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The regeneration of adult skeletal muscle after injury is primarily initiated by satellite cells (SCs), but the reg-
ulatory mechanisms of cells committed to myogenic differentiation remain poorly explored. Small molecular
selenoprotein K (SelK) plays crucial roles in the modulation of endoplasmic reticulum (ER) stress and against
oxidative stress. Here, we first showed that SelK expression is activated in myogenic cells during differentiation
both in vivo and in vitro. Meanwhile, loss of SelK delayed skeletal muscle regeneration, inhibited the devel-
opment of myoblasts into myotubes, and was accompanied by reduced expression of myogenic regulatory factors
(MRFs). Moreover, ER stress, intracellular reactive oxygen species (ROS), autophagy and apoptosis under
myogenesis induction were more severe in SelK-deficient mice and cells than in the corresponding control
groups. Supplementation with specific inhibitors to alleviate excessive ER stress or oxidative stress partly rescued
the differentiation potential and formation of myotubes. Notably, we demonstrated that Self-mediated regulation
of cellular redox status was primarily derived from its subsequent effects on ER stress. Together, our results

suggest that SelK protects skeletal muscle from damage and is a crucial regulator of myogenesis.

1. Introduction

In adult mammals, skeletal muscle represents the most massive tissue
in the body, contributing to 40-50% of the total body weight [1].
Following injury, skeletal muscle displays a powerful regenerative ca-
pacity that is attributed to the ordered regulation of a cascade of events
initiated by satellite cells (SCs) [2,3]. To rehabilitate damaged areas of
muscle fibers, mononuclear SCs are rapidly activated from quiescence to
undergo proliferation. Subsequently, except for a small part of activated
SCs returning to a quiescent state to replenish the stem pool, most SCs
undergo myogenic differentiation and finally fuse into multinucleated
myotubes or nascent myofibers [4-6]. This complex multistep process
primarily relies on the specific expression of multiple myogenic regu-
latory factors (MRFs), such as Pax7 and the myogenic differentiation
marker (MyoD) family, which determines the development and integrity
of skeletal muscle regeneration [7]. Accumulating evidences have sug-
gested that both deferred and premature differentiation can disturb the
homeostasis of myogenesis and impair the performance of muscle

remodelling [8,9].

Due to high metabolic activity after activation, SCs need to be
exposed to an oxidative environment dominated by pro-oxidant sig-
nalling [10]. Some intracellular processes necessary for the myogenic
differentiation of SCs, such as autophagy and apoptosis, are strongly
related to oxidative stress [11,12]. However, the role of reactive oxygen
species (ROS) generated in the matrix on the final maturation of skeletal
muscle cells is complex and bifacial. The delicate balance between
oxidative stress and antioxidant enzyme (e.g., SOD1, SOD2 and CAT)
activities maintains muscle homeostasis [13]. ROS production beyond a
threshold level can impair SCs differentiation and skeletal muscle
regeneration. For instance, during amyotrophic lateral sclerosis or
multiple cachexia syndrome, skeletal muscle degeneration is usually
accompanied by excessive ROS production [14,15]. In addition, in
cardiotoxin-induced muscle injury, artificial intervention in
NOX4-mediated ROS production disrupted skeletal muscle regeneration
and myoblast fusion [16]. Apart from oxidative stress, evidence has
proven that the endoplasmic reticulum (ER) stress-induced unfolded
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protein response (UPR) signalling pathway also plays crucial roles in
multifaceted regulation of myogenesis [17]. The ER is a network in the
cytoplasm composed of branched ER tubules and flat capsules that is
primarily responsible for coordinating the biosynthesis, folding and
secretion of cellular proteins [18]. Disturbances in cellular homeostasis
can result in an accumulation of unfolded/misfolded proteins in the ER
lumen, with resultant ER stress [19]. To respond to ER stress, a signal
transduction mechanism is activated, known as the unfolded protein
response (UPR), which is driven by three ER transmembrane sensors
(PERK, IRE1 and ATF6). These sensors reduce the accumulation of ER
proteins by activating two mechanisms, the degradation of
ER-associated resident proteins (ERAD) and the refolding of unfolded
proteins [20,21]. The three arms of the UPR play a role in regulating the
differentiation efficiency in different stages of the myogenesis process. It
has been reported that prior to differentiation, ATF6 facilitates the
apoptotic pruning process to eliminate differentiation-incompetent
myoblasts [22]. During the early differentiation phase, the PER-
K/elF20a/CHOP axis can be transiently activated, inhibiting the over-
expression of MyoD and preventing premature differentiation [23]. IRE1
controls the fusion of myocytes into multinucleated myotubes [24].

Selenium is an essential trace element for organisms that is incor-
porated into selenoproteins in the form of selenocysteine to play
important roles in many biological processes [25]. Patients with sele-
nium deficiency often develop skeletal muscle disorders, such as muscle
pain, proximal weakness and fatigue, emphasizing the potential func-
tions of selenoproteins in regulating muscle homeostasis [26]. Seleno-
protein K (SelK) is a small molecular selenoprotein (~12 kDa) located in
the ER membrane that is closely related to immunity, cancer and
development [27,28]. Although the functions of SelK include the
maintenance of ERAD and antioxidants, and its expression has been
detected in skeletal muscle [29-31], whether SelK participates in the
reconstruction of skeletal muscle is entirely unknown. In the present
study, SelK was found to be highly expressed in activated SCs in response
to 1.2% BaCl, injury. Utilizing genetic mouse models, we demonstrated
that SelK ablation inhibited SCs myogenic differentiation and delayed
skeletal muscle repair. Mechanistically, SelK regulated ROS production
by stabilizing ER stress to mediate autophagy and apoptosis.

