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A reduction in extracellular K* concentration ([K*],) causes
cardiac arrhythmias and triggers internalization of the cardiac
rapidly activating delayed rectifier potassium channel (I,)
encoded by the human ether-a-go-go-related gene (hERG). We
investigated the role of ubiquitin (Ub) in endocytic degrada-
tion of hERG channels stably expressed in HEK cells. Under
low K* conditions, UbKO, a lysine-less mutant Ub that only
supports monoubiquitination, preferentially interacted and
selectively enhanced degradation of the mature hERG chan-
nels. Overexpression of Vps24 protein, also known as charged
multivesicular body protein 3, significantly accelerated degra-
dation of mature hERG channels, whereas knockdown of
Vps24 impeded this process. Moreover, the lysosomal inhibi-
tor bafilomycin Al inhibited degradation of the internalized
mature hERG channels. Thus, monoubiquitination directs ma-
ture hERG channels to degrade through the multivesicular
body/lysosome pathway. Interestingly, the protease inhibitor
lactacystin inhibited the low K*-induced hERG endocytosis
and concomitantly led to an accumulation of monoubiquiti-
nated mature hERG channels, suggesting that deubiquitina-
tion is also required for the endocytic degradation. Consis-
tently, overexpression of the endosomal deubiquitinating
enzyme signal transducing adaptor molecule-binding protein
significantly accelerated whereas knockdown of endogenous
signal transducing adaptor molecule-binding protein impeded
degradation of the mature hERG channels under low K* con-
ditions. Thus, monoubiquitin dynamically mediates endocytic
degradation of mature hERG channels under low K*
conditions.

The human ether-a-go-go-related gene (hRERG)? encodes
the pore-forming subunits of the rapidly activating delayed
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rectifier K™ channels (I,,) (1, 2). I, is important for cardiac
repolarization, and its reduction causes long QT syndrome
(LQTS), a disorder that predisposes individuals to life-
threatening arrhythmias (3). Mutations in hERG cause type
2 inherited long QT syndrome (LQT?2), and a diverse vari-
ety of medications can block hERG and cause acquired
LQTS as a cardiac side effect (4). In addition, a reduction
in extracellular K* concentration ([K*],) exacerbates
LQTS (5). Using an in vivo rabbit model, we previously
demonstrated that hypokalemia chronically reduces Iy,
and prolongs the action potential duration and the QT in-
tervals of electrocardiograms. We further showed that ex-
tracellular K* (K™ ,) is required for hERG function and
membrane stability; upon depletion of K*, hERG channels
enter into a non-conducting state within minutes and are
subsequently internalized and degraded within hours (6, 7).
We have also demonstrated an involvement of caveolin

in low K™ -induced internalization of cell surface hERG
channels (8). However, the cellular machinery for hERG
endocytic degradation is largely unknown. In particular,
although ubiquitin (Ub) is found to be involved in the in-
ternalization of cell surface hERG channels (6, 7), the na-
ture of Ub-hERG interactions is not known.

Ub is a protein with a highly conserved sequence of 76
amino acids found in every eukaryotic cell. The covalent bind-
ing of Ub to target proteins is known as ubiquitination, a
process well known for labeling proteins for degradation (9,
10). Appendage of a single Ub moiety leads to monoubiquiti-
nation, whereas attachment of a chain of Ub leads to poly-
ubiquitination. Although polyubiquitination targets proteins
for proteasomal degradation (11), monoubiquitination targets
membrane proteins for internalization and lysosomal degra-
dation. As an internalization signal of membrane proteins,
monoubiquitination is well described in yeast (12-14). In
mammals, evidence of this connection is also accumulating
(9, 15-22).

In the present study, using biochemical and electro-
physiological approaches, we demonstrated, for the first
time, that under low K™ conditions monoubiquitination of
cell surface hERG channels directs the channel internaliza-
tion and degradation through the multivesicular body
(MVB) pathway, and Ub is released from the internalized
channel prior to the channel entry into lysosomes for fur-
ther degradation.
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EXPERIMENTAL PROCEDURES

Molecular Biology— A hERG-expressing human embryonic
kidney (HEK) 293 stable cell line (hERG-HEK cells) was ob-
tained from Dr. Craig January (University of Wisconsin-Mad-
ison). hRERG cDNA was obtained from Dr. Gail A. Robertson
(University of Wisconsin-Madison). The S624T mutation was
generated using the overlap extension PCR technique (23).
The human HA-tagged wild type (WT) Ub (plasmid number
17608), lysine-less mutant Ub (UbKO; plasmid number
17603), and FLAG/HA-tagged signal transducing adaptor
molecule-binding protein (STAMBP; also known as AMSH
(associated molecule with the Src homology 3 domain of
STAM); plasmid number 22560) cDNAs were obtained from
Addgene (Cambridge, MA). For UbKO, all lysine residues
within Ub are replaced by arginine (24). Thus, UbKO can only
support monoubiquitin modification of target proteins (25).
Vps24 human cDNA open reading frame (ORF) clone with
Myc tag in pCMV6-entry vector (hVps24; plasmid number
RC220006) was obtained from OriGene Technologies (Rock-
ville, MD). hVps24 siRNA and STAMBP siRNA were pur-
chased from Sigma. A custom made 0 mm K minimum es-
sential medium (MEM) that lacks potassium in any form was
purchased from Invitrogen. Primary antibodies against hERG
(anti-Kv11.1), Ub, HA, STAMBP, and actin; the proteasomal
inhibitor lactacystin; and the lysosomal inhibitor bafilomycin
A1 were purchased from Sigma. Control siRNA, protein A/G
plus-agarose, primary antibodies against Vps24, and second-
ary antibodies against rabbit, goat, or mouse were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).

