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lon channels encoded by the human ether-a-go-go-related gene (HERG) give rise to the rapidly activating delayed
rectifier K* current (lk,), the perturbation of which causes ventricular arrhythmias associated with inherited and acquired

long QT syndrome. Electrolyte imbalances, such as reduced serum K* levels (hypokalemia), also trigger these potentially
fatal arrhythmias. In this issue of the JCI, Guo et al. report that physiological levels of serum K are required to maintain
normal HERG surface density in HEK 293 cells and Ik, in rabbit cardiomyocytes. They found that hypokalemia evoked
HERG channel ubiquitination, enhanced internalization via endocytosis, and ultimately degradation at the lysosome, thus
identifying unbridled turnover as a mechanism of hypokalemia-induced arrhythmia. But too little channel turnover can also
cause disease, as suggested by Kruse et al. in a study also in this issue. The authors identified mutations in TRPM4 — a
nonselective cation channel — in a large family with progressive familial heart block type | and showed that these
mutations prevented channel internalization (see the related articles beginning on pages 2745 and 2737, respectively).
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Ion channels encoded by the human ether-a-go-go-related gene (HERG) give
rise to the rapidly activating delayed rectifier K* current (Ik.), the perturba-
tion of which causes ventricular arrhythmias associated with inherited and
acquired long QT syndrome. Electrolyte imbalances, such as reduced serum
K* levels (hypokalemia), also trigger these potentially fatal arrhythmias. In
this issue of the JCI, Guo et al. report that physiological levels of serum K*
are required to maintain normal HERG surface density in HEK 293 cells and
Ik, in rabbit cardiomyocytes. They found that hypokalemia evoked HERG
channel ubiquitination, enhanced internalization via endocytosis, and ulti-
mately degradation at the lysosome, thus identifying unbridled turnover as
a mechanism of hypokalemia-induced arrhythmia. But too little channel
turnover can also cause disease, as suggested by Kruse et al. in a study also
in this issue. The authors identified mutations in TRPM4 — a nonselective
cation channel — in a large family with progressive familial heart block type
I and showed that these mutations prevented channel internalization (see
the related articles beginning on pages 2745 and 2737, respectively).

How can a drop in serum K* levels cause
sudden cardiac death? Hypokalemia has
long been recognized as a risk factor for
potentially catastrophic Torsades de pointes
(TdP) ventricular arrhythmias (1, 2). TdP is
often associated with long QT syndrome,
characterized by delayed repolarization
after excitation of the heart and a corre-
sponding increase of the QT interval on
the ECG (Figure 1). Delayed repolarization
arises when ventricular action potentials are
prolonged, leading to electrical instabilities
at both the cellular and the tissue level that

Conlflict of interest: The author has declared that no
conflict of interest exists.

Citation for this article: J. Clin. Invest. 119:2531-2534
(2009). doi:10.1172/JC140427.

The Journal of Clinical Investigation

trigger arrhythmia. A critical determinant
of action potential duration (APD) is the
so-called rapidly activating delayed rectifier
K* channel current (Ix; ref. 3). Sanguinetti
and colleagues demonstrated that I, block
causes APD prolongation in ventricular
myocytes (3), and Ix, amplitude paradoxi-
cally diminishes in low levels of extracellular
K* concentration ([K'],) despite increased
concentration gradient and driving force
(4). Thus, Ik, emerged as a potential target
for hypokalemia-induced TdP.

When it was subsequently determined
that Ix, was produced by assemblies of sub-
units encoded by the human ether-a-go-go-
related gene (HERG; refs. 5, 6), analysis of
gating mechanisms in the heterologously
expressed HERG channel led to the first
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proposals for a mechanism of hypokalemia-
induced reduction in Ix.. The early studies
showed that HERG channels respond to a
depolarizing voltage command by entering
a stable, inactivated state that suppresses
the current; upon repolarization, inactiva-
tion recovers to unleash a large resurgent
tail current (Figure 2A and refs. 5, 6). Dur-
ing a ventricular action potential, these
gating transitions work together to ensure
that the resurgent current peaks late and
contributes to phase 3 repolarization (Fig-
ure 2B and ref. 7). The suppression at posi-
tive voltages occurs by a C-type inactivation
mechanism in which the conducting path
collapses, a process enhanced in low [K*],
(8,9). Such a mechanism could explain a
reduction in Ig, amplitude in conditions of
low [K*], and was thus proposed to medi-
ate hypokalemia-induced arrhythmia (10).