2. Materials and methods
2.1. Animals

All procedures used in this experiment were approved by the Animal
Care and Use Committee of Northeast Agricultural University (SRM-11).
The generation of a SelK knockout (SelK KO) mouse model (C57BL/6)
was achieved using CRISPR/Cas-mediated genome engineering. In brief,
the mouse SelK gene (GenBank accession number: NM_019979.2;
Ensembl: ENSMUSG00000042682) is located on mouse chromosome
14. We identified five exons from the SelK gene sequence, with the ATG
start codon in exon 1 and the TAA stop codon in exon 5. Exon 1 to exon 5
were selected as target sites for insertion of two pairs of gDNA targeting
vectors. Cas9 mRNA and gRNA generated by in vitro transcription were
coinjected into fertilized eggs for KO mouse production.

2.2. Skeletal muscle injury and tissue section preparation

To induce skeletal muscle injury, 75 pl of BaCly (1.2% in saline,
Sigma-Aldrich) was injected into the tibial anterior (TA) muscle of 10-
week-old mice. At 3, 5, and 7 d postinjury, the mice were sacrificed
and then the TA muscles were harvested. Isolated muscle tissues were
washed with normal saline and fixed in 4% paraformaldehyde for more
than 48 h. After immersion fixation and dehydration embedding, 5 pm
paraffin sections of the muscles were generated.
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2.3. Histology and morphometric analysis

In order to evaluate the morphology and regeneration of TA muscle,
paraffin sections of skeletal muscles at 0, 3, 5 and 7 d postinjury were
subjected to hematoxylin and eosin (H&E) staining. ImageJ software
was used to calculate the number of myofibers containing >2 centrally
located nuclei and the cross-sectional area (CSA) in H&E-stained muscle
sections.

2.4. Culturing of cell lines

For in vitro experiments, mouse C2C12 myoblasts were cultured as
previously described [32]. Cultured cells were maintained in growth
medium (DMEM high glucose (HyClone, Sigma-Aldrich) containing
10% FBS (Biological Industries (BI)) and 1% penicillin-streptomycin
(Beyotime) on cell culture plates (Corning, Sigma-Aldrich) at 37 °C in
a humidified atmosphere with 5% CO». To induce myogenic differenti-
ation, the cell line at 80% confluency was changed from growth medium
to differentiation medium (DMEM high glucose containing 2% horse
serum (Beyotime) and 1% penicillin-streptomycin).

2.5. Transfections and processing

For SelK knockdown in vitro, C2C12 myoblasts were cultured in 6-
well plates containing growth medium until the confluency reached
60-70%. Subsequently, cells were transfected with siRNAs using Lip-
ofectamine RNAi MAX transfection reagent (Invitrogen) according to
the method described by Chi et al. [33]. Cells transfected with stealth
RNAi Negative Control (siNC) were used as controls. The target
sequence used for silencing of mouse SelK (siSelK) was 5'-GAA GAG GCT
ACG GGA GCT CC-3, and siSelK and siNC were designed by RiboBio.
After 12 h of transfection, the cells were washed once with PBS and
incubated with differentiation medium to induce the formation of
myotubes. N-acetyl cysteine (NAC) and sulforaphane (SF) are commonly
used antioxidant regents, and 4-phenylbutyrate (4-PBA) and taur-
oursodeoxycholic acid (TUDCA) are potent inhibitors of ER stress.
Considering the key role of changes in oxidative stress and ER stress
levels in myogenic differentiation, we treated cells with NAC (1 mM) or
SF (1 pm) to restrain ROS production and 4-PBA (1 mM) or TUDCA (200
pm) to restrain ER stress during differentiation phases (days 1-5).

2.6. Apoptosis analysis

We used TdT-mediated dUTP nick-end labeling (TUNEL) staining to
assess apoptosis in TA muscles. Briefly, 5 pm paraffin-embedded sections
were incubated in permeabilization solution and treated with an in situ
apoptosis detection kit (Roche). Subsequently, 10 pg/mL 4,6-diamidino-
2-phenylindole (DAPI) was used to localize the nuclei of cells and stain
them to blue, and apoptotic cells were stained green by the TUNEL re-
action mixture. Meanwhile, acridine orange/ethidium bromide (AO/EB)
dual staining and flow cytometry were employed to analyse apoptosis.
For AO/EB staining, cells cultured in growth or differentiation medium
were rinsed with PBS and stained with AO/EB working solution (20 pL/
mL) for 5 min. Then, the fluorescence signal was imaged under a fluo-
rescence microscope. For flow cytometry, cells were labelled with pro-
pidine iodide (PI) and Annexin V according to the manufacturer’s
instructions (KENGEN Biotech). The methods for calculating the rate of
apoptosis were provided by FlowJo software.

2.7. Detection of antioxidant function

To identify the effect of SelK on the levels of oxidative stress during
skeletal muscle injury repair, commercial chemical test kits purchased
from Jiancheng Bioengineering Institute were employed to determine
the activities of superoxide dismutase (SOD), catalase (CAT) and total
antioxidant capacity (T-AOC) and the contents of peroxidative
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decomposition products (hydrogen peroxide (H203), malonic dia-
ldehyde (MDA)). In brief, fresh TA muscle tissues at 3 d postinjury were
homogenized in cold physiological saline solution and centrifuged at
3500 r for 15 min. Then, the obtained supernatants were used to mea-
sure changes in these oxidative stress markers according to the manu-
facturer’s instructions.

2.8. Detection of intracellular ROS generation

We used a 2/,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) kit
provided by Jiancheng Bioengineering Institute to observe and analyse
the production of intracellular ROS. After removing the medium, the
cells were washed with PBS and treated with serum-free medium con-
taining DCFH-DA (a sensitive probe that can be oxidized by intracellular
ROS to the fluorescent 2,7-dichlorofuorescin (DCF)) for 30 min. Then,
images of fluorescent ROS labelled with DCF were obtained using
fluorescence microscopy, and ROS production was quantified by using a
fluorescence microplate reader.

