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Cancer-derived exosome miRNAs induce
skeletal muscle wasting by Bcl-2-mediated
apoptosis in colon cancer cachexia
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Cancer cachexia is a kind of whole-body metabolic disorder
syndrome accompanied by severe wasting of muscle tissue in
which cancer exosomes may be involved. Analysis of clinical
samples showed that the serum exosome concentrations
were correlated with the development of cancer cachexia. Exo-
somes secreted by C26 cells could decrease the diameter of
C2C12 myotubes in vitro and decrease mouse muscle strength
and tibialis anterior (TA) muscle weight in vivo. GW4869, an
inhibitor of exosome excretion, ameliorated muscle wasting in
C26 tumor-bearing mice. MicroRNA (miRNA) sequencing
(miRNA-seq) analysis suggested that miR-195a-5p and miR-
125b-1-3p were richer in C26 exosomes than in exosomes
secreted from MC38 cells (non-cachexic). Both miR-195a-5p
and miR-125b-1-3p mimics could induce atrophy of C2C12
myoblasts. Downregulation of Bcl-2 and activation of the
apoptotic signaling pathway were observed in C2C12 myo-
blasts transfected with miR-195a-5p and miR-125b-1-3p
mimics, in the gastrocnemius muscle of C26 tumor-bearing
mice and in the TA muscle injected with C26 exosomes. Re-
sults of dual-luciferase assay confirmed the targeting of
miR-195a-5p/miR-125b-1-3p to Bcl-2. Overexpression of
Bcl-2 successfully reversed atrophy of C2C12 myoblasts
induced by the two miRNA mimics. These results suggested
that cancer exosome enriched miRNAs might induce muscle
atrophy by targeting Bcl-2-mediated apoptosis.
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INTRODUCTION
Cachexia is a severe wasting syndrome accompanied by serious loss of
body weight during a lot of chronic diseases such as cancer, AIDS, and
tuberculosis.1 Cancer cachexia affects�50%–80% of advanced cancer
patients and is mainly characterized by fatigue, loss of muscle and fat,
and systemic inflammation.2,3 Skeletal muscle consumption is the
most obvious feature of cancer cachexia. Cancer cachexia not only in-
fluences patients’ quality of life but also weakens the efficacy of
chemotherapy and radiotherapy on tumor, therefore decreasing pa-
tients’ survival time seriously.
Molecular T
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Skeletal muscle loss is one of the most obvious andmain symptoms of
cachexia, which is mainly caused by the enhancement of protein
degradation. In addition to the ubiquitin-proteasome pathway and
the autophagy-lysosome pathway, the apoptosis pathway is also an
important pathway to promote protein degradation during muscle at-
rophy. Apoptosis is a process that has been found to be important for
controlling muscle mass loss, which could be activated during
cachexia. Sílvia Busquets et al. found that apoptosis occurs in human
skeletal muscle undergoing cancer cachexia.4 Apoptosis is present in
skeletal muscle of cachectic gastro-intestinal cancer patients.5

Apoptosis markers were observed in severely cachectic muscle of
Apc (Min/+) mice.6

Multiple factors secreted by body and cancer cells, including inflam-
mation cytokines, contribute to the occurrence of cancer cachexia.7–9

Recent studies suggested that cancer exosomes might also be involved
in the development of cancer cachexia.10–14 Cancer exosomes are
nanometer-sized vesicle-like bodies secreted by cancer cells into the
extracellular environment, and they participate in the transfer of
materials and information between the tumor and tumor microenvi-
ronment. Exosomal proteins, lipids, and nucleic acids (DNA, mRNA,
microRNA [miRNA], long non-coding RNA [lncRNA], etc.) might
participate in the biological process of cancer cachexia in many
ways.10,15,16 Previous studies suggest that exosomes secreted by
cancer cells and miRNAs in exosomes might participate in the
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Table 1. A colon cancer cachexia stating score to classify cachexia stages

Measurements Values Point

Weight loss in 6 months

weight stable or weight loss % 5% 0

weight loss R 5% and < 10% 1

weight loss R 10% and < 15% 2

weight loss R 15% 3

ECOG PS

0 0

1–2 1

3–4 2

Abnormal biochemistry all normal 0

Alb < 35 g/L one of three abnormal 1

② Electrolyte imbalance two of three abnormal 2

③ Liver and kidney dysfunction all abnormal 3

ECOG PS, Eastern Cooperative Oncology Group performance status; Alb, albumin.
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regulation of skeletal muscle wasting in the development of cancer
cachexia.9–11,14,17 For example, miR-21 and miR-26a in exosomes
had been shown to induce muscle wasting. MV Cargo miR-21 pro-
motes apoptosis through JNK activation to promote muscle
wasting.18 Exosomes containing miR-26a prevented muscle atrophy
by inhibiting the transcription factor forkhead box O1.19 Exo/miR-
26a decreased the upregulation of FBXO32/atrogin-1 and TRIM63/
MuRF1 to limit muscle wasting in chronic kidney disease.20

These reports suggested the important roles of cancer exosomes and
their active miRNAs in development of cancer cachexia, but the
detailed mechanisms have not been clarified. It is possible that specific
active components in cancer exosomes might be varied in different
types of cancer, which could regulate different targets and signal path-
ways during cancer cachexia.