But the issue is not yet settled. The records
of HERG currents in response to voltage
step changes (e.g., Figure 2A) at room tem-
perature do not readily predict the effects of
hypokalemia on the native channel during
an action potential at physiological tem-
peratures. The current profile depends on
multiple gating processes with distinct volt-
age, time, and temperature dependencies (5,
6, 11). Reducing [K*], will enhance channel
inactivation and thus further suppress cur-
rent at the peak of the action potential, but
the increase in driving force will have the
opposite effect on current amplitude as the
membrane potential begins to repolarize
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and the current rebounds from inactiva-
tion. Kinetic models could be used to pre-
dict whether the effects on gating and driv-
ing force will increase APD or facilitate TdP
arrhythmias (12). Even simpler would be
to measure HERG currents at physiologi-
cal temperatures in response to a voltage
clamp command mimicking a ventricular
action potential (e.g., Figure 2B), which
could reveal whether the overall current
amplitudes or kinetic profiles are altered as
a consequence of the complex effects of low
[K*], on gating and driving force (7, 12).

Hypokalemia accelerates HERG-
specific channel turnover

Now Guo and colleagues suggest a differ-
ent mechanism for hypokalemia-induced
Ix: reduction in this issue of the JCI (13).
This tour de force study in heterologous
and native systems examined the effects
of low [K*], on HERG current amplitudes,
subunit surface expression, and traffick-
ing, with a quantitative assessment of the
concentration dependence and temporal
characteristics of each K*-sensitive change.
The study links these cellular mechanisms
to the corresponding outcomes in vivo by
evaluating the effects of a low-[K'], diet on

Figure 2

Figure 1

Long QT syndrome and TdP cardiac arrhythmia. (A) Action potential (upper trace) and the cor-
responding surface ECG (lower trace) of a normal heartbeat. The P wave, QRS complex, and
T wave are shown. Vy,, membrane voltage. (B) APD is prolonged when Ik, is reduced by muta-
tion of the HERG gene or via drug block (upper trace). The QT interval of the ECG is corre-
spondingly prolonged, and can lead to oscillating TdP arrhythmias (lower trace).

QT interval in intact rabbits and on APD
and I, amplitude in isolated rabbit myo-
cytes. The authors found that low [K*],
causes a chronic reduction of Ik, due to
clathrin-independent internalization of
HERG channels and a corresponding pro-
longation of APD and the QT interval. The
channels are first shuttled to early endo-
somes, which fuse to multivesicular bod-
ies, and ultimately deposited for disposal
in the lysosome (Figure 3A).

Whereas HERG currents in HEK 293 cells
incubated over a period of 12 hours at nor-
mal [K*], were stable, at 0 mM [K],, the cur-
rents were nearly eliminated (Figure 3A and
ref. 13). (Cells were placed in physiological
[K*]o during recording.) A corresponding
loss in the mature surface channel protein
was observed on Western blots of cell lysates
and the biotin-purified surface population.
The rate of channel internalization, mea-
sured in the presence of brefeldin A to block
the insertion of newly synthesized pro-
tein, was accelerated 4-fold in 0 mM [K'],.
HERG channel proteins were found to be
ubiquitinated prior to internalization, and
increases in ubiquitin accelerated internal-
ization (Figure 3A). No changes in channel
biophysical properties were observed, nor
did the coexpression of KCNE1 or KCNE2,
potential HERG-associated subunits (14,
15), alter the channel properties or their
response to incubation in low [K*],.

Of course, 0 mM [K'], is not the same as
hypokalemia, which is clinically defined as
a serum [K*], level below 3.5 mM and has
been previously reported in humans at lev-
elsaslowas 1.2 mM (16, 17). To evaluate the
effects of reduced [K*], on Ik, in vivo, rabbits
were made hypokalemic by a low-K* diet
(13). At an average serum [K'], of 2.4 mM,

HERG currents exhibit resurgent properties. (A) HERG channel current (lhera) expressed in
Xenopus oocytes (upper trace) activates (a) and rapidly inactivates (b), causing a suppression
of current during the positive voltage step (lower trace), subsequently rebounds in response to
repolarization (c), and slowly returns to rest (d) (M. Trudeau and G.A. Robertson, unpublished
observations). (B) The corresponding current during an action potential voltage command is
demonstrated by HERG channels expressed in HEK 293 cells recorded at physiological tem-
peratures. The current reaches its maximum (dashed vertical line) only after rebounding from
inactivation during repolarization during phase 3 of the action potential. Panel B adapted with

permission from Circulation Research (12).
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corrected QT intervals increased by 33%,
and action potential duration increased
by about 75%, as illustrated in Figure 3A.
Ik — measured in cardiomyocytes as a
cesium current in isolation from the other
native currents, which are blocked by Cs*
(18) — was reduced by about one-third.
Thus, hypokalemia in vivo produces a stable
reduction in native Ik, that cannot be attrib-
uted to acute effects of reduced [K*], on
inactivation gating. However, a combined
effect of the stable reduction of HERG sur-
face expression and acute gating changes
could further reduce I, and increase the risk
for hypokalemia-induced TdP.

