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Abstract

Background Sarcopenia is a common and progressive skeletal muscle disorder characterized by atrophic muscle fibres
and contractile dysfunction. Accumulating evidence shows that the number and function of satellite cells (SCs) decline
and become impaired during ageing, which may contribute to impaired regenerative capacity. A series of
myokines/small extracellular vesicles (SEVs) released from muscle fibres regulate metabolism in muscle and
extramuscular tissues in an autocrine/paracrine/endocrine manner during muscle atrophy. It is still unclear whether
myokines/sEVs derived from muscle fibres can affect satellite cell function during ageing.

Methods Aged mice were used to investigate changes in the myogenic capacity of SCs during ageing-induced muscle
atrophy. The effects of atrophic myotube-derived sEVs on satellite cell differentiation were investigated by biochemical
methods and immunofluorescence staining. Small RNA sequencing was performed to identify differentially expressed
SsEV microRNAs (miRNAs) between the control myotubes and atrophic myotubes. The target genes of the miRNA were
predicted by bioinformatics analysis and verified by luciferase activity assays. The effects of identified miRNA on the
myogenic capacity of SCs in vivo were investigated by intramuscular injection of adeno-associated virus (AAV) to over-
express or silence miRNA in skeletal muscle.

Results Our study showed that the myogenic capacity of SCs was significantly decreased (50%, n = 6, P < 0.001) in
the tibialis anterior muscle of aged mice. We showed that atrophic myotube-derived sEVs inhibited satellite cell differ-
entiation in vitro (n = 3, P < 0.001) and in vivo (35%, n = 6, P < 0.05). We also found that miR-690 was the most
highly enriched miRNA among all the screened sEV miRNAs in atrophic myotubes [Log, (Fold Change) = 7,
P < 0.001], which was verified in the atrophic muscle of aged mice (threefold, n = 6, P < 0.001) and aged men with
mean age of 71 = 5.27 years (2.8-fold, n = 10, P < 0.001). MiR-690 can inhibit myogenic capacity of SCs by targeting
myocyte enhancer factor 2, including Mef2a, Mef2c and Mef2d, in vitro (n = 3, P < 0.05) and in vivo (n = 6, P < 0.05).
Specific silencing of miR-690 in the muscle can promote satellite cell differentiation (n = 6, P < 0.001) and alleviate
muscle atrophy in aged mice (n = 6, P < 0.001).

Conclusions Our study demonstrated that atrophic muscle fibre-derived sEV miR-690 may inhibit satellite cell differ-
entiation by targeting myocyte enhancer factor 2 during ageing.
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Introduction

Sarcopenia is a common and progressive skeletal muscle dis-
order characterized by loss of muscle mass and impairment
of contractile function in the elderly. Currently, the estimates
of sarcopenia prevalence vary up to 40.4% depending on the
definition used.! Sarcopenia seriously reduces mobility and
causes fall-related injury, which leads to diminished quality
of life, as well as increased morbidity and mortality in elderly
people.? A systematic review and meta-analysis demon-
strated a mortality rate of 3.596% among sarcopenic subjects
aged 60 years or older, and even higher in people aged
79 years or older.® The age-related muscle atrophy frequently
correlates with insufficient levels of muscle regeneration
resulting from the impairment of satellite cell activity and
myogenesis in the elderly.? In addition, satellite cells (SCs)
isolated from aged animals also demonstrated a significant
lag when entering the cell cycle, decreased differentiation
ability and self-renewal.”> Physiologically, most SCs are main-
tained in a quiescent, undifferentiated state in the muscle
and express a specific Pax7 marker.® Upon muscle injury, qui-
escent SCs are activated to proliferate, differentiate and fuse
with multinuclear myofibres to regenerate muscles.” During
ageing, the regenerative capacity of SCs can be severely sup-
pressed by endogenous aged environmental factors, includ-
ing FGFZ2 and IFN-y,° but the underlying mechanism of SCs
dysfunction during ageing-induced muscle atrophy remains
elusive.

The skeletal muscle functions as an endocrine organ, in
which a series of myokines/small extracellular vesicles (SEVs)
are synthesized and released to regulate metabolism in the
muscle and extramuscular tissue in an autocrine/paracrine/
endocrine  manner. Recently, several muscle-derived
myokines have been well documented. For instance, myo-
statin suppresses skeletal muscle growth and causes muscle
atrophy, and IL6 plays a negative role in muscle atrophy,'®
whereas irisin and FGF27 increase muscle mass.**? In addi-
tion to myokines, skeletal muscle fibres also release sEVs into
the extracellular milieu to participate in muscle metabolism
homoeostasis and the development of skeletal muscle dis-
eases including muscle atrophy.’®> sEVs are 50-150-nm-
diameter membranous vesicles play an important role in
cell-cell communication by delivering their cargo of various
proteins and microRNAs (miRNAs) to target cells and altering
their function'®. Myotube-derived exosomes can promote
myoblast differentiation by altering the expression of cyclin
D1 and myogenin.*®> MiRNAs encapsulated in sEV are a family
of small noncoding RNAs, 20—22 nucleotides in length that di-
rectly target the 3’-untranslated region (3'-UTR) of mRNAs
and repress gene translation.*® Studies have confirmed that
miRNAs are indeed present in muscle-derived exosomes,
and over 170 miRNAs in exosomes derived from C2C12 myo-
blasts and myotubes have been identified,’” such as miR-
181a, miR-146a, miR-378, miR-1, miR-133a, miR-133b and

miR-206, which could regulate muscle differentiation.
Importantly, several studies have suggested that several
pathological events, including injury, atrophy and ageing,
can alter the cargo of muscle-derived exosomes.*® However,
the underlying mechanism remains to be elucidated. This
study aimed to explore the role of muscle fibre-derived sEVs
and their encapsulated miRNAs in modulating satellite cell
function during ageing-induced muscle atrophy.

Our study further demonstrated that atrophic muscle
fibre-derived sEV miR-690 inhibits satellite cell differentiation
during ageing-induced muscle atrophy. Our findings provide
fresh insight into sarcopenia and suggest a potential treat-
ment strategy.

Materials and methods
Animal experiments

The C57BL/6 male mice (age, 8 weeks) were purchased from
Nanjing Ziyuan Biotechnology Co. Ltd. (Nanjing, China). The
animal experiments were conducted according to the Institu-
tional Animal Ethics Committee and Animal Care Guidelines
for the Care and Use of Laboratory Animals of Nanjing Uni-
versity. Three-month-old C57BL/6 mice were served as adult
mice, and 24-month-old mice were collected as the aged
group. The adeno-associated virus (AAV) loaded with miR-
690 or miR-690-sponge recombinase tagged with GFP were
synthesized and constructed by Hanheng Biotechnology Co.,
Ltd. (Shanghai, China). The TA muscles of mice were injected
with 30 pl AAV (10%?), and the TA muscles were collected for
further investigation 1-month post-injection.

