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lon channels have an active crosstalk with the dystrophin complex, which is disrupted in Duchenne

muscular dystrophy, but little is known about their involvement in myogenesis, especially in

dystrophic settings. We performed an electrophysiological characterization of wild-type and

dystrophic myoblasts/myocytes to shed light on the relationship between dystrophin loss and ion

channel activity during myogenesis with the final aim to identify new biomarkers and drug targets

in regenerative medicine approaches.



Abstract

Myogenesis is essential for skeletal muscle formation, growth, and regeneration and can be altered
in Duchenne muscular dystrophy (DMD), an X-linked disorder due to the absence of the
cytoskeletal protein dystrophin. lon channels play a pivotal role in muscle differentiation and
interact with the dystrophin complex. To investigate ion channels involvement in myogenesis in
dystrophic settings, we performed an electrophysiological characterization at day 0, 2, 4, 6, and 11
in two immortalized mouse cell lines: the wild-type H2K-2B4 (WT) and the dystrophic H2K-SF1
(DYS). Moreover, we measured gene expression of differentiation markers and ion channels.
Inward and outward currents/density increased as the differentiation progressed both in WT and
DYS cells. However, day-11 DY'S cells showed higher (27%) inward current density with increased
expression ratio of SCN5A/SCN4A, and decreased (48%) and less barium-sensitive outward
current, compared to WT. Furthermore, day-11 DY'S cells showed more positive resting membrane
potential (+10mV) and lower membrane capacitance (50%), compared to WT. DY'S cells also
presented reduced Myog and MYF5 expression at day 6 and 11. Overall, ion channel profile and
myogenesis appear altered in DYS cells. This first step paves the way to validate ion channels as
potential drug targets to ameliorate muscle degeneration in DMD settings and as differentiation

biomarkers in innovative platforms.

INTRODUCTION

Myogenesis is essential for skeletal muscle formation, growth, and regeneration. This process

normally happens during muscle formation in embryogenesis and during muscle regeneration in



adults. During embryogenesis, skeletal muscle formation is a step-wise process that derives from
somites and classes of myogenic-committed progenitor satellite cells 12, Satellite cells play a key
role in increasing muscle fiber size since, after division, a percentage of the progenitor cells fuse
with the nearby fiber to form bigger multinucleated myofibers. After skeletal muscle formation and
post-natal growth, satellite cells became quiescent and are activated when the muscle is damaged. In
muscle repair process, satellite cell activation leads to their proliferation and differentiation to form
a new fiber; in parallel, proliferation allows repopulating of the residual pool of stem cells, ensuring

repairing ability in case of a new muscle injury 3.

The deep understanding of the mechanisms underlying intrinsic myogenesis is crucial to
identify novel druggable targets to drive effective regeneration processes in degenerative
neuromuscular conditions. Moreover, it could also be useful to build up and monitor proper
development of muscle organoids to be used as disease models and innovative experimental

platforms for regenerative medicine purposes 4°.

Emerging yet contrasting evidence suggests that muscle satellite cells and myogenesis can
be altered in inherited muscle disorders such as Duchenne muscular dystrophy (DMD), an X-linked
disorder due to defects in the dystrophin gene which lead to the absence of the cytoskeletal protein
dystrophin. Dystrophin has a clear role in differentiated myofibers where it confers stability and
contributes to mechano-transduction via the interaction with dystrophin—glycoprotein complex
(DGC), extracellular matrix components, and various cytolinkers involved in intracellular signaling,
metabolism, and homeostasis &7. When dystrophin protein expression is reduced (Becker Muscular
dystrophy) or totally absent (DMD), the stability of the membrane is not maintained and tears
and/or abnormal activation of mechanosensitive-channels lead to increased calcium influx in DMD
myotubes 8 and fibers °. The consequences of both dystrophin absence and DGC disassembling
appear post-natally during the full acquisition of motor skills, with impairment of force transduction

and progressive muscle weakness and damage, followed by chronic inflammation and inefficient



regeneration 1911, While inefficient regeneration is believed to be a main consequence of the hostile
inflammatory and pro-fibrotic environment—as well as satellite cell exhaustion due to continuous
regeneration cycles—intrinsic defects of satellite cells have been proposed as a key process leading
to defective cell division, reduced myogenic commitment and delayed differentiation 1213, All these
features can contribute to disease progression via an impaired regenerative potential. Interestingly,
dystrophin expression has been detected in satellite cells, supporting the early role of this protein in

satellite cell polarization and commitment 4,

lon channels can be important, yet poorly explored, players in myogenesis due to their
involvement in both key housekeeping processes and highly specialized cell and tissue functions.
lon channels are transmembrane ion selective paths that allow rapid biophysical events in response
to voltage, mechanical, or chemical signals thus controlling a plethora of functions in tissues. In
fact, in differentiated skeletal muscle, ion channels are pivotal for maintaining the resting
membrane potential (RMP), priming excitation—contraction coupling, and regulating calcium
homeostasis. 1> Accordingly, the proper expression of ion channels can play a role in different
myogenesis-related processes, such as fusion and myotube formation as well as self-renewal of
satellite cells 1%, For instance, in fusion-competent myoblasts, Kir2.1 expression is pivotal for the
hyperpolarization of the resting membrane potential that is required to induce early fusion of two