Patch Clamp Electrophysiological Recordings—The whole
cell patch clamp method was used for I,z recordings. The
pipette solution contained 135 mm KCl, 5 mm EGTA, 1 mMm
MgCl,, and 10 mm HEPES (pH 7.2). The bath solution con-
tained 135 mm NaCl, 5 mm KCl, 2 mm CaCl,, 1 mm MgCl,, 10
mM glucose, and 10 mm HEPES (pH 7.4). For selection of
transiently transfected cells with Ub, UbKO, hVps24, or
STAMBP plasmid, a plasmid encoding GFP (pIRES2-EGFP;
Clontech) was co-transfected, and only GFP-positive cells
were used for I, . recordings. For recording families of
hERG currents at various voltages shown in Figs. 24, 3C, 5, B
and D, 6C, and 8, B and D, the currents were evoked by depo-
larizing steps to voltages between —70 and +70 mV in 10-mV
increments. The holding potential was —80 mV. The hERG
tail currents were recorded upon a repolarizing step to —50
mV for 5 s. The tail current amplitude upon —50-mV repolar-
ization after +50-mV depolarization was used for analyzing
I,rrg amplitude. Patch clamp experiments were performed at
room temperature (22 * 1 °C).

Western Blot Analysis and Co-immunoprecipitation
(Co-1P)—Total cell protein was obtained by treating cells with
a lysis buffer in the presence of protease inhibitor mixture,
PMSEF, and N-ethylmaleimide (Sigma). Sample proteins at 10
pg/lane were separated on an 8, 12, or 15% SDS-polyacryl-
amide electrophoresis gel, transferred onto PVDF mem-
branes, and blocked for 1 h with 5% nonfat milk. The blots
were probed with appropriate primary and secondary anti-
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bodies and visualized with Eastman Kodak Co. film using en-
hanced chemiluminescence (GE Healthcare).

For immunoprecipitation, 0.5 mg of total protein was incu-
bated with anti-Ub or anti-HA overnight at 4 °C then precipi-
tated with protein A/G plus-agarose beads for 4 h at 4 °C. The
beads were washed three times with ice-cold lysis buffer, re-
suspended in 2X Laemmli sample buffer, and boiled for 5
min. The samples were centrifuged at 15,000 rpm for 5 min,
and the supernatants were analyzed using Western blotting.

Immunofluorescence Microscopy—Live hRERG-HEK cells at
48 h after transfection with Myc-tagged hVps24 or HA-tagged
UbKO were treated with a rabbit anti-hERG antibody (anti-
Kv11.1; Sigma) for 30 min at room temperature. This hERG
antibody targets the external S1-S2 region of the channel and
thus serves to label the cell surface hERG channels. The un-
bound antibody was washed away with MEM. The cells were
cultured in 0 or 5 mm K™ MEM for 3 or 4 h, then fixed, and
permeabilized (6, 7). Antibody-labeled hERG channels were
stained with Alexa Fluor 488-conjugated anti-rabbit second-
ary antibody. The cells were also incubated with mouse anti-
Myc or anti-HA primary antibody and Alexa Fluor 594-conju-
gated anti-mouse secondary antibody to detect overexpressed
Myc-tagged hVps24 or HA-tagged UbKO, respectively. Cells
were shown by taking differential interference contrast im-
ages. Nuclei were stained using Hoechst 33342 (0.2 ug/ml;
Sigma). Images were acquired using a Leica TCS SP2 Multi
Photon confocal microscope.

siRNA and Plasmid Transfection—Basal Vps24 or STAMBP
in hERG-HEK cells was knocked down using the respective
siRNA (Sigma). Scrambled siRNA was used as the control.
Cells were grown in 60-mm dishes at 60 -70% confluence, and
80 pmol of duplex siRNA was transfected into cells using
Lipofectamine 2000 (Invitrogen). Twenty-four to 48 h after
transfection of siRNA or plasmid of interest, cells were subse-
quently cultured in 5 or 0 mm K™ MEM for various periods
and were harvested for further experiments.

All data are expressed as the mean * S.E. A one-way analy-
sis of variance was used to test for statistical significance be-
tween the control and test groups. A p value of 0.05 or less
was considered significant.

