cell line expressing both
hERG and Cav3. Cav3-hERG-HEK cells transfected with scrambled control
siRNA, Cav3 siRNA, or Nedd4-2 siRNA for 24 -48 h were collected for electro-
physiology and Western blot analyses. A, effects of Cav3 siRNA or Nedd4-2
siRNA transfection on /, gzg. The number above the bars in the lower panel
indicates the number of cells examined. B, effects of Cav3 siRNA or Nedd4-2
siRNA transfection on the expression levels of hERG, Cav3, and Nedd4-2. The
hERG 155-kDa expression levels under each condition are shown in the lower
panel (n = 5). Compared with the control siRNA transfection, Cav3 siRNA
transfection reduced Cav3 expression by 61% = 13% (p < 0.01, n = 5), and
Nedd4-2 siRNA transfection reduced Nedd4-2 expression by 81% = 5% (p <
0.01,n =5).* p < 0.05; **, p < 0.01 versus control (Ct/) siRNA.

which is consistent with the notion that Cav3 decreases hERG
through promoting Nedd4-2 interaction with mature hERG
channels.

Knockdown of Endogenous Cav3 or Nedd4-2 Enhances I, in
Neonatal Ventricular Myocytes—Cav3 and I, (ERG proteins)
are endogenously expressed in cardiomyocytes. We performed
co-IP analysis to determine whether a native Cav3-ERG inter-
action exists in cardiac myocytes. Membrane proteins from rat
or rabbit ventricular tissues were isolated. The proteins were
precipitated with an anti-Cav3 antibody and detected for ERG
expression using an anti-hERG antibody. An anti-GAPDH
antibody was used as a negative control to distinguish nonspe-
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cells.

cific bindings. In addition, because Cavl is expressed primarily
in nonmuscle cells where ERG is not expressed, we also used an
anti-Cav1 antibody as a negative control. As shown in Fig. 84, a
band of ERG slightly higher than 150 kDa was detected in Cav3
antibody-precipitated proteins from both rat and rabbit ven-
tricular tissues. Thus, an interaction between native Cav3 and
ERG does exist in cardiac myocytes.

To test whether Cav3 participates in ERG homeostatic deg-
radation via Nedd4-2 in cardiomyocytes, we knocked down
Cav3 or Nedd4-2 by transfecting the respective siRNA into cul-
tured neonatal rat ventricular myocytes (Fig. 8B). I, cs was
recorded with symmetrical Cs™ solutions. Cs™ selectively per-
meates through I, channels but blocks other cardiac K chan-
nels (15). Thus, Cs*-mediated I, represents pure Iy, isolated
from other cardiac K* currents (15). Knockdown of Cav3 or
Nedd4-2 resulted in increases in I, (Fig. 8, C and D).

To examine the role of Cav3 and Nedd4-2 in ERG homeo-
static degradation, we labeled the cell surface ERG and moni-
tored its fate in cultured neonatal rat ventricular myocytes
24— 48 h after transfection with control siRNA, Cav3 siRNA, or
Nedd4-2 siRNA. Live cells were treated with an anti-hERG
antibody that targets an extracellularly localized motif between
S1 and S2 of the channel to label cell surface ERG. After label-
ing, the unbound antibodies were washed away, and the cells
were cultured at 37 °C for 4 h to trace the fate of labeled ERG. In
control cells (transfected with control siRNA), most of the
labeled ERG channels were internalized, resulting in a pattern
where labeled ERG was distributed throughout the cell. In con-
trast, knockdown of Cav3 or Nedd4-2 by siRNA transfection
caused a significant amount of labeled ERG to remain at the cell
surface. These data suggest that a reduction in Cav3 or Nedd4-2
expression slows down the endocytic degradation of ERG chan-
nels (Fig. 8E).
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DISCUSSION

hERG plays an important role in the repolarization of cardiac
action potentials, and alterations therein can cause life-threat-
ening cardiac arrhythmias (33). The homeostasis of hERG in
the plasma membrane is determined by anterograde (targeting
to plasma membrane) and retrograde trafficking (retrieval from
plasma membrane). Whereas mutations and drugs disrupt for-
ward hERG trafficking (14, 34, 35), the hERG degradation path-
way remains largely unknown. In the present study, we demon-
strated a novel degradation pathway of the hERG channel
which involves two proteins, Cav3 and Nedd4-2.

