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SUMMARY

We have previously shown that human myoblasts do not
fuse when their voltage fails to reach the domain of a
window T-type Ca2* current. We demonstrate, by changing
the voltage in the window domain, that the C&" signal
initiating fusion is not of the all-or-none type, but can be
graded and is interpreted as such by the differentiation
program. This was carried out by exploiting the properties
of human ether-a-go-go related gene K channels that

induced a reproducible depolarization from —74 to —64 mV,
precisely in the window domain where the T-type C&
current increases with voltage. This 10 mV depolarization
raised the cytoplasmic free C&" concentration, and
triggered a tenfold acceleration of myoblast fusion. Our
results suggest that any mechanism able to modulate
intracellular Ca2* concentration could affect the rate of
myoblast fusion.

we found to be expressed in human myoblasts.

Methanesulfonanilide class Il antiarrhythmic agents or

antisense-RNA vectors were used to suppress completely Key words: C&* current, Herg, Muscle differentiation, Myoblast
ether-a-go-go related gene current. Both procedures fusion, Window current

INTRODUCTION antisense RNA vector (Fischer-Lougheed et al., 2001)
suppress fusion.
Skeletal muscle formation depends on the fusion of Myoblast fusion is a strictly CG&dependent process

mononucleated myoblasts into multinucleated myotubegShainberg et al., 1969) and our recent results indicate that the
Myoblast fusion is also the basis of muscle growth and repapurpose of the fusion-linked hyperpolarization is to set the
during postnatal life. The ability of myoblasts to fuse andresting potential of myoblasts in a range that allow3'@a
thereby inject their nucleus into existing muscle fibers led tenter througlulH T-type C&* channels (Bijlenga et al., 2000).
several preclinical and clinical trials aimed at treating bottThese channels are expressed just before fusion, and have
muscle and non-muscle-related disorders. Identifying thentrinsic properties that produce a substantial permanett Ca
pattern of events that induce myoblast differentiation and thegurrent in a defined domain of hyperpolarized membrane
commitment to fuse would benefit the search for improvingpotentials, hence the term window current. This window current
myoblast-based therapies. is large enough to cause a detectable increase in intracellular
Using primary myoblast cultures derived from singleC&* and its inhibition prevents fusion (Bijlenga et al., 2000).
human satellite cells (Baroffio et al.,, 1993), we have The presence of a window current depends on an overlap of
previously shown that membrane potential and thehe voltage range for channel activation and inactivation. In
biophysical properties of specific ionic channels arehuman myoblasts, T-type &achannels activate near —80 mV,
important actors in the fusion process. We found that humaand a maximum window current is observed at -58 mV
myoblasts hyperpolarize before fusion through the sequenti@Bijlenga et al., 2000). At more depolarized voltages (near —40
expression of two differentKchannels, ether-a-go-go (EAG) mV), T channels inactivate fully and no €aurrent persists
K* channels (Bijlenga et al., 1998; Occhiodoro et al., 1998vith time. We proposed that, by setting the resting membrane
and Kir2.1 inward-rectifier K channels (Liu et al.,, 1998; potential within the window range, the hyperpolarization
Fischer-Lougheed et al., 2001). The hyperpolarizatiomenerates the intracellular €dncrease that is necessary for
induced by Kir2.1 is a prerequisite for myoblast fusion tofusion to occur (Bernheim and Bader, 2002). At the time,
occur, as pharmacological blockade of Kir2.1 channels (Litnhowever, we could not tell whether the coupling between the
et al.,, 1998) or inhibition of their expression using anmembrane potential of myoblasts and their differentiation was
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tight or not. In other words, we could not tell whether thé"Ca resting potentials measured in this study are slightly more
signal generated was interpreted by the differentiation prograhyperpolarized than in a previous study (Liu et al., 1998). Cell
as being of the all-or-none type, or whether different*Ca capacitances were obtained from direct reading of the whole-cell
influxes could result in different fusion rates. This is ofcapacitance potentiometer of the Axopatch 200B amplifier. Currents
importance, because if graded?Caignals can be interpreted Were recorded at 20-22°C, low pass-filtered at 1 kHz, and sampled at
by the differentiation program, then other mechanisms able Ig)kHz. To improve patching procedure, myoblasts were treated with

. ) . L 05% trypsin, and replated 1-2 hours before recording. The 30 mM
change intracellular Ga concentration could in principle K+ extracellular solution was made up of (mM): N-methyl-D-