Cell culture and transfection

Mouse C2C12 myoblasts and human HEK293T cells were ob-
tained from ATCC and cultured in DMEM containing 10% foe-
tal bovine serum (FBS, Gibco) and 1% penicillin—streptomycin
under 5% CO, and 37°C. For the myogenic differentiation
experiment, when confluence was reached to 80-90%, myo-
blasts were induced with differentiation medium-DMEM
containing 2% horse serum (Hyclone). For miRNAs or siRNA
transfection, C2C12 myoblasts were seeded into 12-well or
6-well plates and reached to 70-80% confluency. Then
C2C12 myoblasts were transfected with either miR-690
mimics (Ribo, Guangzhou, China) at 50 nmol/mL, miR-690 in-
hibitors (Ribo, Guangzhou, China) at 100 nmol/mL, si-Mef2c
(Generay Biotech, Shanghai, China) at 100 nmol/mL or nega-
tive control using Lipofectamine 2000 (Invitrogen,
Guangzhou, China). After 6-8 h, the culture medium was
replaced with differentiation medium, and the cells were
incubated for 5 days. The 293T cells were used for the
luciferase reporter assays. The synthesized siRNA sequences
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for inhibition of Mef2c are 5'-GCATTGAACAAGAAAGAAA-3'
(Generay biotech, Shanghai, China). For co-culture and trans-
fection experiments, C2C12 cells were seeded into the well
inserts with a 0.4-um pore-sized filter (Corning Inc., USA)
and differentiated into myotubes. C2C12 myoblast cells were
seeded into 6-well plates. Myotubes were transfected with
the lentiviral CMV-GFP-CD63 lentiviral vector (GFP-CD63)/
negative control lentivirus (NC) (Jikai Gene, China) at a multi-
plicity of infection (MOI) of 100. After 24 h, the medium was
replaced, and the myotubes were induced to atrophy. And
then the atrophic myotubes were co-culture with myoblast
for 48 h.

Human species

The study of human specimens has been approved by the
Medical Ethics Committee of the Affiliate Drum Tower Hospi-
tal, Medical School of Nanjing University in accordance with
the Declaration of Helsinki (2020-323-01). All participants
gave written informed consent. All subjects analysed were
adult men (31 +7.73 years, n=9) or aged men (71 £ 5.27 years,
n = 10), which exclude any metabolic diseases, liver/renal dis-
eases or inflammatory diseases. Muscle specimens were col-
lected from gluteus medius of participants during surgery.
The information of all subjects was shown in Table S1.

Physiologic muscle force generation assay

Muscle force generation capacity was analysed in EDL mus-
cles using an ASI muscle contraction system (Aurora Scien-
tific). Mice were maintained under isoflurane throughout
the procedure. TA was removed, and EDL were dissected, ad-
justed to optimal length (OL) and tested at different frequen-
cies to determine absolute force values. Muscle force was re-
corded and analysed using Dynamic Muscle Control and
GraphPad Prism software.

Immunofluorescence staining

For immunofluorescence, fresh TA muscles dissected from
mice were collected and immediately fixed in ice-cold 4%
paraformaldehyde solution overnight, and infiltration was
followed with a mixture of 30% sucrose phosphate buffer
for 1 day. All samples were snap-frozen in optimum cutting
temperature (O.C.T., Fisher Healthcare) with dry ice and cut
into 5-um-thick cross sections using a cryostat. Immunofluo-
rescence staining was performed as described® and hybrid-
ized overnight with primary antibodies (listed in Table S3)
and with the appropriate secondary antibodies (Invitrogen,
Guangzhou, China). Nuclei were counterstained with DAPI
(Beyotime, China).

Western blotting and antibodies

The cells or sEVs were homogenized and lysed in RIPA buffer
supplemented with protease and phosphatase inhibitors
(Thermo Fisher Scientific, USA). Protein concentrations were
quantified using a BCA Protein Assay Kit (Beyotime, Nanjing,
China). Total proteins were boiled at 95°C for 5 min after
adding the 5x SDS-PAGE protein loading buffer (BOSTER,
China). After electrophoresis on 7.5% or 10% SDS-PAGE gels,
proteins were transferred to PVDF membranes (Bio-Rad, CA)
and incubated with the primary antibodies. The antibodies
were listed in Table S3. The membranes were further incu-
bated with  HRP-conjugated secondary antibodies
(Proteintech, China), and an ECL Western Blotting Substrate
Kit (Tanon, China) was then used to visualize signals.

SEV isolation, characterization and in vivo
trafficking assays

To isolate sEVs, C2C12 cells were cultured in DMEM contain-
ing 10% sEV-depleted FBS (Gibco) or EBSS; then the superna-
tants of cells were collected, and sEVs extracted using ultra-
centrifugation. The final pellet was resuspended in PBS, and
protein concentration was measured by BCA (Beyotime,
Nanjing, China). Interstitial sSEVs were isolated by adapting a
recently described protocol.’® Muscle tissues used to isolate
interstitial sEVs were rinsed well with PBS; then the muscle
tissues were minced and digested for 1 h at 37°C in buffer
containing 100 mM HEPES, 1.5% BSA, 5 mM glucose, 1 mM
calcium and 1 mg/mL collagenase Il. After dilution in PBS
and 2 mM EGTA to inhibit collagenase activity, sSEVs were ex-
tracted using ultracentrifugation, and then the pelleted sEVs
were resuspended in PBS. The sEV size was measured by dy-
namic light scattering (ZEN3600 Zetasizer, Malvern, UK). For
transmission electron microscopy (TEM), 5 puL of sEV sample
solution was transferred to formvar and carbon-coated cop-
per grids. The grids were covered and incubated for 10 min
before they were stained with 1% uranyl acetate. Western
blotting was used to identify the expression of EV-specific
proteins (CD81, CD9). For sEV-tracing experiments, the
PKH26 Red Fluorescent Cell Linker Kit for General Cell Mem-
brane Labelling (Sigma-Aldrich) was used according to the
manufacturer’s instructions and diluted in PBS, which were
injected to the TA muscles of adult mice. Twelve hours after
sEVs injection, TA muscles were collected for further
detecting.

In vivo and in vitro sEVs and GW4869 treatment

In vitro, sEVs (20 ug/mL) were co-cultured with C2C12 cells
for 5 days from differentiating, and the culture medium con-
taining sEVs was changed every 2 days. In vivo, 20 uL PBS
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containing 100 pg of sEVs was intramuscularly injected into
TA muscle twice per week. GW4869 (Sigma-Aldrich) was dis-
solved in DMSO to a concentration of 0.1 mg/ulL as a stock
solution, and the stock solution was dissolved in 0.9% normal
saline at 0.1 pg/uL for the experiment. The TA muscles of
aged mice were intramuscularly injected with 50 pL of PBS
(0.1% DMSO) or GW4869 per other day for 14 days.