myocytes 1718,

However, the precise role of ion channels in early myogenesis and their potential as either
biomarkers and/or drug targets in regeneration remains elusive. Even less clear is the relationship
between the pattern of ion channel development and the proposed defective myogenesis of
dystrophic satellite cells. This is of interest considering that dystrophin and its linkers (i.e., a-
syntrophin) interact with several ion channels—in line with the proposed role of DGC in providing
structural scaffold for the positioning of ion channels and other proteins at the sarcolemma in

skeletal muscle L. Particularly in differentiated myofibers, DGC can interact with different sodium



(Nav1.4 and Nav1.5)?, calcium (Cavl.1, TRPC1, and TRPC4) 2324 and potassium channels (Kir2.1)

25 as well as with the water channel aquaporin 4 26,

In order to gain insight into the efficiency of the myogenic program in DMD and the
contribution of ion channels to myogenesis, we performed an electrophysiological characterization
of the total outward and inward currents that are important for setting the RMP and excitability
properties in two immortalized mouse satellite-derived myoblasts at different time points of
differentiation. The wild-type H2K-2B4 (WT) and the dystrophic H2K-SF1 (DY S)?"?8 myoblasts
retain myogenic capability under specific culture conditions. In parallel, we utilized RT-PCR to
analyze the gene expression profile of the main markers of differentiation and ion channels that
possibly account for the outward and inward currents throughout the different stages of

differentiation.

Our data show that during myogenesis intrinsic impairments in ion channel development
may in fact occur in the dystrophic condition, likely in relation to the primary defect. This
reinforces our long-term objective to gain more insight into the contribution of specific ion channels
to the myogenic program that could be useful to ameliorate muscle regeneration through

pharmacological modulation and determine functional biomarkers in muscle organoids.

MATERIALS AND METHDOS

Cell cultures

We used the immortalized myoblast-derived cell line (H2K-2B4) and its immortalized dystrophic

counterpart (H2K-SF1) developed from healthy and mdx mice by Muses et al. as previously



described 27-2°. 2B4 and SF1 cells were cultured in both proliferative (myoblasts) and
differentiation (myocytes/myotubes) medium. Myoblasts were cultured in growth medium
composed of the following: DMEM high glucose with sodium pyruvate (Immunological Sciences),
20% (v/v) heat inactivated-fetal bovine serum (Immunological Sciences), 2% (v/v) chicken embryo
extract (Thermo Fisher Scientific), 4 mM L-glutamine (Immunological Sciences), and 1% (v/v)
penicillin/streptomycin (Immunological Sciences). We coated wells with 0.1 mg/ml of Cultrex® 3-
D Culture Matrix RGF Basement Membrane Extract or Matrigel (Bio-techne®) to encourage cell
adhesion and incubated them for 40 minutes at 33°C before removing any Matrigel excess. Each
cell line contains a thermolabile t-Antigen protein that maintains cells at the proliferative state. In
order to initiate its expression, we added 20 U/mL of interferon gamma (IFN-y; Sigma-Aldrich®) to

the growth medium, and we cultured 2B4/SF1 cells at 33°C with 5% COs..

To trigger terminal differentiation, we cultured 2B4 and SF1 cells in differentiation medium
composed by DMEM, 5% (v/v) horse serum (Sigma-Aldrich®), 4 mM L-glutamine, and 1%
penicillin/streptomycin (Immunological Sciences). Plates were coated with Matrigel as described
above. Cells were cultured at 37°C with 5% CO2 without IFN- y. We differentiated cell lines for 2,
4, 6, and 11 days, changing half of the differentiation medium every two days. Seeding density was
set at 2.5 x 10* cells for both proliferation and differentiation conditions. For clarity, 2B4 cells will

be indicated as WT cells and SF1 cells as DYS cells throughout the paper.

The bright-field images of WT and DY'S myoblasts and myotubes (D11) at 10X magnification were

taken with CL-I Eclipse microscope (Nikon).

Electrophysiological recordings

Inward and outward currents were evaluated at different time points of proliferation and
differentiation. Besides the proliferative state (myoblasts; Day 0), four additional time points of

differentiation were observed: the 2" (D2), the 4™ (D4), the 61" (D6), and the 11" day (D11) for



each cell line. For patch clamp measurements we selected fused cells, which presented with

spindles and an elongated form with Cm < 100pF.

Whole cell patch clamp recordings of inward and outward currents were performed using an
Axopatch 1D amplifier and Digidata 1440A analog-digital converter (Molecular Devices, San Jose,
CA, USA). Experiments were carried out at room temperature (~22 °C). Patch pipettes were pulled
using a vertical micropipette puller (Narishige, Tokyo, Japan) and electrodes had a resistance of 4-6
MQ. Current acquisition and data analysis were performed using the pCLAMP 10.6 and Clampfit
software (Molecular Devices, San Jose, CA, USA). Current signals were filtered at 5 kHz and
sampled at 10 kHz. Leak currents were always <200 pA at the holding potential (-80 mV). Only

cells with access resistance <10 MQ were used.

