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Leucine-rich repeat containing family 8 (LRRC8) proteins form the volume-regulated anion channel
(VRAC). Recently, they were shown to be required for normal differentiation and fusion of C2C12
myoblasts, by promoting membrane hyperpolarization and intracellular Ca2þ signals. However, the
mechanism by which they are involved remained obscure. Here, using a FRET-based sensor for VRAC
activity, we show temporary activation of VRAC within the first 2 h of myogenic differentiation. During
this period, we also observed a significant decrease in the intracellular Cl� concentration that was
abolished by the VRAC inhibitor carbenoxolone. However, lowering the intracellular Cl� concentration by
extracellular Cl� depletion did not promote differentiation as judged by the percentage of myogenin-
positive nuclei or total myogenin levels in C2C12 cells. Instead, it inhibited myosin expression and
myotube formation. Together, these data suggest that VRAC is activated and mediates Cl� efflux early on
during myogenic differentiation, and a moderate intracellular Cl� concentration is necessary for
myoblast fusion.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Myoblast differentiation and fusion, critical processes in skeletal
muscle development and regeneration, are coordinated by a com-
plex network of proteins and signaling molecules [1e3]. This in-
cludes a tightly regulated transmembrane movement of the cations
Kþ and Ca2þ [4e8]. The action of potassium channels leads to the
hyperpolarization of the differentiating cell [9e11], facilitating the
activation of voltage-gated Ca2þ channels [4,12]. Preventing mem-
brane hyperpolarization inhibits the expression of the myogenic
transcription factors myogenin and myocyte enhancer factor-2
[5,7]. An increase in the intracellular Ca2þ concentration ([Ca2þ]i),
due to Ca2þ influx from the extracellular space [4,6,13] or transient
Ca2þ release from the endoplasmic reticulum [6,8], is essential for
myoblast differentiation. Decreased extracellular or intracellular
rescence resonance energy
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Ca2þ concentrations inhibit myotube formation [6,13], whereas
raised [Ca2þ]i significantly accelerates myoblast fusion [12]. Whilst
the functions of Kþ and Ca2þ during skeletal myogenesis have been
studied extensively, little is known about the role of the anion Cl� in
this process.

The volume-regulated anion channel (VRAC) has been shown to
be involved in murine myoblast differentiation [14], which was
recently confirmed by an independent study [15] and which may
contribute to the thinned skeletal muscle in mice lacking the
essential VRAC subunit LRRC8A [16]. VRAC is a plasma membrane
channel formed by LRRC8 hetero-hexamers formed by the obliga-
tory LRRC8A and at least one of the other four LRRC8 family
members (LRRC8B-E) [17,18], all of which are expressed in myo-
blasts [19]. It is activated upon osmotic cell swelling or under iso-
volumetric conditions through various signaling pathways and
mediates the flux of Cl� and organic osmolytes [20,21]. Inhibition of
VRAC impairs the hyperpolarization of myoblasts and consequently
prevents the sustained increase in [Ca2þ]i [14]. Pharmacological
data suggest that VRAC, which is expressed and can be activated in
proliferating C2C12 cells [19,22,23], plays an important role only
within the first 6 h after induction of differentiation [14]. However,
the mechanism by which VRAC contributes to myogenesis has not
been fully resolved. Pharmacological inhibition of VRAC and
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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suppression of VRAC currents by overexpression of LRRC8A [17,18]
argue for a role of VRAC channel activity [14], but direct evidence
for a transient VRAC activation at the onset of myoblast differen-
tiation is lacking. Furthermore, it is unclear whether there is a flux
of Cl� through VRAC and how changes in [Cl�]i affect myoblast
differentiation and fusion.

In the present study, we monitor transient VRAC activation
during early myoblast differentiation using a fluorescence reso-
nance energy transfer (FRET)-based sensor [24]. We show for the
first time that C2C12 myoblast differentiation is accompanied by a
significant decrease in cytosolic Cl�. We find that Cl� depletion
does not affect myoblast differentiation but inhibits fusion.
2. Materials and methods

2.1. Cell culture

HeLa cells (Leibniz Forschungsinstitut DSMZ, Germany) and
C2C12mouse skeletal muscle myoblasts (ATCC, USA) were cultured
in growth medium (DMEM supplemented with 10% fetal bovine
serum,100 units/ml penicillin and 100 mg/ml streptomycin) at 37 �C
in 5% CO2. Confluent C2C12 cells were induced to undergo
myogenic differentiation by reducing the serum concentration to
2% horse serum. In chloride-reduced DMEM (PAN-Biotech, Ger-
many), KCl and NaCl, which account for 99.5% of the total chloride
content in DMEM, were replaced by potassium gluconate and so-
dium gluconate.
2.2. Cell transfection