In the present study, we concentrated on clarifying the roles and
mechanisms of cancer exosomes and their active miRNAs in the
development of colon cancer cachexia. The serum exosome concen-
trations of healthy persons and colon cancer patients with or without
cachexia were analyzed to check the possible correlation between exo-
somes and cachexia. Then, a further study was conducted using
in vitro and in vivo cancer cachexia models induced by C26 colon can-
cer cells, which have been popularly used in cancer cachexia studies.21

At the same time, theMC38 colon cancer cell line, which was reported
to be a kind of non-cachectic cancer cell line, was used as a negative
control cell line in comparison with the C26 cell line.22,23 The capa-
bilities of C26 cells and MC38 cells to induce muscle wasting in vivo
and in vitro were checked, and the functions of C26 exosomes and
MC38 exosomes during cancer cachexia were also compared in vivo
and in vitro. Furthermore, to search for possible active miRNAs in
C26 exosomes, miRNA profiles of C26 exosomes and MC38
exosomes were analyzed using miRNA sequencing (miRNA-seq)
technology. The activities of two miRNAs (miR-195a-5p and miR-
125b-1-3p) enriched in C26 exosomes in inducing muscular wasting
were further observed. The possible target genes of the two active
924 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
miRNAs and downstream signaling pathway were then investigated
in C2C12 cells treated with miR-195a-5p mimic or miR-125b-1-3p
mimic. The experimental procedures and findings are reported as
follows.

RESULTS
Cancer exosomes participated in cancer cachexia

In order to prove the correlation between exosomes and the cancer
cachexia process, we collected serum from clinical patients with or
without colon tumor. To simplify the criteria of colon cancer cachexia
stages, we defined a colon cancer cachexia staging score (CSS) for
clinical use.24 The CSS consists of three components (Table 1): weight
loss in 6 months (score range: 0–3), ECOG (Eastern Cooperative
Oncology Group) performance status (score range: 0–2), and
abnormal biochemistry (score range: 0–3). Patients with colon tumor
were classified into two stages of cachexia: non-cachexia (score range:
0–5) and cachexia (score range: 6–8). All clinical serum samples
included healthy subjects (19 cases) and non-cachexia (13 cases)
and cachexia (8 cases) patients with colon cancer (Table 2). The exo-
somes isolated from serum of all clinical serum samples were analyzed
by electron microscopy (Figure 1A). Utilizing a Zeta nanoparticle
tracking analyzer, we observed that the diameter of exosomes from
patients was �25–75 nm (Figure 1B). Exosomes were detected with
an acetylcholinesterase (AchE) assay kit (Figure 1C). Results showed
that the contents of exosomes from patient serum increased accom-
panied by the development of cancer cachexia, which suggested
that exosomes were involved in the progression of cancer cachexia.

C26 but not MC38 colon cancer cells induced skeletal muscle

atrophy in vitro and in vivo

We compared differences of the ability to induce cachexia between
C26 and MC38 in vivo and in vitro. C2C12 myotubes were incubated
with culture medium of MC38 and C26 cancer cells respectively for
48 h. As shown in Figures 2A (representative result) and 2B (statistical
analysis result), incubation of C26 medium but not MC38 medium
induced significant decrease in the diameter of C2C12 myotubes.
The diameters of C2C12 myotubes in the C26 medium-treated group
and the MC38 medium-treated group were about 69.7% and 90% of
that of the control group, respectively. The results suggested that C26
medium but not MC38 medium could induce C2C12 myotube
atrophy.

Likewise, results of an in vivo study showed that inoculation of C26
cells induced significant decrease in tumor-free weight of mice, and
the tumor-free weight decreased �10% at the end of the experiment,
day 16 after the inoculation (Figure 2C). On the contrary, inoculation
of MC38 cells did not induce significant decrease in tumor-free
weight of mice, and the tumor-free weight decreased <1% at the
end of the experiment, day 24 after the inoculation (Figure 2D).
Although the growth of MC38 tumor was lower than that of C26 tu-
mor, the volume of MC38 tumor at the end of the experiment was
similar to that of C26 tumor (Figures S1A and S1B). These results sug-
gested that the difference between the weight loss in C26 tumor-
bearing mice and that in MC38 tumor-bearing mice was not related



Table 2. Demographic and selected clinical data with colon cancer for

study

Group Non-cachexia (n = 13) Cachexia (n = 8)

Male:female 12:1 5:3

Age (years) 64 (42–85) 61 (50–75)

Weight loss in 6 months

11/13 (0–10%) 0/8 (0–10%)

1/13 (10–15%) 2/8 (10–15%)

1/13 (15–25%) 6/8 (15–25%)

ECOG PS
7/13 (score 0–2) 0/8 (score 0–2)

6/13 (score 3) 8/8 (score 3)

Abnormal biochemistry

Alb < 35 g/L 8/13 8/8

② Electrolyte imbalance 3/13 5/8

③ Liver and kidney dysfunction 3/13 6/8

Score range

0–3 8/13 0/8

4–5 5/13 0/8

6–7 0/13 6/8

8 0/13 2/8

Patients with colon tumor were classified into two stages of cachexia: non-cachexia
(score range: 0–5) and cachexia (score range: 6–8).
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to tumor growth but might have resulted from the difference in the
capability of the two kinds of cells to induce cachexia. Gastrocnemius
(GA) weight, body temperature, and grip strength of C26 tumor-
bearing mice were significantly lower than those in the healthy group,
whereas there was no difference between MC38 tumor-bearing mice
and the healthy group (Figures 2E and 2F; Figures S1C and S1D).

These results demonstrated that C26 but not MC38 tumor cells could
induce skeletal muscle atrophy in vitro and in vivo. Therefore, in the
following experiments, MC38 cells were used as a negative control
model of colon cancer cachexia in vitro and in vivo.

C26 cancer-derived exosomes induced skeletal muscle atrophy

in vitro

We analyzed concentrations of exosomes in C26 tumor-bearing mice
and MC38 tumor-bearing mice. As shown in Figure 3A, the serum
exosome concentration of C26 tumor-bearing mice is significantly
higher than that of the healthy group. On the contrary, there was
no difference between MC38 tumor-bearing mice and the healthy
group (Figure 3A). These results suggested the possible involvement
of C26 tumor exosomes in inducing cachexia in C26 tumor-bearing
mice.

