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1.2 and 57.5pA pF~' (18.1 £ 1.5 pA pF™', n = 69),
which was roughly and negatively correlated with cell size
(r = —0.42, P < 0.0003). On the other hand, no obvious
correlation between deactivation kinetics of Ik, and cell
size was observed (Fig. 4b).

Voltage Dependence of Iy, Inactivation in HL-1 Cells

The shape of the I, tail current (initial “hook” or increase in
amplitude, followed by slower decay) reflects the presence of
abiphasic process during repolarization. The initial increasing
phase of the tail current preceding a decay in amplitude has
been shown to reflect a recovery from inactivation that occurs
much faster than deactivation (Sanguinetti and Jurkiewicz
1990; Shibasaki 1987). In Fig. 5, the rate of recovery from
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-50

inactivation was estimated. The currents were elicited by
voltage pulses to various test potentials between —120 and
—10 mV after the 1-s preconditioning pulses to +20 mV.
Experiments were conducted at 25°C to allow discrimination
of the onset of tail currents from capacitive transients. In
Fig. 5a, a set of current traces during test steps is shown.
Increment phases of the tail current were well fitted by a
single-exponential function with smaller time constants at
more negative potentials. For example, the averaged 7 value at
—120 mV was 0.92 &£ 0.04 ms, while it increased to
10.50 & 0.74 ms at —10 mV (Fig. 5b).

The voltage dependence of current inactivation was
examined using a three-pulse protocol (inset in Fig. 6a)
(Smith et al. 1996), in which the cell was depolarized to
+20 mV for 1 s to activate and inactivate Ix, channels,
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Fig. 5 Kinetic properties of recovery from inactivation. a The
“hook” tail currents (thin line) elicited by voltage steps to various
potentials between —120 and —10 mV in 10-mV intervals following
the 1-s depolarizing steps to +20 mV (inser). Current recording was
conducted at 25°C. Smooth curves (thick line), superimposed to initial
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increasing phase in amplitude, are obtained by a single-exponential
fit. b Voltage dependence of the rate of recovery from inactivation.
Time constants, measured in (a), were plotted against each test
potential. Values represent mean + sem of four cells (passages 41,
42)
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Fig. 6 Voltage dependence of steady-state inactivation. a E-4031-
sensitive current recorded from an HL-1 cell (passage 41) in response
to three-pulse protocol (inser). At first, a depolarizing pulse of more
than 1 s duration to +20 mV (P1) was applied, where current was
activated and inactivated rapidly. Then, a hyperpolarizing test pulse
of 10 ms to a varied potential (P2) was used to allow recovery from
inactivation, followed by a step to +20 mV (P3). Dashed line
represents zero current level. Current recording was conducted at
25°C. b Current amplitude in response to the P3 pulse (filled circles)
was normalized to the maximal amplitude at —120 mV and plotted

then briefly (10 ms) repolarized to various test potentials
between —120 and +10 mV to allow for recovery from
inactivation without significant deactivation of the chan-
nels. After the brief steps, a depolarizing step to +20 mV
was applied to evaluate the relative number of opening
channels. Figure 6a shows a part of the current traces in
response to the pulse protocol (as indicated in the inset).
During the brief repolarization, the currents relaxed rapidly
to the appropriate level to the corresponding test potentials.
Then, depolarizing pulses to +20 mV elicited a large
amplitude of outward currents that decayed to the steady-
state level within 40 ms due to rapid inactivation. The peak
amplitude of the outward currents was measured and
plotted against test potentials as filled circles in Fig. 6b.
Smith et al. (1996) described that the current amplitude at
negative voltages (<—60 mV) should be corrected because
fast deactivation occurred during the brief repolarization.

Furthermore, the recovery from inactivation also might

not reach the steady-state level at depolarized potential
(>—70 mV). Thus, the fractional deactivation and recovery
from inactivation during 10-ms repolarizing steps were
corrected with respect to the steady-state inactivation level
(open circle in Fig. 6b). The half-maximal inactivation
voltage calculated by fitting the corrected data to a
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against the test potentials. At negative voltages (<—60 mV),
significant deactivation occurred during 10 ms of the P2 repolarizing
step. In addition, at less negative potential (>—70 mV), increasing
phase current did not reach the steady-state level during the P2 step.
Therefore, the fractional deactivation and incomplete recovery from
inactivation during 10 ms were calculated using kinetic parameters
(obtained from current traces in Fig. 5), and the data points were
comected to the steady-state inactivation level (open circles).
Corrected values were well fitted by the Boltzmann equation (smooth
curve)

Boltzmann function was —41,2 mV and the slope factor
was 28.9 mV.

K* Permeability of I, in HL-1 Cells

In Fig. 7, the effects of [K*],, on the reversal potential (E,)
of the tail current were investigated. Cells were bathed in
Tyrode solution containing 2, 5.4 (normal) and 10 mM KCI;
and tail currents were recorded at various test potentials
between —120 and 0 mV in 10-mV steps following the 1-s
preconditioning pulses to +20 mV (Fig. 7a). The tail current
amplitudes were measured and plotted against test potentials
in Fig. 7b. At all [K*], conditions, the current-voltage
relationships were nearly linear at the potential range
between —140 and —80 mV and prominent inward rectifi-
cation was observed at more positive potential than
—70 mV. The conductance at potentials between —140 and
—80 mV, measured by fitting lines with a liner regression,
was increased with incremental change in [K*], (10.6, 14.1
and 19.7 pS at 2, 5.4 and 10 mM [K*],, respectively). Exey,
where the polarity of the tail current is reversed, was obtained
from a linear regression of the data points between —140 and
—70 mV. E,, values at 2, 5.4 and 10 mM [K*], were —115,
—91 and —76 mV, respectively, very near the calculated
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A 2mM [K*],

--1.5

Fig. 7 Effects of extracellular K* concentrations on E-4031-sensi-
tive currents, a Tail currents recorded at 2 (left), 5.4 (middle) and
10 mM [K*], conditions (right) at 25°C. The cell (passage 39) was
initially depolarized to +20 mV from a holding potential of —50 mV,
followed by test steps to various potentials between —120 and
—30 mV (voltage protocol, inser). b Tail current amplitude at 2 (oper
squares), 5.4 (open circles) and 10 mM [K™), conditions (filled
circles) shown as a function of test potentials. Solid lines on the plot
were obtained by a linear regression of data points between —140 and

equilibrium potential of K* of —116, —89 and —73 mV,
respectively (Fig. 7c).