The extracellular solution contained 130 mM NaCl, 3 mM KCI, 1 mM CaClz, 2 mM MgClz,
10 mM HEPES-HCI, and 10 mM glucose (pH 7.4), and the patch pipette was filled with an
intracellular solution containing 130 mM KCI, 2 mM MgClz, 5 mM EGTA, 10 mM HEPES-NaOH,

and 10 mM glucose (pH 7.4) %,

Five uM of tetrodotoxin (Abcam) and 500 uM BaClz (Sigma-Aldrich Merck Life Science,
Milano, Italy) were used as tools to better identify the contribution of Nav and Kir channels to the
recorded currents, respectively 3!, and were dissolved in the extracellular solution and added to the
Petri dish after performing a control recording. As we could not predict the kind and amount of
inward and outward currents in both conditions and during differentiation at the time of recording,
we used standard protocols to detect any type of current. We maintained the same voltage protocol

throughout all experiments

To determine the current—voltage relationships, cells were clamped to a holding potential of
-80 mV and currents were elicited with 250 ms pulses from -100 mV to +70 mV, with a AV of 10

mV (5-s inter-pulse duration). To compare currents in different cells, we measured the peak inward



current at -20mV and steady-state outward current at + 60mV. In our analysis, we also included
cells that presented with either inward or outward currents. Membrane capacitance (Cm) was
assessed in whole-cell configuration and before starting the protocol. The RMP was measured in
zero-current mode of current clamp in whole-cell configuration before starting the voltage clamp

protocol. The total inward and outward current was normalized to the Cm to obtain current density

(pA/pF).

RNA extraction, reverse transcription, and gene expression

Gene expression experiments were performed at the myoblast stage and the various differentiation
time points (as discussed above). RNA was extracted with the RNeasy Micro kit (QIAGEN®)
following the supplier's instructions®2. Variable amounts of RNA (between 1-2 ug) were then retro-
transcribed to cDNA with iScript gDNA Clear cDNA Synthesis Kit (172-5035 Bio-Rad
Laboratories, Inc, CA, USA) following manufacturer instructions. gRT-PCR was performed via the
CFX384 Connect Real-Time PCR System (Bio-Rad, Hercules, CA, USA) by using PrimePCR
assays SYBR® green with custom made plates. For each experiment, samples were analyzed with
technical duplicates. The mRNA expression of genes was normalized to the mean of two
housekeeping genes, Actb and Hprt, and quantified by the 224t method. Primers were purchased

with the following Unique Assay IDs (Table 1).

Immunofluorescence

WT and DY'S cells were grown on plates at seeding density of 2.5 x 10*for 11 days. Cells were
fixed in PFA for 10 min at room temperature (RT) and permeabilized with 0.1% TWEEN (Sigma-

Aldrich Merck Life Science, Milano, Italy) in 0.1% bovine serum albumin (BSA; Sigma-Aldrich



Merck Life Science, Milano, Italy) and PBS for 45 min at RT. After washes with PBS, cells were
blocked in saturation buffer (0.1% BSA in PBS) and incubated with rabbit polyclonal anti- Nav1.4
(1:100; ASC-020; Alomone Labs, Jerusalem, Israel) and anti-Nav1.5 (1:200; ASC-005; Alomone
Labs, Jerusalem, Israel) primary antibodies and anti-myosin primary antibody (MF-20-S; 1:10;
Developmental Studies Hybridoma Bank, lowa, USA), rabbit polyclonal anti-Kir2.1 antibody
(1:200; APC-026; Alomone Labs, Jerusalem, Israel), anti-dystrophin (rod-domain) primary
antibody, (DYS1-CE; 1:500; Leica Biosystems) and Alexa Fluor™ 488 Phalloidin (A12379; 1:400;
Invitrogen™) for 1 h at RT in blocking buffer. After three washes in PBS, cells were incubated with
488/594 Alexafluor-conjugated secondary antibodies (1:1000; ThermoFisher Scientific, Waltham,
MA, USA) for 1 h at RT. Nuclei staining was assessed with PureBlu™ Hoechst 33342 Nuclear
staining Dye (1:50; Bio-Rad, Hercules, CA, USA). Images were captured using a dark-field

microscope (CL-1 Eclipse Nikon) at 20X magnification.

Statistics

Data analysis was performed using Graphpad 8.4.3. (Prism) and CFX Maestro 2.3 (Bio-Rad). All
data are shown as the mean + standard error of the Mean (S.E.M.). Statistical differences between
two groups of data sets at the same point from two different cell lines (WT vs DYS) were assessed
by two-tailed unpaired Student’s t test and considered significant if p<0.05. Detailed statistical
values are listed in Supporting Table S1. Statistical differences among data sets throughout
differentiation (e.g., current density) within a group (WT or DYS) were assessed by using a one-
way ANOVA and considered significant if p <0.05. Detailed statistical values are listed in

Supporting Table S2.