RNA extraction, reverse transcription and real-time
quantitative PCR

Total RNA from TA muscles or C2C12 cells was extracted with
TRIzol reagent (Invitrogen, Life Technologies) according to
the manufacturer’s instructions. The expression of mature
miRNAs was detected by a Hairpin-it miRNA and U6 snRNA
normalization Q-PCR Quantitation Kit (Ribo, Guangzhou,
China), and the primers for miRNAs were obtained from Ribo
(Guangzhou, China). sEV RNA was isolated using an miRNeasy
kit (QIAGEN Sciences, Maryland, MD), and when isolating
RNA from 100 pg sEVs, a spike-in control miRNA (cel-miR-
39-3p) was added as an extraction normalization control.
Real-time gPCR was performed with the ChamQ SYBR gPCR
Master Mix (Vazyme, Nanjing, China). The primer sequences
used are shown in Table S2.

Luciferase reporter assays

Luciferase reporter plasmids (psiCHECK2) containing the WT
or mutant 3'-UTR of Mef2c, Mef2a and Mef2d were manufac-
tured by Hanheng Biotechnology (Shanghai, China).

Small RNA deep sequencing and bioinformatics
analysis

MiRNA components in either control myotubes-sEVs or atro-
phic myotubes-sEVs were profiled by single-end sequencing
(1 x 50 bp) on an Illumina platform (NEB, USA) at Novogene
(Beijing, China). The raw data were processed through cus-
tom perl and python scripts and subsequently aligned to all
mouse miRNA mature and hairpin sequences in release 20.0
of miRBase. The small RNA tags were mapped to reference
sequence by Bowtie (Langmead et al., 2009) without mis-
match to analyse their expression and distribution on the ref-
erence. Differential expression analysis of two conditions/
groups was performed using the DESeq R package (3.0.3).
The P values was adjusted using the Benjamini and Hochberg
method. Corrected P value of 0.05 was set as the threshold
for significantly differential expression by default. Sequencing
data supporting these studies can be found at the Gene Ex-
pression Omnibus database under accession number
(GSE211885).

Statistics analysis

Data are presented as means + SEM. Statistical analysis was
performed using unpaired Student’s t-tests or one-way
ANOVA. Statistical analyses were performed with GraphPad
Prism software (version 8.0.1). P values < 0.05 were consid-
ered to be statistically significant.

Results

The myogenic capacity of SCs decreased in
company with muscle atrophy in aged mice

To investigate the changes in muscle fibre morphology, con-
tractile function and myogenic capacity of SCs in skeletal
muscle during ageing-induced muscle atrophy, we employed
a natural ageing mouse model in our study, that is, 24-
month-old wild-type mice with 10-20% grey hair indicating
depigmentation of the cloth.?® First, we observed decreased
fibre cross-sectional area (fCSA) of tibialis anterior (TA) mus-
cles (Figure 1A) as well as elevated expression levels of
muscle atrophy-related genes including atrogin-1 and
murf-1 (Figure 1B) in aged mice (24-month-old mice) com-
pared with those in adult mice (3-month-old mice). We also
examined the changes in contractile function of skeletal
muscle during ageing and found decreased maximal tetanic
force of the extensor digitorum longus (EDL) in aged mice
compared with that in adult mice (Figure 1C). As it was re-
ported that the number pool of SCs decreases during age-
ing, we further quantified the total number of SCs, as indi-
cated by Pax7-positive staining, a critical transcription factor
for maintaining SCs function and expressed in both quies-
cent and activated SCs.° Consistent with previous studies,
the results revealed that the number of Pax7* SCs was dra-
matically reduced in the TA muscle of aged mice relative to
that in adult mice (Figure 1D). As activated SCs start to ex-
press MyoD, Pax7*/MyoD"* SCs have been used to represent
SCs in transit towards differentiation, we performed
co-immunofluorescence staining of Pax7 with MyoD for sub-
sequent semi-quantitative analysis. Indeed, the number of
Pax7*/MyoD" cells was significantly reduced in the TA mus-
cle of aged mice compared with that in adult mice (Figure
1E). Thus, these results suggest that the impaired myogenic
capacity of SCs occurs in conjunction with muscle fibre atro-
phy and contractile dysfunction during ageing.

SEVs released from atrophic myotubes inhibited
myoblast differentiation in vitro

To further explore the effect of atrophic myotubes on myo-
blast differentiation, we constructed a starvation-induced
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Figure 1 The myogenic capacity of SCs decreased in company with muscle atrophy in aged mice. (A) Left panel: The representative images of immu-
nofluorescent staining for fibre cross section in TA muscle from adult mice and aged mice. The muscle fibore membranes were immunostained with
anti-laminin antibody (green) and the nuclei in muscle fibres were labelled with Dapi (blue). Scale bars, 100 um. Right panel: The semi-quantitative
analysis of fCSA for TA from adult mice and aged mice. (B) Q-PCR analysis of Atrogin-1 and Murf-1 mRNA levels in TA muscles from adult mice and
aged mice. (C) Left panel, the representative curve for tetanic force generated during tetanic stimulation in EDL from adult and aged mice. Right panel,
the maximal tetanic force in EDL from adult and aged mice. (D) Left panel, the representative images of immunofluorescent staining for Pax7 (red) and
laminin (green) in TA muscle sections from adult mice and aged mice. The nuclei were labelled with DAPI (blue). Scale bars: 50 pm. Right panel: The
average number of Pax7 positive staining SCs (Pax7") per TA section of adult mice and aged mice. (E) Left panel: The representative images of immu-
nofluorescent staining for Pax7 (red) and MyoD (green) in TA section from adult mice and aged mice. Nuclei were labelled with DAPI (blue). Scale bars,
50 um. Right panel: The average number of double-positive staining with Pax7" and MyoD" SCs (Pax7"/MyoD") per TA section of adult mice and aged
mice. Notes: Data are presented as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test. N = 6 for each group. EDL, extensor
digitorum longus; fCSA, muscle fibre cross-sectional area; SCs, satellite cells; TA, tibialis anterior.
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myotube atrophy model in vitro. We found reduced myotube
diameter (Figure S1A) and elevated expression levels of mus-
cle atrophy-related genes, including atrogin-1 and murf-1
(Figure S1B) after starvation induction in Earle’s balanced salt
solution (EBSS) for 7 h. Previous studies have shown that
skeletal muscle can release sEVs to exert important para-
crine/autocrine actions on muscle metabolism®3; therefore,
we speculated that sEVs released from atrophic myotubes
could affect the myogenic capacity of SCs that reside beneath
the basal lamina surrounding muscle fibres. To test this hy-
pothesis, we identified and isolated sEVs secreted by myo-
tubes during starvation-induced atrophy and investigated
their effects on the regenerative capacity of SCs. Representa-
tive cryogenic electron microscopy (cryo-EM) confirmed that
the sEVs in the supernatant released from starvation-induced
atrophic myotubes appeared as round vesicles delimited by
an intact, dense outer wall and a less dense inner region, with
a mean diameter of approximately 70 nm (Figure 2A). Dy-
namic light scattering (DLS) demonstrated that the particle
size distribution of SsEVs in the supernatant of
starvation-induced atrophic myotubes was 106 + 5 nm
(Figure 2B). Furthermore, western blot analysis also showed
that CD81 and CD9, two well-defined EV markers highly
expressed in sEVs, whereas calnexin, a marker of the endo-
plasmic reticulum, did not exist in sEVs (Figure 2C). To verify
whether sEVs were transferred from atrophic myotubes to