Blocking Effects of E-4031 and Dofetilide on Ik,
in HL-1 Cells

In Fig. 8, the blocking effects of methanesulfonanilide
drugs E-4031 and dofetilide on Ig, in HL-1 cells were
determined. The 1-s depolarizing pulses to +20 mV were
repetitively given to the cells every 8 s to activate Ik, and
the blocking effects of the drugs were determined by
reduction of tail current elicited at —50 mV. Figure 8a
shows the time course of changes in tail current amplitude
during application of E-4031 at various concentrations as
indicated. In the absence of drugs, the magnitude of the tail
current was stable. Exposure to 10 nM E-4031 gradually
reduced the tail currents by about 20% at the steady-state
level, and the blocking effects increased as the drug con-
centration became higher. The ICsq values for block of tail
currents by dofetilide and E-4031 were estimated to be
15.1 and 21.2 nM, respectively; and both drugs inhibited
tail current completely at 1 pM (Fig. 8b, c). '

5.4 MM K],

10 mM K},

[T ———e

[K'), = 156 mM

1 10
[K*], (mM)

—70mV: Iy = gmax - (E — Ey), where g and E,, were,
respectively, 10.6 pS and —115 mV at 2 mM [K*],, 14.1 pS and
—91 mV at 54 mM [K*], and 19.7 pS and —76 mV at 10 mM
[K*].. ¢ Relationships between [K™], and Ey. Er values in (b),
plotted against each [K*], concentration, were in good agreement
with a predicted Ex (solid line) calculated using a Nernst eguation,
Ex = RTF - In([K1)/[K*]), where [K*]; was assumed to be
158 mM

Mouse ERG1 Expression Underlies I, in HL-1 Cells

In Fig. 9, mERG1 expression in HL-1 cells was investi-
gated with RT-PCR and Western blot assay. It has been
reported that there are at least three isoforms of ERGI at
the mRNA level in human and mouse, i.e., the full-length
ERGla and two alternative splicing variants, ERGla’ and
ERG1b, with shorter N termini (Lees-Miller et al. 1997,
London et al. 1997). In the present study, therefore, primer
pairs directed to each ERGI isoform were used for PCR
amplification. Figure 9a shows an agarose gel of amplified
PCR products, where specific bands of the expected size
are detected for mERG1a (747 bp), mERG1a’ (755 bp) and
mERG1b (1,109 bp) only in the presence of transcriptase.
A similar gene expression profile was also detected in adult
mouse atrial tissue (Fig. 9b). In order to examine protein
expression, we employed an anti-ERG1 antibody that
recognizes a common C-terminal epitope in all three
mERG] isoforms. As shown in Fig. 9c, the C-terminal
ERGI antibody identified several bands on a Western blot
of HL-1 cells. The two higher bands with molecular mass
of 120 and 160 kDa are consistent with maturely
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Fig. 8 Inhibitory effects of 1000 nM

E-4031 and dofetilide on I, in E-4031  q00nm

HL-1 cells. a Time course of A 10nM "

changes in tail current 0.5 j

amplitude during exposure to 041 10 nM
E-4031. Tail currents, as shown < :

in inset, were elicited by a = 0.3 100 nM
voltage step to —50 mV after e \

1-s depolarization to +20 mV. 3 021 —
E-4031 was applied at various T 0.1 \ m el
concentrations as indicated. = . 50 ms
b, ¢ Dose-response relationships 0.0 S %

of blocking effects of E-4031 0 5 10
(b) and dofetilide (¢). Tail

current amplitude was

normalized to the maximal 1.0
amplitude in the absence of drug ®
and plotted against each drug
concentration. Data points
represent mean = seM of five
cells (passages 41-52). Smooth
curve was obtained by fitting the
data with a Hill equation, where
ICsp and Hill coefficient were,
respectively, 15.1 nM and 1.2 in
(b) and 21.2 nM and 1.0 in (¢)
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ERGI1 isoforms in HL-1 cells
and mouse atrium. PCR bp
products amplified from cDNA
derived from HL-1 cells culture
(passage 40) (a) and atrial
tissues dissected from adult
mice (b), using primer pairs
directed to mERGla, mERG1a’
or mERG1b. M indicates a
molecular maker of ¢pX174/
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Haelll digest. ¢ Western blot of ) 100
total protein extracts from HL-1 B M mERGla mERG1a’ mERG1b GPDH i #
cells (passages 45-47). Blotting bp RT + - + - + - + - : #
with an antibody specific for 1353, } #
ERGI shows two mERGla 1078 .'- A 75
glycoform bands (*) at 120 and 87—
160 kDa as well as three
mERG1b glycoform bands (#) 603 — R
at 80, 87 and 93 kDa

310=

glycosylated and unglycosylated ERGla, respectively, in
rat and canine ventricular myocytes (Jones et al. 2004),
although contamination of signal attributed to ERG1a’ may
be possible because of a small difference (~6 kDa) in
protein size. On the other hand, we did observe three faint
bands with lower molecular mass of 80, 87 and 93 kDa,
which are consistent with bands attributed to different
glycosylated forms of ERGIb in human and canine
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ventricular myocytes (Jones et al. 2004) and K562 human
leukemic cells (Cavarra et al. 2007).

Recently, gene silencing by RNAi has become a broadly
used technology for exploring gene function (Hannon
2002). In the present study, the functional relevance of
mERG]1 gene expression in HL-1 cells was determined
using the RNAi technique. Two siRNA duplex oligonu-
cleotides against all isoforms of mERG1 and ncRNA were
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individually transfected into HL-1 cells together with a
plasmid vector encoding GFP. Transfection efficacy esti-
mated with green fluorescence was very low (<5%), which
never allowed us to detect an obvious decrease in mERG1
transcripts or proteins at the culture level (data not shown).
However, the effects of siRNA were evident in whole-cell
membrane current recorded from single GFP-positive cells.
Compared to recordings in cells transfected with GFP
alone (Fig. 10a), a much smaller time-dependent outward
current was observed in cells transfected with siRNA,
apparently due to a marked decrease in I, amplitude
(Fig. 10c, d). The effect of siRNA was attributable to
specific knockdown of mERG1 expression because cells
transfected with scRNA displayed currents with compara-
ble amplitude to those recorded from cells transfected with
GFP alone (Fig. 10b). Ik, density determined by tail cur-
rent elicited at —50 mV after the 1-s voltage steps to
+30 mV was 1.95 + 031 and 1.2 & 0.34 pA pF~" in
cells transfected with siRNA-1 and siRNA-2, respectively.