modulate the rate of myoblast fusion. _ glucamine (NMG)-Cl (75), KCI (30), Mg@l(2), HEPES (5), NaOH
The only way to evaluate convincingly the coupling betweensp), acetic acid (50) and glucose (8). The pH was adjusted to 7.4 with
myoblast membrane potential ancPGanduced differentiation  NMG. The 5 mM K extracellular solution was made up of (mM): N-
is to generate a controlled, accurate and long-term smatliethyl-D-glucamine (NMG)-CI (100), KCI (5), Mg&(2), HEPES
change of membrane potential. Given the profile of th& Ca (5), NaOH (50), acetic acid (50) and glucose (8). The pH was adjusted
current window domain (from =80 mV to —40 mV with a peakto 7.4 with NMG. The intracellular (pipette) solution was made up of
near —60 mV, see Fig. 5A) and the resting potential of fusiorfMM): KCI (120), NaCl (5), MgGl (2), HEPES (5), BAPTA (20),
competent myoblasts (=74 mV), our objective was to genera%“cos_e (5) and Mg-ATP (5). The pH was adjusted to 7.3 with KOH.
a depolarization of about 10 mV, that would bring the ofetilide was a glft from Pfizer, UK. E4031 was purchased from
) v lomone Laboratories, Israel.
membrane potential nearest to the ideal voltage value to
produce the largest window current and consequently thRorthern blot analysis
largest C&" signal. Total RNA was extracted with Trizol (Invitrogen) according to
We found that this is not as easily achieved as one woul@anufacturer's instructions. Total RNA (@/lane) was resolved in a
hope. Attempts to depolarize myoblasts by increasing.5% agarose gel, transferred to a Zeta-Probe Blotting membrane
extracellular K concentration ([K]o) or by partial blockade of (BioRad), crosslinked and hybridized as described by Matter et al.
Kir2.1 K* channels with Csproduced erratic results probably (Matter et al., 1990). The membrane was hybridized witfPa
conductance in addition to shifting the equilibrium potential foret &l-» 1998) and corresponding to nucleotides 2272-4070 (GenBank
K* (Hille, 1992). Regarding partial Cblockade, we believe Accession Number, U04270).
that the d|ﬁ:|CU|ty stems from the faCt that the+(thCk Of HERG antisense expressing vector
Kir2.1 channels is voltage dependent (Liu et al., 1998) and that picistronic vector (pEF-IE) was constructed by inserting an
in the voltage domain of interest (=74 mV to —64 mV) the blocCKRES-EGFP (internal ribosomal entry site — enhanced green
is very sensitive to small changes infQsiu et al., 1998). fluorescent protein) cassette into the eukaryotic expression vector
Fortunately, we observed that myoblasts express yet anothaF-BOS (Uetsuki et al., 1989; Fischer-Lougheed et al., 2001). The
member of the K channel superfamily: the human antisense vector, pEF-HERG-IE, was obtained by inserting a 237
ether-a-go-go related gendERG KCNH2— Human Genome bp fragment of HERG open reading frame in antisense orientation into
Nomenclature Database)*Kchannel. We found that these BamHl/Sal sites upstream of the IRES-EGFP. This sequence
channels contribute to the resting potential to a lesser exte rE;eSpod“dShto anl N'tgrm'”a' reg"é” of low homo'é’gfy with h”ma”G
than Kir2.1 channels, that they can be specifically blocked, al and other related genes, and was generated from an HERG-

e L T o ; ; DNA3 clone (kind gift of G. A. Robertson, University of
that their inhibition induces a depolarization precisely in th isconsin, Madison) by PCR using forward and reverse primers

desired window domain. _ _ 5-GGCTCATGACACCAAC-3 and 3-TTGTCCATGGCTGTCAC-
The results presented here show that an increase?in Cartc-3.

influx parallels an acceleration of myoblast fusion, and

demonstrate, within the resolution of the system, that there Fffect of HERG antisense on fusion

a tight coupling between membrane potentiaf*@aynals and Myoblasts were electroporated with 9 pmoles vectdi®® myoblasts

myoblast differentiation. using a GenePulserll (BioRad) as previously described (Espinos et al.,
2001). About 1510F cells were electroporated, plated in proliferation
medium for 48 hours, then selected for EGFP-expression by cell
sorting (FACStar+, Becton Dickinson), and re-plated in proliferation

MATERIALS AND METHODS medium. After reattachment, fusion was induced with differentiation
) o medium. Cells were fixed promptly upon appearance of the first
Dissociation and culture procedures myotubes in the control cultures, at day 5, and fusion index

Human skeletal muscle biopsies (about 500 mg) were obtained durintgtermined (the lag time for beginning of fusion increases in
corrective orthopedic surgery of pediatric patients without any knowmlectroporated cells) (Fischer-Lougheed et al., 2001).
neuromuscular disease. Myoblast clonal cultures are prepared from

satellite cells, amplified in a proliferation medium and induced to fus&ericam vectors

by culture in a differentiation medium (Baroffio et al., 1993). The EGFP sequence from vectors pEF-IE and pEF-HERIE was
) ) ) replaced by the sequence coding for ‘inverse-pericam’ (Nagai et al.,
Electrophysiological recordings 2001). The inverse-pericam was amplified by PCR using primers

Whole-cell configuration of the patch-clamp technique was used toontaining cloning siteBanH| and Notl respectively, 5GGG-
measure membrane potential and ionic currents (Hamill et al., 1981EGGATCCAAGCTTGCCACCATG-3and 3-GGGGGCGGCCGC-
Signals were recorded with an Axopatch 200B amplifier. The pipett6&AATTCTTACTTTG-3.

resistances were 2-5®1(compensations between 30 and 70% were )

used). For experiments in which accurate testing of the membrarteytoplasmic Ca 2 measurements

potential was required, an extra fire polishing of the electrode waldlyoblast were transfected by electroporation and plated on 25 mm
performed to improve the seal resistance. This may explain whglass coverslips in differentiation medium. The invgregcam
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fluorescence from myoblasts was imaged with a Zeiss Axiovert Whole-cell voltage-clamp recording techniques were then
S100TV microscope using a %3plan-Neofluar 1.25 NA oil- used to reveal HERG current in fusion-competent myoblasts.
immersion objective (Carl Zeiss AG, Feldbach, Switzerland). CenSFusion-C()mpetent my0b|asts are obtained by p|ating the cells
were excited at 480+10 nm by an Optoscan Monochromator (Cairgt |ow density for 2-3 days in serum-free differentiation

Research, Faversham, UK) through a 505DCXR dichroic mirmop,eqjym (Krause et al., 1995). In this medium, the cells become