(A) (B) 10

Number(%)
(4]

myoblasts, we constructed a lentiviral system of cytomegalo-
virus (CMV)-driven green fluorescence protein (GFP)-tagged
CD63 (CMV-GFP-CD63) to label sEVs derived from atrophic
myotubes. Subsequently, the atrophic myotubes were
co-cultured with C2C12 myoblasts for 48 h, and we observed
numerous GFP* particles within C2C12 myoblasts by confocal
imaging (Figure S1C). C2C12 myoblasts were then incubated
with sEVs (20 pg/mL) released from atrophic myotubes
(ATR-sEVs) and control myotubes (CON-sEVs), respectively.
Immunofluorescence staining of MYHC demonstrated that
C2C12 myoblasts incubated with ATR-sEVs presented fewer
myotubes than those co-cultured with CON-sEVs (Figure
2D). Consistently, incubation with ATR-sEVs also markedly
suppressed the mRNA (Figure 2E) and protein (Figure 2F) ex-
pression levels of myogenesis-related genes, including Myod,
Myog and Myhc, in C2C12 myoblasts during differentiation.
Altogether, these data suggest that sEVs released from atro-
phic myotubes can inhibit myoblast differentiation in vitro.

SEVs released from atrophic myotubes inhibited
SCs differentiation in vivo

To investigate whether sEVs released from atrophic myo-
tubes could influence the activity of SCs in vivo, we purified
CON-sEVs/ATR-sEVs and administered them to adult mice
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Figure 2 sEVs released from atrophic myotube inhibited myoblast differentiation in vitro. (A) The representative cryo-EM images of sEVs in superna-
tant released from starvation-induced atrophic myotubes. Scale bar, 50 nm. (B) Dynamic light scattering (DLS) showing the particle size distribution of
sEVs in supernatant from atrophic myotubes induced by starvation. (C) Western blot analysis for the protein expression of the EV markers (CD81 and
CD9) in both sEVs in supernatant and total cell lysate (TCL) from atrophic myotubes. The sEVs fraction is missing the ER marker (calnexin), whereas the
TCL fraction is free from the sEVs markers (CD81 and CD9). (D) The representative images of immunofluorescence staining for MyHC in C2C12 myo-
blasts during differentiation after treated with sEVs released from atrophic and control myotubes, respectively. Scale bars, 200 um. (E) Q-PCR analysis
for the mRNA expression levels of myogenesis-related genes, including MyoD, MyoG and MyHC, in C2C12 myoblast during differentiation after incu-
bation with sEVs released from atrophic and control myotubes, respectively. (F) Western blot analysis for the protein levels of myogenesis-related
genes in C2C12 myoblasts during differentiation after adding CON-sEVs and ATR-sEVs, respectively. Notes: Data are presented as means + SEM.
*P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test. N = 3 for the group (D, E). ATR-sEVs, sEVs from atrophic myotubes; CON-sEVs, sEVs from
control myotubes; cryo-EM, cryogenic electron microscope; DLS, dynamic light scattering; ER, endoplasmic reticulum; TCL, total cell lysate.
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via intramuscular injection (i.m., 100 pg) into the TA muscle
once every other day for 14 days (Figure 3A). We found that
CON-sEVs and ATR-sEVs can enter muscle satellite cells by la-
belling EVs with PKH26 (Figure 3B). The results revealed that
the number of Pax7* SCs in the TA muscle of ATR-sEVs-
treated mice was lower than that in CON-sEVs-treated
mice (Figure 3C). Double immunofluorescence labelling of
Pax7 with MyoD also demonstrated that the number of
Pax7*MyoD" cells in the TA muscle of ATR-sEVs-treated mice
was significantly reduced compared with that in CON-sEVs-
treated mice (Figure 3D). These results suggest that atrophic
myotube-derived sEVs directly inhibit satellite cell differenti-
ation in vivo.

Blockage of sEV generation in atrophic muscle by
GW4869 improved SC myogenic capacity in aged
mice

To further investigate whether the blockage of sEV genera-
tion from muscle fibres could affect satellite cell differenti-
ation, a sEV inhibitor (GW4869) was used to block sEV
generation in muscle fibres (Figure 4A and 4B). The immu-
nofluorescence results showed that the number of Pax7*
SCs (Figure 4C) and Pax7*MyoD" cells (Figure 4D) were sig-
nificantly increased in the TA muscle of GW4869 treatment
aged mice. Interestingly, GW4869 treatment effectively en-
hanced fibre CSA in aged mice (Figure S2A). The EDL mus-
cle in GW4869 treatment mice also generated a signifi-
cantly higher maximal force than that in the control mice
(Figure S2B). Moreover, the expression of muscle
atrophy-related genes atrogin-1 and murf-1 was signifi-
cantly decreased in GW4869 treatment mice (Figure S2C).
These data indicate that blocking sEV generation from
myofibres could improve SCs myogenic capacity and allevi-
ate muscle atrophy during ageing.

MIiR-690 highly enriched in sEVs released from
atrophic myotubes and muscles induced by ageing

To identify differentially expressed miRNAs in sEVs released
from myotubes during atrophy, we performed deep sequenc-
ing of small RNAs in sEVs released from control and atrophic
myotubes. A volcano plot of differentially enriched miRNAs
showed 45 up-regulated miRNAs and 58 down-regulated
miRNAs with statistical significance (P < 0.05) in the sEVs re-
leased from atrophic myotubes compared with sEVs released
from control myotubes (Figure 5A and 5B). Among the
up-regulated miRNAs, miR-690 was identified as the most
enriched miRNA in sEVs released from myotubes during myo-
tube atrophy. Consistent with the findings of RNA sequenc-
ing, we also detected by Q-PCR analysis that miR-690 levels
in sEVs released from atrophic myotubes were markedly

higher than those in sEVs released from control myotubes
(Figure 5C). Consistently, miR-690 expression in atrophic
myotubes was also significantly higher than that in control
myotubes (Figure 5D). In addition, we further confirmed that
miR-690 expression level in the TA tissue of aged mice was
significantly increased compared with those in adult mice
(Figure 5E). More importantly, the miR-690 expression level
in the muscle tissue of aged humans was also obviously
higher than that of adult humans (Figure 5F). Collectively,
miR-690 was identified as the most enriched miRNA in sEVs
released from ageing-induced atrophic myotubes and
muscles.