Fig. 10 Knockdown of mouse A
ERG1 with siRNA in HL-1
cells. Typical current traces
recorded from HL-1 cells
(passages 40, 41) transfected
with GFP alone (a), GFP and
nonspecific ncRNA (b), GFP
and siRNA-1 (c¢) and GFP and
siRNA-2 (d). Cell was held at
—50 mV and given 1-s voltage
steps to various potentials
between —80 mV and +40 mV.
e Bar graph displaying I,
density in each group (GFP
alone, n = 5; GFP plus ncRNA, c
n = 7; GFP plus siRNA-1,

n = 7; GFP plus siRNA-2,

n = 7). Tail current was elicited
upon repolarization to —50 mV
following the 1-s depolarizing
steps to +30 mV

siRNA-1

GFP alone

Both values were significantly smaller than those obtained
from cells transfected with GFP alone (19.15 + 2.34
pApF~', P<001) or with ncRNA (19.00 £ 2.69
pA pF~!, P < 0.01) (Fig. 10e).

Discussion

In this article we describe the basic biophysical properties
and molecular identity of Ik, channels in HL-1 cells, the
unique murine cardiac cell line established by Claycomb
et al. (1998). Our current recordings demonstrated that
most of the outward conductance in these cells was dom-
inated by E-4031-sensitive current, which exhibited com-
parable characteristics to Iy, in native mammalian cardiac
cells, i.e., voltage- and time-dependent activation, promi-
nent inward rectification, high K* permeability and nano-
molar sensitivity to dofetilide or E-4031. In addition, we
found that HL-1 cells possessed multiple transcripts and
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proteins for the mouse ERG1 gene, known as molecular
candidates underlying Ik, These findings indicate that
HL-1 cells are a preferable source of native Ix, channels.

Biophysical and Pharmacological Properties of I,
in HL-1 Cells

The biophysical profile of Ik, channels is responsible for
their specific role in cardiac action potential. The inward
rectification mediated by a rapid voltage-dependent inac-
tivation of channels suppresses current during the depo-
larizing phase of cardiac action potential, while a rapid
recovery from inactivation followed by slow deactivation
evokes a resurgent current during phase III repolarization.
These unique gating properties have been extensively
investigated in HERG channels. However, despite its
physiological importance, relatively little information on
cardiac I, channels is available due to technical difficul-
ties; i.e., significant current magnitude and minimal con-
tamination of other time-dependent Kt currents are
required for reliable measurements. Current recordings in
HL-1 cells potentially satisfied these requirements, which
allowed us to evaluate the electrophysiological properties
of Ix, channels comprehensively. One possible limitation in
our I, recordings was that a holding potential of —50 mV
was used to avoid contamination of Ic,  (Xia et al. 2004)
and I (Sartiani et al. 2002), which might affect I, kinetic
parameters and drug sensitivity because a significant frac-
tion of channels were restrained in the inactivated state at
—50 mV (see Fig. 6). Nevertheless, our recordings are
similar to ones applying common protocols for the
recording of native I, in cardiomyocytes; thus, it is pos-
sible to draw a comparison between our results and those of
earlier studies.

Voltage dependence of Ik, activation in HL-1 cells was
determined by two parameters, Vy;, of —20.4 mV and k of
8.0 mV, which are practically consistent with the values
previously reported for cardiac Iy, in various mammals
(Clark et al. 2004; Matsuura et al. 2002; Ono and Ito 1995;
Sanguinetti and Jurkiewicz 1990). The deactivation kinet-
ics of I, varies between species. It is fast in guinea pig
(Sanguinetti and Jurkiewicz 1990), while it is extremely
slow in dog and cat (Barajas-Martinez et al. 2000; Liu and
Antzelevitch 1995). In the present study, deactivation time
constants were 46 ms for T, and 438 ms for 74, at
—50 mV when fitted to a double-exponential function,

which are very similar to recent observation in mouse SA -

node cells (g, and 7g4, Were 40-70 ms and 400-600 ms
at —50 mV, respectively) (Clark et al. 2004). Recovery
from inactivation was very rapid even at 25°C, and time
constants obtained in HL-1 cells were comparable to pre-
vious data for I, in ferret atrial cells (Liu et al. 1996) but
considerably smaller than the observation for HERG
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currents (Sanguinetti et al. 1995). We also determined the
voltage dependence of steady-state inactivation of Iy,
channels using a three-pulse protocol that has been
employed for HERG currents (Smith et al. 1996). The Vj
of —41.2 mV obtained in our analysis was very far from
the value with HERG current (—90 mV) (Smith et al.
1996) but relatively similar to the value estimated by other
methods in guinea pig or ferret (Liu et al. 1996; Sanguinetti
and Jurkiewicz 1990), suggesting fundamental differences
between cardiac Iy, and HERG current in inactivation
properties. Taken together, HL-1 cells appear to retain
species-specific features of native Ik,.

The sensitivity of Ig, in HL-1 cells to E-4031 (ICs,
21.1 nM) was similar to that reported for native I, in ferret
and guinea pig cardiomyocytes (ICso ~ 10 nM) (Liu et al.
1996; Weerapura et al. 2002). Dofetilide sensitivity
observed in the present study (ICso 15.1 nM) was also
comparable with the values reported for native I, in rabbit
and guinea pig cardiomyocytes (ICsq 4-9 nM) (Carmeliet
1992; Weerapura et al. 2002). The sensitivity of the HERG
channel to these compounds varies among expression
systems. The channel expressed in Xenopus oocytes dis-
plays much lower sensitivity (E-4031 ICsq ~1 pM)
(Sanguinetti et al. 1995), possibly due to yolk sac absorp-
tion of drugs in oocytes (Weerapura et al. 2002). On the
other hand, in mammalian cell lines such as HEK cells and
CHO cells, the ICsy values for the inhibition of HERG
channel by E-4031 and dofetilide were reported to be 7.7
and ~10 nM, respectively (Zhou et al. 1998; Weerapura
et al. 2002), which are indistinguishable from those pre-
viously reported for native I, as well as our observation in
HL-1 cells. Since inhibition of Ik, is the predominant
adverse effect of a diverse range of therapeutic agents
(resulting in life-threatening proarrhythmic activity), assay
of Ig, in HL-1 cells may serve as a convenient preclinical
tool to detect potential arrhythmogenic properties of any
compound intended to be used as human medicine.