RESULTS

Monoubiquitination Is Involved in Low K™ -induced Inter-
nalization and Degradation of WT hERG Channels but Not
S§624T Mutant hERG Channels—As shown in Fig. 14, the
hERG proteins extracted from hERG-HEK cells cultured in
normal MEM (5 mMm K™) displayed two bands with molecular
masses of 155 and 135 kDa, representing the mature fully gly-
cosylated form in the plasma membrane (155 kDa) and the
immature core-glycosylated form residing in the endoplasmic
reticulum (135 kDa) (26, 27). Culturing cells in 0 mm K™
MEM for 6 h eliminated the mature 155-kDa form of WT
hERG channels but not the mutant hERG channel S624T (7).
To investigate the role of Ub in hERG degradation in low K™
culture conditions, we analyzed Ub-hERG interactions using
co-IP. We pretreated cells with the proteasomal inhibitor lac-
tacystin (20 um) for 1 h and cultured the cells in 5 or 0 mm K™
MEM for another hour (1 h) in the continued presence of lac-

VOLUME 286+NUMBER 8+-FEBRUARY 25, 2011



Monoubiquitin Mediates hERG Endocytic Degradation in Low K*

A WT-hERG $624T
5K* OK* 5K* OK*

v 155 kDa
o G

Actin 42

WT-HERG S624T
IP: GAPDH IP: Ub
5K* OK* 5K* OK* 5K* OK*

IB: hERG

FIGURE 1. Ubiquitination is involved in degradation of mature hERG channels in 0 mm K* conditions. A, WT and S624T hERG expression levels in cells
cultured in 5 or 0 mm K™ MEM for 6 h. B,immunoblotting (/B) analysis of hERG channels in proteins precipitated by an anti-GAPDH antibody (control) or an
anti-Ub antibody from cell lysates of WT or S624T hERG stable cell lines cultured in 5 or 0 mm K* MEM in the presence of lactacystin (20 um) for 1 h.
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FIGURE 2. Monoubiquitination accelerates degradation of mature hERG channels in 0 mm K* MEM. A, |, cxc in control (Ct/), Ub-, or UbKO-transfected hERG-
HEK cells cultured in 5 or 0 mm K™ MEM for 2 h. Thirty-six hours after transfection, the cell culture media were changed to 5 or 0 mm K* MEM for 2 h before patch
clamp experiments. The averaged tail currents are shown in the lower panel. The numbers in parentheses shown above the histograms indicate the number of cells
tested. Error bars represent standard error of the mean. ** indicates p < 0.01 compared with the control (Ct/). B, hERG expression levels in control (Ctl), Ub-, or UbKO-
transfected hERG-HEK cells cultured in 0 mm K" MEM for 2 h (n = 5). C, co-IP analysis of Ub-hERG and Ub-3-catenin interactions. Panel a,immunoblotting (IB) analy-
sis of hERG in HA-immunoprecipitated proteins from Ub- or UbKO-transfected hERG-HEK cells cultured in 0 mm K™ MEM with lactacystin (20 um) for 1 h. Panel b,
immunoblotting analysis of B-catenin in HA-immunoprecipitated proteins from Ub- or UbKO-transfected hERG-HEK cells cultured in normal MEM.

tacystin to prevent hERG degradation (6). Whole cell lysate
was extracted and immunoprecipitated with an anti-Ub anti-
body. The precipitated proteins were electrophoresed and
detected with an anti-hERG antibody. As shown in Fig. 1B, an
increase in ubiquitinated hERG was detected in cells express-
ing WT hERG in 0 mm K™ culture (Fig. 1B). Thus, there is a
correlation between hERG degradation and Ub modification.
Interestingly, a hERG band observed in the Ub-precipitated
protein is close to 155 kDa (Fig. 1B), suggesting that monou-
biquitination is involved in hERG internalization.

To directly examine the role of monoubiquitination in
hERG degradation, hRERG-HEK cells were transfected with a
plasmid of either an HA-tagged WT Ub that supports both
polyubiquitination and monoubiquitination or an HA-tagged
mutant Ub, UbKO, in which all lysine residues are mutated to
arginine, and thus it can only support monoubiquitination
(24, 25). The effects of Ub or UbKO overexpression on the
function of hERG channels were investigated using the whole
cell patch clamp method 36 h after transfection. Under 5 mm
K™ culture conditions, overexpression of either Ub or UbKO
did not significantly affect the hERG current (I, p.z ). How-
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ever, overexpression of either Ub or UbKO significantly accel-
erated the reduction of I, ¢ in cells cultured in 0 mm K*
MEM for 2 h (Fig. 24).

The hERG expression levels were examined using Western
blot analysis in hRERG-HEK cells transfected with an empty
vector (control), Ub, or UbKO. Thirty-six hours after trans-
fection, the cells were exposed to 0 mm K* MEM for 2 h, and
whole cell lysate was extracted for analysis. Both Ub and
UbKO overexpression accelerated the degradation of the 155-
kDa form of hERG without affecting the expression of the
135-kDa form of hERG (Fig. 2B). Because UbKO can only
support monoubiquitination and prevents the formation of
polyubiquitin chains (24, 25), these data indicate that monou-
biquitination plays a role in hERG degradation in 0 mm K™
MEM.