MIR-690 inhibited C2C12 myoblast differentiation
by targeting myocyte enhancer factor 2 including
MefZa, Mef2c and Mef2d in vitro

To explore the functional role of sEV miR-690in myogenic dif-
ferentiation, C2C12 myoblasts were transfected with miR-690
mimics, miR-690 inhibitors and a negative control (NC)
with 80% transfection efficiency and subsequently induced
to differentiate. The results showed that the expression of
miR-690 in myotubes was dramatically up-regulated or
down-regulated after transfection with miR-690 mimics or in-
hibitors, respectively (Figure 6A). Immunofluorescence stain-
ing of MYHC demonstrated that myoblasts presented fewer
myotubes and a reduced fusion rate after transfection with
miR-690 mimics, whereas the number of myotubes and fu-
sion rate increased after miR-690 inhibitor treatment when
compared with the NC group (Figure 6B). Overexpression of
miR-690 using miR-690 mimics markedly suppressed the
mMRNA and protein expression levels of myogenesis-related
genes, including MyoD, MyoG and MyHC in myoblasts (Figure
6C). In contrast, miR-690 inhibitor transfection significantly
increased the mRNA and protein expression levels of these
myogenesis-related genes (Figure 6C). These results indicated
that miR-690 could inhibit C2C12 myoblast differentiation
and suppress the expression of myogenesis-related genes.
Despite the inhibitory effects of miR-690 on myoblast dif-
ferentiation, the underlying regulatory mechanisms and their
target genes remain unknown. To identify and validate the
target genes of miR-690, we used several online miRNA tar-
get gene prediction tools (TargetScan and miRmap) to predict
its potential regulatory target genes. Among the predicted
targets, Mef2c plays an important role in myogenesis and
possesses two potential binding sequences for miR-690 in
the 3'-UTR region. To validate whether these two binding se-
guences were responsible for the interaction between Mef2c
and miR-690, we mutated binding sequence 1 (Mutl), bind-
ing sequence 2 (Mut2) or both (Mut1/2) for subsequent ex-
periments (Figure 6D). Next, we subcloned wild-type (WT)
Mef2c or mutant MefZc (Mutl, Mut2 or Mutl1/2) into the
psiCHECK -2 vector and subsequently performed luciferase
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Figure 3 sEVs released from atrophic myotube inhibited myoblast differentiation in vivo. (A) Schematic diagram showing the experimental design for
administration adult mice ATR-sEVs and CON-sEVs via intramuscular injection (i.m., 100 pg) into TA muscle once every other day for 14 days. (B) The
representative images of immunofluorescent staining for PKH26 (red) and Pax7 (green) in TA muscle sections of adult mice 12 h after intramuscular
injection with unlabelled sEVs (left), PKH26-labelled CON-sEVs (middle), PKH26-labelled ATR-sEVs (right). Nuclei were co-stained with Dapi (blue). Scale
bars, 100 um. (C) Left panel: The representative images of immunofluorescent staining for Pax7 (red) and laminin (green) in TA muscle sections from
CON-sEVs treated mice and ATR-sEVs treated mice. The nuclei were labelled by Dapi (blue). Scale bars: 50 um. Right panel: The average number of
Pax7 positive staining SCs (Pax7") per TA section of CON-sEVs treated mice and ATR-sEVs treated mice. (D) Left panel, the representative images of
immunofluorescent staining for Pax7 (red) and MyoD (green) in TA section from mice treated with CON-sEVs and ATR-sEVs, respectively. Nuclei were
labelled with Dapi (blue). Scale bars, 50 um. Right panel: The average number of double positive labelling with Pax7 and MyoD cells (Pax7 " MyoD") in
TA section from mice treated with CON-sEVs and ATR-sEVs, respectively. Notes: Data are presented as means + SEM. *P < 0.05, **P < 0.01,
*¥*¥%p < 0.001 by Student’s t-test. N = 6 for mice group (C, D). ATR-sEVs, sEVs from atrophic myotubes; CON-sEVs, sEVs from control myotubes; TA,
tibialis anterior.

reporter assays in HEK293T cells. Dual-luciferase reporter
assays showed that miR-690 mimics directly repressed
the luciferase activity of the WT and Mut2 reporters,
but not that of the Mutl reporter and Mutl/Mut2 reporter
(Figure 6D), indicating that binding sequence 1 was responsi-
ble for the interaction of Mef2c and miR-690. These results
revealed that miR-690 directly interacted with binding se-
quence 1 at the 3'-UTR region of Mef2c. Mef2c is a mem-

ber of the myocyte enhancer factor-2 (MEF2) family of
transcription factors, and other members including MefZa
and Mef2d also play important roles in muscle differentia-
tion. In addition, we found that miR-690 exhibited an
identical binding sequence to the seed region sequences
of Mef2a, Mef2d and Mef2c mRNAs. It is likely that miR-
690 targets Mef2a and Mef2d genes. The dual-luciferase
reporter assay confirmed these binding effects (Figure
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Figure 4 Blockage of sEV generation in atrophic muscle by GW4869 promoted SCs myogenic capacity in aged mice. (A) Schematic diagram illustrating
the experimental design of administrating aged mice with GW4869 via daily intramuscular injection for 14 days. (B) The representative images of im-
munofluorescent staining for CD63 (red) in TA section from aged mice injected with PBS (control) and GW4869, respectively. Nuclei were co-stained
with Dapi (blue). Scale bars, 100 um. (C) Left panel: The representative images of immunofluorescent staining for Pax7 (red) and laminin (green) in TA
muscle sections from aged mice after intramuscular injection of PBS (control) and GW4869, respectively. The nuclei were labelled by Dapi (blue). Scale
bars: 50 um. Right panel: The average number of Pax7 positive staining SCs (Pax7") per TA section of control mice and GW4869 injected mice. (D) Left
panel: The representative images of immunofluorescent staining for Pax7 (red) and MyoD (green) in TA section from aged mice after intramuscular
injection of PBS (control) and GW4869, respectively. Nuclei were labelled with Dapi (blue). Scale bars, 50 um. Right panel: The average number of
Pax7" MyoD" cells per TA section of control mice and GW4869 injected mice. Notes: Data are presented as means + SEM. *P < 0.05, **P < 0.01,
***p < 0.001 by Student’s t-test. N = 6 for mice group (C, D). TA, tibialis anterior.

S3A-S3D). We then manipulated the expression of miR-690
in myoblasts by transfection with either miR-690 mimics or
inhibitors and observed that overexpression of miR-690 by
miR-690 mimics strongly repressed MefZa and Mef2d ex-
pression, whereas inhibition of miR-690 by miR-690 inhibi-
tors significantly increased the expression of Mef2a and
Mef2d (Figure S3E and S3F).