HL-1 Cells Possess Electrophysiological Properties
Resembling Embryonic Phenotypes

Cardiac Ix is known to comprise at least two components,
I, and Iy, in various mammals. In HL-1 cells, however,
Iy, seems to be the sole Iy component. Indeed, a time-
dependent outward current was almost totally abolished by
application of E-4031 (Fig. 1). In mouse ventricular myo-
cytes, the expression level of Iy, and Ik, is dependent on
the developmental stage (Wang and Duff 1996; Wang et al.
1996); i.e., Ix, is the predominant component of Ix in
embryonic and fetal mice but is decreased during early
postnatal development, whereas I is increased and both
currents almost disappear in adult mouse. Along with these
finding, the Ik, expression pattern of HL-1 cells appears to
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be similar to that of immature fetal mouse myocytes rather
than well-differentiated adult mouse myocytes, although
they derived from adult mouse hearts. Similarly, a fetal-
type electrophysiological phenotype of HL-1 cells has been
indicated by the expression of Iz and I, t (Sartiani et al.
2002; Xia et al. 2004), which are known to be manifested
in ventricular myocytes only at early embryonic stages
(Niwa et al. 2004; Yasui et al. 2001).

HL-1 cells are known to beat when grown at proper
density, again resembling embryonic cardiomyocytes. The
spontaneous contractile activity, however, occurs in a
restricted region of culture (Sartiani et al. 2002), suggesting
heterogeneity of the functional expression level of ion
channels in HL-1 cells. In fact, I was observed in only
~30% of HL-1 cells (Sartiani et al. 2002). Interestingly,
the presence of both Ic,1 and I, had similar incidence
(Xia et al. 2004). The limited expression of these mem-
brane currents seems to be in agreement with the partial
(local) occurrence of spontaneous beating in HL-1 cell
culture because they play crucial roles in cardiac pace-
maker activity. In the present study, Iy, was recorded in
almost all cells tested, even in quiescent HL-1 cells, while
the current density of Iy, was roughly and significantly
correlated with cell size (Fig. 4). It has been suggested that
a cell size-dependent difference in expression level of
various ionic currents underlies the regional difference in
electrical activity of rabbit SA node (Honjo et al. 1996; Lei
et al. 2001). Although the relationship between spontane-
ous activity and the size of HL-1 cells is not known, it may
be that the expression level of I, channels is involved in
the capability of spontaneous beating in HL-1 cell culture.

Molecular Basis of Ik, in HL-1 Cells

The molecular basis of native Iy, channel is still in debate.
Although there is little doubt that the ERG1 gene underlies
Ik, channels in the heart, the reconstituted HERG channel
displays much slower deactivation kinetics than native I,
channels (Sanguinetti et al. 1995). For this reason, auxiliary
subunits such as KCNE1 and KCNE2 have been implicated
as functional regulators of HERG channel (Abbott et al.
1999; McDonald et al. 1997). According to our preliminary
experiments, we detected mRNA for KCNE1 from HL-1
cells, consistent with previous observations in AT-1 cells
(Yang et al. 1994), but failed to find obvious expression of
KCNE2 (data not shown). On the other hand, N-terminal
splice variants of the ERG1 gene have been cloned in
mouse and human and suggested to generate functional
diversity of native Ig, channels (Lees-Miller et al. 1997;
London et al. 1997). The importance of these variants in
the human heart was recently highlighted by the finding of
a HERG1b-specific missense mutation associated with long
QT syndrome (Sale et al. 2008). The N-terminal region of

ERGI1 contains the Per-Arnt-Sim (PAS) domain, which
plays a crucial role in the slow deactivation process of the
channel (Morais Cabral et al. 1998). The ERG1b isoform,
which lacks the PAS domain in its truncated N terminus,
exhibits faster deactivation than the full-length ERGla
(London et al. 1997), although its surface expression is not
efficient unless coassembled with ERGla (Phartiyal et al.
2007). In heterologous systems, coexpression of ERGla
and ERG1b leads to formation of a functional heterotet-
rameric channel with deactivation properties that more
closely resemble native Iy, than the channels produced by
the expression of these isoforms individually (London et al.
1997). In fact, the deactivation time course of Ik, in HL-1
cells was more similar to that reported for the mERG1a/1b
channels rather than the mERGla homomeric channel
(e.g., Trag and Tgow at —50 mV were 46 and 438 ms,
respectively, in our experiments compared to 400-500 and
~2,000 ms, respectively, in mERG1a channel and 70-80
and 400-600 ms, respectively, in mERG1a/l1b channel
[London et al. 1997]). In the present study, we also con-
firmed the expression of both mERGla and mERG1b in
HL-1 cells, supporting the possible contribution of these
isoforms in producing Iy, in HL-1 cells. However, despite
the abundance of transcripts, the protein bands for
mERG1b were much weaker than those for mERG1a in our
immunoblot analysis using an antibody that recognizes the
common C-terminal epitope in both isoforms (Fig. 9). This
might be attributable to differential accessibility of anti-
body to the common epitope in mERGla and mERG1b
(Jones et al. 2004). In mammalian heart, ERG1b protein
expression has been clearly demonstrated using an isoform-
specific antibody (Jones et al. 2004), whereas the anti-
bodies against a common epitope recognized only ERGla
protein but failed to detect ERG1b (Pond et al. 2000).
Further experiments are required to clarify the relative
contribution of the mERGI1b isoform to the generation of
Ik, in HL-1 cells.