(Chroma Technology Corp, Brattleboro, VT). Fluorescence emissiog . e i
at 535 nm (535AF45 Omega Optical. Brattleboro, VT) from theﬂJS|on competent, but fusion itself is impeded because cells

inverse-pericam was imaged using a cooled, 12 bits TE/CC annot contact each other. Under these cond!tions, the pells
interlined CoolSNAP-HQ camera (Photometrics, Ropper ScientificlYP€rpolarize as a consequence of the successive expression of
Trenton, NJ). Image acquisition and analysis was performed witgther-a-go-go and Kir2.1'*xchannels (Fischer-Lougheed et al.,
Metamorph/Metafluor 4.6 software (Universal Imaging, West Chesteg001). We show here that these cells also express functional
PA). For convenience, as inverse-pericam fluoresces less when flelERG K channels. Fig. 1B illustrates an example of
C&* increases, pseudo fluorescence ratio images were calculated #gfetilide-sensitive K currents recorded in a fusion-competent
dividing the fluorescence image at time @)(By the fluorescence myoblast. Dofetilide-sensitive currents were obtained by
image at a given time (F). In this case, an increase in ratio-imagq ptraction the K current remaining in the presence qfild
fluorescence (@#) reflects an increase in cytoplasmic 2Ca  (ofetilide from the total K current (Fig. 1C will demonstrate
concentration. that 5 pM dofetilide blocks completely HERG current).
Statistics

Results are expressed as the mesuiesm. Statistical analysis was A

performed using the Studentgest. time in differentiation

Oh 3h 6h 24h 48h 72h

RESULTS OES T 288

The testing of the coupling of differentiation of myoblasts to 18S
their membrane potential relies on our ability to block
selectively HERG channels. As this is the first report on HER(
in myoblasts, we shall first provide evidence for its presenc

and describe some of its properties. B 20
HERG current in human myogenic cells VOltage (mV). _ e 9709
A Northern blot analysis revealed the presence of HERC( S A S '/. - " 1
transcripts of=4 kb in undifferentiated myoblasts, in cells -80 -60 | -20 1 20
triggered to fuse, and in myotubes (Fig. 1A). An approximatt  Endogenous / -20 1
twofold decrease iIHERGmMRNA content was observed after dofetilide-sensitive Y 1 2“
induction of myoblast differentiation but no obvious change ir K* current P 401 g
expression was observed thereafter. gl o : 1=

[ ] -60 1 CICJ
Fig. 1. HERG transcripts and currents in human myoblasts. (A) Total e 1 &
RNA was subjected to northern blot analysis with an HERG probe. A -804 5
product of expected size is present in human myoblasts maintained in ' 1©
proliferation medium (0 h) and after different times in differentiation < -100 4
medium. Myoblast fusion begins after 24 hours in differentiation Q ]
medium and after 36-48 hours maximal fusion is reached (~70% of 200 ms -120-
the nuclei are in myotubes). Equal loading of lanes was confirmed by
Methylene Blue staining. (B) Dofetilide-sensitivel(5l)
endogenous Kcurrent (subtraction of the current remaining in the C 200+
presence of fiM dofetilide from the total K current) recorded in a VOltage (mv)‘,ﬂA——A—-—AﬂA
fusion-competent myoblast. Whole-cell current traces were elicited g ra—#—E=E -A —§ 0§
in the presence or absence of dofetilidgf during 1 second steps ._gﬁ. -60 A/ -20 ] 20
to various potentials (ranging from —85 mV to +15 mV) from a / 2004
steady holding potential of -5 mV. The current-to-voltage Myoblast -
relationships of the current suppressed by dofetilide are represented.  transfected control | <
Currents suppressed by dofetilide were measured at the peak. The with HERG Wit -400 o
reversal potential of the recorded current was shifted by -5 mV to A 1 =
adjust it to & (=35 mV; [K*]ou=30 mM). Cell capacitance was 24 -600q C
pF. (C) Whole-cell K currents recorded in a proliferating myoblast R E’
transfected with an HERG expression vector in the absence (triangles A -800 - 5
in the current-to-voltage relationships and ‘control’ traces in the ] O
inset) and in the presence ofiBl dofetilide (squares in the current- -1000-
to-voltage relationships and ‘dofetilide’ traces in the inset). Same < " dofetilide |
voltage protocol as in B. Cells were co-transfected with pEGFP-N3 A 2
(Clontech) to facilitate identification of transfected cells. Cell 2 -1200 -

capacitance was 18 pF. 200 ms
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Dofetilide, like E4031, is a methanesulfonanilide class Illin human myogenic cells, and that a* Kurrent with
antiarrhythmic agent known to selectively inhibit HERG pharmacological and biophysical properties similar to an
channels (Sanguinetti and Jurkiewicz, 1990; Kiehn et alidentified HERG current can be recorded in fusion-competent

1996). Dofetilide (5uM) was used, as published dose-responsenyoblasts.

curves indicate 16 values between 0.1 and Qu/1 (Kiehn

et al., 1996; Weerapura et al., 2002) and, furthermore, thfsusion-competent myoblasts depolarize when
concentration fully blocks overexpressed HERG currenHERG current is inhibited

(Fig. 1C; the current-to-voltage relationships is linear, i.eThe possible contribution of HERG channels to the membrane
corresponding to a passive resistance, in the presengeMf 5 hyperpolarization that precedes myoblast fusion was examined

dofetilide). Currents were recorded during the typical voltage
protocol required for activating HERG currents (Trudeau et al.
1995; Smith et al., 1996). It can be seen from the current-tc
voltage relationships that this current has strong inwar
rectifying properties. The extracellular" Koncentration was
raised to 30 mM to increase the magnitude of the currer
(inward rectifier K channels are sensitive to extracellular K
concentration) and thereby facilitate its visualization.