2.9. Immunohistochemistry and immunofluorescence

For immunohistochemistry, paraffin sections of TA muscles fixed in
4% PFA were permeabilized in 0.3% Triton X-100 for 20 min. After
treatment with 3% H2O, for 15 min and blocking in blocking buffer
(Servicebio) for 2 h, samples were then incubated with primary anti-
bodies (diluted in PBST) at 4 °C overnight. Subsequently, the sections
were rinsed in TBST and incubated with biotin-conjugated secondary
antibody at room temperature for 1 h. Finally, samples were stained
with HRP-labelled streptavidin and the signal was developed with DAB
(Servicebio). The primary antibodies used for immunohistochemistry
were as follows: mouse anti-Pax7 (cat. No. sc-81648, Santa Cruz, 1:50),
rabbit anti-SelK (cat. No. ab139949, Abcam, 1:50), and mouse anti-
MyoG (cat. No. GB14118, Servicebio, 1:50).

For immunofluorescence and cell staining, after fixation in 4% PFA
and permeabilization in 0.3% Triton X-100 for 20 min, the sample
sections and cultured cells were blocked with blocking buffer (Service-
bio) for 2 h at room temperature and incubated with primary antibodies
at 4 °C overnight. Subsequently, the samples were washed with TBST
and incubated Secondary antibody with fluorescent label. The primary
antibodies used in immunofluorescence were as follows: rabbit anti-
Ki67 (cat. No. GB13030-2, Servicebio, 1:200), mouse anti-Pax7 (cat.
No. sc-81648, Santa Cruz, 1:50), rabbit anti-SelK (cat. No. ab139949,
abcam, 1:50), mouse anti-MyoG (cat.no. GB14117, Servicebio, 1:200),
mouse anti-MyoD (cat.no. GB14116, Servicebio, 1:200), mouse anti-
MyHC (cat.no. sc-81648 1:50), rabbit anti-p62 (cat.no. GB11239-1,
Servicebio, 1:200) and rabbit anti-LC3B (cat.no. A19665, ABclonal).

2.10. Analysis of cell number and the cell cycle

A Cell Counting Kit-8 assay (CCK-8) assay was used to complete the
detection of cell number. In brief, after transfection, C2C12 myoblasts
were cultured in 96-well plates for 24 h and 48 h, respectively. Then, 10
pL of CCK-8 reagent (Saint-Bio) was add into each well for 1 h, and the
absorbance reads at 490 nm (n = 6) were identified by using an Infinite
F50 microplate reader (Tecan). For the cell cycle, transfected C2C12
myoblasts in 6-well plates were fixed in 70% ethanol at —20 °C over-
night. After washing twice with PBS and treating with a Cell Cycle
Detection Kit (KeyGen BioTECH) at temperature for 1 h without light,
the red fluorescence at an excitation wavelength of 488 nm was recor-
ded by using flow cytometry (Becton Dickinson, FACSCalibur). The cell
cycle was analysed by using ModFit LT (Verity Software House).

2.11. Quantitative real-time PCR (qRT-PCR)

Total RNA was obtained from TA muscles and treated cells with
TRIzol reagent (Invitrogen, Thermo Fisher Scientific), and the
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concentration and purity of RNA were measured using a spectropho-
tometer at 260/280 nm. First-strand cDNA for qRT-PCR was generated
using a commercial synthesis kit (Bioer Technology). The primers were
designed using online primer design software (Sangon Biotech) and are
shown in Table S1. The quantification of mRNA expression was per-
formed using a BioRT Real Time RT-PCR Kit (Bioer Technology) in a
LineGene 9600 Plus (Bioer Technology). GAPDH was used as a house-
keeping gene to complete data normalization according to the 2-AACt
method.

2.12. Western blotting

Western blotting was performed as previously described [34]. In
brief, skeletal muscle and treated cells were lysed in ice-cold RIPA buffer
with PMSF protease inhibitor (Beyotime). The supernatant was obtained
by centrifugation, and the concentration of protein was determined by a
BCA assay kit (Beyotime). Equal amounts of proteins from different
groups were loaded and separated on 6-15% SDS-PAGE gels, trans-
ferred onto nitrocellulose membranes (Pall Corporation) and blocked for
2 h at 37 °C with 5% milk-TBST. Membranes were incubated either
overnight at 4 °C with primary antibodies against: SelK (Abcam, 1: 500),
MyoD (Abclonal, 1:1000), MyoG (Abclonal, 1:1000), MyHC (Abclonal,
1:1000), GRP78 (Abclonal, 1:1000), ATF6 (Abclonal, 1:1000),
phospho-IRE1 (p-IRE1, Abclonal, 1:500), phospho-PERK (p-PERK,
Abclonal, 1:500), phospho-elF-2a (p-elF-2a, Abclonal, 1:1000), CHOP
(Abclonal, 1:1000), LC3B (Abclonal, 1:1000), p62 (Abclonal, 1:1000),
cleaved Caspase3 (cle-Cas3, Abclonal, 1:1000), Bcl2, Bax (My lab,
1:400) and GAPDH (Servicebio, 1:1000). Then, the membranes were
washed with TBST three times and incubated with HRP-conjugated
secondary antibodies (ImnunoWay, 1: 8000) at temperature for 1 h.
The bands were visualized by using an ECL kit (Kangweishiji Biotech-
nology) and an Azure imaging Biosystem C300.