In order to analyze the relationship between cancer exosomes and
cachexia, we purified C26 exosomes and MC38 exosomes from cul-
ture medium of C26 and MC38 cells, respectively, which were exam-
ined by immunoblotting using the antibody against CD9 and CD63,
electron microscopy, and the Zeta nanoparticle tracking analyzer
(Figures 3B–3D). As shown in Figures 3B and 3C, both C26 exosomes
and MC38 exosomes exhibited saucer-like bilayer membrane struc-
ture, and their diameters were�100 nm. There was no significant dif-
ference between the diameters of C26 exosomes andMC38 exosomes,
though MC38 exosomes might be a little bigger than C26 exosomes.
Results of analysis of exosome concentration in C26 andMC38 tumor
medium with the AchE assay kit showed that exosome concentration
in the C26 tumor medium is significantly higher than that in MC38
tumor medium (Figure 3E). The results were in accordance with
the results of exosome concentration analysis in C26 tumor-bearing
mouse serum and MC38 tumor-bearing mouse serum.

In order to check the direct effects of exosomes on skeletal muscle at-
rophy, C2C12 myotubes were treated with C26 exosomes or MC38
exosomes for 48 h. As shown in Figure S2A, exosomes were success-
fully absorbed by C2C12 myotubes. While only C26 exosomes were
able to induce C2C12 myotube atrophy, the diameter of myotubes
and the protein expression of MHC in C26 exosome-treated C2C12
myotubes were significantly decreased compared with MC38 exo-
some-treated C2C12 myotubes (Figures 3F–3H). The effects of C26
exosomes on C2C12 myotubes were dose dependent, since the diam-
eter of C2C12 myotubes gradually decreased along with the increase
of C26 exosome concentrations (Figures S2B and S2C). Similarly,
HT-29 exosomes were also able to induce C2C12 myotube atrophy
instead of SW480 (non-cachexic) exosomes (Figure S3). GW4869,
an inhibitor of exosome excretion,25,26 was used in the present study
to further confirm the effects of C26 exosomes on muscle atrophy. As
shown in Figure 3I, the excretion of C26 exosomes could be blocked
by GW4869 treatment, and the exosome concentration in C26 tumor
medium decreased with the increase of GW4869 dose. Accordingly,
the pro-atrophy ability of C26 tumor medium was inhibited by
GW4869; thus the diameter of myotubes and the MHC protein
expression of the GW4869-treated C26 group were higher than the
control C26 group (Figures 3J–3L). These results suggested that
C26 exosomes were involved in the effects of C26 medium in
inducing skeletal muscle atrophy in vitro.

C26 exosomes induced skeletal muscle atrophy in vivo

Inhibition of C26 exosome excretion could alleviate C2C12 myotube
atrophy in vitro (Figures 4A and 4B). In vivo, we found that GW4869
treatment (intra-tumor injection) did not affect C26 tumor growth
and the tumor-free weight of mice (Figures 4A and 4B) but effectively
alleviated the loss in tibialis anterior (TA) muscle weight and the
weakening of TA grip strength in C26 tumor-bearing mice (Figures
4C–4E). These results suggested that C26 exosomes were involved
in the effects of C26 tumor in inducing skeletal muscle atrophy
in vivo.

In order to observe the effects of C26 exosomes on skeletal muscle at-
rophy in vivo directly, purified C26 exosomes (50 mL) were injected
directly into the TAmuscle of left hindlimbs of mice once every other
day for 22 days. The grip strength of left hindlimbs was measured at
day 10 and day 22. High doses of C26 exosome (2�) intramuscular
injection could significantly decrease the muscle strength and the
weight of the TAmuscle (Figures 4F and 4G). These results suggested
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 925
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Figure 1. Analysis of serum exosomes from healthy persons and non-cachexia and cachexia patients with colon cancer

(A) Electron microscopy images of serum exosomes from healthy persons and non-cachexia and cachexia patients with colon cancer (scale bars, 200 nm). (B) Exosome

particle size analysis of exosomes from serum of healthy persons and non-cachexia and cachexia patients with colon cancer. (C) The content of exosomes in equal amounts

of clinical serum samples (healthy, non-cachexia, and cachexia) were detected with the AchE Assay Kit. Data presented are the mean ± SEM of three independent ex-

periments. *p < 0.05, ***p < 0.001.

Molecular Therapy: Nucleic Acids
that C26 exosomes could directly induce skeletal muscle atrophy
in vivo.