Recently, siRNA has proven to be a powerful tool for
investigating gene function by inducing knockdown phe-
notypes (Hannon 2002). In the present study, siRNA-
mediated knockdown of mERGI resulted in a dramatic
decrease in Ik, providing direct evidence for an essential
role of the mERGI1 gene in the generation of Iy, in HL-1
cells. It is possible to design siRNA for each isoform of
mERG] by targeting a specific exon sequence. Thus, our
siRNA experiments suggested its potential application to
the identification of gene products responsible for forming
I, in HL-1 cells. A major limitation of this approach was
the difficulty of siRNA delivery into HL-1 cells. Our
transfection efficiency using cationic lipids was <5%,
which was sufficient for patch-clamp study but inadequate
for biochemical analysis including measurements of
mRNA and protein levels.
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HL-1 Cells Are a More Reliable Source of Ik,
than AT-1 Cells

The electrophysiological characteristics of HL-1 cells seem
to be qualitatively similar to those previously reported in
their progenitor, AT-1 cells (Yang et al. 1994), except that
the Ik, density obtained from HL-1 cells in the present
study (18 pA pF™") is three to four times larger than the
value reported for AT-1 cells (~5 pA pF~') (Yang et al.
1994). Most importantly, they are quite different in their
growth in culture. AT-1 cells proliferate to some extent in
vitro, while extremely increasing their cell size, which is
accompanied by changes in I, density during primary
culture (Yang et al. 1995). On the contrary, HL-1 cells can
divide indefinitely in culture, while retaining their pheno-
type during continuous passages (Claycomb et al. 1998). In
conclusion, taking advantage of their proliferative ability
and stability of phenotype in culture, HL-1 cells can be
adapted not only for electrophysiological experiments but
also for biochemical and molecular biological experiments
that require long-term culturing and provide a useful car-
diac model for studies on the gating mechanisms, regula-
tion by various signaling pathways, drug block and
molecular basis of native Ik, channels.
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Dear Sir,

Hereditary long QT syndromes (LQTS) are autosomal
dominant familial disorders characterized by impaired
cardiac repolarization and QT prolongation leading to
Torsade de Pointes (TdP). Among them, type 2 LQTS
(LQT2) is caused by mutations in the human ether a-go-go
related gene (HERG) channel gene [1]. Typical ECG mani-
festation of LQT?2 is prolonged QT interval with flat T wave,
and TdP is likely to occur at rest by emotional stress evoked
by auditory stimuli [2]. Here, we report a small family
of hereditary LQT2 caused by a novel HERG mutation,
showing a wide variety of ECG phenotypes among family
members under the common single nucleotide mutation
(c.C2212T and p.Q738X).

A 42-year-old female referred to our hospital due to
syncope. ECG showed an increase in QT interval and flat
Twave (Fig. 1A). Ambulatory monitoring demonstrated lack
of QT shortening under an increase in heart rate during
walking. Thereafter, heart rate decreased and QT prolonged
further causing short segment of TdP in the morning
(Fig. 1B). Although lack of rate adaptation in QT interval
was partly restored by propranolol (20 mg/day), she was not
tolerant to oral propranolol due to fatigue. Her father
underwent pacemaker implantation for back-up pacing
against advanced atrioventricular (AV) block, when he was
38-year-old. Thereafter, he exhibited persistent atrial flutter
with QT interval of 420 ms at age of 43-year-old (Fig. 1C).
Her second daughter is now 10-year-old, and shows long

* Corresponding author. Tel.: +81 92 642 5235 (direct line); fax: +81 92
642 5247.
E-mail address: maruyama(ihs.kyushu-u.ac.jp (T. Maruyama).

QT interval (480 ms) with broad-based, sharp T wave
(Fig. 1D).

Suspecting genetic disorder causing familial LQTS, DNA
isolation and mutation analysis were performed as intro-
duced elsewhere [3] after obtaining written informed
consent. Gene analysis revealed that the proband, her father
and daughter commonly showed a single nucleotide HERG
mutation of ¢.C2212T in a heterozygous manner (Fig. 2)
causing a stop codon at 738 (p.Q738X). No other mutations
were found in LQTS-associated genes such as KCNQI,
KCNEI, KCNE2, KCNJ2 and SCNS5A. By informing of
the risk of sudden death, she underwent implantation of dual
chamber ICD. After the implantation, she has experienced
no syncope without ICD discharge. Her daughter is
asymptomatic under careful observation without device or
medication.

It is of great interest that ECG phenotypes in this LQT2
family showed a considerable variation, i.e., the proband
showed ECG compatible to LQT2 (Fig. 1A) and no rate
adaptation of QT interval, postexercise QT prolongation and
subsequent TdP (Fig. 1B), which is observed in 13% of
overall cardiac events in LQT2 patients [2], whereas her
father had advanced AV block and subsequent persistent
atrial flutter with normal QT interval (Fig. 1C), and her
daughter showed long QT interval with broad-based, tall
T wave (Fig. 1D). Reportedly, various kinds of atrial
tachyarrhythmias are associated with LQTS [4]. T wave
morphology recorded in her daughter is observed mainly in
LQT]1 but in 32% of LQT2 [3].

HERG K channel conducts rapid component of delayed
rectifier K current (Ix,), which is essential for normal
cardiac repolarization. To our knowledge, Q738X HERG
mutation has not been registered in HERG-related Online
Mendelian Inheritance in Man (OMIM; http://pcd.fsm.it:81/
cardmoc). The Q738X product results in the deletion of
86% of the C-terminus. Since a single HERG channel protein
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Fig. 1. A; Standard ECG of proband showed QT interval of 520 ms and flat T wave. B; Ambulatory monitoring demonstrated lack of rate adaptation in QT
interval and subsequent Torsades de Pointes in the morning. C; Her father showed atrial flutter with ventricular pacing. D; Her daughter exhibited long QT
(480 ms) with broad-based, sharp T wave.
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Fig. 1 (continued).

consists of four a-subunits, the truncated subunit based on
Q738X would hinder the normal assembly of healthy
subunits and therefore exerting a dominant negative
suppression effects. Although an in vitro expression study
was not performed, these effects are considered to suppress
Ix, profoundly and yield the LQT2 phenotypes in the pro-
band and her family. However, the nonsense Q738X
mutation may cause a nonsense-mediated mRNA decay
(NMD) and avoid dominant negative suppressions as a post-
transcriptional control. The severity of the phenotypes
would therefore differ depending on the degree of NMD
level [5]. This may be a main reason for varied QT intervals

and T wave morphologies in this relatively small LQT2
family.

The authors of this manuscript have certified that they
comply with the Principles of Ethical Publishing in the
International Journal of Cardiology [6].

References

[1] Curran ME, Splawski I, Timothy KW, Vincent GM, Green ED, Keating
MT. A molecular basis for cardiac arrhythmia: HERG mutations cause
long QT syndrome. Cell 1995;80:795-803.