2.13. Statistical analyses

All data presented in the present study were collected from at least
three biological replicates. The results are expressed as the means +
standard error of the mean (SEM). Data were analysed by one-way
ANOVA of variance or unpaired t-test using GraphPad Prism software
7, and a p-value < 0.05 was considered statistically significant: *p <
0.05, **p < 0.01 and ***p < 0.001. The software showed that data had a
normal distribution.

3. Results
3.1. SelK is upregulated in differentiated myogenic cells

To examine the role of SelK during skeletal muscle regeneration, we
analysed the expression of SelK in SCs by immunostaining of myofibers
isolated from TA muscles injured with BaCl, injection. However, in
Pax7-quiescent SCs, no obvious SelK protein expression was observed
(Fig. 1A and Fig. S1A), but we observed that SelK was significantly
expressed in Pax7-positive (Pax7") SCs and MyoG-activated (MyoG™)
myogenic cells (Fig. 1B, C and Figs. S1B and C). Meanwhile, SelK levels
in the TA muscles of BaCly-injured mice were detected, and the
expression levels of SelK were significantly higher in the injured than in
the control TA muscles (treated with mock saline) at 5 d postinjury
(Fig. 1D). Furthermore, to analyse SelK expression in vitro, C2C12
myoblast cells were incubated and allowed to differentiate into myo-
tubes. As the differentiation degree of C2C12 myoblasts increased,
expression of SelK was gradually promoted (Fig. 1E-H). Taken together,
these data indicate that the transcriptional levels of SelK are remarkably
elevated in differentiated myogenic cells.
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muscle of wild-type mice without 1.2% BaCl, injection. Scale bar = 50 pm. (B) Immunofluorescence staining of Pax7 (red) and SelK (green) in TA muscle of wild-type
mice at 5 d postinjury. Scale bar = 50 pm. (C) Immunofluorescence staining of MyoG (red) and SelK (green) in TA muscles of wild-type mice at 5 d postinjury. Scale
bar = 50 pm. (D) Western blot analysis of SelK protein levels in uninjured and 5 d-injured TA muscle. N = 3 mice in each group for A-D. (E) Immunofluorescence
staining of SelK in C2C12 myoblasts cultured in growth medium for 1 d or in differentiation medium for 2 d. Scale bar = 50 pm. (F) qRT-PCR analysis of SelK mRNA
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5or 7 d (D1, D3, D5 or D7). N = 3 in each group for E-H. The results are presented as means + S.D. ***p < 0.001, values significantly different from the corre-
sponding control by unpaired t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.2. SelK ablation causes inefficient regeneration of adult skeletal muscle

Although we found that expression of SelK was upregulated during
the process of myogenic differentiation, we still needed to determine
whether it plays a positive or negative function in myogenic differenti-
ation. Thus, we generated SelK knockout (SelK KO) mice using CRISPR/
Cas-mediated genome engineering (Fig. 2A and B). Under normal con-
ditions, the SelK KO mice displayed similar weight and health status as
wild-type mice, and ablation of SelK did not affect the ratio of TA muscle
weight to whole body weight (Fig. 2C and D). To investigate the role of
SelK in skeletal muscle regeneration, we injected BaCl, into the TA
muscles of mice in the control and SelK KO groups. Immunostaining
revealed that SelK was successfully deleted in Pax7 " and MyoG * cells of
SelK KO mice compared to the control group at 5 d postinjury (Fig. 2E).
Meanwhile, the effect of SelK deletion on regeneration after skeletal
muscle injury was examined by using H&E staining. When uninjured, no
difference was observed in the cross-sectional size of muscle fibers be-
tween wild-type mice and SelK KO mice (Fig. 2F). Intriguingly,
compared to the normal muscle regeneration process in control mice at

3, 5and 7 d postinjury, SelK KO mice displayed delayed muscle recovery
(Fig. 2F). The numbers of regenerating myofibers containing two or
more central nuclei were also notably decreased in SelKk KO mice
(Fig. 2G). Moreover, the average cross-sectional area (CSA) of myofibers
in SelK KO mice was significantly decreased by 25% compared to that in
control mice at 5 days of injury (Fig. 2H). In agreement with this, further
analysis of the average areas of myofibers with centralized nuclei
showed that most of the muscle fiber areas in SelK KO mice were less
than 400 pmz, while in contrast, the muscle fiber areas in control mice
were primarily distributed in the range of 400 and 600 pm? (Fig. 2I). The
impaired regenerative capability of TA muscles in SelK KO mice was also
evidenced by the reduced size of fibers positive for MyHC (MyHC™)
(Fig. 2J and K). Overall, these findings demonstrate that SelK exerts a
positive regulatory effect on muscle regeneration and that its inactiva-
tion impairs SCs function.

3.3. SelK ablation inhibits the myogenic differentiation in vivo

When quiescent SCs are activated by stress, they acquire MyoD
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corresponding control by unpaired t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

expression (Pax7 MyoD"), and are then classified as proliferative
muscle progenitor cells. Subsequently, most progenitor cells exit the cell
cycle and lose Pax7 (Pax7 MyoD") to enter myogenic differentiation.
Finally, they gain MyoG, and initially coexpress with MyoD followed by
independent expression of MyoG [35,36]. The impact of SelK ablation
on skeletal muscle regeneration encouraged us to investigate the
importance of SelK in the process of SCs differentiation. Therefore, to
explore whether the differentiating potential of SCs is modulated by SelK
expression in vivo, TA muscles from both genotypes were stained for
Pax7 and MyoD at 3 d post-BaCl, injection. As shown in Fig. 3A and B,
SelK inactivation markedly decreased the percentage of cell populations
belonging to the differentiated Pax7 MyoD" population but increased
Pax7 "MyoD ™~ quiescent cell numbers. Meanwhile, at 5 d postinjury,
compared to wild-type mice, the share of MyoD MyoG' and

MyoD MyoG™ was significantly lower in SelK KO muscles, while that of
MyoD*MyoG~ SCs was higher (Fig. 3C and D). To confirm this obser-
vation, we quantified the expression of MRFs in TA muscles at the gene
and protein levels. Consistently, mRNA expression of the primary MRFs
(MyoD1, MyoG, MyH1, MyH2 and MyH3) and protein expression of
MyoD, MyoG and MyHC were significantly reduced in SelK KO mice
(Fig. 3E-G). Thus, our results suggest that loss of SelK delays the
myogenic differentiation of SCs in vivo.