Expression plasmids for human LRRC8A-Cerulean (LRRC8Awith
mCerulean3 fused to its C-terminus) and LRRC8E-Venus were
described previously [24]. For co-expression, constructs were co-
transfected into cells plated in 35 mm glass bottom dishes (Mat-
Tek, USA) using FuGENE 6 (Promega, USA) according to the man-
ufacturer’s instructions. 500 ng and 2 mg of each plasmid DNAwere
used onHeLa and C2C12 cells, respectively. Cells were used for FRET
experiments 1 day after transfection.
2.3. Sensitized-emission FRET (seFRET) measurements

FRET experiments were in principle performed as previously
described [24]. 50e70% confluent C2C12 cells were used in exper-
iments with changes in tonicity. Isotonic (340 mOsm) imaging
buffer contained (in mM): 150 NaCl, 6 KCl, 1 MgCl2, 1.5 CaCl2, 10
glucose, 10 HEPES, pH 7.4. Hypotonic (250 mOsm) buffer had a
decreased NaCl concentration of 105 mM. 80e100% confluent
C2C12 cells were used to measure FRET changes during myogenic
differentiation in isotonic differentiation buffer (329 mOsm, con-
taining in mM: 144 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, 10
HEPES, pH 7.4). 80e100% confluent HeLa cells were used as control.
All FRET experiments were performed at room temperature on a
Dmi6000B microscope (Leica Microsystems, Germany) equipped
with a 63 � /1.4 objective and a DFC360 FX camera. Samples were
excited with EL6000 light source; emissionwas recorded with high
speed external Leica filter wheels with Leica FRET set filters
(11522073). seFRET images were acquired with the same settings
for donor, acceptor and FRET channels (8 � 8 binning, 100 ms
exposure, gain 1) every 10 s (for buffer change experiments) or
1 min (for differentiation experiments) with the LAS AF software.
Corrected FRET (cFRET) values were calculated according to:
cFRET ¼B� A� b� C � g

C

where A, B and C correspond to the emission intensities of the
donor, FRET and acceptor channels, respectively; b and g are the
correction factors (b ¼ bleed-through of donor emission; g ¼ cross
excitation of acceptor by donor excitation) generated by acceptor-
and donor-only references.

2.4. Measurement of intracellular Cl�

Intracellular Cl� concentration ([Cl�]i) measurements using the
fluorescent indicator 6-methoxy-N-(3-sulfopropyl)quinolinium
(SPQ; Invitrogen, USA) were performed as previously described
[25]. C2C12 myoblasts growing in 8-well chambers (Sarstedt, USA)
were washed once with Hank’s balanced salt solution (HBSS) and
then incubated at 37 �C in a hypotonic solution (HBSS:H2O ¼ 1:1)
with 5 mM SPQ for 15 min. After that, cells were incubated in HBSS
for 15 min to allow recovery from the hypotonic shock. For cells
cultured in Cl�-reduced medium, an isotonic buffer with 0 mM Cl�

was used (gluconate was used as a substitute for Cl�). Measure-
ments were performed at room temperature on a DMi8microscope
(Leica Microsystems) equipped with a 63 � /1.40 NA oil-immersion
objective and an OcraFlash 4.0 camera (Hamamatsu, Japan). SPQ
fluorescence images were recorded at 16-bit, 4 � 4 binning and
100 ms exposure with a DAPI filter set (Ex: 360/40, Dc: 400, Em:
425 lp). Calibration for each experiment was achieved using 4 mM
nigericin (Sigma-Aldrich, USA) and 5 mM tributyltin (Sigma-
Aldrich) to equilibrate intracellular and extracellular Cl� concen-
trations ranging from 0 to 100 mM Cl� in individual wells of 8-well
chambers. To set the Cl� concentrations in the calibration solution,
equal molar KNO3 substituted KCl in the original solution (in mM):
150 KCl, 2 CaCl2, 10 glucose, 10 HEPES, pH 7.2. Ionophores nigericin
and tributyltin were added freshly, and carbenoxolone (CBX;
Sigma-Aldrich) was included for calibration of CBX-treated sam-
ples. The relationship between fluorescence of SPQ and Cl� con-
centration is described by the Stern-Volmer equation:

ðF0 = FÞ�1 ¼ Ksv½Q �

where F0 is the fluorescence intensity without Cl�, F is the fluo-
rescence intensity in the presence of various concentrations of Cl�,
[Q] is the concentration of Cl� and Ksv is the Stern-Volmer constant.