Out of 16 fusion-competent myoblasts tested, seve
expressed a measurable dofetilide-sensitive ciirrent. In
these cells, the mean current density recorded during a step
—65 mV from a holding potential of -5 mV was#033 pA/pF
(mean capacitance wast®/pF). Although dofetilide-sensitive
K* currents were detected in only 44% of the cells tested, w
believe that functional channels are synthesized in all fusior
competent myoblasts, but that the current they generate is t
small to be detected using the whole-cell voltage-clam|
recording techniques (see below).

To confirm that the dofetilide-sensitive current recorded ir
fusion-competent myoblasts flows through HERG channels
we compared the endogenous current with the curret
produced by an HERG expression vector (Wang et al., 199¢
The vector was transfected into proliferating myoblasts b
electroporation and current recordings were performed 4
hours later (Espinos et al., 2001; Fischer-Lougheed et a
2001). Fig. 1C illustrates whole-cell current traces recorded i
myoblasts transfected with the HERG construct. The samr
voltage protocol as in Fig. 1B was used. It can be seen that t
current recorded in myoblasts overexpressing HERG is vet
similar to the endogenous dofetilide-sensitive current. The onl
difference is a 10-fold larger current amplitude, which we
attribute to the presence of an increased number of function
channels in transfected cells.

These results show that HERG transcripts are prese

Fig. 2. HERG channel activity contributes to the resting potential of
fusion-competent myoblasts. (A) Resting membrane potential of
fusion-competent myoblasts before and after applicatiorudf 5
dofetilide. (B) Examples of dofetilide-sensitivel(M) K* currents
recorded in a proliferating myoblast overexpressing HERG. The

voltage was held steadily at -4 mV and stepped every 15 s to various

potentials ranging from —84 mV to +36 mV for 9 seconds. (C) Peak
(triangles) and steady-state (circles) HERG current plotted as a
function of the voltage steps. Currents were considered at steady-
state after 9 seconds. The reversal potential fapo#s (E), the

mean resting potential of fusion competent-myoblasts in control
conditions (Rp) and the mean resting potential of fusion competent-
myoblasts in presence ofud dofetilide (dof) are indicated. The
reversal potential of the recorded current was shifted by —4 mV to
adjust it to & (=80 mV; [K*]ou=5 mM). Smaller plot shows the peak
(triangles) and steady-state (circles) HERG conductance-to-voltage
relationships. A reversal potential of -80 m\kJEvas used to
calculate conductance.
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by measuring the resting potential of fusion-competentnhibition of HERG channels increases the rate of
myoblasts before and after application of dofetilide (Fig. 2A)myoblast fusion
Only hyperpolarized fusion-competent myoblasts expressingiven the results described in the previous section, we were
Kir2.1 inward rectifier K channels were selected for thesenow in a position to test the effect of a 10 mV depolarization
experiments, as myoblasts that do not express Kir2.1 channejs myoblasts on their ability to fuse. When transferred to
do not fuse (Fischer-Lougheed et al., 2001). serum-free differentiation medium, human myoblasts fuse into
Before dofetilide application, fusion-competent myoblastsmultinucleated myotubes within 48 hours. If there is a tight
had a mean resting potential of £24mV (n=14). Addition of  coupling between membrane potential,2Caignal and the
5 pM dofetilide to the superfusion medium depolarized allgifferentiation program, the fusion rate should increase.
myoblasts testedit14). Depolarizations ranged between 5 mV |t can be seen in Fig. 3 that, under control condition, less
and 18 mV, with a mean amplitude of£I0mV. Similarly, 10  than 4% of the myoblasts have fused after 24-27 hours of
HM E4031 depolarized fusion-competent myoblasts %210 exposure to differentiation medium (Fig. 3A,B, circles). A lag
mV (minimum 6 mV, maximum 17 m\)=6). To exclude the time of ~1 day was always observed in human myoblasts
possibility that the depolarization was due to an inhibition ofriggered to fuse in culture. By contrast, in sister cultures
Kir2.1 channels, we tested the effects of dofetilide and E403%eated with methanesulfonanilide agents, large multinucleated
on Kir2.1 current. Fusion-competent myoblasts were stepped fayotubes were already observed after 1 day in differentiation
—125 mV from a holding potential of -65 mV to activate Kir2.1medium (see pictures in Fig. 3). In the presence of dofetilide
current. Addition of 5uM dofetilide or 10uM E4031 to the  (10uM), 38% of the myoblasts have fused after 24 hours (Fig.
superfusion medium did not significantly reduce the currengA, triangles). A similar result was observed with E4031 (10
The mean Kir2.1 current density was <08t pA/pF in control | yM). When this drug was added to the culture medium, the
conditions and —1M).3 pA/pF after dofetilide application fusion index was 42% after 27 hours (Fig. 3B, triangles). These
(n=12; P=0.54). When E4031 was tested, mean currengffects of dofetilide and E4031 were observed in three
densities were —1+0.6 pA/pF and —140.5 pA/pF, in control  independent experiments. Additional support for the
conditions and after E4031 applications respectively7(  hypothesis that there is a tight coupling between membrane
P=0.82). The other major *Kchannel type that contributes to potential and myoblast fusion was provided by testing the
the membrane potential is EAG, and although these channelgects of increasing concentrations of dofetilide on the fusion
are not activated at —74 mV (Bernheim et al., 1996), we testegte. We found that 0/iM increased the fusion rate by about
their Sensitivity to E4031. We found that this drug did n0t50% of the maximum, and that the maximum increase is
significantly affect EAG channel£<0.18). _ reached at UM (Fig. 3A, inset). Thus, methanesulfonanilide
These results indicate that HERG channels contribute to thgyents clearly accelerate myoblast fusion in a dose-dependent
resting membrane potential of myoblasts. They also suggegfanner and, as these agents are relatively specific, this effect
that all fusion-competent myoblasts express functional HERGay be linked to an inhibition of HERG channels. The final

channels, as the 20 cells tested were depolarized by eith@teady-state) fusion index, however, was not affected by the
dofetilide or E4031 (note that the probability of measuring a|ockade of HERG.