The role of Cav3 in the homeostatic regulation of I, has not
been reported. A previous study using discontinuous sucrose
density gradients has shown that ., proteins in cardiac tissues
and hERG channels expressed in HEK 293 cells are localized to
cholesterol- and sphingolipid-enriched membrane fractions
(36). However, a direct interaction between Cav3 and ERG pro-
tein in canine ventricular tissue was not identified (36). In the
present study, our co-IP experiments revealed a Cav3-ERG
interaction in rat and rabbit ventricular tissues and HEK 293
cells expressing both hERG and Cav3 (Figs. 2 and 8). Our data
show that Cav3, Nedd4-2, and hERG interact with one another.
Nedd4-2 targets the PPXY motif (Figs. 2 and 5) in the hERG C
terminus to ubiquitinate (Fig. 4C) and therefore down-regulate
hERG expression in the plasma membrane (Figs. 3 and 5).
Overexpression of Cav3 similarly down-regulates mature
hERG expression (Fig. 1). The following evidence suggests that
Cav3 decreases hERG surface expression via Nedd4-2-medi-
ated protein degradation. First, Cav3 enhances hERG ubiquiti-
nation (Fig. 2C). Second, disruption of Nedd4-2 binding site in
hERG eliminates both Nedd4-2- and Cav3-induced hERG
reduction (Fig. 5). Third, Cav3 interacts directly with Nedd4-2
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(Fig. 6A). Because Cav3, an integral membrane protein, inter-
acts with both hERG and Nedd4-2 (Figs. 2 and 6), it is likely that
Cav3 recruits Nedd4-2 from the cytosol to the membrane to
enhance the Nedd4-2 interaction with the membrane-localized
mature hERG channels (Fig. 6, B and C).

Nedd4-2 is an E3 Ub ligase and regulates the ENaC (22),
cardiac Navl.5, and KCNQI channels (25, 37). The possible
role of Nedd4-2 in hERG regulation is suggested from the exist-
ence of the Nedd4-2-specific binding motif (PPXY) in the C
terminus of the hERG channel (Fig. 2D) and the existence of
endogenous Nedd4-2 in the heart (38) (Fig. 8B). Two previous
studies have reported that hERG does not interact with
Nedd4-2 (39, 40). However, consistent with our previous obser-
vations (26) and the present study, a recent study also showed
that Nedd4-2 overexpression down-regulates mature hERG
channels expressed in HEK 293 cells (27). Thus, the hERG
channel could be regulated at the cell surface via a mechanism
involving Nedd4-2 alone. In addition, the present study dem-
onstrates that Cav3 regulates hERG in HEK 293 cells and I, in
cardiac myocytes by promoting Nedd4-2-mediated ubiquitina-
tion and degradation of the target proteins.

Ub binding is known for triggering caveolin-mediated endo-
cytosis (41). For instance, in clathrin-depleted cells, Ub can
direct a caveolin-dependent endocytosis of EGFR (42, 43). Our
data demonstrate that Cav3 expression results in an enhanced
ubiquitination of hERG channels and decreased hERG expres-
sion. Thus, Cav3 both recruits Nedd4-2 to the plasma mem-
brane and mediates endocytosis of hERG channels.

Caveolin is the signature protein of caveolae and plays a scaf-
folding role in endocytic trafficking (44). Various membrane
proteins such as fibronectin (10), B1 integrins (45), transform-
ing growth factor B (TGFp) (46), and epidermal growth factor
receptor (EGFR) (43) can be endocytosed through caveolin-de-
pendent pathways. We recently demonstrated that, in HEK 293
cells, the endogenous form of caveolin, Cavl, is involved in the
low K™ -induced internalization of cell surface hERG channels
(12). Because Cav3 is the isoform expressed in cardiac myo-
cytes, we focus on the role of Cav3 in hERG regulation in the
present study. In addition to demonstrating the role of Cav3 in
the regulation of hERG channels heterologously expressed in
HEK 293 cells, we also showed that knockdown of either Cav3
or Nedd4-2 leads to an increase in I, in cultured neonatal rat
ventricular myocytes (Fig. 8). These results indicate that Cav3-
and Nedd4-2-mediated degradation plays a role in the homeo-
static regulation of I, in the plasma membrane. This informa-
tion extends our understanding of cardiac electrophysiology
and provides insight into new therapeutic strategies to treat
cardiac electrical disorders such as long QT syndrome.
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