2.5. Immunofluorescence staining

Immunostaining was performed as described previously [14]. A
mouse monoclonal anti-myogenin antibody (clone F5D, 1 mg/ml;
Developmental Studies Hybridoma Bank, USA) was used.

2.6. Western blotting

For Western blot analysis, C2C12 cells were lysed in RIPA buffer
containing protease inhibitor cocktails (Roche, Switzerland). 20 mg
protein per lane were separated by 10% SDS-PAGE, transferred onto
nitrocellulose membranes (Macherey-Nagel, Germany) and incu-
bated with antibodies after blocking in 5% skim milk in TBS-tween.
Following primary antibodies were used: mouse anti-myosin
(clone MF20, 0.28 mg/ml; Developmental Studies Hybridoma
Bank), mouse anti-myogenin (clone F5D, 1 mg/ml; Developmental
Studies Hybridoma Bank) and rabbit anti-GAPDH (14C10, 1:2500;
Cell Signaling Technology, USA). Immunoreactive signals were
detected by chemiluminescence (HRP juice; PJK GmbH, Germany)
with a ChemiSmart5000 digital imaging system (Vilber-Lourmat,
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France). Densitometric quantification was performed with the Fiji
software [26].
2.7. Image processing and quantitative analysis

Both seFRET and SPQ fluorescence images were processed with
Fiji. cFRET maps were generated using PixFRET plugin [27]
(threshold set to 1, Gaussian blur to 2) with a self-written macro to
process movies and were measured by manually drawn regions of
interest (ROIs). As absolute FRET values varied between individual
cells, cFRET values of individual cells were normalized to their
mean cFRET in isotonic buffer (for buffer change experiments) or
their mean cFRET of recorded first 10 min (for differentiation ex-
periments). For SPQ fluorescence images, the mean fluorescence
intensity of ROIs was measured with Fiji and the mean fluorescence
intensity of background was subtracted. Images of five random
fields were analyzed for each sample per experiment.
2.8. Statistical analysis

All data are presented as mean ± S.D.; p values between two
groups were determined by a two-tailed Student’s t-test. Signifi-
cance was defined with p < 0.05.
Fig. 1. VRAC activation at the onset of myoblast differentiation. A, normalized cFRET value
with 13 cells). Iso, isotonic; Hypo, hypotonic. B, normalized cFRET values during incubation
normalized cFRET values during incubation of 80e100% confluent C2C12 cells in isotonic d
3. Results

3.1. VRAC activation early during C2C12 myoblast differentiation

It was previously shown that pharmacological VRAC inhibitors
impaired myoblast differentiation only when applied already dur-
ing the first hours of differentiation, suggesting that VRAC activity
is required early during this process [14]. Therefore, we aimed at
monitoring channel activity in C2C12 myoblasts by using a non-
invasive FRET sensor [24]. The proximity of the cytosolic C-termi-
nal domains of LRRC8 subunits within the pore-forming hexamers
[28e30] allows for intra-complex FRET between fluorescent pro-
teins fused to their C-termini; and a drop in FRET efficiency mirrors
the rearrangement of the C-terminal domains during VRAC acti-
vation [24]. We firstly coexpressed LRRC8A tagged with mCer-
ulean3 (FRET donor) and LRRC8E tagged with Venus (FRET
acceptor) in C2C12 cells and observed FRET during hypotonic
stimulation (changing from extracellular 340mOsm to 250mOsm).
As expected, the corrected FRET (cFRET) value robustly decreased
by ~10% within 60 s (Fig. 1A), indicating the activation of LRRC8A-
Cerulean/LRRC8E-Venus-containing VRAC complexes by osmotic
swelling in C2C12 cells. We next tested for iso-osmotic VRAC acti-
vation at the onset of C2C12 myoblast differentiation. Whereas in
undifferentiable HeLa cells, cFRET of LRRC8A-Cerulean/LRRC8E-
s during buffer exchange experiments with 50e70% confluent C2C12 cells (n ¼ 3 dishes
of 80e100% confluent HeLa cells in isotonic differentiation buffer (n ¼ 5, 14 cells). C,

ifferentiation buffer (n ¼ 7, 9 cells). All data are presented as mean ± S.D.