C26 exosomal miRNAs regulated skeletal muscle atrophy

To identify the active molecules in C26 exosomes that induce skel-
etal muscle atrophy in vitro and in vivo, we took advantage of
miRNA-seq to compare the miRNA profiles of C26 exosomes and
MC38 exosomes (GEO: GSE173202). C2C12 myotubes were treated
with many kinds of miRNA (high fold change) mimics, and we
found that miR-195a-5p and miR-125b-1-3p had the strongest abil-
ity to induce atrophy of C2C12 myotubes (Figure 5A; Figure S4). Re-
sults of miRNA-seq suggested that the levels of miR-195a-5p and
miR-125b-1-3p in C26 exosomes were higher than those in MC38
exosomes (Figure 5A), and results of qPCR analysis also confirmed
the high levels of the two miRNAs in C26 exosomes (Figure 5B),
which were higher in HT-29 exosomes than in SW480 exosomes
(Figure S3D). In line with this, the levels of miR-195a-5p and
miR-125b-1-3p were significantly higher in C26 medium-treated
C2C12 myotubes than in non-tumor medium-treated C2C12 myo-
tubes (Figure 5C). Similarly, the levels of miR-195a-5p and miR-
125b-1-3p were significantly higher in C26 exosome-treated
C2C12 myotubes than in MC38 exosome-treated C2C12 myotubes
926 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
(Figure 5D). The abundance of miR-195a-5p and miR-125b-1-3p
in serum and GA tissue of C26 tumor-bearing mice was significantly
higher than those of healthy mice (Figure 5E). Similar results were
found in TA tissue with high dose of C26 exosome intramuscular in-
jection (Figure 5F). To investigate whether miR-195a-5p and miR-
125b-1-3p were active in inducing skeletal muscle atrophy, mimics
of miR-195a-5p or miR-125b-1-3p were transfected into C2C12 my-
otubes (Figure S5). As shown in Figures 5G–5I, miR-195a-5p mimic
or miR-125b-1-3p mimic could induce atrophy of C2C12 myotubes
and significantly decreased the diameter of C2C12 myotubes and the
level of MHC protein in the C2C12 cells, which were more signifi-
cant with the two miRNA mimics. Inhibitors of miR-195a-5p and
miR-125b-1-3p could alleviate the decrease of C2C12 myotube
diameter induced by C26 exosomes (Figure S6). These results
demonstrated that miR-195a-5p and miR-125b-1-3p might be the
active components in C26 exosomes that could induce skeletal mus-
cle atrophy.

C26 exosomal miRNAs mediate skeletal muscle atrophy by

activating apoptotic signaling

It is known that miRNAs can participate in physiological and path-
ological progression by regulating the expression of target genes. To



Figure 2. C26 but not MC38 tumor cells induce

skeletal muscle wasting in vitro and in vivo

(A) Non-tumor medium (3T3-L1 cell medium), C26 tumor

medium, and MC38 tumor medium (1:1 dilution with fresh

normal medium) were incubated with C2C12 myotubes for

48 h. Immunofluorescent staining (green) for C2C12 my-

otubes (scale bars, 50 mm). (B) Quantified diameter of

myotubes of (A). (C and D) Profiles of the time-related

change in tumor-free body weight of mice inoculated with

C26 tumor cells (C) or MC38 tumor cells (D) and percentage

of change in the tumor-free body weight of C26-inoculated

mice (C) from day 0 to day 16 or MC38-inoculated mice (D)

from day 0 to day 24. (E) GA weight of C26-inoculated mice

or MC38-inoculated mice. (F) Grip strength of C26-inocu-

lated mice or MC38-inoculated mice. Data presented are

the mean ± SEM of three independent experiments. *p <

0.05, **p < 0.01, **p < 0.001.
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identify the possible target genes of miR-195a-5p and miR-125b-1-
3p, we combined bioinformatics analysis and literature investigation
and found a candidate gene, bcl2, encoding an apoptosis inhibitor
protein (Figure 6A). Results of dual-luciferase assay confirmed the
targeting of miR-195a-5p/miR-125b-1-3p to Bcl-2 (Figure 6B).
Both the mRNA level (Figure 6C) and protein level (Figure 6D) of
Bcl-2 were downregulated in C2C12 myotubes transfected with
miR-195a-5p mimic or miR-125b-1-3p mimic, and the decrease of
Bcl-2 protein expression was more significant with the two miRNA
mimics (Figure 5I). The activation of the apoptotic signaling
pathway such as cleavage of caspase-3 was observed in miRNA
mimic-treated C2C12 myotubes, while the activation of the ubiqui-
tination pathway (indicated by the level of MuRF-1) was not obvious
Molecular
(Figure 6D). TUNEL assay also showed that the
apoptotic rate of TA muscle injected with a high
dose of C26 exosomes was significantly higher
than that of the control group (Figures 6E and
6F). Western blot assays found that the expres-
sion of BCL-2 was significantly downregulated
in the high-dose group but the ubiquitination
pathway was barely affected (Figure 6G). What
is more, the apoptosis rate in GA muscle of
C26 tumor-bearing mice was significantly higher
than that of the healthy mice (Figures S7A and
S7B). Western blot assays showed that the
expression of BCL-2 was downregulated and
the apoptotic signaling pathway was activated
in the myocytes of C26 tumor-bearing mice
(Figure S7C). Results showed that apoptosis
pathway could contribute to muscle wasting in
addition to the ubiquitination-proteasome
pathway. Furthermore, overexpression of Bcl-2
successfully reversed C2C12 atrophy induced
by miR-195a-5p mimic and miR-125b-1-3p
mimic (Figure 7; Figure S8). These results sug-
gested that C26 exosomal miRNAs (miR-195a-
5p and miR-125b-1-3p) could induce skeletal muscle atrophy by
regulating the apoptotic signaling pathway.

DISCUSSION
Cancer cachexia, characterized by severe wasting of muscle, contrib-
utes to high mortality rate of cancer patients, especially for advanced
solid tumor. It is believed that cancer cachexia is responsible for the
death of >20% of cancer patients directly and indirectly.27 It is known
that cancer cells can secrete a large number of vesicles including exo-
somes in the process of proliferation.28–30 Cancer exosomes, via con-
taining active components, may have a wide range of regulatory roles
in the development of cancer cachexia. In the present study, we
observed the role of cancer exosomes and their active miRNAs in
Therapy: Nucleic Acids Vol. 24 June 2021 927
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development of colon cancer cachexia to try to clarify the possible
mechanisms of cancer exosomes in induction of muscle atrophy.