depolarization consecutively in 20 myoblasts with a detectable ) ]
HERG current is very low, 0.43 i.e. less than one in 13 The rate of myoblast fusion can also be increased
million). by inhibition of HERG channel expression

The observation that an inhibition of HERG channelsTo verify that dofetilide and E4031 increase the rate of myoblast
depolarizes fusion-competent myoblasts by 10 mV implies thdusion by acting specifically on HERG channels, we examined
functional HERG channels are physiologically continuouslyhow myoblasts fused when HERG channel expression was
activated at a hyperpolarized resting potential of —64 mV. Thmhibited by antisense RNAs. For these experiments, a
experiments described in Fig. 2B,C were performed tdicistronic vector expressing EGFP (enhanced green fluorescent
demonstrate that a steady activation of HERG channels fgotein) was engineered to contain a fragment of the HERG
indeed present at this hyperpolarized potential. Thehannel coding sequence oriented antisense to thex EF1
superfusion medium contained 5 mM" KKoncentration to promoter of pEF-BOS (Uetsuki et al., 1989). The &F1
mimic physiological conditions, and the electrophysiologicalpromoter was selected because it functions stably throughout
recordings were performed in myoblasts overexpressingyoblast differentiation (Fischer-Lougheed et al., 2001).
HERG channels to increase the magnitude of the current (undelyoblasts were transfected by electroporation and the green
physiological conditions the current is small in native cells; ifluorescence of EGFP was used to identify the transfected cells
Fig. 1B, we had to set the extracellular ¢oncentration to 30 (Espinos et al., 2001). To obtain enough transfected cells to
mM in order to visualize the current). Fig. 2B shows exampleperform a fusion test, green fluorescent myoblasts were
of dofetilide-sensitive current traces, and Fig. 2C showsollected using a cell-sorter (FACStar+) and seeded at an
current-to-voltage and conductance-to-voltage relationshipsdequate density to allow rapid transfer into the fusion-inducing
The relationship at steady-state demonstrates that a HER®@edium. Control cells were transfected with the empty
conductance able to carry a steady outwarcc#trent under bicistronic vector only expressing EGFP. The results of fusion
physiological conditions is present at voltages between —15 anelsts after transfection are presented in Fig. 4A. It can be seen
—80 mV. This observation confirms that the biophysicathat when HERG channel expression was inhibited there was a
properties of the channel are compatible with the role wé5-fold increase of the rate of myoblast fusion. A similar result
propose for HERG, namely to assist Kir2.1 channels in drivingvas observed in another independent experiment. Thus, the
the resting membrane potential of fusion-competent myoblaseffect of a reduction in the expression of HERG is equivalent
near —74 mV. to a pharmacological blockade of HERG channel activity.
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To confirm the specificity of the effect of the HERG vector. We expected that myoblasts transfected with HERG
antisense, we tested the effect of dofetilide on the restingntisense would not respond to dofetilide and, in addition, that
potential of fusion-competent myoblasts transfected with eithehey should be more depolarized than control myoblasts. We
the HERG antisense vector or the control empty bicistronichoose the strategy to measure resting potential, rather than the
HERG current, because under physiological conditions the
endogenous HERG current in fusion-competent myoblasts is

80 - too small to allow a reliable evaluation of the antisense effect
P on the current magnitude (as mentioned earlier, even in 30 mM
2 2 extracellular K, HERG was detectable in only 44% of the
@ 60 Lok m§ myoblasts). The low number of expressed channels also
e gg g excludes an evaluation by western blotting: the HERG protein
P 40 <€ expression being at the limit of detection under control
8 30 é conditions (not shown). Fig. 4B shows that, in myoblasts
£ 40+ A o e il transfected with the control vector, dofetilide depolarized the
- dofetilide (uM) resting membrane potential by#llmV (from —742 mV to
ke *i‘w‘?\‘? 2" control
g 20+ ,__?"n\ ;'K\‘ _‘?t"'{‘.q!
2 e A
R S SRR 80- S —
T e Y ¥ WA As-HERG
0{@—® = A S - Ny
7/ T T T T 1 _— i A " 7
0 24 30 36 42 48 54 X 60- é Y 1
time in culture (hours) x e =2
B T 40 ln
80 - L [ —— MO
- | &R N  control §\§\§
e} RS T DO
— 0 204 dant N \§\§\\
Q S 207 % RE N\
o~ 60 = AN o N
< RN VPl S MO
>< B SR D I S \§§\§
k) s ! MO
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&
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= - + - +
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C ] .
Fig. 3. Dofetilide and E4031 increase the rate of myoblast fusion. D 701 AS-HERG
Fusion was induced with differentiation medium. The fusion index is 8_ ] n=9
defined as the number of nuclei in myotubes divided by the total ] A,
number of nuclei counted in a given microscope field. Cultures were 2 .75 7 J_
fixed for 5 minutes at —20°C with 100% methanol, and stained with S -
Haematoxylin. Nuclei were counted in 20 randomly chosen i control
microscope fields in separate cultures. (A,B) Fusion in control -80 - n=8
conditions is represented by circles. In sister cultures, dofetilide (A,
10uM) or E4031 (B, 1QuM) were added to the differentiation Fig. 4.HERG antisense depolarizes fusion-competent myoblasts and