[2] Schwartz PJ, Priori SG, Spazzolini C, et al. Genotype—phenotype
correlation in the long-QT syndrome. Circulation 2001;103:89-95.

—185—



72 Letters to the Editor

Control

TCACTGCTGCAGCACTOCAA

Mottt

LQT2 (¢.C2212T)

150
TCACTOCTGTA G CA CTGCAA

Naatnafllaly

Fig. 2. Mutation analysis of family members. Chromatograms showed a
common single nucleotide mutation of ¢.C2212T, causing amino acid
sequence of p.Q738X.
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NPPA disruption goes with salt-sensitive hypertension in
mice [1]. In humans, the methionine32 allele of Val32Met
(G664A, 1s5063) has been associated with low circulating
proANP levels [2]. Both methionine32 and the argininel52
allele of the Ter152Arg polymorphism (T2238C, rs5065)
have been associated with hypertension or hypertension-
related disease (overview in [3]). In conclusion, both variant
alleles are supposed to be low functional alleles compared

* Corresponding author. Tel.: +49 551 399651; fax: +49 551 12767.
E-mail address: svormfc(@gwdg.de (S.V. Vormfelde).

to the respective wild-type alleles. Now, in the ALLHAT
study, coronary heart disease outcome tended better or was
significantly better in carriers of the variant alleles [3]. In
contrast, the overall survival tended lower in these subjects.
We explored a potential association of the NPP4 poly-
morphisms with diuretic effects of another thiazide diuretic,
hydrochlorothiazide, in a single-dose cross-over study
with 25 and 100 mg hydrochlorothiazide in 103 healthy,
normotensive volunteers.

The study was approved by the Ethics committee of the
University of Gottingen; all participants provided written
informed consent. The participants were 103 normotensive,
healthy, male Caucasian volunteers aged between 18 and
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The combination of STFT configuration variables that achieved the
highest TDA (86%) was improved in regard to that reported by Barbosa
et al. [7]. This indicated that, a larger time window and a larger step
between successive time samples best discriminated both groups.
Thus, in STFT-derived spectral turbulence analysis, it is possible to
consider that the fluctuations of electrical transients are more appro-
priately defined when analyzing time window is large enough and
sample times are apart from each other.

Short and medium term reproducibility studies of spectral tur-
bulence variables have already been carried out elsewhere, to validate
present results [8].

In conclusion, spectral resolution affects diagnostic accuracy in
SAECG STFT-derived spectral turbulence analysis. An optimal config-
uration of STFT creation variable combines: 40 ms time window width,
512 points zero-padding, 4 ms time displacement steps, —2 ms
displacement from starting position. Diagnostic criterion of two
abnormal spectral turbulence related variables among four possible,
along with STFT configuration that assesses 40 ms time window in the
ventricular activation are the optimal configuration allowing for
appropriate discrimination between Control and SMVT groups.

The study was supported by Brazilian National Research Council
(CNPq).

The authors of this manuscript have certified that they comply
with the Principles of Ethical Publishing in the International Journal of
Cardiology [9].
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Congenital long QT syndrome (LQTS) is a genetically heteroge-
neous disorder caused by mutations in cardiac ion channels [1].
Patients with LQTS are predisposed to syncope, life-threatening
arrhythmias and sudden death due to delayed ventricular repolariza-
tion. Clinical manifestations of LQTS are variable according to gender,
age and genetic backgrounds. LQTS concurrent with lower heart rate
or atrioventricular block is rare but fatal, which usually manifests itself
before birth or during the neonatal period.

The mutation in SCN5A, which encodes the alpha subunit of
cardiac voltage-gated sodium channel (Nay1.5), is responsible for
LQTS type3 (LQT3). As more than 150 mutations in SCN5A have been
reported [2], several types of mutations such as P1332L and F1473C are
associated with intrauterine and neonatal manifestations of LQT3
with the higher mortality [3].

We here present a notable case of a neonate with fatal LQT3 who
pre- and postnatally developed atrioventricular block and ventricular
tachycardia (VT). Genetic analysis demonstrated a novel de novo
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Fig. 1. Twelve-lead electrocardiogram at admission (A), and after administration of amiodarone (B). Paper speed 25 mm/s; 10 mm/1 mV. A, Polymarphic ventricular tachycardia.
B, 2:1 Atrioventricular block (HR 56 bpm, atrial rate 112 bpm) due to extremely prolonged corrected QT interval (as long as 860 ms).
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heterozygous mutation in SCN5A associated with the linker between
Il and IV domains of Na,1.5.

A male newborn weighing 2334 g was delivered at 37 weeks of
gestation by caesarean section because prenatal ultrasound demon-
strated fetal hydrops with atrioventricular block, incessant ventri-
cular tachycardia and decreased ventricular function. There was no
maternal obstetrical or medical history. As he had poor perfusion and
respiratory insufficiency, assisted ventilation and administration of
dobutamine were started. Irregular and weak pulsation was noted.
Chest X-ray showed that cardiothoracic ratio was 67%. Echocardio-
gram showed dilated left ventricle, decreased left ventricular
ejection fraction (23%) and significant pericardial effusion. Electro-
cardiogram (ECG) demonstrated 2:1 atrioventricular block and
polymorphic ventricular tachycardia (VT) (Fig. 1A). VT was refrac-
tory to intravenous administration of magnesium (50 mg/kg) and
lidocaine (3 mg/kg). Although prenatal ultrasound raised the
suspicion of LQTS, a definitive diagnosis was not made. To improve
the circulatory instability, the patient was given a test dose of
intravenous amiodarone (5 mg/kg) which resulted in termination of
VT. ECG in sinus rhythm showed 2:1 atrioventricular block (atrial
rate of 112 bpm and ventricular rate of 56 bpm) with an excessive QT
prolongation (corrected QT interval, 860 ms) and late-appearing T
wave (Fig. 1B). However, after a few minutes, ECG demonstrated VT
again with following circulatory instability. Further administration of
lidocaine, beta-blocker and amiodarone was ineffective. Cardiac
pacing was intended to increase heart rate, but in failure. In spite of
repetitive cardioversion and chest compressions, he died 18 h after
birth. Autopsy was not performed.

There was no family history of prolonged QT interval, syncope, or
sudden death. Both parents had screening electrocardiograms with
normal QT intervals. There was no sibling.