The involvement of exosomes in development of colon cancer
cachexia was observed by analyzing clinical samples as well as the
samples from an in vivo animal study and an in vitro cell culture
study. Results of comparison of the exosome concentrations in serum
of healthy persons and colon cancer patients with or without cachexia
suggested that exosomes were closely related to colon cancer cachexia.
The serum exosome concentration in cachexia patients was signifi-
cantly higher than that in non-cachexia patients. Similar results
were observed in an in vivo animal study comparing the serum of
mice bearing cachectic C26 tumor and mice bearing non-cachectic
MC38 tumor as well as in an in vitro study comparing the culture me-
dium of C26 tumor cells and that of MC38 tumor cells. It is known
that C26 colon cancer cells can induce cancer cachexia, skeletal mus-
cle atrophy, and lipolysis in vitro and in vivo, which is a classic model
for studying cancer cachexia. By comparison, MC38 colon cancer
cells can not induce cachexia in vitro and in vivo and thus are consid-
ered a kind of non-cachectic cell line.22 Our results also confirmed
that inoculation of C26 tumor cells induced obvious cancer cachexia
symptoms in C26 tumor-bearing mice (loss weight of body and GA
tissue, hypothermia, etc.) whereas inoculation of MC38 tumor cells
did not induce cancer cachexia symptoms in MC38 tumor-bearing
mice. Importantly, the serum exosome concentration of C26 tu-
mor-bearing mice was significantly higher than that of the healthy
group, whereas there was no difference between the serum exosome
concentration of MC38 tumor-bearing mice and the healthy group.
In a cell culture study, culture medium of C26 cells could induce at-
rophy of C2C12 myotubes, whereas culture medium of MC38 cells
could not. Furthermore, exosome concentration in the C26 culture
medium was significantly higher than that in the MC38 culture me-
dium. These results suggested the involvement of cancer exosomes
in inducing muscle atrophy in colon cancer cachexia. Our results
were in accordance with a previous report that showed that cancer
cachexia was associated with elevated circulating extracellular vesicles
(EVs) (including exosomes) in mice bearing Lewis lung carcinoma
(LLC) cells.31 It is interesting that the role of exosomes in regulating
cancer cachexia is beginning to unravel in recent times.9,10

Direct inducing effects of C26 exosomes on muscle atrophy were
observed in the present study. C26 exosomes could be successfully ab-
sorbed by cultured C2C12 myotubes and dose-dependently induced
C2C12 myotube atrophy, as indicated by the decrease in the diameter
of myotubes and the protein expression level of MHC. Furthermore,
Figure 3. C26 tumor-derived exosomes induced skeletal muscle atrophy in vit

(A) The content of exosomes in serum of C26-inoculated mice or MC38-inoculated mice

medium (scale bars, 200 nm). (C) Particle size analysis of exosomes isolated from C2

exosomal biomarkers in C26 cell and MC38 cell exosomes. (E) Exosomes in C26 culture

myotube atrophy induced by exosomes (scale bars, 50 mm). (G) Quantified diameter of m

content of exosomes in C26-conditioned medium treated with vehicle or GW4869. (J)

Quantified diameter of myotubes of (J). (L) MHC and MuRF-1 expression was measured

experiments. **p < 0.05, **p < 0.01, ***p < 0.001.
intramuscular injection of C26 exosomes could significantly decrease
the muscle strength and the weight of the TA muscle. These results
suggested that C26 exosomes could directly induce skeletal muscle at-
rophy in vitro and in vivo. The roles of C26 exosomes in inducing
muscle atrophy were further confirmed in an in vivo study by block-
ing exosome production with the exosome secretion inhibitor
GW4869. GW4869 treatment in C26 tumor-bearing mice effectively
alleviated the loss in TA muscle weight and the weakening of TA grip
strength. Moreover, GW4869 treatment of C26 tumor cells was effec-
tive in inhibiting the ability of C26 culture medium to induce atrophy
of C2C12 myotubes in vitro, compared with non-treated C26 cells.
Interestingly, Yang et al. have also shown that knockdown of ZIP4
in pancreatic cancer cells could inhibit extracellular vesicle release
and thus ameliorate muscle wasting in mice, as indicated by higher
muscle mass, decreased protein degradation, and preserved myofiber
cross-sectional area.32 These results suggested that exosomes play an
important role in development of cancer cachexia and that inhibition
of exosome production would ameliorate muscle atrophy in cancer
cachexia. The muscle wasting in cancer cachexia might be caused
by various tumor-derived signaling factors including exosomes. In
other words, cancer exosomes have the ability to directly induce mus-
cle atrophy.

Exosome enriched proteins, lipids, and nucleic acids can participate
in the biological process of cancer cachexia in many ways, including
the regulation of skeletal muscle wasting. In the present study, we
concentrated on searching the active miRNAs in C26 exosomes
with atrophy-inducing effects on muscle cells. Previous reports
showed that microvesicles containing miRNA-21 promoted muscle
cell death in cancer cachexia via TLR7 and JNK signaling pathway.18

The transfer of miR-155 from exosomes acts as an oncogenic signal
reprogramming systemic energy metabolism and leading to cancer-
associated cachexia in breast cancer.33 miR-26a limits muscle wasting
through exosome-mediated miRNA transfer in chronic kidney
induced cachexia.19,20 By comparing miRNA profiles of C26 exo-
somes and MC38 exosomes with miRNA-seq analysis, and further
confirming by RT-PCR assay, two miRNAs (miR-195a-5p and
miR-125b-1-3p) were found to exhibit high levels in C26 exosomes.
In line with this, the levels of miR-195a-5p and miR-125b-1-3p
were significantly higher in C2C12 myotubes treated with C26 exo-
somes than in C2C12 myotubes treated with MC38 exosomes.
Furthermore, the abundance of miR-195a-5p and miR-125b-1-3p
in serum and GA of C26 tumor-bearing mice was significantly higher
than those of healthymice. Similar results were found in TAwith high
doses of C26 exosome intramuscular injection. Notably, transfection
ro