Furthermore, we examined the expression of miR-690 and
Mef2c during C2C12 myoblast differentiation. The results
showed that the expression level of miR-690 gradually de-

creased, but that of Mef2c decreased during myoblast differ-
entiation (Figure S4A-S4C). Because miR-690 could inhibit
myoblast differentiation and Mef2c was validated as its target
gene, we hypothesized that miR-690 might inhibit myoblast
differentiation by targeting Mef2c. To verify our hypothesis,
we manipulated the expression of miR-690 in myoblasts by
transfection with either miR-690 mimics or inhibitors and ob-
served that overexpression of miR-690 by miR-690 mimics
strongly repressed Mef2c expression, whereas inhibition of
miR-690 by miR-690 inhibitors significantly increased the
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Figure 5 MIiR-690 enriched in sEVs released from atrophic myotubes and muscles induced by ageing. (A) Volcano plot of differentially enriched
miRNAs showing 45 up-regulated miRNAs and 53 down-regulated miRNAs in the sEVs released from atrophic myotubes compared with those sEVs
secreted from control myotubes [Log,(fold change) > 2]. The scattered dots indicate the individual miRNAs, the grey dots represent the miRNAs with
no significant difference, the red dots represent the significantly up-regulated differential miRNAs, and the blue dots represent the significantly
down-regulated differential miRNAs. MiR-690 is the mostly enriched sEV miRNA among all the up-regulated miRNAs. (B) Hierarchical clustering and
heat map of the changed miRNAs. Scale bars show mean-centred log2 normalized counts (row Z score), where red and blue column boxes indicate
higher and lower than mean abundance, respectively. Each column represents a different sample and rows represent miRNA transcripts. (C) Q-PCR
analysis of miR-690 expression level in CON-sEVs and ATR-sEVs, respectively. (D) Q-PCR analysis of miR-690 expression level in control myotubes
(CON) and atrophic myotubes (ATR), respectively. (E) Q-PCR analysis of miR-690 expression level in TA muscle from adult mice and aged mice, respec-
tively. (F) Q-PCR analysis of miR-690 expression level in muscle tissue from adult human (21-40 years) and aged human (61-85 years), respectively.
Notes: The data are expressed as mean + SEM; n = 6 mice for mice group (E), n = 3 for the other group (C, D) and n = 9 for adult human group,
n =10 for aged human group. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test. ATR, atrophic myotubes; ATR-sEVs, sEVs from atrophic myo-
tubes; CON, control myotubes; CON-sEVs, sEVs from control myotubes; TA, tibialis anterior.
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Figure 6 MIiR-690 inhibited C2C12 myoblast differentiation by targeting MefZc in vitro. (A) Q-PCR analysis of miR-690 level in C2C12 myoblast after
transfection with miR-690 mimics, miR-690 inhibitors and negative control vehicle (NC) for 5 days, respectively. The miR-690 overexpression level in-
dicates the efficiency of miR-690 mimics transfection. The miR-690 down-regulated level indicates the efficiency of miR-690 inhibitor transfection.
(B) Left panel: The representative images of immunofluorescence staining for MyHC in C2C12 myoblasts after miR-690 mimics, miR-690 inhibitors
and NC transfection, respectively. Scale bars, 200 um. Right panel: The ratio of the MyHC-positive cell number to the total nuclei number as the dif-
ferentiation index. (C) Left panel: Q-PCR analysis for the mRNA expression levels of myogenic marker genes, including MyoD, MyoG and MyHC during
C2C12 myoblast differentiation after miR-690 mimics, miR-690 inhibitors and NC transfection, respectively. Right panel: Western blot analysis for the
protein levels of myogenic markers, including MyoD, MyoG and MyHC, in C2C12 myoblast differentiation after treatment with miR-690 mimics, miR-
690 inhibitors and NC, respectively. (D) Left panel: Diagram illustrating the construct of psiCHECK -2 vector. The predicted binding sequence and its
mutated sequences (Mutl, Mut2 and Mut1/2) at 3'-UTR of Mef2c by miR-690 are highlighted. Right panel: The dual-luciferase reporter assay for fluo-
rescent activity of MEF2C in HK293T cells after co-transfection with the WT or mutant Mef2c-3'-UTR luciferase construct in combination with miR-690
mimics or NC. (E) Q-PCR analysis for the mRNA expression level of Mef2c in myoblasts after transfection with miR-690 mimics, miR-690 inhibitor and
NC, respectively. (F) Left panel: Q-PCR analysis for the mRNA levels of Mef2c, MyoD, MyoG and MyHC, in C2C12 myoblasts after transfection with miR-
690 inhibitor, NC and si-Mef2c in combination with or without miR-690 inhibitor for 5 days. Right panel: Western blot analysis for the protein levels of
MyoD, MyoG, MyHC and Mef2c, in C2C12 myoblasts after transfection with miR-690 inhibitor, negative control and si-Mef2c in combination with or
without miR-690 inhibitor for 5 days. Notes: Data are presented as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. NC group by Student’s t-test

(A, B, C, D, E). *P < 0.05, **P < 0.01, ***P < 0.001 vs. NC group and P < 0.05, P < 0.01,

#p < 0.001 vs. miR-690 inhibitor group by one-way

ANOVA (F). MefZc, muscle enhancer factors 2c; MyHC, muscle myosin heavy chain; MyoD, myoblast determination protein 1; MyoG, Myogenin.

expression of Mef2c during myoblast differentiation (Figure
6E). In addition, we transfected si-Mef2c and NC into C2C12
myoblasts. The results showed that the expression of Mef2c
in vitro was significantly decreased by approximately fourfold
compared with that in the NC group (Figure 6F). More impor-
tantly, we found that co-transfection of si-Mef2c and the miR-
690 inhibitor also significantly decreased the expression of
myogenesis markers when compared with the miR-690 inhib-
itor group (Figure 6F), indicating that miR-690 mediates
myogenesis by targeting Mef2c. Q-PCR and western blot anal-
ysis further indicated that si-Mef2c transfection in the pres-
ence or absence of miR-690 inhibitors suppressed the expres-
sion of myogenesis-related genes, including Myod, Myog and
Myhc, in myoblasts during differentiation (Figure 6F). Immu-
nofluorescence staining of MYHC also demonstrated that
myoblasts formed fewer myotubes after transfection with
si-Mef2c or co-transfection with si-Mef2c and the miR-690 in-
hibitor (Figure S5A). Taken together, these results suggest
that miR-690 directly targets Mef2c to inhibit C2C12 myo-
blast differentiation.