To evaluate the effectiveness of Ub and UbKO in ubiquiti-
nation of cellular proteins, we performed co-IP analysis of the
Ub-hERG interaction in hRERG-HEK cells overexpressing HA-
tagged Ub or UbKO. Cells were cultured in 0 mm K™ for 1 h
to facilitate the potential Ub-hERG interactions. Because Ub
modification may lead to degradation of hERG proteins, lacta-

JOURNAL OF BIOLOGICAL CHEMISTRY 6753



Monoubiquitin Mediates hERG Endocytic Degradation in Low K*

Time in 0 K*

Time in 0 K* WT, 5 K*

A

Ctl UbKO
0 2 46 0 2 4 6h

e MESRBERE

4h Ctl UbKO

§ g < o BB
%
Zs

@ ACHN o e 42

Actin -— 42
—— $624T
B e D 4 —e—ctl —_—
o, 10 —&— UbKO 1.041 2 OB Cti UBKO
B —_ 5K* 0K* 5K* OK*
58 = 0.5 Q\ 155 kDa
X b -

25 : ; e ME A
O
¢ L 0.04 . A— .

0.04 = T r é 0 2 4 6 ACtln — — —— D

0 & _ & 6 Time (h) —
Time (h) Ub —3+—3

FIGURE 3. Effects of UbKO expression on WT or $624T mutant hERG expression levels in stable cell lines cultured in 5 or 0 mm K* MEM. A, hERG ex-
pression levels in control (Ctl) or UbKO-transfected hERG-HEK cells cultured in 0 mm K* MEM for various periods. B, relative density of the 155-kDa hERG
band in cells at various periods of culture in 0 mm K™ MEM. The intensity of the 155-kDa band at each time point was normalized to the initial value and
plotted against time (n = 5). C, families of I, g in control (Ctl) or UbKO-transfected hERG-HEK cells cultured in 0 mm K* MEM for 0, 2, or 4 h. D, the time
courses of 0 mm K™ exposure-induced reduction of I,z in control (Ctl) or UbKO-transfected hERG-HEK cells. E, the hERG expression level in control (Ctl) or
UbKO-transfected hERG-HEK cells cultured in 5 mm K™ MEM for 48 h. F, the S624T hERG expression levels in a stable cell line without or with UbKO transfec-
tion cultured in 5 or 0 mm K™ MEM for 6 h. In B and D, Error bars represent standard error of the mean. * denotes p < 0.05, and ** denotes p < 0.01 com-

pared with the respective controls (Ctl).

cystin (20 uMm) was used to pretreat cells for 1 h before experi-
ments and included during 1-h culture in 0 mm K. The cell
lysates were immunoprecipitated with an anti-HA antibody
and then immunoblotted with an anti-hERG antibody. As
shown in Fig. 2C, panel a, ubiquitinated hERG signals were
present in cells transfected with Ub or UbKO. Furthermore,
the hERG signal in UbKO-transfected cells was stronger than
that in Ub-transfected cells. Notably, the ubiquitinated hERG
bands were around 155 kDa, indicating that overexpression of
Ub or UbKO resulted in monoubiquitin conjugation to the
mature hERG channels. To evaluate the effectiveness of Ub
and UbKO in polyubiquitination of cellular proteins, we as-
sessed ubiquitination of 3-catenin, a well characterized sub-
strate of polyubiquitination (28). As shown in Fig. 2C, panel b,
when HA-precipitated proteins from cells transfected with
Ub or UbKO were immunoblotted with an anti-B-catenin
antibody, the typical ladder smear of polyubiquitinated
B-catenin was observed in Ub- but not UbKO-transfected
cells. These results confirm that Ub, but not UbKO, supports
polyubiquitination of cellular proteins, and monoubiquitina-
tion mediates the degradation of mature hERG channels in 0
mM K* conditions.

We investigated the effects of UbKO overexpression on the
time-dependent reduction of the mature hERG channels un-
der 0 mm K™ conditions. UbKO overexpression significantly
accelerated the reduction of the 155-kDa hERG expression
level and of I, .z in 0 mm K™ MEM (Fig. 3, A-D). On the
other hand, overexpression of UbKO did not affect the WT
hERG expression levels in 5 mM K™ culture, nor did it affect
the expression levels of S624T mutant channels in either 5 or
0 mm K™ MEM (Fig. 3, E and F).
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Vips24 Is Involved in Mature hERG Protein Degradation in 0
mm K™ —Monoubiquitination targets various proteins for
lysosomal degradation through MVBs (10). Endosomal sort-
ing complexes required for transport (ESCRTs) sort ubiquiti-
nated cargo into the luminal vesicles of MVBs, which fuse
with lysosomes, the terminal compartment of the endocytic
pathway (29, 30). Vps24, also known as charged multivesicu-
lar body protein 3, is a subunit of ESCRT-III in mammals.
Vps24 is important for the invagination and cleavage of in-
traluminal vesicles in MVBs (31) and for the fusion of MVBs
with lysosomes (32). To assess the interactions between hERG
and Vps24, we examined the colocalization between hERG
and Myc-tagged hVps24 protein in hRERG-HEK cells trans-
fected with hVps24 plasmid. Cell surface hERG channels were
labeled by incubating live hERG-HEK cells with an anti-hERG
antibody that targets an extracellular region of the channel.
The cells were then cultured in 0 mm K™ for 3 h, fixed, and
permeabilized. Alexa Fluor 488-conjugated secondary anti-
body targeting the primary anti-hERG antibody was used to
detect hERG, and appropriate primary and Alexa Fluor 594-
conjugated secondary antibodies for Myc were used to detect
the Myc-tagged hVps24 protein. Exposure of hERG-HEK cells
to 0 mM K™ MEM for 3 h resulted in internalization of the
labeled cell surface hERG channels, which displayed strong
colocalization with Myc-tagged hVps24 proteins (Fig. 4).