. (B) Electron microscopy images of exosomes isolated from C26 medium or MC38

6 medium or MC38 medium. (D) Western blot analysis showed the expression of

medium or MC38 culture medium were detected by AchE Assay Kit. (F) The C2C12

yotubes of (F). (H) MHC expression was measured by western blot analysis. (I) The

Treatment function of GW4869 on C2C12 myotube atrophy (scale bars,50 mm). (K)

by western blot analysis. Data presented are the mean ± SEM of three independent
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Figure 4. C26 tumor-derived exosomes induce

skeletal muscle wasting in vivo

(A) Time-related tumor growth curve in mice inoculated with

C26 tumor treated with vehicle (PBS) or GW4869 (intra-

tumoral injection). (B) Tumor-free body weight of healthy

mice and C26-inoculated mice treated with vehicle or

GW4869 at the end of the experiment. (C) Photo of TA

tissue (healthy mice and C26-inoculated mice treated with

vehicle or GW4869) isolated from mice at the end of the

experiment. (D) Relative weight of TA tissues at the end of

the experiment. (E) Grip strength of healthy mice and C26-

inoculated mice treated with vehicle or GW4869. Healthy

mice with intramuscular injection of C26 exosomes into the

TA of the left hindlimb. (F) Grip strength of healthy mice and

C26 exosome intramuscular injection mice on day 10 and

on day 22. (G) Relative weight of TA tissue at the end of the

experiment. Data presented are the mean ± SEM of three

independent experiments. *p < 0.05, **p < 0.01.
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of mimics of miR-195a-5p or miR-125b-1-3p could induce atrophy in
C2C12 myotubes. These results demonstrated that C26 exosomal
miR-195a-5p and miR-125b-1-3p might be active components medi-
ating skeletal muscle atrophy during cancer cachexia.

A further study clarifying the mechanisms of miR-195a-5p and miR-
125b-1-3p in inducing muscle atrophy suggested that bcl-2 might be
the target gene of the two miRNAs in muscle cells. Results of dual-
luciferase assay confirmed the targeting of miR-195a-5p/miR-125b-
1-3p to bcl-2, and both the mRNA expression level and protein
expression level of bcl-2 were downregulated in C2C12 myotubes
transfected with miR-195a-5p mimic or miR-125b-1-3p mimic. The
activation of the apoptotic signaling pathway such as cleavage of cas-
pase-3 was observed in miRNA mimic-treated C2C12 myotubes.
Furthermore, the expression of BCL-2 was downregulated and the
apoptosis rate in muscle of C26 tumor-bearing mice was significantly
higher than that of the healthy mice. The apoptotic rate of muscle
930 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
injected with C26 exosomes was also significantly
higher than that of the control group. Impor-
tantly, overexpression of bcl-2 successfully
reversed C2C12 atrophy induced by miR-195a-
5pmimic or miR-125b-1-3pmimic. These results
suggested that C26 exosomal miRNAs (miR-
195a-5p and miR-125b-1-3p) might induce skel-
etal muscle atrophy by targeting bcl-2 and regu-
lating the apoptotic signaling pathway.

Previous studies also reported that miR-195a-5p
and miR-125b-1-3p targeted bcl-2 and influ-
enced the apoptosis signal pathway in other kinds
of cells. For example, Yang et al. reported that
miR-125b enhanced chemotherapy sensitivity to
cisplatin by downregulating Bcl-2 in gallbladder
cancer.34 In mouse podocytes, miR-195 promotes
apoptosis via enhanced caspase activity driven by
BCL-2 insufficiency.35 These studies showed that miR-195 and miR-
125b could regulate bcl-2 and apoptotic signaling. Our results further
confirmed that miR-195a-5p and miR-125b-1-3p in C26 exosomes
could induce myo-atrophy by targeting bcl-2 to activate myotubular
cell apoptosis.

Muscle atrophy is mainly caused by the enhancement of protein
degradation. The apoptosis pathway is one of the pathways that
contribute to protein degradation in muscle atrophy, besides the
ubiquitin-proteasome pathway and the autophagy-lysosome
pathway.5,9 Apoptosis could be activated during cachexia of humans
and mice. Sílvia Busquets et al. found that apoptosis is present in
skeletal muscle of cachectic gastro-intestinal cancer patients.4,5

Apoptosis markers were observed in severely cachectic muscle of
Apc (Min/+) mice.6 In addition, catalpol alleviates denervated
muscular atrophy through reducing BAX-to-BCL2 ratio and auto-
phagy via the mTOR signaling pathway.36 PGC1b overexpression
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could activate apoptosis signaling to promote skeletal muscle
wasting.35 Lack of caspase-3 attenuates immobilization-induced
muscle atrophy and loss of tension generation along with mitigation
of apoptosis and inflammation.37 FoxO1 induces apoptosis in skel-
etal myotubes in a DNA-binding-dependent manner.38 Dulaglutide
acts on disuse muscle atrophy through inhibition of inflammation
and apoptosis by induction of Hsp72 expression.39 SNARK-mutant
LLC-bearing mice had increased skeletal muscle BAX protein
expression, a marker of apoptosis, compared with other groups.40

What is more, miRNAs could participate in the regulation of
apoptotic signaling pathways during cachexia. In addition to miR-
21 and miR-26a mentioned earlier, miR-628 promotes burn-induced
skeletal muscle atrophy via targeting IRS1 by influencing
apoptosis.41 miR-142a-5p was able to function as an important regu-
lator of denervation-induced skeletal muscle atrophy by inducing
apoptosis via targeting MFN1.42 In conclusion, the miRNA-medi-
ated apoptosis signaling pathway plays an important role in skeletal
muscle wasting. In this study, we found that miR-195a-5p and miR-
125b-1-3p promoted skeletal muscle atrophy by regulating the
apoptotic signal pathway rather than the MuRF-1-related ubiquiti-
nation pathway. Bcl-2 and the apoptosis signaling pathway might
play an important role in the process of skeletal muscle atrophy in
cancer cachexia.