But does the mechanism of internaliza-
tion described in the study by Guo et al. (13)
account for the changes in I, magnitude
and QT interval prolongation observed in
vivo? A dose-response curve for HERG cur-
rents in HEK 293 cells after a week in cul-
ture at different [K*], showed that the ECs
is very close to the serum [K*], (about 2 mM)
achieved in the hypokalemic animal model,
leading to the prediction that Ik, would
indeed be stably reduced in vivo. If there is
a quibble with the results, it is that the ECso
for the maintenance of the mature HERG
protein in biochemical assays is much lower
than that for preserving Iy, and normal APD
and QT interval. However, these discrepan-
cies may arise because the biochemical assays
were conducted before the effects of altered
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[K*]o reached steady state. Indeed, whereas
the ECso for HERG currents recorded after
a week in culture was approximately 2 mM
[K*]o, when measured after only 12 hours,
it was reduced to sub-mM levels, indicating
that more drastic reductions of [K*], were
required to achieve the same effect under
non-steady-state conditions. The same may
be true for the biochemical assays of HERG
trafficking conducted before steady state
has been reached, in which case the cellu-
lar mechanisms for internalization could
explain the elevated risk for TdP even under
conditions of relatively mild hypokalemia.
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In describing the fate of the HERG sur-
face protein as a function of extracellular
[K*], concentration, Guo and colleagues
also uncover information about HERG
endocytosis and degradation pathways
(13). They show that surface HERG
channels are, at least under low [K*],,
first ubiquitinated and then trafficked
to the lysosome via defined intermedi-
ate stages (Figure 3A), each of which
was demonstrated by unusually clear
immunocytochemical images in HEK 293
cells. Whether this potentially destructive
process reflects a homeostatic mechanism
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Figure 3

Two opposing defects in ion channel turnover
lead to disease. (A) In their study in this issue
of the JCI, Guo et al. (13) show that reduc-
tion of external [K*], causes a conformational
change in the HERG ion channel that triggers
HERG ubiquitination (Ub), internalization,
and lysosomal degradation. In the heart, this
mechanism causes chronic suppression of Ik,
reduced repolarization following excitation of
the heart, and prolongation of the QT interval
on the ECG, which can lead to arrhythmia. (B)
In the study by Kruse et al. (25), also in this
issue, a defect in deSUMOylation is shown to
prevent TRPM4 channel internalization and
leads to enhanced Na* and Ca?* influx and
progressive cardiac bundle branch disease.

that is protective under other circum-
stances remains to be determined.

The most exciting unanswered ques-
tion stemming from this study is how
low [K*], triggers HERG internalization.
The authors suggest that loss of [K*],
induces a conformational change in the
channel that somehow triggers ubiqui-
tination and internalization (13). Thus,
the internalization of HERG channels is
a consequence of the acute effects of low
[K*]o on HERG function. Could enhanced
stability of the HERG inactivated state in
low [K*], facilitate internalization? The
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dose-response curves for maintenance of
surface HERG channels give Hill coeffi-
cients consistent with the X-ray crystallo-
graphic picture of a K* channel selectivity
filter fully occupied by 2 ions and 1 in the
queue (19). Thus, the idea that evacu-
ation of K* ions and the collapse of the
pore proposed for C-type inactivation (9,
20) precede internalization is consistent
with these observations. Although closely
related to HERG channels, human ether-
a-go-go (EAG) channels do not inactivate,
and their surface density is insensitive to
changes in [K*], (13). The hypothesis that
channel inactivation and internalization
are causally linked could easily be tested
by determining whether the known inac-
tivation mutations confer resistance
to HERG internalization in low [K*],.
Alternatively, the unstable HERG chan-
nel could reflect occupancy of other non-
conducting states (21-24) in the plasma
membrane prior to internalization.

Defect in deSUMOylation prevents
normal TRPM4 channel turnover

A different mechanism also regulating sur-
face cation channel density in the heart is
also described in this issue by Kruse et al.
(25). Genetic analysis of a large family with
progressive familial heart block type I, an
inherited defect in the heart’s conduction
system, uncovered a mutation leading to
misprocessing of transient receptor poten-
tial cation channel, subfamily M, member
4 (TRPM4). TRPM4 is a Ca?*-activated
nonselective cation channel linked to the
complex cardiac transient inward current
(I; ref. 26). The mutation causes resistance
to TRPM4 deSUMOylation, an enzymatic
step required for endocytosis and normal
channel turnover (Figure 3B). The result is
an enhancement of surface channel expres-
sion. How this gain of function of TRPM4
causes progressive cardiac bundle branch
disease is an important question for future
studies, along with defining a clear physi-
ological role for native cardiac channels
containing TRPM4.

Now that we have identified the genet-
ic basis for most ion channel subunits,
the next big question is how the balance
of those ion channels is maintained to
carefully control membrane excitabil-
ity, thythmic activity, and concentration
of ions such as Ca?*, elevation of which
can cause cytotoxicity and cell death.
The studies by Guo et al. (13) and Kruse
et al. (25) share the remarkable finding
that modulation of channel densities via
defects in surface membrane trafficking
can lead to disease and provide a glimpse

1

—_

12

into what is certain to be a fascinating 13

array of mechanisms involved in this life-
sustaining balancing act.
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