We examined the effects of Vps24 overexpression on hERG
degradation. Thirty-six hours after transfection of hERG-HEK
cells with the hVps24 plasmid, cells were cultured in either 5
or 0 mm K™ MEM for 4 h, and hERG expression levels were
then examined. As shown in Fig. 54, overexpression of
hVps24 resulted in greater reduction in the expression levels
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FIGURE 4. Colocalization between hERG and hVps24 in hERG-HEK cells
during endocytosis. Live hERG-HEK cells transfected with Myc-tagged
hVps24 were incubated with a rabbit anti-hERG primary antibody targeting
an extracellularly located region of hERG for 30 min. The cells were exposed
to 0 mm K* MEM for 3 h, fixed, and permeabilized. The cells were treated
with Alexa Fluor 488-conjugated secondary anti-rabbit antibody to detect
hERG (green) and with mouse anti-Myc primary and Alexa Fluor 594-conju-
gated anti-mouse secondary antibodies to detect Myc-tagged hVps24 (red).
Nuclei were stained using Hoechst 33342. DIC, differential interference
contrast.

of the 155-kDa hERG in cells cultured in 0 mm K™ MEM for
4 h. Overexpression of hVps24 also facilitated 0 mm K™ cul-
ture-induced reduction in I ;.. After the cells were cultured
in 0 mm K* MEM for 2 h, I} g in hVps24-tranfected cells
was significantly smaller than I, .z in control cells (Fig. 5B).

We also knocked down endogenous Vps24 protein expres-
sion by transfecting hERG-HEK cells with hVps24 siRNA and
examined its effect on hERG expression levels. As shown in
Fig. 5C, hVps24 siRNA significantly reduced the endogenous
Vps24 expression level and impeded the reduction of 155-kDa
hERG expression induced by 0 mm K™ culture for 6 h. The
effects of hVps24 siRNA transfection on the hERG activity
were also examined by analyzing I, ;r . After the cells were
cultured in 0 mm K™ MEM for 6 h, I, 3 in cells transfected
with scrambled siRNA (control) was essentially eliminated.
However, significant I r remained in hERG-HEK cells
transfected with hVps24 siRNA (Fig. 5D).

Deubiquitination Occurs during hERG Protein Endocytic
Degradation in 0 mm K+ Conditions—To investigate the cel-
lular machinery for hERG endocytic degradation in low K™
conditions, we examined the effects of the proteasomal inhib-
itor lactacystin and the lysosomal inhibitor bafilomycin A1 on
0 mM K" -induced hERG degradation in UbKO-transfected
hERG-HEK cells. Both lactacystin and bafilomycin A1 im-
peded the reduction of 155-kDa hERG expression induced by
0 mMm K™ exposure for 4 h (Fig. 6A4). Interestingly, lactacystin,
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but not bafilomycin A1, caused a slight upward shift of the
155-kDa band of hERG (Fig. 6A4). To examine whether this
shift reflects monoubiquitination of the 155-kDa hERG chan-
nels, we performed co-IP analysis of proteins extracted from
cells cultured in various conditions. The extracted proteins
were precipitated using an anti-HA antibody to isolate UbKO
(HA-tagged)-bound proteins, and the precipitated proteins
were immunoblotted using an anti-hERG antibody. As shown
in Fig. 6B, strong hERG signal was only present in proteins
from cells treated with 0 mm K™ plus lactacystin but not from
cells treated with 0 mm K™ plus bafilomycin A1, indicating
that lactacystin-preserved hERG channels are ubiquitinated.
To determine the functionality of the preserved 155-kDa
hERG in 0 mm K*, we recorded I, ;. in cells under each con-
dition. Although the 155-kDa hERG band is present in West-
ern blot analysis of both lactacystin- and bafilomycin Al-
treated cells exposed to 0 mm K™ for 4 h (Fig. 6A4), only
lactacystin-treated cells displayed I, zrg (Fig. 6C). We have
previously shown that the absence of I}z in cells cultured in
0 mMm K" with bafilomycin A1 was not caused by the blocking
effect of bafilomycin A1 because cells treated with bafilomy-
cin Alin 5 mm K™ displayed robust hERG currents (6). In-
stead, bafilomycin Al-preserved mature hERG channels were
intracellularly localized (6). We used confocal microscopy to
examine the localization of hRERG and UbKO in hERG-HEK
cells transfected with HA-tagged UbKO plasmid. Cell surface
hERG channels were labeled using an anti-hERG antibody in
live cells. After labeling, the cells were exposed to 0 mm K™
MEM in the presence of either lactacystin (20 um) or bafilo-
mycin Al (1 um) for 4 h. As shown in Fig. 7, upper row, lacta-
cystin effectively blocked the 0 mm K*-induced internaliza-
tion of membrane hERG channels that showed colocalization
with UbKO. However, bafilomycin A1 failed to prevent hERG
internalization. In the presence of bafilomycin A1 (1 um), in-
ternalized hERG channels accumulated inside the cell. Inter-
estingly, internalized hERG channels did not colocalize with
UbKO (Fig. 7, lower row). Because bafilomycin A1 inhibits
lysosomal degradation (33), the internalized hERG signal
likely reflects the non-degraded channels accumulated in the
lysosomes. The non-ubiquitinated nature of the bafilomycin
Al-preserved hERG band (Fig. 6B) and lack of colocalization
between internalized hERG and UbKO (Fig. 7, lower row)
strongly suggest that monoubiquitinated hERG channels un-
dergo deubiquitination before entry into lysosomes.