Fig. 2. Myoblast differentiation results in a [Cl¡]i decrease. A, representative calibration for measuring the resting [Cl�]i with the fluorescence probe SPQ. Left, images of
C2C12 cells stained with SPQ after 6 h of differentiation. Nigericin and tributyltin were used to equilibrate intracellular and external Cl� concentrations. Fluorescence intensities are
represented in color code, as shown in the calibration bar. Scale bar, 50 mm. Right, Stern-Volmer plot for the fluorescence of SPQ against Cl� concentration. The resulting best linear
regression fit was used to calculate the [Cl�]i in (B). B, average [Cl�]i of C2C12 myoblasts measured at different time points after induction of differentiation in the presence or
absence of 100 mM CBX. DM, differentiation medium. Data are presented as mean ± S.D. from three independent experiments. **, p < 0.01; ***, p < 0.001 compared with the
respective controls using a two-tailed unpaired t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Reduced extracellular Cl¡ does not affect myoblast differentiation. A, resting [Cl�]i of C2C12 cells measured after 6 h of differentiation in normal medium or Cl�-reduced
medium. B, C2C12 myoblasts were stained with an anti-myogenin antibody (red) and DAPI (nuclei, blue) at the indicated time of differentiation. DM, differentiation medium. Scale
bar, 50 mm. C, Immunoblot analysis of myogenin and myosin at the indicated time of differentiation. All data are presented as mean ± S.D. from three independent experiments. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Venus did not change within 2.5 h in isotonic differentiation buffer
(Fig. 1B), a steady decline by ~10% occurred within the first hour of
differentiation among 5 out of 9 tested C2C12 myoblasts (Fig. 1C).
The presence of two populations with or without cFRET decrease
(cFRET at 55e64 min differed with p ¼ 0.032) is in agreement with
the ratio of C2C12 cells typically undergoing differentiation. The
observed cFRET decrease began at ~40 min after induction of dif-
ferentiation and returned to baseline at ~120 min. These results
demonstrate that VRAC is indeed activated upon induction of
myoblast differentiation and its inactivation after 2 h is consistent
with a role for VRAC only early in differentiation [14].

3.2. Myoblast differentiation is accompanied by an intracellular
chloride decrease that is sensitive to VRAC inhibition

Depending on the LRRC8 subunits heteromerizing with LRRC8A,
VRAC conducts various organic osmolytes [31e33], but all combi-
nations mediate Cl� conductance [21]. Therefore, we tested
whether VRAC activation during myoblast differentiation leads to
intracellular Cl� changes, using the chloride indicator SPQ [25] in a
calibrated, quantitative manner (Fig. 2A). Proliferating myoblasts
displayed a high resting [Cl�]i of ~82 mM that decreased to ~50mM
within 2.5 h in differentiation medium and remained at 50e60 mM
for 48 h (Fig. 2B). Treatment with 100 mM carbenoxolone (CBX), a
VRAC inhibitor previously shown to impair myoblast hyperpolar-
ization and differentiation [14], prevented this decrease in [Cl�]i
(Fig. 2B), suggesting that VRAC activity accounts for the release of
intracellular Cl� during myogenic commitment.

3.3. A moderate intracellular chloride concentration is required for
myoblast fusion

To further explore the role of an intracellular Cl� decrease dur-
ing myogenesis, we investigated the effect of Cl� depletion on
myoblast differentiation by assessing the expression of myogenin
and myosin, a marker for differentiated cells, in differentiation
Fig. 4. Reduced extracellular Cl¡ impairs myoblast fusion. A, differential interference co
reduced medium (for 4 days or only for 2 days in the case of washout). Scale bar, 200 mm. B
differentiation in normal or Cl�-reduced medium. Fold changes are relative to normal mediu
using a two-tailed paired t-test.
medium virtually lacking Cl�. After 6 h in this medium, C2C12 cells
possessed an [Cl�]i of only ~4 mM (Fig. 3A), while [Cl�]i showed the
previously observed (Fig. 2B) decrease to ~58 mM in differentiation
medium with normal [Cl�] (Fig. 3A). However, no difference was
observed in either the percentage of myogenin-positive nuclei or
total myogenin protein levels between cells with normal or reduced
[Cl�] during differentiation (Fig. 3B and C). In contrast, myosin
expressionwas significantly inhibited (protein levels in reduced Cl�

were 51 ± 16% of control, p ¼ 1.8 � 10�4) in Cl�-reduced medium
compared with normal medium (Fig. 3C). We then induced
C2C12 cells to differentiate for prolonged periods in either normal
or Cl�-reduced differentiation medium. After 4 days of differenti-
ation, C2C12myoblasts formed extensive large myotubes in normal
medium. In contrast, most myoblasts remained elongated thin cells
in Cl�-reduced medium (Fig. 4A). Immunoblot analysis revealed no
difference in the ability of myoblasts to express myogenin in either
of the media; however, the expression of myosin was strikingly
reduced in Cl�-reduced medium (Fig. 4B). Notably, this inhibition
was not due to the toxicity of low external Cl� as C2C12 cells were
still able to generate large myotubes when the Cl�-reduced me-
dium was changed to normal medium after two days (Fig. 4A).
Hence, a drastic reduction in [Cl�]i does not potentiate myoblast
differentiation but may rather impair myoblast fusion.
4. Discussion

Hyperpolarization and an increase in intracellular [Ca2þ] are
necessary prerequisites for the terminal differentiation of myo-
blasts and their fusion into multinucleated myotubes [5e7]. Pre-
viously, VRAC was shown to play an important role in skeletal
myogenesis by promoting hyperpolarization and the Ca2þ signal
[14]. However, it remained obscure how VRAC contributes to these
processes. VRAC channel activity can lead to osmotic alterations of
cell volume and of themembrane potential or conducted osmolytes
may function as intra- or extracellular signaling molecules [21]. In
addition, physical protein-protein interactions of LRRC8A have
ntrast images of C2C12 cells on the indicated day of differentiation in normal or Cl�-
, Immunoblot and quantification of myogenin and myosin protein levels after 4 days of
m. Data are presented as mean ± S.D. from three independent experiments. **, p < 0.01
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been proposed to affect intracellular signaling cascades in a
conductance-independent manner [15,34]. In this study, we pro-
vide twofold evidence for channel activity of VRAC during early
C2C12 myoblast differentiation. Firstly, the drop in inter-subunit
FRET, which reflects channel opening [24], showed VRAC activity
within first 2 h of the differentiation process. The observed tem-
porality of VRAC activity is in agreement with the earlier finding
that an inhibition of VRAC starting 6 h after the induction of dif-
ferentiation did not impinge on this process [14]. Secondly, the
observed [Cl�]i decrease during the first hours of differentiation
was blocked by the VRAC inhibitor CBX, suggesting that the Cl�

efflux is mediated by VRAC. An involvement of VRAC conductance
in C2C12 myogenic differentiation is supported by the effect of
pharmacological VRAC inhibitors and by the impairment of differ-
entiation by the overexpression of LRRC8A, which suppresses VRAC
currents [14,17,18].

We find that proliferating, non-differentiating C2C12 myoblasts
possess an unusually high, but not unprecedented [35,36], intra-
cellular Cl� concentration of ~80 mM. During the sequential hy-
perpolarization from about �10 mV to about �80 mV that also
occurs early in differentiation [9e11], VRAC will mediate Cl� efflux
and result in the observed [Cl�]i decrease. Hence, Cl� conductance
by VRAC cannot contribute directly to myoblast hyperpolarization.
Instead, hyperpolarization requires the upregulation of Kir2.1 Kþ

channels [11]. Their activity is controlled by tyrosine phosphory-
lation [37]. Changes in intracellular Cl� may control myogenesis by
modulating (de)-phosphorylation events. There are several exam-
ples of kinases or phosphatases whose activity is regulated by Cl�

[38]. Cytoplasmic Cl� has been implicated in further intracellular
processes linked to cell differentiation, such as membrane organi-
zation [39] and endocytic trafficking [40]. We also find that despite
the [Cl�]i decrease accompanying myotube formation, an excessive
reduction by extracellular Cl� depletion does not accelerate
myoblast differentiation but impairs myoblast fusion. This implies
that only a moderate decrease in intracellular Cl� facilitates this
process or that the [Cl�]i decrease is not required at all but merely a
byproduct of VRAC activity, whose mechanistic involvement in
different stages of skeletal myogenesis remains to be explored.

In conclusion, we show the activation of LRRC8-formed volume-
regulated anion channels as an early molecular event during
myotube formation and a concomitant decrease in intracellular Cl�.
Furthermore, there is a correlation between [Cl�]i and myoblast
fusion. This report emphasizes the importance of a Cl� anion and
osmolyte channel and provides a new perspective for under-
standing the signal transduction pathways during skeletal
myogenesis.
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