RESULTS

Differentiation profile of WT and DYS myoblasts/myocytes

For this study we used an immortalized myoblast-derived cell line (WT) and its dystrophic
counterpart (DYS) in proliferation (D0) and at different time points of differentiation (D2-D11;
Figure 1 for DO and D11). In order to first gain insight into the efficiency of the myogenic program
in DMD, we evaluated the gene expression of Myf5, (a marker of myogenic commitment), as well
as myogenin (Myog) and dystrophin (Dmd) (two markers of late differentiation) 2 in WT and DYS

cells from DO to D11(Figure 2).

Myf5 expression reached its peak at D6 and then decreased at D11 in WT cells. The
expression of Myf5was significantly downregulated at all time points in DYS cells compared to
control (Figure 2A; Supporting Table S1). We did not find any expression of Myf5 in DY'S cells at
D2 and D4. As expected, Myog expression was low until D4, and it reached its peak at D11 in WT
cells. Myog expression was reduced in DYS cells at D6 and D11, compared to WT (Figure
2B;Supporting Table S1). Finally, Dmd expression was present only at D11 in WT cells, whereas it
was found to be expressed at DO, D4, and D6 and overexpressed at D11 in DY'S cells (Figure 2C;
Supporting Table S1), compared to control, but immunofluorescence data did not show the presence
of the dystrophin protein in DYS cells (Figure 2D). This apparent contradictory data, has been
observed by other authors **, and might be related to a compensatory mechanism to a failing

translation process of mutant transcript in DYS cells during differentiation.

The expression of Myog and Myf5 at D11 confirmed the maturation of WT cells. Moreover,
since dystrophin (a marker of late differentiation) was expressed in WT cells after 11 days of

differentiation, we considered that D11 could be sufficient to contain matured myotubes.



Membrane capacitance and resting membrane potential in WT and DYS myoblasts/myocytes

To study the relationship between myogenesis and membrane electrophysiological properties as
well as the potential effect of a dystrophic background, we first measured Cm and RMP of WT and

DYS myoblasts (D0) and myocytes at different time points of differentiation (D2-D11).

It is generally assumed that Cm is proportional to the cell surface area and results from the
membrane composition of the phospholipid bilayer 2. To verify whether differences in the Cm exist
in WT and DY'S myocytes, we compared the average Cm of both cell types at different time points.
Cm increased as the differentiation program progressed in both cell lines (Figures 3A and B).
However, D11 DY cells showed significantly lower Cm compared with D11 WT myocytes
(Figure 3A; Table 2; Supporting Table S1), suggesting a reduced cell size and/or modified

membrane composition.

We also assessed the RMP of WT and DY'S cells at the different time points, as an indirect
index of cell differentiation. Previous studies showed that myoblasts show less negative RMP
whereas differentiated skeletal muscle cells have more negative RMP due to the higher expression
of potassium channels 30-36-38_In fact, as Figure 2B shows, DO WT/DY'S myoblasts present a
depolarized RMP, which was consistent with the barely detectable outward currents (see next
section). RMP became more negative as the differentiation progressed in both cell lines. However,
D11 DYS cells showed a more depolarized RMP compared with D11 WT cells, albeit not

statistically significant (Figure 3B; Table 2; Supporting Table S1).

Inward and outward current density in WT and DY S myoblasts/myocytes



To determine possible differences in the ion channel profiles of WT and DY'S cells, we analyzed
inward and outward current density from WT and DY S myoblasts (D0) and myocytes (D2-D11) at
the same time points of differentiation (Figure 4 and 5). At DO, most cells were found to be without
recordable current both in WT (seven out of 11) and in DY'S (seven out of 10) groups. Even when
detectable, both WT and DY'S myoblasts showed much lower inward and outward currents,
compared to differentiated WT/DYS myocytes (Figure 4A, B and 5A, B). Conversely, from D2 to
D11, the number of cells without measurable currents progressively decreased and, in parallel, both
inward and outward currents increased. At D6 and D11, inward and outward currents were clearly
detectable in both cell lines despite showing high variability in amplitude. As shown in the insets
and IV curves of Figure 4A and B, at D11 inward currents activate at about -70 mV, peak at about -
40 mV and decrease in amplitude at more depolarized potentials due to a reduction in driving force
whereas slowly activating and non-inactivating outward currents increase with membrane

depolarization.

As shown in the IV relationships in Figure 4A—C obtained during measuring peak inward
currents, WT cells inward current densities increased up to D6 and slightly declined at D11 whereas
DYS cells inward current densities increased up to D11 (Figure 4A-C; Table 2). The comparison
between WT and DY'S cells revealed that D11 DY cells had slightly higher inward current density
(~ 27%), albeit not significantly compared with WT (at -20mV; Figure 4B; Table 2; Supporting

Table S1).

Five uM tetrodotoxin (TTX) remarkably blocked inward current density at D11 by 98% and
87% in WT and DY, respectively (Figure 4D; Table 2), supporting the potential predominant
involvement of voltage-gated sodium channels (Nav) that are essential for muscle excitability
characteristics and for the acquisition of a mature phenotype®. We cannot exclude, however, a

small contribution by calcium channels.