3.4. Silencing of SelK inhibits myogenic differentiation in vitro

To further elucidate the role of SelK in regulating the balance of
myogenic differentiation, we silenced SelK in C2C12 myoblasts using
siRNA transfection (siSelK) and induced the formation of myotubes. As
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of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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shown in Fig. 4A-C, we found that throughout the differentiation pro-
cess (days 1 to day 5), expression of SelK was still lower than that of the
control group (day 0), indicating satisfactory knockdown efficiency. As
expected, consistent with the in vivo results, siSelK transfection dimin-
ished C2C12 myoblast differentiation (Fig. S2). This finding was
accompanied by a decrease in the myotube formation of approximately
80% after inducing differentiation (Fig. 4D and E). Meanwhile, we also
found that compared to controls, the numbers of MyoG" C2C12 myo-
blasts were considerably reduced in the siSelK group (Fig. 4F and G). In
addition, immunoblotting analysis of MyoD, MyoG and MyHC further
demonstrated the inhibitory effect of siSelK on the differentiation of
C2C12 myoblasts (Fig. 4H and I). These results suggest that genetic
silencing of SelK inhibits myogenic differentiation in vitro.

3.5. Deletion of SelK has no effect on the proliferation of SCs

In addition, we also analysed the proliferative potential of SelK-

Redox Biology 50 (2022) 102255

silenced SCs during muscle regeneration. Immunostaining of Ki67, a
marker protein presents in nuclei of proliferating cells was performed in
the TA muscles of control and SelK KO mice at 3 days after BaCl, injury.
The results demonstrated that the frequency and number of Ki67-
positive cells (Ki67 ") were not significantly changed compared to con-
trol mice (Fig. 5A and B). Meanwhile, coimmunostaining for Pax7 and
Ki67 on transverse sections was also conducted to determine the pro-
liferation state of SCs, and the results showed that the percentage of
Pax7'Ki67" proliferating SCs in SelK KO muscles was equivalent to the
double-positive rate in the control muscles (Fig. 5C and D). This finding
also coincided with the fact that there was no significant difference
between the percentage of cell populations belonging to proliferative
Pax7"MyoD™ in TA muscles in the two genotypes (Fig. 4A and B).
Furthermore, C2C12 myoblast cells transfected with siRNA specifically
designed for SelK revealed that during the proliferation phase (1 and 2
days), SelK knockdown did not change the cell viability or cycle phase
compared to cells transfected with negative control siRNA (siNC)
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Fig. 4. The differentiation ability of C2C12 myoblast cells is reduced by SelK silencing. (A) and (B) Western blotting analysis of SelK protein levels in siSelK-
transfected C2C12 myoblast cells cultured in differentiation medium for 1, 3 and 5 d (N = 3). (C) qRT-PCR analysis of SelK mRNA levels in siSelK-transfected
C2C12 myoblast cells cultured in differentiation medium for 0, 1, 3 and 5 d (N = 3). (D) Immunofluorescence staining of MyHC in control siRNA (siNC) and
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MyHGC" C2C12 myoblast cells. (F) Immunofluorescence staining of MyoG in siNC and siSelK C2C12 myoblast cells cultured in differentiation medium for 5 d (N = 3).
Scale bar = 50 pm. (G) Quantitative analysis of the percentage of MyoG" C2C12 myoblast cells. (H) and (I) Western blotting analysis of MyoD, MyoG and MyHC
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(Fig. 5E, F and Fig. S3), highlighting the possibility that deficiency of
SelK does not impair skeletal muscle regeneration by affecting the pro-
liferation potential of SCs.

3.6. Targeted deletion of SelK exacerbates apoptosis and autophagy in
myogenic cells during myogenesis

Previous studies have found that both apoptosis and autophagy
regulate the activation of SCs and skeletal muscle regeneration [37].
However, dysregulated activation of these two processes can hinder
myogenic differentiation [24]. Thus, we next examined the effect of SelK
ablation on apoptosis and autophagy during skeletal muscle regenera-
tion. As shown in Fig. 6A, TUNEL" cells were not found in sections from
uninjured controls or SelK KO TA muscles, while 5 d postinjured TA
muscles in SelK KO mice exhibited more TUNEL™ cells than in corre-
sponding injured TA muscle of control mice (Fig. 6A and B). Meanwhile,
AO/EB staining was used to assess apoptosis in C2C12 myoblasts