medium during the entire duration of experiments (triangles). Error increases the rate of fusion. (A) Control: myoblasts transfected with
bars are omitted because they are smaller than symbols. Photograph$icistronic vector containing only EGFP. AS-HERG: myoblasts
represent Haematoxylin-stained cultures in differentiation medium transfected with a bicistronic vector expressing HERG antisense and
without (control) and with the drugs. At 24-26 hours, multinucleated EGFP. Myoblast transfection and fusion index determination are
myotubes (arrows) were observed only in the cultures treated with detailed in the Materials and Methods section. Photographs represent
either dofetilide (A) or E4031 (B). Scale bars:40. The smaller Haematoxylin-stained cultures in differentiation medium. Myotubes
plot in A represents the percent of fusion increase with respectto (arrows) were observed only in cultures of cells transfected with the
control (OpM dofetilide) after 18 hours in differentiation medium HERG antisense vector. Scale barspyaf (B) Resting membrane
(100% is the maximum fusion increase) in presence of 0.1, 1 and 5 potential of fusion-competent myoblasts before (-) and after (+)

pM dofetilide. application of 5uM dofetilide. Myoblasts were transfected as in A.
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—62+2 mV, n=8, P<0.001), whereas, in myoblasts transfected A
with HERG antisense, dofetilide did not significantly affect the max.
resting potential (-6 mV before dofetilide application and [T~ fusion
—64:2 mV after applicationn=9, P=0.28). As expected, the o 10.0
resting potential of myoblasts transfected with antisense wz Zf
more depolarized than the resting potential of cells transfecte = 5.0
with the control vector (-2 mV versus —742 mV). z no fusion” :
Incidentally, these results on the resting potential in myoblas: 2 0.0 I S S
treated with HERG antisense demonstrate that HER( — E. Rp dof
antisense does not interfere with Kir2.1 &urrents. ——— 11—
In conclusion, these experiments with the antisense vect -100 -90 -80 -70 -80 -0 -40 -30 -20
confirm that the rate of myoblast fusion is increased by a 1 voltage (mV)
mV depolarization. They also further confirm that dofetilide
and E4031 are acting specifically on HERG channels. B 112 dofetilide >
Inhibition of HERG channel increases the 1.104 HW
cytoplasmic Ca 2* concentration _1.084 W! control
We mentioned that, in human myoblasts, T-typ&*Channels L 1.064 * ¢
activate near —80 mV and the peak window'Carrrent occurs ~ —~ 1.04- i
at -58 mV (Bijlenga et al., 2000). When HERG channels ar |,° 1'02_- o
activated, the resting potential of fusion-competent myoblasi ~ '-~< ] s of
is approximately —74 mV (‘Rp’ in Fig. 5A). This means that © 100'W
the window C&* current is relatively small (~2.1 fA/pF). Full g 0.98- AS-HERG
inhibition of HERG channel activity depolarizes myoblasts by *~ 1,024
~10 mV (horizontal arrow in Fig. 5A). According to the 1.003-
biophysical properties of T-type &achannels (Fig. 5A), this 0.98- :
10 mV depolarization will increase the magnitude of the : ('] é o '1'0' - '1'5' - '2'0' - '2'5' )
window T-type C&* current from 2.1 to 7.7 fA/pF (the shift , ,
from —74 to —64 mV is in a rising phase of the window*Ca time (min)
current), and this should lead to a substantial increase
cytoplasmic C&* concentration. 1.104 n=22
The experiments described in Fig. 5B,C show that, a 1
expected, in%ibiting HERG channel activity raises the 1.08+ T
cytoplasmic C&" concentration in fusion-competent myoblasts. q R _
Free C&" fluctuations were assessed using the ‘inverse ™ 1.064 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
pericam’ fluorescent indicator (Nagai et al., 2001). ‘Pericams ~ i\\\\\\\\\\\\\\\\\\\
are a family of GFP-based €andicators, which allow long-  |,° | \\\\i\\\\\\\\\\\\\\\\\\
term C&* measurements without compartmentalization of the ~ 1.047 NI
probe. Although it does not allow measuring absoluté*Ca .© 1 \\\\\\\\\\\\\\\\\\\\\\\
concentration, the ‘inverse pericam’ was chosen because 1.02 \\\\\\\\\\\\\\\\\\\\\\\\
high C&* affinity permits to monitor accurately small * | \\\\\\\\\\\\\\\\\\\\\\\\
cytoplasmic C&" changes around basal level. It can be seen i \\\\\\\\\\\\\\\\\\ n=9
Fig. 5B (circles) that, in response to [BM dofetilide, 1.00 C I
cytoplasmic C&" rises within a few minutes and remains 1 l
elevated. The mean increase of fluorescence ratio wi 0.98 control AS-HERG

7.3+1.4% in the 22 myoblasts tested (Fig. 5C). To verify tha
the dofetilide-induced G4 increase was indeed due to HERG E

ig. 5. Membrane potential and &ainflux through window current

channel inhibition, the same protocol was applied to myoblasigyring myoblast fusion. (A) Model of the events leading to an

transfected with an HERG antisense RNA vector (AS-HERG)in

crease in cytoplasmic €aconcentration in fusion-competent

For this purpose, a bicistronic vector expressing both HER(myoblasts. The window current was computed from the mean
antisense and inverse-pericam was constructed. The expecactivation and inactivation parameters of T-typ&*Qairrents

result was that, although basaPCmight be higher, dofetilide measured in 11 fusion-competent myoblasts (Bijlenga et al., 2000).
should not increase cytoplasmic®Cén myoblasts unable to Ce* influx increases almost fourfold when the membrane potential
synthesize HERG channels. Fig. 5B (square) shows that, iniS depolarized from —74 to —64 mV. (B) Time course of the
myoblast expressing both antisense and inverse-pericalcywplasm'c free-CH concentration in fusion-competent myoblasts

L ; . . evaluated with the ‘inverse-pericam’ fluorescent indicator. Images
ﬂOfe““de did not_ affect (_:yt(()jplas[)r?lc_@mhonqentratlokr)ll as the were recorded every 10 seconds. Control (circles): myoblasts
uorescence ratio remained stable in the nine myoblasts testggsfacted with a bicistronic vector containing only the inverse-

(-0.4t1.3%, Fig. 5C). Note that this result is significantly pericam. AS-HERG (squares): myoblasts transfected with a
different from the fluorescence ratio measured in control cellsicistronic vector expressing HERG antisense and inverse-pericam.