We next examined outward current densities measured at the end of the test pulse in WT and
DYS cells at the same time points. As shown in the IV curves in Figure 5A and B, outward current
density increased along the differentiation in both WT and DY'S cells (Table 2), whereas D6 and
D11 DYS cells present slightly higher (albeit not significant; Supporting Table S1) outward current
densities compared to those of WT cells at the same days of differentiation (+60mV, Figure 5A, C;

Table 2).

Barium-sensitive K* currents, such as currents carried by inward rectifier K* channels (Kir),
are known to be expressed in fusion-competent myoblasts and especially in myocytes/myotubes
where they contribute to hyperpolarization of the RMP %0, Thus, to select barium-sensitive outward
currents, 500 uM BaClz2was applied to the recording chamber. BaClz decreased outward current
densities in D11 WT cells by 67% but barely affected the outward component in D11 DY'S cells
(Figure 5D), suggesting the contribution of barium-insensitive channels to the outward component

in differentiating myotubes, especially in DYS conditions.

lon channel gene expression in WT and DYS myoblasts/myocytes

To support the electrophysiological data, we performed RT-PCR analysis of different ion channel
genes that were possibly related to the recorded inward and outward currents. In particular, since
both Nav1.4 and Nav1.5 can contribute to the inward current component, we analyzed the
expression profile of their related genes Scn4a and Scnba, respectively. Similarly, the outward
component could be sustained by inwardly and delayed rectifying potassium channels and CIC-1
chloride channels. Thus, we measured the expression of Kcnj2, the gene encoding for Ba?*-sensitive
Kir2.1 channels, and of Kcng4 and Kenab encoding for Kv7.4 and Ky1.5 channels, respectively,
which are known to be expressed in skeletal muscle and be involved in myogenesis 4-43.We also

monitored the expression of the Clcnl gene encoding for the skeletal muscle chloride channel CIC-



1, which is important for the stabilization of RMP and for the acquisition of more differentiated

features*.

In WT and DYS cells, Scnda and Scnba expression increased as differentiation proceeded
(Figure 6A and B). However, Scnda expression was expressed more in D11 WT compared with
D11 DYS (Figure 6A; Supporting Table S1). Conversely, the expression of Scn5a was 5-fold
higher in D11 DY'S cells compared to WT cells (Figure 6B; Supporting Table 1). Moreover, no
expression of Scnda was found in D2 or D4 WT cells and D6 DYS cells. We did not find
expression of Scn5a in D4 DY'S cells. In addition, comparing the combined expression of Scn4a
and Scnba genes in stacked histograms, D11 DYS myocytes presented a smaller relative normalized
expression of Scnda than Scn5a with respect to D11 WT cells (Figure 6C). Immunofluorescence
experiments supported the presence of Nav1.4 and Nav1.5 in both cell lines (Figure 7). Regarding
CIC-1, Clcnl expression increased from D4 to D11 in WT cells (Figure 6D) but, interestingly, it
was never found in DYS cells at any time points. Kcnj2 expression level was very small in both cell
types; however, it appeared to be significantly higher in DO, D4, and D11 DYS cells compared with
WT myocytes (Figure 8A; Supporting Table S1), but significantly lower in D2 and D6.
Furthermore, immunostaining of Kir2.1 channel confirmed the presence of the protein in both cell
lines (Figure 8D). Kcng4 expression levels were similar in both D6 and D11 WT and DYS cells but
was found to be higher in D2 and D4 DY'S cells, compared to the same time points in WT
myocytes (Figure 8B; Supporting Table S1). No Kcng4 was found in DO DYS myoblasts. On the
other hand, Kcna5 expression was only present in D2 and D11 WT cells and increased as
differentiation progressed (Figure 8C). Finally, we also looked for Kcnjl1 gene expression;

however it was present in neither WT nor DY'S cells (data not shown).

DISCUSSION



Myogenesis is a key process for skeletal muscle regeneration in adults and has been found to be
altered in DMD settings 144°, Different ion channels interact with the DGC 22225 and are known to
contribute to muscle function during plasticity and disease “647. Thus, in the complex scenario of
DMD, the expression and activity of muscle specific ion channels can represent useful biomarkers

to monitor myofiber differentiation state and appealing drug targets.

In this study we sought to evaluate the correlation between ion channel development during
differentiation and how it could parallel the myogenic program in DMD settings by using WT and
DYS myoblasts and differentiated muscle cells. We reported changes in membrane electrical
properties and in ionic currents as well as in the expression of genes encoding for ion channels and
regulators of myogenesis. These changes are suggestive of delayed differentiation in DYS cells

compared to WT cells.

Myogenic transcription factors

Consistent with previously published data, the reduced expression of Myog and Myf5 pointed to an
impaired differentiation process in D6 and D11 DY'S cells. The reduction of Myog could be due to
the inefficacy of Myf5to support the myogenic program, as seen in satellite cells and myoblasts
lacking both Myf5and Myod (both essential for the onset of myogenesis)*. In fact, fetal DMD
muscles also show an overexpression of PAX7 and reduced expression of MYOD (together with an
alteration of calcium-mediated pathways)*° . As discussed below, Myog reduction can also be a

consequence of poor Kir2.1 expression in DYS cells® .