In summary, we demonstrate in the present study that exosomes
might be involved in the development of colon cancer cachexia in
the clinic and that C26 cancer exosomes play an important role in
development of muscle atrophy in cancer cachexia both in vitro
and in vivo. In addition, we show that miR-195a-5p and miR-125b-
1-3p might be active components in C26 exosomes with atrophy-
inducing effects on muscle cells. Further, we report that the bcl-2
gene and its downstream apoptosis signaling are the target gene
and signal pathway of C26 exosomal miR-195a-5p and miR-125b-
1-3p. These findings suggest that Bcl-2-mediated apoptosis might
be the main target of tumor-released exosome miRNAs such as
miR-195a-5p and miR-125b-1-3p in inducing muscle wasting of co-
lon cancer cachexia.

MATERIALS AND METHODS
Reagents and antibodies

RIPA lysis buffer, extraction buffer, and Halt Protease and Phospha-
tase Inhibitor Cocktail (100�) were purchased from Thermo Scienti-
fic and stored at 4�C. BCA protein assay kits used to quantify protein
concentration were purchased from Beyotime and stored at room
temperature. DMEM (High Glucose), RPMI1640, penicillin-strepto-
mycin, and trypsin-EDTA were purchased from HyClone. Horse
Figure 5. C26 exosomal miRNA regulates skeletal muscle atrophy

(A) miRNA differences between C26 exosomes and MC38 exosomes by miRNA-seq a

exosomes was measured by real-time qPCR analysis. (C) Relative miRNA expression of

C2C12 myotubes treated with C26 exosomes and MC38 exosomes. (E) Relative miRNA

expression in TA tissues treated with C26 exosome by intramuscular injection. (G) The

mimic (20�). (H) Quantified diameter of myotubes of (G). (I) MHC, Bcl-2, andMuRF-1 exp

of three independent experiments. *p < 0.05, **p < 0.01, **p < 0.01.
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serum was purchased from Gibco. Fetal bovine serum (FBS) was
derived from Biological Industries. miRNA qPCR primer andmiRNA
mimic (RiboBio), GW4869 (MCE), PEG8000 (Sigma-Aldrich),
PKH67 Green Fluorescent Cell Linker Kit (Sigma), Oligofectamine
(Invitrogen), X-tremeGENE 9 (Roche), TRIzol (Vazyme), T4 DNA
ligase (Takara), DH5a-competent cells (TIAGEN), SYBR Green (Ta-
kara), miRNA mimic (RiboBio), Direct-zol RNA Miniprep (Zymo),
and the Dual-Luciferase Reporter Assay System (Promega) were
used. Other chemicals, except where specially noted, were purchased
from Sigma-Aldrich.

Clinical serum samples

A total of 40 serum samples were collected from healthy persons (19
cases) and non-cachexia (13 cases) and cachexia (8 cases) patients
with colon cancer at Shanghai Tenth People’s Hospital, Tongji Uni-
versity School of Medicine between January 2014 and January 2019.
The study was examined and approved by the Ethics Committee of
the Shanghai Tenth People’s Hospital, Tongji University School of
Medicine (approval no: SHSY-IEC-pap-16-24). This study was regis-
tered with ClinicalTrials.gov (ClinicalTrials.gov: NCT02917707). All
of the serum samples were immediately frozen and stored at �80�C
until use.

Cell culture

C26 cells and MC38 cells, obtained from Shanghai Institute of Mate-
ria Medica, Chinese Academy of Sciences, were maintained in RMPI-
1640 medium containing 10% FBS at 37�C with 5% CO2. The C2C12
murine myoblast cell line, obtained from ATCC, was cultured in
high-glucose DMEMwith 10% FBS at 37�Cwith 5% CO2. During dif-
ferentiation, the medium of cells planted on culture plates coated with
0.1% gelatin was switched to differentiation medium (high-glucose
DMEM containing 2% horse serum) when cell confluence reached
70%. After 5 days, multinuclear myotubes were formed. 3T3-L1 cells,
obtained from Shanghai Institute of Materia Medica, Chinese Acad-
emy of Sciences, were cultured in high-glucose DMEMwith 10% FBS
at 37�Cwith 5%CO2. All cells were negative for mycoplasma contam-
ination before use.

C26 tumor medium collection

When C26 or MC38 tumor cell confluence reached 70%, the medium
was switched to new high-glucose DMEM medium for 48 h. There-
after, medium was collected and centrifuged at 1,000 � g for 5 min,
then centrifuged at 10,000 � g for 10 min. Medium from non-tumor
cells (3T3-L1 cells) was used as control medium. The final superna-
tant was filtered and stored at �20�C or used immediately at a 1:1
dilution with fresh normal medium.
nalysis. (B) The expression of miR-125b-1-3p and miR-195a-5p in C26 and MC38

C2C12myotubes treated with C26 tumor medium. (D) Relative miRNA expression of

expression in serum or GA tissues of C26 tumor-bearing mice. (F) Relative miRNA

C2C12 myotube atrophy was induced by miR-125b-1-3p mimic and miR-195a-5p

ression wasmeasured bywestern blot analysis. Data presented are themean ±SEM

http://ClinicalTrials.gov
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Exosome purification

Exosomes were extracted from conditioned medium of cells, mouse
serum, or human serum with ExoQuick-TC Exosome Isolation Re-
agent (SBI, EXOTC10A-1) according to the manufacturer’s protocol.
In brief, culture supernatants were collected and centrifuged at
1,500 � g for 5 min to pellet dead cells and cell debris. The �5 mL
supernatant was then mixed with 1 mL of ExoQuick-TC reagent
mix by inverting 4 times. The mixture was incubated at 4�C overnight
and centrifuged at 1,500� g for 30 min at 4�C to pellet the exosomes.
The pelleted exosomes were resuspended with phosphate-buffered sa-
line (PBS) and quantified with a BCA Protein Assay Kit (T9300A; Ta-
kara, China).