(7.3t1.4%,P=0.003). (C) Mean fluorescence ratio increase obtained in control and
Taken together, these results indicate that the inhibition cAS-HERG treated fusion-competent myoblasts.
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HERG channel activity, via a 10 mV depolarization of (Sanguinetti and Jurkiewicz, 1990). In myoblasts, both drugs
myoblast membrane potential, increases cytoplasmi&" Cainhibit a K* current that has the typical activation and inwardly
concentration and consequently accelerates the rate of humactifying properties of the HERG current. The expression of
myoblast fusion. HERG channels in human myogenic cells is confirmed by the

comparison of the endogenous dofetilide-sensitiveeltrent

to the corresponding current flowing through cloned HERG
DISCUSSION channels overexpressed after electroporation of proliferating

human myoblasts. The biophysical properties of both currents
A hyperpolarization of the resting membrane potential isare undistinguishable, strongly suggesting that they reflect the
observed when human myoblasts differentiate and initiate thectivity of the same channel. We also tested the effect of
fusion process. Without this hyperpolarization, fusion does naintisense RNA directed against the endogenous dofetilide-
occur (Liu et al., 1998; Fischer-Lougheed et al., 2001). Wesensitive K current. Unfortunately, the very small current
recently proposed that this hyperpolarization generates thtemplitude (as shown earlier, 56% of the cells have no
Ca* influx required for fusion by setting the membranedetectable current under conditions that favor the visualization
potential in a range where a window current through T-typef HERG, i.e. 30 mM extracellular *# precluded
Ca* channels is activated (Bijlenga et al., 2000). In this modeinterpretation of the results of these experiments.
because of the voltage-dependence of the window current, ] )
small variations of the resting potential (between —75 and —8dERG channels are present in all fusion-competent
mV) should have a marked effect on?Cimflux. We could not myoblasts and contribute to their resting potential
tell, however, whether the differentiation program leading toVe showed that HERG channels contribute to the resting
myoblast fusion was able to respond in a graded manner pmtential of fusion-competent myoblasts. Their contribution is
graded C& window current signals, i.e. whether there exist desser than that of Kir2.1 channels, as a full blockade
coupling between G4 entry and myoblast differentiation, or depolarizes myoblasts only by 10 mV instead of 30-40 mV for
whether C&" entry is an all-or-none differentiation signal. Kir2.1 channels (Liu et al., 1998; Fischer-Lougheed et al.,

The present work demonstrates that (1) there is a coupli®)01). The existence of rather specific blocking agents for

between membrane potential and differentiation, and 2) thERG channels (dofetilide and E4031) and the use of HERG
result of this coupling can be an acceleration of &aantisense allowed us to estimate that HERG channels
differentiation process, myoblast fusion. This demonstratiorontribute ~14% (10 out of 74 mV) of the Kurrent required
was possible as reproducible small depolarizations could ke drive the membrane potential of myoblasts to —74 mV.
induced in myoblasts cultures by full blockade of*acirrent, We detected HERG current in only 44% of the cells tested.
HERG. Incidentally, this is the first report of the presence oNevertheless, we suggest tladit fusion-competent myoblasts
this current in myoblasts and we shall briefly put ourhave functional HERG channels contributing to their resting

observations in perspective in the next section. potential. This is based on the observation that every fusion-
competent cell specifically tested for its resting potential

Functional HERG channels are expressed in human (n=37) was depolarized when HERG channel activity or

myogenic cells expression was reduced (22 myoblasts treated with dofetilide,

The HERG channel is a member of the voltage-gatedix with E4031 and nine myoblasts transfected with HERG
ether-a-go-go K channel family. HERG channels are antisense). The probability is extremely low (G%dr one in
characterized by a slow current activation and deactivatior®.6 billion) that the depolarizing effect of dofetilide and E4031
paired with a fast C-type inactivation mechanism (Trudeau aibserved in a total of 28 cells would have resulted from
al., 1995). These unusual characteristics confer to HERG itecording exclusively from myoblasts expressing a detectable
peculiar electrophysiological properties. The HERG gene waldERG current.
shown to be expressed in the heart (Wymore et al., 1997), andWe can explain the fact that we did not always detect an
mMRNA for HERG is present in a number of different specietHERG current during voltage-clamp of fusion-competent
and tissues (Wymore et al., 1997; Arcangeli et al., 1995nyoblasts by the low number of overalt Ehannels expressed
Arcangeli et al., 1997; Shi et al., 1997; Bianchi et al., 1998in these cells (Fischer-Lougheed et al., 2001). Indeed, if the
Zhou et al., 1998; Overholt et al., 2000). input resistance of a myoblast at rest is in the order of22 G
We found that the HERG gene is expressed in proliferating 10 mV depolarization would be produced by blocking an
myoblasts, fusion-competent myoblasts and in myotube$lERG current of 5 pA. Such currents may not always be
From our northern blot analysis, it appears that the amount dtected due to the noise associated with the whole-cell
MRNA declines after the induction of differentiation. This mayvoltage-clamp technique and the superfusion of solutions, or
explain the reported absence of detectable signal in humamall instabilities during the long protocols required for
skeletal muscle by Curran et al. (Curran et al., 1995). Howevetecording the series of dofetilide-sensitive currents necessary
using the more sensitive assay of RNase protection, ERfér establishing the current-to-voltage relationship of HERG.
presence could be demonstrated in rat muscle (Wymore et al.,It is important to mention that, although HERG blockade
1997). allowed us to demonstrate the coupling between membrane
The presence of functional HERG channels in myogenipotential and myoblast differentiation, we neither demonstrate
cells was assessed using electrophysiological tools antbr disprove here that HERG is physiologically involved in
pharmacological agents. Methanesulfonanilide antiarrhythmimodulating myoblast differentiation. However, when one
agents were used, such as dofetilide and E4031, whidonsiders the effect of HERG inhibition, it appears that HERG
block HERG channels with a well documented specificitychannels contribute to set the myoblast membrane potential in
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a region of the T-type C& current window domain distant Bianchi, L., Wible, B., Arcangeli, A., Taglialatela, M., Morra, F., Castaldo,
from the maximum window current, ie. in a region where P., Crociani, O., Rosati, B., Faravelli, L., Olivotto, M. and Wanke, E.
increments and decrements in window2 Caurrent signals by (1998). Herg encodes a‘Kurrent highly conserved in tumors of different