To further examine the role of deubiquitination in hERG
degradation, we enhanced or inhibited the activity of a deu-
biquitinating protease, STAMBP, and examined the conse-
quences on hERG degradation. STAMBP is a metalloprotease
that deubiquitinates ubiquitinated cargo (34, 35) and plays an
important role in postendocytic trafficking of the epidermal
growth factor receptor (29). Overexpression of STAMBP sig-
nificantly enhanced the 0 mm K*-induced reduction in 155-
kDa hERG expression and I,z (Fig. 8, A and B). On the
other hand, depletion of endogenous STAMBP using siRNA
transfection significantly impeded 0 mm K™ -induced reduc-
tion of 155-kDa hERG expression and I, .z (Fig. 8, C and D).
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FIGURE 5. Role of hVps24 in hERG degradation. A, hERG expression levels in control (Ctl) or hVps24-transfected hERG-HEK cells cultured in 5 or 0 mm K™

MEM for 4 h (n = 5). Thirty-six hours after transfection, cell culture medium was

changed to 5 or 0 mm K™ MEM for 4 h, and analysis was performed. Expres-

sion of hVps24 was detected with an anti-Myc antibody. B, I,,zxc in control (Ctl) or hVps24-transfected hERG-HEK cells cultured in 5 or 0 mm K™ MEM for 2 h.
The averaged tail currents are shown in the lower panel. C, hERG expression levels in hRERG-HEK cells transfected with control siRNA (Ct/) or hVps24 siRNA
after 6-h culture in 5 or 0 mm K* MEM (n = 3). Forty-eight hours after transfection, the culture medium was changed to 5 or 0 mm K* MEM, and cells were
cultured for 6 h and then collected for analysis. D, |, grg in hERG-HEK cells transfected with control siRNA (Ct/) or hVps24 siRNA after 6-h culture in 5 or 0 mm
K* MEM. The averaged tail currents are shown in the lower panel. The numbers in parentheses shown above the histograms in B and D indicate the number
of cells tested. In Band D, Error bars represent standard error of the mean. ** denotes p < 0.01 compared with the respective controls.

DISCUSSION

I, is important for cardiac action potential repolarization,
and its reduction causes LQTS (1, 2, 4, 36). A reduction in
serum K™ concentration (hypokalemia) precipitates LQTS
(5). We recently showed that hypokalemia enhances cell sur-
face hERG internalization and degradation and thus identified
a novel mechanism through which hypokalemia induces car-
diac arrhythmias (6). Although our work showed that Ub is
involved in endocytic degradation of cell surface hRERG chan-
nels under low K™ conditions (6, 7), the nature of Ub-hERG
interactions is unknown. The present study demonstrated
that monoubiquitination mediates degradation of the voltage-
gated K" channel hERG under low K™ conditions. This con-
clusion is supported by the observations that overexpression
of UbKO enhanced the degradation of the 155-kDa hERG
channels (Figs. 2 and 3) and that UbKO preferentially associ-
ated with hERG channels under low K* conditions in the
presence of lactacystin (Fig. 6). Ub can polymerize by binding
to other Ub molecules at lysine residues (37); UbKO has all
lysine residues mutated to arginine residues and can only sup-
port monoubiquitination. Hence, UbKO is a useful tool in
evaluating monoubiquitin modification of cargo proteins
(24, 25).