modulated by SelK during myogenic differentiation. The result showed
that although the apoptotic rate of myoblasts in the control group varied
with the differentiation phase, siSelK significantly increased the
apoptotic rate in the corresponding period (Fig. 6C and D). Next,
immunofluorescence staining revealed increased expression of the
autophagy biomarkers LC3B and p62 in injured muscles, indicating the
occurrence of autophagy in response to muscle damage. Notably, we
clearly observed that compared to control mice, the relative fluores-
cence intensities of LC3B and p62 were significantly increased and
decreased, respectively, in TA muscle sections of SelK KO mice (Fig. 6E
and F). Furthermore, quantitative analysis of apoptosis- and
autophagy-related markers (cle-Cas3, Bax, Bcl2, LC3 I/II and p62) using
immunoblotting showed consistent results. SelK KO muscle or siSelK
C2C12 myoblasts displayed increased cleaved Cas3, Bax:Bcl2 ratio, LC3
I:LC3 I ratio and decreased p62 compared to the corresponding control
group (Fig. 6G, H and Fig. S4). Together, these results indicated that
SelK ablation aggravates apoptosis and autophagy in myogenic cells
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Fig. 6. Ablation of SelK aggravates
apoptosis and autophagy in SCs and C2C12
myoblast cells during myogenic differentia-
tion. (A) TUNEL staining of uninjured and 5
d 1.2% BaCl,-postinjured TA muscles of Ctrl
and SelK KO mice and (B) the quantification
of TUNEL-positive cells (N = 3). Nucleus
were labelled through DAPI staining. Scale
bar: 50 pm. (C) AO/EB staining of siNC and
siSelK C2C12 myoblast cells cultured in dif-
ferentiation medium for 0, 1, 3 and 5 d and
(D) the quantification of apoptotic cells (N
= 3). Scale bar: 100 pm. (E) Immunofluo-
rescence staining of LC3B (green) and p62
(red) in uninjured and 5 d-postinjured TA
muscle of Ctrl and SelK KO mice (N = 3) and
(F) the relative fluorescence density of LC3B
and p62 per captured field. Nucleus were
labelled through DAPI staining. Scale bar =
20 pm. (G) and (H) Western blotting anal-
ysis of apoptosis-related genes (Bax, Bcl2
and cle-Cas3) and autophagy-related genes
(LC3I/1I and p62) protein levels in TA mus-
cle of Ctrl and SelK KO mice at 5 d postinjury
(N = 3). The results are presented as means
+ S.D. Results are presented as means + S.D.
*p < 0.05, **p < 0.005, ***p < 0.001,
values significantly different from the cor-
responding control by unpaired t-test. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)

3.7. SelK ablation leads to excessive ROS generation during niyogenic

Throughout myogenic differentiation, increased ROS production
serves as a signaling molecule to contribute to apoptosis and autophagy
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and plays a vital role in initiating the activation of SCs [38,39]. There-
fore, we tested whether SelK ablation changed the status of the redox
environment during myogenic differentiation. As shown in Fig. 7A, we
measured the activities of SOD, CAT and T-AOC as well as the levels of
H,0;, and MDA in TA muscles at 5 d postinjury. We found that although
activities of the two antioxidant enzymes (SOD and CAT) in wild-type
mice were reversed during repair after skeletal muscle injury and the
MDA content was not changed, HyO5 and T-AOC were increased.
Silencing SelK significantly inhibited the activities of antioxidant en-
zymes and T-AOC and promoted Hy0, and MDA contents compared to
controls, indicating that silencing SelK aggravates oxidative stress in
vivo. Correspondingly, staining and quantification of intracellular ROS
produced by C2C12 myoblasts using DCF-DA staining revealed a marked
increase 1day after initiation of differentiation and reached a peak at
day 3 (Fig. 7B and C). An abnormally high increase in ROS was observed
in SelK knockdown cells compared to siNC cells, indicating again that
SelK modulates the redox environment during myogenesis.
Subsequently, we explored the effect of appropriate alleviation of

>
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SelK-induced ROS overproduction on differentiation by treating cells
with 1 mM NAC or 1 pM SF (two widely recognized antioxidants). As
shown in Figs. SSA-D, exposing siNC or siSelK C2C12 myoblasts to NAC
or SF at day 3 differentiation resulted in decreased ROS production,
along with increased mRNA levels of SOD1, SOD2 and CAT, suggesting
the success of these two antioxidants in attenuating oxidative stress.
Moreover, consistent with previous research showing that excessive
reductive stress impairs myogenic differentiation [40], we found that
control cells exposed to NAC or SF treatment exhibited a reduced ratio of
MyHC" and MyoG™ cells and decreased expression of MRFs at the mRNA
and protein levels after 5 days of differentiation (Fig. 7D-M and Figs. S5E
and F), which were directly related to poor myotube formation.
Intriguingly, when NAC or SF reduced SelK knockdown-aggravated ROS
generation, the percentages of MyHC" and MyoG™ cells were increased,
and the inhibited differentiation of C2C12 myoblasts was efficiently
rescued (Fig. 7D-M and Figs. S5E and F). In addition, the results of flow
cytometry and quantitative analysis of apoptosis and autophagy-related
marker genes showed that the additional treatment with NAC during
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3). (E) Quantitative analysis of the percentage of MyHC™ cells and (F) the percentage of MyoG™ cells treated with NAC or PBS after 5 d in differentiation medium. (G)
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significantly different from the corresponding control by unpaired t-test. Bars that do not share the same letters are significantly different (p < 0.05) from each other
by one-way ANOVA.
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differentiation reduced the percentage of Annexin V positive cells in
both siNC group and siSelK groups, accompanied by decreased cleaved
Cas3, Bax:Bcl2 ratio, LC3 I:LC3 I ratio and increased p62 (Fig, S6),
suggesting that changes in the levels of apoptosis and autophagy caused
by SelK silencing were closely related to ROS generation. Cumulatively,
these data indicate that the regulation of ROS and oxidative stress may
be a part of the mechanism of SelK in regulating myogenic
differentiation.