MIiR-690 overexpression in TA muscle inhibited SCs
myogenic capacity and induced muscle atrophy
in vivo

To further examine the effect of miR-690 on the myogenic ca-
pacity of SCs in vivo, we overexpressed miR-690 in the TA
muscle of adult mice using a recombinant AAV system, and
an AAV vector encoding green fluorescent protein (GFP)
was used to confirm that muscle injection with AAV was suc-
cessful (Figure 7A). In mice injected with AAV-miR-690, the
expression of miR-690 increased 1.5-fold in TA muscle and in-
terstitial sEVs from TA muscle, whereas the expression of
Mef2c decreased in TA muscle (Figure 7B). Moreover, the im-
munofluorescence results showed that the number of Pax7"*
SCs (Figure S6A) and Pax7*MyoD” cells (Figure 7C) was

significantly reduced in TA muscle injected with AAV-
miR-690, indicating decreased myogenic capacity of SCs. Inter-
estingly, the expression levels of muscle atrophy-related genes
atrogin-1 and murf-1 were significantly increased in mice
injected with AAV-miR-690 (Figure 7D). In addition, AAV-
miR-690-treated TA muscle had a significantly smaller fibre
CSA (Figure 7E). The maximum force generated by the EDL
muscle was also suppressed after AAV-miR-690 infection
(Figure 7F). These data indicate that SEV miR-690 inhibits the
myogenic capacity of SCs and induces muscle atrophy.

Silencing miR-690 promoted SCs myogenic capacity
and alleviated muscle atrophy in vivo

To test whether silencing miR-690 expression in skeletal
muscle could rescue the decreased myogenic capacity of
SCs during ageing and counteract age-related muscle atro-
phy, we injected an AAV-9 vector expressing a miR-690
sponge with GFP into the TA muscle of aged mice, which
were sacrificed 4 weeks later (Figure 8A). In mice injected
with AAV-miR-690-sponge, the expression of miR-690 de-
creased by 80% in TA muscle and decreased by 40% in inter-
stitial SEVs from TA muscle, whereas the expression of Mef2c
increased by two-fold in TA muscle (Figure 8B). Moreover,
the immunofluorescence results showed that the number
of Pax7* SCs (Figure S6B) and Pax7*MyoD" cells (Figure
8C) was significantly increased in TA muscle injected with
AAV-miR-690-sponge, indicating enhanced myogenic
capacity of SCs. Interestingly, the expression of muscle
atrophy-related genes atrogin-1 and murf-1 were signifi-
cantly decreased in mice injected with AAV-miR-690-sponge
(Figure 8D). In addition, silencing miR-690 expression in the
TA muscle of aged mice alleviated the decline in fibre CSA
during ageing (Figure 8E). The EDL muscle also generated a
significantly higher maximal force in AAV-miR-690 sponge
mice than that in the AAV-control group (Figure 8F). These
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Figure 7 MIiR-690 overexpression in muscle fibres inhibited the myogenic capacity of SCs in vivo. (A) Left panel: Schematic diagram depicting the ex-
perimental design of administrating adult mice with recombinant AAV-miR-690 via intramuscular injection in TA muscles. Right panel: The represen-
tative microscopy images of frozen cross sections from TA muscles transduced with AAV-empty (no insert in AAV expression vector) and AAV-GFP in TA
muscles from adult mice. Fluorescence signals indicate the positive expression of green fluorescent protein (GFP, green) in muscle fibres. (B) Left panel:
Q-PCR analysis of the miR-690 expression level in TA muscles from AAV-ctrl mice and AAV-miR-690 mice, respectively. Middle panel: Q-PCR analysis of
the miR-690 expression level in sEVs isolated from TA muscles of AAV-ctrl mice and AAV-miR-690 mice, respectively. Right panel: Q-PCR analysis of the
MefZc expression level in TA muscles from AAV-ctrl mice and AAV-miR-690 mice, respectively. (C) Left panel: The representative images of immuno-
fluorescent staining for Pax7 (red) and MyoD (green) in TA section from AAV-ctrl and AAV-miR-690 mice. Nuclei were labelled by Dapi (blue). Scale
bars, 50 um. Right panel: The average number of Pax.”" MyoD" cells per TA section from AAV-ctrl and AAV-miR-690 mice, respectively. (D) Q-PCR anal-
ysis of the mRNA levels of muscle atrophy related markers including atrogin-1 and murf-1 expression in TA muscles from AAV-ctrl mice and AAV-miR-
690 mice, respectively. (E) Left panel: The representative images of immunofluorescent staining for laminin in cryosection of TA muscles from AAV-ctrl
mice and AAV-miR-690 mice, respectively. Scale bars, 100 um. Right panel: Semi-quantitative analysis of fCSA in TA muscles from AAV-ctrl mice and
AAV-miR-690 mice, respectively. (F) Left panel: The representative curve of tetanic force generated by tetanic stimulation in EDL from AAV-ctrl and
AAV-miR-690 mice, respectively. Right panel: The maximal tetanic force of EDL muscle from AAV-ctrl and AAV-miR-690 mice, respectively. Notes: Data
are presented as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test. N = 6 for each group. EDL, extensor digitorum longus; fCSA,

fibre cross-sectional area; TA, tibialis anterior.

data indicate that silencing miR-690 promotes satellite cell
myogenic capacity and ameliorates muscle atrophy during
sarcopenia development.

Discussion

As a common and age-associated progressive skeletal muscle
disorder, sarcopenia is characterized by atrophic muscle fibre
and contractile dysfunction, which leads to a decreased
quality of life and increased morbidity and mortality in
elderly people.>?* Impaired satellite cell activity, including
decreased proliferation and differentiation potential, occurs
during ageing, which may contribute to impaired muscle
regenerative capacity and muscle atrophy.?*?* However,
the mechanism underlying satellite cell dysfunction in sarco-
penia remains unclear. In this study, we demonstrated
that atrophic muscle fibre-derived sEV miR-690 may inhibit
satellite cell differentiation during ageing-induced muscle
atrophy.

Several lines of evidence have shown that environmental
factors from the circulatory system contribute to the ageing
phenotype of SCs, as evidenced by the fact that exposure of
aged SCs to a young systemic environment can rejuvenate
part of satellite cell function.?* Muscle fibres secrete a series
of myokines/ sEVs to regulate metabolism in the muscle and
extramuscular tissues in an autocrine/paracrine/endocrine
manner during muscle atrophy.*?>?® It was also reported
that myofibre-secreted sEVs that regulate myoblasts, such
as myotube-derived sEVs, can promote the differentiation
of myoblasts by altering the expression of cyclin D1 and
myogenin.>” However, it is still unclear whether myokines/
sEVs derived from muscle fibres affect SC activity during
ageing-induced muscle atrophy. Here, we observed an inter-
esting phenomenon in which sEVs released from atrophic
myotubes could be transferred into myoblasts and

subsequently inhibit myoblast differentiation in vitro.
Furthermore, the injection of atrophic myotube-derived sEVs
into the muscles of adult mice inhibited SCs differentiation.
Moreover, administration of GW4869, a reversible inhibitor
of neutral sphingomyelinase that prevents sEV generation,
could increase the regenerative capacity of SCs. Taken to-
gether, sEVs released from myofibres can be transported into
SCs and can inhibit SC differentiation during ageing.