Inward and outward currents

The electrophysiological analysis revealed slight alterations in both inward and outward current
components in DYS cells compared to WT. Our results show that, throughout differentiation, both
WT and DYS cells have a significant increase of inward current densities from DO to D11.
However, DYS myocytes at D11 displayed slightly increased—»but not significant—inward current
density with respect to D11 WT cells. This increment, together with a smaller Cm, could imply an

early stage sodium load already described in DMD settings 5.

The use of TTX corroborated the involvement of Nav1.4 and Nav1.5 channels in both cell
lines, although we cannot exclude the possible contribution of calcium channels to the inward
component. A clear difference between WT and DY'S cell emerged from the analysis of sodium
channel expression. Nav1.4 (SCN4A) is the predominant sodium channel isoform in the adult
skeletal muscle 5152 whereas Nav1.5 (SCN5A) is the most abundant sodium channel isoform in the
heart, neonatal muscle, and after denervation 5354, Interestingly, D11 DY'S cells showed a reduced
total amount of Scn4a and Scnb5a expression with a marked upregulation of Scn5a gene compared to
control. Considering the time pattern of expression of Scnba, its overexpression in DYS myocytes
at D11 could be considered a sign of a delayed or impaired maturation in this cell line. These data
would support previous findings showing that voltage gated sodium channels, essential for the
excitability of skeletal muscle °°, can also play an important role in muscle cell differentiation and

possibly in the myogenic process %57,

Importantly, Nav1.4 channels, as well as Nav1.5, are known to indirectly interact with
dystrophin through the dystrophin-associated protein complex (DAPC). This suggests that the lack
of dystrophin by disrupting this interaction® may alter its expression and functioning. In particular,
different localization patterns and existence of macromolecular complexes have been described for

Nav1.5 channels in cardiomyocytes both at lateral membranes through the syntrophin—dystrophin



complex and at intercalated discs through SAP97%859, Less information is available for Nav1.4
localization in skeletal muscle fibers. Furthermore, the existence of different Nav1.4-related
macromolecular complexes has not been explored in detail nor whether changes in Nav1.4
localization occurs in DMD muscles. Dedicated studies using specific tools to modulate Nav1.4
channel expression would be useful to better understand the contribution of these and other ion
channels in myogenesis in DMD cells. Furthermore, the importance of Nav1.4 channels in
myogenesis could be understood by investigating the consequences of Nav1.4 dysfunction in mouse
models or human diseases. For example, mice lacking Nav1.4 do not survive beyond the second

postnatal day®° .

Both WT and DYS cell lines showed small outward current densities. Outward currents can
be mediated by potassium ions outflow and/or to chloride ions influx; thus, we focused on barium-
sensitive currents and on CIC-1 channels. Among barium-sensitive potassium channels, the key role
of Kir2.1 in myoblast fusion has been described in cell cultures derived from human muscle
biopsies 37:361, Blockade of Kir2.1 channels in human WT myoblasts causes decreased or
suppressed fusion and reduced expression of myogenic transcription factors.*” In our murine
derived cells, the expression of Kcnj2 is small in both D11 WT and DYS cells. In addition, whereas
the barium-sensitive component seemed to contribute only in part to the outward current in WT
cells, DYS myocyte outward currents were almost barium-insensitive. In cardiomyocytes, a similar
reduction of this Kir-mediated attribute has been observed in mdx ventricular cardiomyocytes *° and

in iPSC-cardiomyocytes from DMD patients >

The lower expression of Kcnj2 is also in agreement with reduced Myog mRNA level in DYS
myocytes; this again corroborates that terminal differentiation may be altered in DYS cells. Of note,
Kcnj2 and Myog were overexpressed in DO DYS cells compared to WT. This could suggest that
myogenesis could also be altered in DYS myoblasts. Similar to Nav1.4 and Nav1.5, Kir2.1 is a

member of the DAPC and binds to syntrophin®3. Thus, again, dystrophin deficiency might impair



Kir2.1-mediated currents in skeletal muscle as proposed in the heart®*. Furthermore, Nav1.5 and
Kir2.1 have been shown to traffic together to the sarcolemma of cardiomyocytes, creating macro-
complexes and regulating both cardiac excitability and arrhythmogenesis 66, Whether a mutual
interaction occurs between Nav1.4 and Kir2.1 channels, and perhaps other sarcolemmal channels, as
well as the impact on skeletal muscle diseases and myogenesis is not known and would be worth

exploring.

Besides Kir2.1, we explored the possible involvement of other potassium channels in
myogenesis that may contribute to the outward currents in skeletal muscle cells, namely Kv7.4 and
Kv1.5 232466 |n particular, our results show that the expression of the delayed rectifier Ky7.4 gene,
Kcng4, increased as differentiation progresses in WT cells, consistent with previously published
data®’. Kcng4 mRNA levels presented a similar increment in DYS cells, with an increase at D2 and
D4, compared to WT cells at the same time points. The Shaker delayed rectifier potassium channel
Kv1.5 acts principally during repolarization but is also involved in murine myoblast proliferation?.
Interestingly, our results demonstrated that Kcna5 expression increased along with differentiation in

WT cells but was not present in DYS cells.