Numerous cellular proteins are post-translationally modi-
fied by the addition of the small modifier protein Ub for
maintaining cellular health. Whereas polyubiquitination usu-
ally leads to proteasomal degradation of various cellular pro-
teins, monoubiquitination regulates endocytic degradation of
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membrane receptors in lysosomes (9, 10). The monoubiquiti-
nation-controlled attenuation of the receptor-mediated sig-
naling pathways plays a central role in maintaining signaling
homeostasis. For example, epidermal growth factor receptor,
the epithelial sodium channel, the inward rectifier potassium
channel ROMK]1, and receptor tyrosine kinases are all mo-
noubiquitinated, and monoubiquitin acts as a signal for inter-
nalization of targeted proteins through sorting in MVBs for
lysosomal degradation (9, 28). MVBs are formed when seg-
ments of the endosomal membrane endocytose and become
vesicles within a larger endosomal body. ESCRT-I first binds
both Ub and phosphatidylinositol 3-phosphate and initiates
the sorting mechanism (37). ESCRT-II then brings ESCRT-III
to the desired site on the endosomal membrane where they
sequester the MVB cargo (37). The morphological changes in
the intraluminal vesicles reflect the sorting of ubiquitinated
cargo toward them (31). Vps24 is an important member of
ESCRT-III required for cargo protein sorting. As shown in
Fig. 5, hVps24 is involved in the degradation of mature hERG
channels in low K™ conditions. Overexpression of hVps24
enhanced the 155-kDa hERG degradation in low K™, whereas
knockdown of hVps24 impeded this process. The hVps24
protein displays predominantly plasma membrane and vesic-
ular localization consistent with its role in the formation of
MVBs (32). Our data also showed that internalized hERG
channels colocalized with the hVps24 protein, a marker pro-
tein of MVBs (Fig. 4). Because hVps24 is involved in the MVB
sorting of internalized cargo proteins, depletion of hVps24
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obstructs hERG sorting in MVBs, leading to an accumulation
of internalized hERG channels in endosomes. Such accumula-
tion may impede hERG endocytosis through either an in-
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FIGURE 6. Effects of proteasomal or lysosomal inhibition on 0 mm K*-in-
duced hERG internalization in UbKO (HA-tagged)-transfected hERG-HEK
cells. A, Western blots showing hERG expression levels in UbKO-transfected
hERG-HEK cells cultured for 4 hin 5 mm K" MEM, 0 mm K* MEM, 0 mm K* MEM
with 20 um lactacystin (Lact), or 1 um bafilomycin A1 (Baf AT). B, co-IP analysis
between expressed UbKO and hERG channels. Proteins extracted from UbKO-
transfected hERG-HEK cells cultured for 4 hin 5 mm K™ MEM, 0 mm K+ MEM,

0 mmK* MEM with 20 um lactacystin (Lact), or 1 um bafilomycin A1 (BafAT)
were precipitated using an anti-HA antibody. The precipitated proteins were
immunoblotted (/B) using an anti-hERG antibody. C, effects of lactacystin or
bafilomycin A1 on 0 mm K*-induced reduction of Iy,grc. Families of I, gz were
recorded in hERG-HEK cells cultured in 5 mm K™ MEM, 0 mm K* MEM, 0 mm K™
MEM with 20 um lactacystin (Lact), or 1 um bafilomycin A1 (Baf A1) for 4 h. Cells
were collected in drug-free 5 mm K* MEM, and I,z Was recorded using the
whole cell clamp method in 5 mm K™ bath solution. Tail current at —50 mV after
a 50-mV depolarization was used for analysis. Currents from cells cultured in 0
mm K™ MEM with lactacystin (Lact) or bafilomycin A1 (Baf A1) were compared
with currents from cells in 0 mm K* MEM. The numbers in parentheses denote
the number of cells tested. Error bars represent standard error of the mean. *¥*,
p < 0.01 compared with lgzc in 0 MM K™,

Cells hERG

creased endosome recycling to the plasma membrane or an
unknown feedback mechanism.

Because UbKO is a chain elongation-defective Ub mutant,
it causes premature termination of polyubiquitin chains (Fig.
2C) and only supports monoubiquitination of target proteins
(24, 25). Our data showed that UbKO expression significantly
accelerated low K™ -induced endocytic degradation of the ma-
ture hERG channels (Figs. 2 and 3). Thus, polyubiquitination
may not play a decisive role in low K*-induced hERG inter-
nalization. On the other hand, low K" -induced hERG inter-
nalization can be impeded by the proteasomal inhibitor lacta-
cystin (Figs. 6 and 7) as well as MG132 (data not shown). The
exact mechanisms for proteasomal activity in the MVB/lyso-
somal degradation of hERG channels under low K* condi-
tions warrant further investigation and may be related to the
fact that proteasomal activity is required for the sorting of
ubiquitinated cargo proteins in MVBs (38). Interestingly, our
data demonstrated that lactacystin not only prevented 155-
kDa hERG degradation but also shifted the 155-kDa hERG
band toward a slightly higher molecular mass (Fig. 6A4), sug-
gesting that mature hERG channels are monoubiquitinated in
the presence of lactacystin. Indeed, our co-IP data revealed
that lactacystin-preserved hERG channels are monoubiquiti-
nated (Figs. 2C and 6B). We propose that monoubiquitination
triggers internalization of hERG channels, and deubiquitina-
tion is subsequently required for hERG sorting and degrada-
tion in MVBs/lysosomes (Fig. 9). The fact that lactacystin im-
pedes degradation of mature hERG channels that are
ubiquitinated raised a possibility that, as a proteasomal inhibi-
tor, lactacystin inhibits hERG degradation in the MVB/lysoso-
mal pathway by preventing deubiquitination of hERG chan-
nels. Previously, proteasomal activity has also been shown to
be required for degradation of a number of membrane pro-
teins that are internalized via the ubiquitination/MVB/lyso-
some pathway. These membrane proteins include glutamate
receptors (16), tropomyosin-regulated kinase A receptor (39),
growth hormone receptor (40), chloride channel cystic fibro-
sis transmembrane conductance regulator (41), and gap junc-