: . . . histogenesis: a selective advantage for cancer deliseer Res58, 815-
membrane potential modulation are possible. This could be822_g g

used by myoblasts to adapt their fusion rate in response ijienga, P., Occhiodoro, T., Liu, J.-H., Bader, C. R., Bernheim, L. and

environmental conditions during muscle growth or repair. Fischer-Lougheed, J. (1998). An ether-a-go-go K* current, heag
contributes to the hyperpolarization of human fusion-competent myoblasts.
K* channels, hyperpolarization, window current and J. Physiol.512, 317-323.

: o Bijlenga, P., Liu, J. H., Espinos, E., Haenggeli, C. A., Fischer-Lougheed,
dlfferentlaﬂ_on . . . . JJ., Igader, C. R. and Berrr)lheim, L.(2000)9'?’-type alpha 1H G‘achar?nels
Many studies in several preparations have linked modulation are involved in C# signaling during terminal differentiation (fusion) of
of the resting membrane potential by* Khannels with human myoblasts2roc. Natl. Acad. Sci. US7, 7627-7632.
differentiation (Ma et al., 1998; Pancrazio et al., 1999; Maur&hemin, J., Nargeot, J. and Lory, P.(2002). Neuronal T-type alpha 1H

. . : . calcium channels induce neuritogenesis and expression of high-voltage-
et al, 1997; Puro et al., 1989; Lewis and Cahalan, 1990’activated calcium channels in the NG108-15 cell in&leurosci22, 6856-

Pappone and Ortiz-Miranda, 1993), but a precise mechanismgggo.
linking membrane potential and differentiation was notCurran, M. E., Splawski, I, Timothy, K. W., Vincent, G. M., Green, E. D.
characterized. We demonstrate here that a small voltage changand Keating, M. T. (1995). A molecular basis for cardiac arrhythmia:

; ; - ; HERG mutations cause long QT syndror@ell 80, 795-803.
gllf‘ftgreer?t(l)ant’:(?lnn O?fngr;/?)t;ll-;gt?se €awindow current affects the Espinos, E., Liu, J. H., Bader, C. R. and Bernheim, L(2001). Efficient non-

. viral DNA-mediated gene transfer to human primary myoblasts using
The T-type C&' channelol subunit genesiflG, alH, all electroporationNeuromuscul. Disordl1, 341-349.

(Perez-Reyes, 1999)] encode channels that are all endowggcher-Lougheed, J., Liu, J. H., Espinos, E., Mordasini, D., Bader, C. R.,

with a steady-state inward window Tzcurrent activated at Belin, D. and Bernheim, L. (2001). Human myoblast fusion requires

negative potentials i e. close to the resting membrane potentia xpression of functional inward rectifier Kir2.1 channélsCell Biol. 153
T 77-686.

(McRory et al., 2001). It has been suggested that a WindoWamii, 0. p., Marty, A., Neher, E., Sakmann, B. and Sigworth, F. J1981).
current may play a role in many cellular events, such as improved patch-clamp techniques for high-resolution current recording
neuritogenesis at the onset of neuronal differentiation (Cheminfrom cells and cell-free membrane patchfiigers Arch391, 85-100.

et al., 2002), aldosterone or atrial natriuretic factor secretiofile. B. (1992).lonic Channels of Excitable Membraneunderland, MA:

X . Sinauer Associates.
(LOtShan 2001; Leuranguer et al, 2000)’ pancre&mxell Kiehn, J., Lacerda, A. E., Wible, B. and Brown, A. M.(1996). Molecular

apoptosis in diabetes (Wang et al., 1999), or motoneuron physiology and pharmacology of HERG. Single-channel currents and block
death in spinobulbar muscular atrophy (Sculptoreanu et al., by dofetilide.Circulation 94, 2572-2579.

2000). These examples of possible physiological andrause, R. M., Hamann, M., Bader, C. R., Liu, J.-H., Baroffio, A. and
pathophysiological implications of window T-type a Bernheim, L. (1995). Activation of nicotinic acetylcholine receptors

. . . . increases the rate of fusion of cultured human myoblas®hysiol.48
currents suggest that fine tuning of the’Canflux via a 779-790. y Y >

window current is not solely an attribute of differentiating Leuranguer, V., Monteil, A., Bourinet, E., Dayanithi, G. and Nargeot, J.

myoblasts and that it may participate to a greater diversity of (2000). T-type calcium currents in rat cardiomyocytes during postnatal

cell functions than thus far examined. development: contribution to hormone secretfm. J. Physiol. Heart Circ.
Physiol.279, H2540-H2548.
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