Genetic DNA was extracted from venous EDTA blood of the
present patient and his parents by standard procedure. Because of the
ECG phenotype, all coding regions of SCN5A were first sequenced
directly. Abnormal conformers were amplified by polymerase chain
reaction, and sequencing was performed on an ABI PRISM 3100 DNA
sequencer (Applied Biosystems, Foster City, California). A hetero-

A F1486del
¢

GC A GGACATC TGAC(AGAGCAGCAGAA

AN

dT TCATGAC AGAGGAGCA

)

wild-type allel

zygous deletion of TTC at nucleotide position 4456-4458 in exon 26
was detected in the present patient (Iig. 2A). No other mutations
were detected in SCN5A. We have also found no mutation in KVLQT!
and HERG genes. This nucleotide deletion was predicted to cause an
amino deletion of phenylalanine at 1486 (F1486del, IlI-IV linker of
Na,1.5). In a large control population, this mutation was absent,
making it less likely that it was a rare polymorphism. Since the
mutation was not identified in both parents, we considered it to be a
de novo mutation.

We present a notable case of a neonate with fatal LQT3 who had a
novel SCN5A mutation associated with the IlI-IV linker domain of
Na,1.5. In the present case, the corrected QT interval (860 ms) was the
longest among the LQTS patients in the previous reports | 1,3,4]. To our
knowledge, there were only seven case reports of fetal or neonatal
onset LQT3 with SCN5A mutations [3-9]. A neonate with F1473C
mutation in III-1V linker also presented the second longest corrected
QT interval (825 ms) which suggested the II-IV linker plays an
important role to regulate the sodium channel function [3].

Previous reports indicate that the intracellular loop between
domains Il and IV of Na, 1.5 forms the inactivation gate [ 10]. A three-
residue hydrophobic motif (IFM: 1485I-1486F-1487M) is an essential
structural feature of the gate and serves as an inactivation particle that
binds within the pore. F1486del mutation identified in the present
case resulted in a deletion of the center of this hydrophobic amino acid
cluster (Fig. 2B). We considered that F1486del mutation in SCN5A is
critical to inactivate Nay1.5.

The use of amiodarone was very controversial. ECG after birth was
so complicated that we were unable to measure the QT interval
exactly. Intravenous amiodarone might have some adverse effects,
although it was described that intravenous administration of
amiodarone had only little effect to QT intervals [11]. In the present
case, the administration of lidocaine was unable to cease VT, although
previous reports suggested the efficacy of lidocaine or mexiletine in
LQT3 neonates with SCN5A mutations. Unfortunately, intravenous
mexiletine was not available in our institute. Ruan et al. reported that
the response to mexiletine varied among patients harboring different
mutations in SCN5A [12]. It is assumed that the mutation in II-IV

lle Phe Met

CCAGGACATCTTCAT GACA GAGGAGCA

| ‘\\ \l | /'\ ‘A )

TTCATG ACAGAGGAGCA

mutant allele A TGACAGA GGAGCAGAA
Proband Control
B Na, 1.5
Extracellular
Intracellular
* COOH

Fig. 2. A, The sequence analysis of exon 26 in SCN5A. A heterozygous deletion of TTC at nucleotide position 4456-4458 was detected in the proband. This nucleotide deletion was
predicted to cause an amino deletion of phenylalanine at 1486 (F1486del). B, Diagrammatic representation of the human cardiac sodium channel displaying the location of the
mutation identified in the present case. F1486del mutation resulted in a deletion of the amino acid in the center of IFM motif.
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linker may be associated with the resistance to sodium channel
blockers such as lidocaine or mexiletine.

In summary, we identified a novel de novo SCN5A mutation in a
neonate with extremely prolonged QT interval resulting in cardiac
death in the first day of life. This mutation is associated with the IFM
motif in the linker between Il and IV domains of Na, 1.5, which serves
as an inactivation particle binding within the pore of sodium
channels. This report demonstrates an interesting relationship
between clinical phenotype and the location of the mutation and
supported the importance of genetic analysis and tailored therapy in
neonatal LQTS.

The authors of this manuscript have certified that they comply
with the Principles of Ethical Publishing in the International Journal of
Cardiology [13].
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The article by Gongalves and colleagues [1] describes predictors of
death among patients with chronic Chagas disease living in an
endemic area in Minas Gerais (Brazil). In a retrospective analysis of
120/187 (64.2%) patients with the indeterminate or cardiac form of
the disease who could be followed for a mean of 18.5 years, the
investigators observed 42 deaths (21 of cardiovascular origin, 7
sudden and 14 due to other causes). Using the Cox regression model,
20 dichotomous demographic, behavioral, clinical and electrocardio-
graphic variables were initially evaluated to calculate the proportional
mortality risk from all causes, cardiovascular causes, and sudden

* Corresponding author. Tel.: +55 62 32279105; fax: +55 62 3227 9311.
E-mail address: arassijr@terra.com.br (A. Rassi Jr.).

death, relative to each variable (univariate analysis). Of these, 12
variables presented statistical significance (p<0.05) and were entered
into the multivariate model. For all-cause mortality, 5 variables
retained independent prognostic significance: age>39 years (HR
2.19; 95% CI 1.08-4.43; p=0.028), black skin colour (HR 6.09; 95%
Cl 1.23-30.19; p=0.026), complete right bundle branch block
associated with left anterior fascicular block (HR 34.61; 95% CI 4.32-
276.98; p=0.0008), complete left bundle branch block (HR 654.92;
95% Cl 22.78-18,823.27; p=0.0002) and polymorphic ventricular
extrasystoles on the 12-lead ECG (HR 8.08 billion; 95% CI 23.76 million
to >10E12; p<0.001). For cardiovascular mortality, 5 variables were
found to be independent prognostic markers in the multivariate
analysis: black skin colour (HR 17.72; 95% CI 1.81-172.93; p=0.013),
complete right bundle branch block associated with left anterior
fascicular block (HR 22.86; 95% CI 1.26-413.42; p = 0.034), complete
left bundle branch block (HR 143.73; 95% CI 1.29-15,952.01;
p=0.038), polymorphic ventricular extrasystoles (HR 921,062.88;
95% CI 234.53-3.62 billion; p=0.001) and PR interval >0.16 s (HR
9.00; 95% CI 1.98-40.87; p=0.004). For sudden death, 4 variables
were identified: complete right bundle branch block (HR 233.09; 95%
Cl 8.57-6339.89; p=0.001), left anterior fascicular block (HR
11,490.43; 95% CI 155.24-850,486.33; p<0.001), complete left bundle
branch block (HR 54,679.94; 95% CI 42.40-70.51 million; p=0.002)
and polymorphic ventricular extrasystoles (HR 4.04 billion; 95% CI
245,345.20 to >10E12; p<0.001).