3.8. SelK stabilizes ER stress-induced UPR of in myogenesis

In view of the role of SelK in regulating ERAD and the effect of ER
stress on the myogenesis process, we tested the activation leveld of UPR-
related proteins. As shown in Fig. 8A-C, BaCl, injected SelK KO mice
showed significantly higher protein expression of ER chaperones and
regulatory proteins (GRP78, ATF6, phospho-IRE1, phospho-PERK,
phospho-elF-2a and CHOP), accompanied by increased corresponding
mRNA expression compared to wild-type mice. Meanwhile, in the pro-
cess of inducing myogenic differentiation in vitro, we found that
expression of these UPR marker genes in the siSelK C2C12 myoblasts
increased correspondingly compared to that in the siNC cells (Figs. S7A
and B). These data indicate that SelK ablation triggers excessive ER
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stress in myogenic cells during myogenesis. Next, to determine the
relationship between ER stress and oxidative stress in response to SelK
silencing, we treated cells with two classic ER stress inhibitors, 4-PBA (1
mM) or TUDCA (200 pM). Immunoblotting showed that 4-PBA or
TUDCA effectively inhibited the SelK silencing-induced activation of
UPR-related proteins and excessive oxidative stress (Fig. 8D-I and
Figs. S7C and D). In contrast, exposing siSelK cells to antioxidant re-
agents (NAC or SF) to directly suppress increased ROS production did
not change the expression of UPR-related proteins (Figs. S7E-H).
Overall, these results strongly suggest that SelK regulates UPR homeo-
stasis during myogenesis and that the generation of ROS caused by SelK
ablation is mediated by aggravating ER stress.

Next, we investigated the performance of C2C12 myoblasts treated
with ER stress inhibitors during differentiation. Immunofluorescence
staining and light microscopy clearly showed that insufficient ER stress
caused by 4-PBA or TUDCA significantly inhibited the process of
myogenic differentiation in siNC cells and reduced the percentage of
MyoG* and MyHC" cells and myotube formation (Fig. 8J-O). However,
when we used 4-PBA or TUDCA to appropriately alleviate the ER stress
caused by siSelK, the percentages of MyHC" and MyoG™ cells were
markedly increased, and the inhibited terminal differentiation of myo-

blasts into myotubes was rescued (Fig. 8J-O). qRT-PCR and
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Fig. 8. Silencing SelK aggravates ER stress in SCs and C2C12 myoblast cells during myogenic differentiation. (A) and (B) Western blotting analysis of ER stress-
related genes (GRP78, ATF6, p-IRE1, p-PERK, p-elF-2a and CHOP) protein levels in the TA muscle of Ctrl and SelK KO mice at 5 d postinjury (N = 3). (C) qRT-
PCR analysis of ER stress-related genes mRNA levels in the TA muscle of Ctrl and SelK KO mice at 5 d postinjuy (N = 3). (D) and (E) Western blotting analysis
of ER stress-related genes protein levels in siNC and siSelK C2C12 myoblast cells treated with 4-PBA or DMSO after 5 d in differentiation medium (N = 3). (F)
Quantification of DCFH-DA stained ROS generation in siNC and siSelK C2C12 myoblast cells treated with 4-PBA or DMSO after 3 d in differentiation medium. (G) and
(H) Western blotting analysis of ER stress-related genes protein levels in siNC and siSelK C2C12 myoblast cells treated with TUDCA or H,O after 5 d in differentiation
medium (N = 3). (I) Quantification of DCFH-DA stained ROS generation in siNC and siSelK C2C12 myoblast cells treated with TUDCA or H,O after 3 d in differ-
entiation medium (N = 3). (J) Immunofluorescence staining of MyoG and MyHC and bright field microscopy in siNC and siSelK C2C12 myoblast cells treated with 4-
PBA or DMSO after 5 d in differentiation medium (N = 3). (K) Quantitative analysis of the percentage of MyHC™ cells and (L) the percentage of MyoG™ cells treated
with 4-PBA or DMSO after 5 d in differentiation medium. (M) Immunofluorescence staining of MyoG and MyHC and bright field microscopy in siNC and siSelK
C2C12 cells treated with TUDCA or H,0 after 5 d in differentiation medium (N = 3). (N) Quantitative analysis of the percentage of MyHC™ cells and (O) the
percentage of MyoG " cells C2C12 cells treated with TUDCA or H,0 after 5 d in differentiation medium. The results are presented as means + S.D. *p < 0.05, **p <
0.005, values significantly different from corresponding control by unpaired t-test. Bars that do not share the same letters are significantly different (p < 0.05) from
each other by one-way ANOVA.
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immunoblotting also demonstrated that expression of MRFs inhibited by
siSelK silencing was relieved by 4-PBA or TUDCA (Fig. S7I-N). Mean-
while, flow cytometry and immunoblotting demonstrated that after
adding 4-PBA to the siNC group, the levels of apoptosis and autophagy
were inhibited, which was lower than the level required for the normal
differentiation process. This effect allowed excessive autophagy and
apoptosis in the siSelK group to be appropriately alleviated (Fig. S8).
Collectively, intracellular ROS production is increased when SelK-
mediated ER stress is upregulated, inducing excessive apoptosis and
autophagy and diminishing myogenesis.

4. Discussion

Skeletal muscle injury and repair are closely related processes
because the latter depends upon the timely activation and full differ-
entiation of SCs in the background of destructive stress stimuli [41,42].
In the present investigation, we first demonstrated that SelK participates
in regulating SCs fate and skeletal muscle regeneration. Data from the
SelK KO mouse model confirmed that loss of SelK results in delayed
myogenic differentiation. Genetic silencing of SelK exacerbated the ER
stress-mediated UPR, ROS production, apoptosis and autophagy, which
led to a negative influence on the myogenesis from an overall perspec-
tive (Fig. 9).