Almost all aspects of skeletal muscle development and
homoeostasis are regulated by miRNAs either directly or in-
directly. Therefore, we employed RNA-seq analysis to exam-
ine the miRNA profiles of sEVs derived from control and
atrophic myotubes. We identified miR-690 as the most
enriched miRNA among the 45 up-regulated miRNAs in
SEVs released from atrophic myotubes. More importantly,
miR-690 in both muscle from aged mice tissue and muscle
biopsies from sarcopenia patients increased, indicating that
miR-690 is the most important miRNA encapsulated in sEVs
released from myofibres to affect SCs function during sar-
copenia development. Previous studies have demonstrated
that miR-690 as a Runx2-targeted miRNA could regulate os-
teogenic differentiation of C2C12 myogenic progenitor cells
by targeting NF-kB (p65),*® indicating that miR-690 may
play important roles in Runx2-induced osteogenic differenti-
ation. Importantly, miR-690 was also reported to improve
insulin sensitivity of adipose tissue, liver and skeletal mus-
cle in obese mice as an exosome-derived miRNA from
M2-polarized macrophages,?® indicating that miR-690 may
play an important role in regulating energy metabolism in
skeletal muscle. However, the pathophysiological role of
miR-690 in the regulation of SC differentiation in skeletal
muscle remains unclear. In our study, we showed that
miR-690 overexpression inhibited myoblast differentiation
in vitro, whereas miR-690 inhibition led to the opposite ef-
fect. In addition, overexpression of miR-690 can inhibit SCs
myogenic capacity in the muscle tissue of adult mice, and
vice versa. Thus, our findings suggest that miR-690 encap-
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Figure 8 Silencing miR-690 promoted SCs differentiation and alleviated muscle atrophy in aged mice. (A) Left panel: Schematic diagram illustrating the
experimental design of administrating aged mice with recombinant AAV-miR-690-sponge via intramuscular injection in TA muscles. Right panel: The
representative microscopy images of frozen cross sections from TA muscles transduced with AAV-empty (no insert in AAV expression vector) and
AAV-GFP in TA muscles from aged mice. Fluorescence signals indicate the positive expression of green fluorescent protein (GFP, green) in muscle fi-
bres. (B) Left panel: Q-PCR analysis for the expression level of miR-690 in TA muscles of AAV-ctrl mice and AAV-miR-690-sponge mice, respectively.
Middle panel: Q-PCR analysis for the expression level of miR-690 in sEVs isolated from TA muscles of AAV-ctrl mice and AAV-miR-690-sponge mice,
respectively. Right panel: Q-PCR analysis for the expression level of mef2c in TA muscles of AAV-ctrl mice and AAV-miR-690-sponge mice. (C) Left
panel: The representative images of immunofluorescent staining for Pax7 (red) and MyoD (green) in TA section from AAV-ctrl and AAV-miR-690-
sponge mice. Nuclei were labelled by DAPI (blue). Scale bars, 50 um. Right panel: The average number of Pax7” MyoD" cells per TA section of
AAV-ctrl and AAV-miR-690-sponge mice, respectively. (D) Q-PCR analysis for the expression levels of the muscle atrophy-related marker genes includ-
ing atrogin-1 and murf-1 in TA muscles of AAV-ctrl mice and AAV-miR-690-sponge mice, respectively. (E) Left panel: The representative images of im-
munofluorescent staining for laminin in cryosection of TA muscles from AAV-ctrl mice and AAV-miR-690-sponge, respectively. Scale bars, 100 um. Right
panel: Semi-quantitative analysis for fCSA of TA muscle in AAV-ctrl mice and AAV-miR-690-sponge mice, respectively. (F) Left panel: The representative
curve of tetanic force generated by tetanic stimulation in EDL from AAV-ctrl and AAV-miR-690-sponge mice, respectively. Right panel: The maximal
tetanic force of EDL from AAV-ctrl and AAV-miR-690-sponge mice, respectively. Notes: Data are presented as means + SEM. *P < 0.05, **P < 0.01,
**¥*p < 0.001 by Student’s t-test. N = 6 for group (B, C, D, E); n = 5 for group (F). EDL, extensor digitorum longus; fCSA, fibre cross-sectional area;

TA, tibialis anterior.

sulated in sEVs released from myofibres negatively regu-
lates SC differentiation.

Subsequently, we identified Mef2c as a major direct target
of miR-690. MefZc belongs to the myocyte enhancer factor 2
(MEF2) family of transcription factors, which are involved in
multiple steps of skeletal muscle development, including
myoblast differentiation and fusion, and various processes
that regulate postnatal skeletal muscle homoeostasis and
plasticity.3®3* Mef2c also promotes muscle regeneration
and re-growth after injury.>*> However, it has been docu-
mented that conditional deletion of individual Mef2a, Mef2c
or Mef2d genes has no effect on mouse SCs in vivo, but com-
bined conditional deletion of all three genes results in
blocked regeneration.®® The analysis indicated that this was
because Mef2c is redundant with Mef2a and Mef2d. In our
study, Mef2c, Mef2a and Mef2d, were identified as the target
genes of miR-690, as evidenced by overexpression of miR-690
decreased in the levels of Mef2a, Mef2c and Mef2d during
myoblast differentiation. These results implied that miR-690
may inhibit myoblast differentiation through the combined
effects of Mef2a, Mef2c and Mef2d.

Recent studies have shown that depletion of SCs in adult
sedentary mice impaired muscle regenerative capacity with-
out affecting skeletal muscle myofibre size or composition.>*
Interestingly, we observed a decline in muscle fibre CSA and
muscle strength as well as increased expression of the muscle
atrophy markers TRIM63/Murf1 and FBXO32/Atrogin-1 after
overexpression of miR-690 in the muscle tissue of adult
mice. Our data suggest that miR-690 overexpression not only
inhibits SCs myogenic capacity but also induces muscle atro-
phy in adult mice. Therefore, we speculated that this may
be due to the reduced expression of Mef2c, which is a
well-established modulator of myofibre homoeostasis and
hypertrophy.>> Mef2c also plays an important role in the
integrity and maintenance.3® Additional studies have demon-
strated that denervation atrophy can be inhibited by acti-
vated MEFZ2*® and that MEF2 can restore fibre size in atrophic

muscles of adult spinal and bulbar muscular atrophy mice.*’
Decreased MEF2C protein expression can also cause type |
muscle atrophy under microgravity,®® and MEF2C can
significantly block cancer-induced muscle wasting and
dysfunction.?® Supporting this notion, activin A causes
cancer-induced muscle atrophy by inhibiting MyHC-/slow
synthesis through the down-regulation of MEF2C.*° Taken to-
gether, these studies have established that Mef2c plays an
important role in muscle atrophy.

In summary, our findings demonstrate that atrophic mus-
cle fibre-derived sEV miR-690 may inhibit SCs myogenic
capacity by targeting MEFZ2 during ageing (Figure S7). sEV-
mediated intercellular communication between muscle fibres
and SCs enriches our understanding of SC number and myo-
genic capacity during ageing-induced muscle atrophy. More-
over, miR-690 may be a novel therapeutic target for restoring
the myogenic capacity of SCs in aged mice, augmenting mus-
cle mass and strength and overcoming sarcopenia.
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