This investigation reports some unusual findings that merit further
discussion. In contrast to other studies, black skin colour, PR interval
>0.16 s and complete right bundle branch block (amongst others
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Bi-directional Ventricular Tachycardia Revised

The nomenclature of bi-directional ventricular tachycardia (BVT) apparently came from
its peculiar ECG morphology showing QRS complexes alternatively changing the frontal
axis during ventricular tachycardia. Clinically. BVT was reported as early as 1954 and most
often seen in digitalis intoxication. The term BVT was therefore not based on the functional
mechanism. However. the molecular basis for two types of inherited ion channel diseases
that commonly show BVT has recently been partially elucidated. Accordingly. the concept
in regard to BVT may require some reconsideration.

Two other pathological conditions with frequently-observed BVT are Andersen-Tawil
syndrome (ATS) and catecholaminergic polymorphic ventricular tachycardia (CPVT).
Figure 1 depicts a 12-leads ECG recorded from a case of genotyped ATS. The patient was
initially diagnosed with long QT syndrome since her ECG showed a markedly prolonged
QT interval and lacked two other clinical hallmarks of ATS: periodic paralysis and
dysmorphic features. Cardiac phenotypes in ATS are characterized by prolongation of QT
(or QTU) interval associated with various types of ventricular tachycardias including BVT.
It is inherited in an autosomal dominant manner and is defined as a potassium
channelopathy since it is caused by mutations on the KCNJ2 gene which encodes for the
protein Kir2.1. This potassium channel carries a background K-current (called Ix;) whose
main feature is to maintain a deep resting membrane potential. KCNJ2 mutations found in
ATS usually produce loss-of-function effects and thus induce a subtle depolarization of the
resting membrane potential, which in turn increases the resting intracellular Ca level via the
Na/Ca exchanger.

In contrast, mutations in genes encoding for either the ryanodine receptor (RyR2) or the
Ca-binding protein (CASQ2) have been shown to cause another type of familial arrhythmia,
CPVT. CPVT patients have no structural heart defects and show exercise/emotion-triggered
syncope and/or sudden cardiac death mainly during childhood. Inheritance also follows an
autosomal dominant trait. Proteins encoded by RyR2 or CASQ2 are both important players
for Ca handling of the sarcoplasmic reticulum (SR). In fact, several RyR2 mutations have
been shown to increase SR Ca-release into the cytoplasm.

Finally, now coming back to digitalis intoxications. the drug is well known to inhibit
membrane Na/K-ATPase and eventually increases intracellular Ca concentration via the
Na/Ca exchanger. Therefore, increase in intracellular Ca level urns up to be a common
feature among these three distinct diseases. Although a precise mechanism underlying this
bizarre form of ventricular tachycardia remains unknown, there may be alternative
oscillation in cytosolic Ca concentrations in the presence of severe functional failure of
Kir2.1, SR Ca-handling, Na/K-ATPase or Na/Ca exchanger, which may in turn affect the

Figure 1 By courtesy of Dr. I Niimura, Yokohama.
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morphological ECG features. A computer simulation including intracellular Ca concen-
trations may offer a clue to answer the mechanistic question in regard to this still-unsolved

type of arrhythmia. BVT.
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Long QT syndrome with compound mutations is associated with
a more severe phenotype: A Japanese multicenter study
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BACKGROUND: Long QT syndrome (LQTS) can be caused by mu-
tations in the cardiac ion channels. Compound mutations occur at
a frequency of 4% to 11% among genotyped LQTS cases.

OBJECTIVE: The purpose of this study was to determine the
clinical characteristics and manner of onset of cardiac events in
Japanese patients with LQTS and compound mutations.

METHODS: Six hundred three genotyped LQTS patients (310 pro-
bands and 293 family members) were divided into two groups:
those with a single mutation (n = 568) and those with two
mutations (n = 35). Clinical phenotypes were compared between
the two groups.

RESULTS: Of 310 genotyped probands, 26 (8.4%) had two muta-
tions in the same or different LQTS-related genes (compound
mutations). Among the 603 LQTS patients, compound mutation
carriers had significantly longer QTc interval (510 * 56 ms vs

478 = 53 ms, P = .001) and younger age at onset of cardiac
events (10 * 8 years vs 18 * 16 years, P = .043) than did single
mutation carriers. The incidence rate of cardiac events before age
40 years and use of beta-blocker therapy among compound muta-
tion carriers also were different than in single mutation carriers.
Subgroup analysis showed more cardiac events in LQTS type 1
(LQT1) and type 2 (LQT2) compound mutations compared to single
LQT1 and LQT2 mutations.

CONCLUSION: Compound mutation carriers are associated with a
more severe phenotype than single mutation carriers.

KEYWORDS Compound; Gene; Long QT syndrome; Mutation

ABBREVIATION QTS = long QT syndrome

(Heart Rhythm 2010;7:1411-1418) © 2010 Heart Rhythm Society.
All rights reserved.

Introduction
Congenital long QT syndrome (LQTS) is a heterogeneous
disease characterized by prolonged ventricular repolariza-
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tion and episodes of syncope and/or life-threatening cardiac
arrhythmias, particularly polymorphic ventricular tachycar-
dia.! Several disease-causing genes have been identified,
including genes encoding cardiac ion channel-composing
proteins, namely, KCNQI (LQT1), KCNH2 (LQT2),
SCN5A (LQT3), KCNEI (LQTS), KCNE2 (LQT6), KCNJ2
(LQT7), and CACNAIC (LQT8), and genes encoding a
family of versatile membrane adapters, namely, ANK2
(LQT4), CAV3 (LQT9), SCN4B (LQT10), AKAPs (LQT11),
and SNTAI (LQT12).>> Two modes of inheritance are
involved in this syndrome, which exhibits both an autoso-
mal dominant and an autosomal recessive pattern. The ma-
jority of LQTS cases are inherited in an autosomal dominant
fashion. This pattern, which has been named as Romano-
Ward syndrome,®’ can result from a single mutation in one

doi:10.1016/j.hrthm.2010.06.013
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