Remarkably, our RT-PCR showed a total absence of Clcnl mRNA in DYS cells at all time
points and low expression in WT cells. CIC-1, the main chloride channel isoform in skeletal muscle,
is the main actor responsible for the electrical stability of the sarcolemma. Its expression increases
during muscle development and is controlled by innervation % and its activity varies depending on
skeletal muscle pathophysiological conditions®. The lack of Clcnl in D11 DY'S cells could be
considered an early and indirect index of impaired myogenic potential. Despite the lack of evidence
regarding the possible co-localization of the CIC-1 channel with DAPC, this finding corroborates
the sensitivity of CIC-1 in the absence of dystrophin as hypothesized in adult myofibers of

dystrophic mdx mice "°. Specific direct recordings of CIC-1 channel current have always been



challenging in skeletal muscle’*" , and based on our results and current knowledge, we do not

expect to see chloride currents in non-innervated myocytes.

RMP and Cm

Consistent with the lack of Clcnl and the smaller Kir-related current component in DYS myocytes,
the RMP was more depolarized in DY'S cells. Both Kir2.1 and CIC-1 channels contribute to setting
resting membrane stability in skeletal muscle cells, and skeletal muscle fibers from mouse or
humans carrying dysfunctional Kir2.1 or CIC-1 present changes in membrane potential and altered
excitability 3174, The less negative RMP found in DY'S cells could be associated to-a cells less
committed to the myogenic program “immature”cel-stage, In fact, RMP could be considered an
indirect index of differentiation in fusion-competent myoblasts . Importantly, a more depolarized
RMP, if maintained throughout differentiation, affects the amount of Nav channels in the resting
state. It favors the non-conductive, inactivated state that has a clear impact on the ability to trigger a
proper excitation—contraction coupling upon depolarization, which is also important to favor
mechanically-stimulated differentiation. It should also be noted that the volume-regulated anion
channel (VRAC or LRCCS8) is another ion channel that can help myoblast differentiation by

contributing to membrane hyperpolarization.’"8

Cm of D11 DYS cells was significantly lower than D6 DYS and D11 WT cells. This again
suggests that DYS cells tend to get smaller, probably as a result of changes in membrane protein
localization, possible lipid composition, epigenetic mechanisms, and/or delayed differentiation?®.
This would be consistent with a membrane less stable and more prone to damage due to the absence
of dystrophin 7®7> Few authors have measured Cm in WT and DY'S cells/fibers and there is no
consensus on the relative Cm changes. Canato et al. found that mdx fibers present a lower Cm with

respect to control mice values; similar results have been obtained in epicardial myocytes of adult



mdx dogs compared to age-matched control 8281, Conversely, Rivet and colleagues showed that Cm

of human DMD myotubes was higher than controls &2,

CONCLUSIONS

Overall, the greater expression of Scnba, the reduced barium sensitive outward currents, the absence
of CIC-1, the smaller Cm and more depolarized RMP, together with reduced Myog and Myf5
expression at different myocyte differentiation stages, all support a parallel defect in myogenic
efficiency and acquired differentiated biophysical features compared to WT. The impairment of
proper ion channel expression/function may in turn affect myogenesis in a sort of auto-reinforcing

loop, eventually leading to what appears as dysfunctional regeneration.

Despite promising therapeutics in the pipeline, DMD still suffers from unmet clinical needs.
Our electrophysiological characterization suggests that ion channels could be involved in the
myogenic program and can be considered as biomarkers of myogenesis. Thus, understanding the
altered pattern of ion channel development in DMD settings could be pivotal to shed further light on
DMD pathophysiology and to pave a way for new pharmacological targets to enhance myogenesis
and regeneration. Moreover, exploring differentiation even further (beyond day 11) could be pivotal
to better understand ion channels’ role in later stages of myogenesis. Finally, identification of
specific ion channels that could be involved in the myogenic program both in healthy and DMD

conditions could be useful for creating 3D platforms, such as muscle organoids.

We are aware that this is a preliminary characterization of ion channels in DY'S skeletal
muscle cells and more detailed experiments that use more specific solutions and voltage-step

protocols as well as selective blockers or small RNA interference are required to confirm the role of



specific ion channels as biomarkers of differentiation in this pathological setting. Further studies are

also needed to fully understand ion channel localization and interactions in DMD settings.
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FIGURE LEGENDS

FIGURE 1 Bright-field images depicting WT and DYS myoblasts and D11 myocytes. Myoblasts
(red arrows) have a rounder shape than myotubes and present spindles (blue arrows), whereas
myotubes (yellow arrows) show a more elongated form than muscle cells in proliferation. Scale

bars: 100 um. Abbreviations: DO, myoblasts; D11, Day 11; DYS, dystrophic; WT, wild-type.