HA-tagged UbKO

Mrge

FIGURE 7. Localization of hERG or UbKO in UbKO-transfected hERG-HEK cells cultured in 0 mm K* MEM in presence of 20 um lactacystin (Lact; upper row)
or 1 um bafilomycin A1 (Baf A1; lower row) for 4 h. hERG-HEK cells were transfected with HA-tagged UbKO. Thirty-six hours after transfection, the cell surface
hERG channels were labeled by incubating the live cells with a rabbit anti-hERG primary antibody targeting the extracellular region of hERG. The cells were fixed
and permeabilized. The cells were treated with Alexa Fluor 488-conjugated secondary antibody against rabbit to detect hERG (green) and with a mouse anti-HA
primary antibody and an Alexa Fluor 594-conjugated secondary antibody against mouse to detect HA-UbKO (red). Nuclei were stained using Hoechst 33342.
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FIGURE 8. Overexpression of STAMBP accelerates and knockdown of STAMBP impedes degradation of mature hERG channels in 0 mm K* MEM. A, hERG
expression levels in control (Ctl) or STAMBP-transfected hERG-HEK cells cultured in 5 or 0 mm K* MEM for 4 h. B, I, gre in control (Ctl) or STAMBP-transfected hERG-
HEK cells cultured in 5 or 0 mm K™ MEM for 2 h. The averaged tail current amplitudes are shown below the current traces. C, hERG expression levels in hERG-HEK
cells transfected with control (Ctl) or STAMBP siRNA after 6 h of culture in 5 or 0 mm K* MEM. D, J,,gre in hRERG-HEK cells transfected with control (Ctl) or STAMBP
SiRNA after 6 h of culture in 5 or 0 mm K* MEM. The averaged tail current amplitudes are shown below the current traces. The numbers in parentheses in Band D
denote the number of cells tested. Error bars represent standard error of the mean. **, p < 0.01 compared with the respective controls.
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FIGURE 9. Scheme of role of Ub in endocytic degradation of hERG channels.
Under low K* conditions, mature hERG channels adopt a non-conducting con-
formation, leading to monoubiquitination, which triggers hERG endocytosis
through a caveolin-dependent pathway. Endocytosed hERG channels transit
through early endosomes into MVBs. While Vps24 is critical for the formation
and sorting of monoubiquitinated hERG channels into MVBs, STAMBP deubig-
uitinates the monoubiquitinated hERG to facilitate hERG sorting in the MVBs.
The sorted hERG is deposited in the lysosomes for degradation. Lactacystin
prevents deubiquitination, leading to accumulation of monoubiquitinated
hERG channels which are primarily localized in the plasma membrane. Bafilo-
mycin A1 prevents hERG degradation in lysosomes, leading to accumulation of
deubiquitinated hERG in lysosomes.
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tion channel connexin 43 (42). It will be interesting to investi-
gate the role of deubiquitination in the degradation of these
membrane proteins.

Our data obtained using Western blot (Fig. 6) and confocal
analysis (Fig. 7) further demonstrated that internalized hRERG
was not ubiquitinated when it reached lysosomes in the pres-
ence of lysosomal inhibitor bafilomycin Al. These data
strongly suggested that deubiquitination occurs downstream
of hERG sorting and degradation. Our data on the deubiquiti-
nation enzyme STAMBP directly support this notion (Fig. 8)
and suggest that the monoubiquitinated and internalized 155-
kDa hERG is subsequently deubiquitinated between early en-
dosomes and lysosomes, i.e. during MVB sorting. Thus, Ub
molecules are released from mature hERG channels prior to
their delivery to lysosomes for degradation. Because
STAMBP-mediated deubiquitination of mature hERG is likely
to occur at a late stage of endocytosis during cargo sorting in
MVBs where STAMBP is recruited by the ubiquitinated
cargo, STAMBP does not counteract the early step of monou-
biquitination of cell surface hRERG channels induced by low
K™ exposure. Deubiquitination plays a similar role in endocy-
tosis of protease-activated receptor 2 (43). In short, our data
showed that monoubiquitination at the earlier stages of the
pathway directs the mature hERG channel for MVB sorting,
and the internalized mature hERG channel is ultimately in a
deubiquitinated state when it reaches lysosomes.

Endocytosis represents one of the most essential processes
for cell function. We previously showed that extracellular K*
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is a prerequisite for hRERG function and membrane stability;
under low K™ conditions, cell surface hERG channels enter
into a non-conducting state, reflecting a conformational

change of the channel. This conformational change may cause

the channel to be tagged by Ub, which triggers the channel

internalization through a caveolin-dependent endocytic path-
way (8). Our present study indicates that attachment of a sin-

gle Ub moiety is sufficient to trigger internalization of cell

surface hERG channels; the internalized mature hERG chan-

nels are sorted by the ESCRT in MVBs and undergo deubig-
uitination prior to entry into lysosomes for degradation.

In summary, we have demonstrated that the cell surface
voltage-gated potassium channel hERG is internalized and
degraded through a monoubiquitination/MVB sorting path-
way in a dynamic manner under low K* conditions. This
finding extends our understanding of ion channel regulation
and endocytic degradation of plasma membrane proteins.
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