Increasing evidence has shown that some selenoproteins, such as
selenoprotien O, selenoprotein P, and selenoprotein W function in
maintaining intracellular homeostasis, playing crucial roles in various
processes, such as chondrogenesis [43], adipogenesis, bone remodelling
[44,45], and myogenesis [46]. SelK is a small transmembrane seleno-
protein with a selenocysteine residue near the C-terminus [30].
Although a previous study showed that SelK levels were inhibited during
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preadipocytes differentiation into adipocytes [47], our results found
that SelK was expressed in activated SCs and showed a gradual
increasing trend with progression of myogenic differentiation, indi-
cating a regulatory role for SelK in myogenesis. Supporting this finding,
the rate of MyoG™ SCs in SelK KO mice was significantly decreased, and
the potential of C2C12 myoblasts to differentiate into myotubes was
reduced when expression of SelK was disrupted. Due to differences in
gene expression between different developmental tissues, the opposite
SelK level changes during the process of myogenesis and lipogenesis are
acceptable and similar to the conclusion that the Islr gene is upregulated
during SCs differentiation into myotubes but downregulated during
mesenchymal stem cell differentiation into bone and adipose tissue [48].
In addition, accompanied by impaired myogenic differentiation in SelK
KO mice and siSelK C2Cl12 myoblasts, excessive autophagy and
apoptosis were identified in our study. Autophagy and apoptosis coexist
in early muscle injury throughout regeneration because the former is
responsible for cell reprogramming by regulating cytoplasmic remod-
elling, while the latter eliminates defective cells that do not have dif-
ferentiation potential [49,50]. The crosstalk between apoptosis and
autophagy determines the balance of cell survival and death, allowing
SCs to differentiate normally [51]. However, improper autophagy and
apoptosis hamper myotube formation and muscle regeneration [52,53].
Therefore, the role of SelK in myogenesis might involve the regulation of
cell reprogramming and survival of SCs.

It is widely accepted that heightened ROS production-mediated
redox regulation is associated with the myogenic program [13]. This
increase in ROS in the controllable range is primarily dependent on
changes in the activities of various enzymes in the antioxidant system.
But when homeostasis of the antioxidant system is unbalanced and the
level of oxidative stress exceeds the threshold, skeletal muscle
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Fig. 9. Schematic diagram of the role of SelK during adult skeletal muscle regeneration. The pro-ERAD role of SelK prevents the excessive response of the ER stress-
mediated UPR, resulting in moderate activation of ROS production, autophagy and apoptosis in skeletal muscle regeneration.
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regeneration will be disrupted. In a cardiotoxin-induced TA muscle
injury model, genetic ablation of Nrf2 impaired antioxidant gene
expression and sustained the burden of ROS, displaying immature and
smaller TA muscle fibers compared to their WT counterparts [54].
Meanwhile, extensive evidence has shown that excessive ROS initiates
apoptosis and autophagy in multiple physiological or pathological
conditions [55-57]. Similar to most selenoproteins, SelK has been re-
ported to regulate the balance of cellular redox. In cardiomyocytes
cultured in vitro, the transfected with SelK overexpression plasmid
protects cells from Hy0»-induced oxidative injury by reducing intra-
cellular ROS level [31]. Silencing of SelK levels in N2a cells results in a
decreased antioxidant ability in the cells and induces excessive
apoptosis [58]. In the present study, we found that SelK silencing
decreased the activities and expressions of antioxidant enzymes and
induced excessive ROS generation during myogenesis, but after treating
cells with NAC or SF, ROS levels were reduced, autophagy and apoptosis
were alleviated, and myotube formation was promoted, indicating that
SelK-regulated skeletal muscle regeneration involves the participation of
oxidative signals. Notably, although our findings indicated that the
absence of SelK promotes oxidative stress, in fact, due to its own protein
conformational characteristics (selenocysteine is not in a recognizable
redox motif), it has only weak peroxidase activity, which is not sufficient
to cause significant changes in the redox environment in SCs [59].
Therefore, the significant antioxidant function of SelK during differen-
tiation may be largely derived from its indirect effect of other biological
functions.

The ER stress-mediated UPR regulates myogenesis by directly or
indirectly controlling the expression of MRFs and the levels of apoptosis
and autophagy [17]. It has been reported that inhibition of ER stress fails
to maintain skeletal muscle strength and mass with resultant muscle
wasting in naive mice or models of cancer cachexia [60]. However,
improper activation of three signalling branches of the UPR (ATF6, IRE1
and PERK) cause diminished myofibers formation. For instance, forcibly
triggering the phosphorylation of the PERK downstream molecule elF2«
or activation of CHOP leads to anti-myogenic modulation on the early
differentiation event [61]. Overexpression of ATF6 and IRE1 contribute
to muscle atrophy and weakness [62,63]. When misfolded proteins
accumulate in the ER lumen, the load of protein folding is increased,
which can activate UPR and be modulated by ERAD. It also has been
reported that ER stress can promote ROS production [64]. As a
component of ERAD complex, SelK plays an important role in regulating
ER homeostasis because its promoter region contains a functional ERS
response element gene sequence [30]. SelK can promote ERAD and
reduce the accumulation of misfolded proteins and the intensity of UPR,
thus being a negative regulator of the ER stress signaling [65]. Herein, it
was reasonable to find that silencing of SelK exacerbated UPR marker
genes expression in vivo and in vitro. Meanwhile, inhibition of ER stress
in siSelK myoblasts under 4-PBA or TUDCA treatment partly relieved
excessive ER stress and inhibited myotube formation, accompanied by a
significant reduction in ROS. These results indicate that the promyo-
genesis function of SelK is likely to act through modulation of the UPR
and ER stress during myogenic differentiation and that SelK regulates
antioxidant signalling in an ER stress-dependent manner.

In summary, our findings highlights the roles played by SelK in the
myogenic differentiation of SCs during muscle repair. Activation of the
ER stress-initiated UPR is strictly regulated by SelK to limit ROS pro-
duction, consequently preventing excessive autophagy-mediated
degradation and apoptotic death. As current therapies aim to improve
the regenerative capacity of SCs, our results potentially provide new
avenues for the treatment of chronic and/or severe muscle injury.
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