FIGURE 2 Gene expression (relative to zero) of different markers of differentiation/myogenesis in
WT and DYS myoblasts (D0), and myocytes (D2-D11). (A) Myf5, (B) myogenin (Myog) and (C)
dystrophin gene (Dmd). For some time points mMRNA expression was barely detectable. Student’s t
test *p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001. (D) Immunostaining of dystrophin

(red), phalloidin (green) and nuclei (blue) in D11 WT and DY'S cells. Last panel on the right, Red,



Green, Blue (RGB) merged image. Scale bars: 100 pum.

FIGURE 3 (A) Membrane capacitance and (B) resting membrane potential in WT and DY'S
myoblasts and D2-D11 myocytes. (A) Shows significant differences between the two cell lines
during differentiation. Data are mean + S.E.M of the indicated number of cells. Student’s t test * p <

0.001, *** p <0.001. Abbreviations: DY'S, dystrophic; WT, wild-type.

Table 2. Total inward and outward current density measured at -20 mV and at +60 mV,
respectively, at DO (myoblasts) and D2-D11 (myocytes). Cm and RMP values from DO to D11.
TTX and BaCl: effect is recorded at D6/11 in WT/DYS myocytes. Data are mean + S.E.M of the
indicated number of cells (n). The number of cell batches (N) from which we recorded different
cells n is also indicated. Student’s t test: *p <0.05, *** p <0.001. Abbreviations: DYS, dystrophic;

TTX, tetrodotoxin; WT, wild-type.; Cm, Capacitance; Resting membrane potential (RMP).

FIGURE 4 Inward current density in WT and DY'S myoblasts and myocytes. IV curves of (A) WT
and (B) DY'S myoblasts (D0) and myocytes (D2-D11). Insets show inward currents in WT and
DYS myocytes. (C) Bar graph showing the inward current density (at -20 mV) of WT and DYS
myoblasts and D2-D11 myocytes;. A statistically significant difference was found only for inward
current densities within WT cells at all time points. One-way ANOVA for WT (p <0.01) and DYS
(p=0.087) (Supporting Table S2). (D) Bar graph showing the effect of TTX in WT and DYS at D6

and D11. Data are mean = S.E.M of the indicated n of cells Abbreviations: DYS, dystrophic; TTX,



tetrodotoxin; WT, wild-type.

FIGURE 5 Outward current density in WT and DY S myoblasts and myocytes. IV curves of (A)
WT and (B) DYS myablasts (D0) and myocytes (D2-D11). Insets show the outward current
component in WT and DY'S myocytes; the inward component was cut from the traces for clarity
reasons. (C) Bar graph showing the outward current density (at +60 mV) of WT and DYS
myoblasts and D2-D11 myocytes. A statistically significant difference was found for outward
current densities within WT and within DY'S at all time points. One-way ANOVA for WT (p <
0.0001) and DY'S (p < 0.05) ( Supporting Table S2). (D) Bar graph showing the comparison of the
effect of BaClz in WT and DYS myocytes at D6 and D11. Data are mean + S.E.M of the indicated n

of cells. Abbreviations: DY'S, dystrophic; WT, wild-type.

FIGURE 6 Gene expression (relative to zero) of different ion channels in WT and DY'S myoblasts
(D0), and myocytes (D2-D11). (A) Scnda gene for the Nav1.4. (B) Scn5a gene for the Nav1.5. (C)
Stacked histograms depicting Scn4a and Scn5a relative expression for each differentiation time
point in both cell lines. (D) Clcnl gene for the skeletal muscle chloride channel, CIC-1. For some
time points no mMRNA expression was found. Student’s t test *p < 0.05, ** p <0.01, *** p <0.001,

**%% p <0.0001. Abbreviations: DYS, dystrophic; WT, wild-type.

FIGURE 7 Immunofluorescence of D11 WT and DYS cells. Cells were stained with DAPI for
nuclei (Blue), polyclonal anti-sodium channel Nay1.4 and Nav1.5 (Green), MF20-S for myosin
(Red). Last panel on the right, Red, Green, Blue (RGB) merged image. (A) D11 WT and (B) DYS

cells stained with antibodies for Nav1.4 and myosin; (C) WT and (D) DYS cells at D11 with



polyclonal anti-Nav1.5 and monoclonal pan antibody against myosin. Scale bars: 100 pm.

Abbreviations: DY, dystrophic; WT, wild-type.

FIGURE 8 Gene expression (relative to zero) of potassium ion channels in WT and DY'S
myoblasts (D0), and myocytes (D2-D11). (A) Kcnj2 for inward rectifying Kir2.1 (B) Kcng4
voltage-gated channel Ky7.4 (C) Kcnab for voltage-gated channel Kv1.5. For some time points no
MRNA expression was detected. Student’s t test *p <0.05, ** p <0.01 *** p <0.001 **** p <
0.0001. (D) Immunostaining of Kir2.1 (Green), myosin, and nuclei (Blue) in D11 WT and DYS
cells. Last panel on the right, Red, Green, Blue (RGB) merged image. Scale bars: 100 pm.

Abbreviations: DY, dystrophic; WT, wild-type.