Exosome detection

Isolated EVs were quantified by measuring the activity of AchE ac-
cording to the Amplex Red Acetylcholine/Acetylcholinesterase Assay
Kit (Invitrogen, A12217). Briefly, isolated EV preparations were sus-
pended in 120 mL of PBS and diluted with 120 mL of reaction buffer.
One hundred microliters of the diluted samples and controls were pi-
petted into separate wells of a microplate. The reactions were started
by adding 100 mL of the Amplex Red reagent/horseradish peroxidase
(HRP)/choline oxidase/acetylcholine working solution to eachmicro-
plate well containing the samples and controls. The reactions were
incubated for 30 min or longer at room temperature, protected
from light. The fluorescence was measured in a fluorescence micro-
plate reader using excitation in the range of 530–560 nm and emission
detection at �590 nm.

Transmission electron microscopy

Exosome pellets were fixed in 2% paraformaldehyde (PFA) for 30min
and resuspended with 100 mL of PBS. The suspension was added to
the copper grids for 20 min in a dry environment. Grids were
immersed in the glutaraldehyde for 5 min and washed with fresh wa-
ter. Then grids were immersed in the neutral uranium oxalate dioxide
solution for 5 min, followed by methyl cellulose uranyl acetate for
10 min, and grids were allowed to dry. Samples were then examined
under a JEM-1010 electron microscope (Jeol, Tokyo, Japan).

Exosome particle size analysis

Exosome pellets were resuspended with 1 mL of PBS and subjected to
particle size analysis using the Zetasizer Nano S90 system.

Exosome tracing

For exosome tracing experiments, C26-derived exosomes were labeled
with the PKH67 Green Fluorescent Cell Linker Kit (Sigma-Aldrich)
Figure 6. C26 exosomal miRNA mediates skeletal muscle atrophy by activatin

(A) Prediction of the miR-125b-1-3p and miR-195a-5p target gene. (B) The luciferase e

mutant 30 UTR vector (mut, miR-125b-1-3p and miR-195a-5p target sites were mutated

C2C12 myotubes transfected with miR-125b-1-3p or miR-195a-5p mimic. (D) Repres

C2C12 myotubes transfected with miR-125b-1-3p or miR-195a-5p mimic. (E and F) A

PBS or C26 exosomes (DAPI, blue; TUNEL, green; WGA, red; scale bars, 50 mm). (G

TA tissues of intramuscular injection with PBS or C26 exosomes (three mice per group)

**p < 0.01.
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according to the manufacturer’s protocol. Exosomes diluted in PBS
were added to 1 mL of Diluent C within 4 mL of PKH67 dye and incu-
bated for 4min.Tobind excess dye, 2mLof 0.5%bovine serumalbumin
(BSA) was added. The labeled exosomes were extracted by ExoQuick-
TC Exosome Isolation Reagent, and the exosome pellet was diluted in
100 mL of PBS and used for tracing experiments. C2C12 myotubes
were treated with 50 mg of PKH67-labeled C26 exosomes for 12 h at
37�C and imaged with a fluorescence microscope (Leica).

Animals and cancer cachexia mouse model

All animal (purchased from Shanghai SLAC Laboratory Animal, Co.,
Ltd., Shanghai, China) care and experimental protocols for this study
complied with Chinese regulations and theGuide for the Care and Use
of Laboratory Animals drawn up by the National Institutes of Health
(United States) and were approved by the Institutional Animal Care
and Use Committee of the East China Normal University. Male
BALB/c mice (6–8 weeks) and C57BL/6 mice were purchased from
the Shanghai SLAC Laboratory Animal. Mice were maintained on a
12:12-h light-dark cycle in a temperature-controlled (21�23�C)
and specific pathogen-free (SPF) conditional room and were provided
standard rodent chow and water ad libitum. All animals were accli-
matized for a week before beginning the study.

Male BALB/c mice were randomly divided into two groups (n = 8):
the healthy group (without tumor) and the C26 tumor-bearing mouse
group (C26 TB). On day 0, mice were implanted subcutaneously in
the right flank with 100 mL (1.0 � 106) of C26 cells. C57BL/6 mice
were randomly divided into two groups: the healthy group (without
tumor, n = 7) and the MC38 tumor-bearing mouse group (MC38
TB, n = 8). On day 0, mice were implanted subcutaneously in the right
flank with 100 mL (2.0� 106) of MC38 cells. Body weight, tumor vol-
ume, and body temperature were measured daily from inoculation to
completion of the study. The shortest diameter (X) and longest diam-
eter (Y) of tumor were recorded with calipers. Tumor volume was
calculated following the formula V =X�X�Y�0.5. We summarized
the data (volume and weight of tumor) obtained from many experi-
ments and found that the density of tumor was �1 g/1,000 mm3.
Based on this, we calculated the tumor weight during the growth of
the tumor and then obtained the body weight without tumor of
mice. When the mice lost 10% of their body weight or when their tu-
mor volumes reached 2,000 mm3, the experiment was terminated.
The GA muscle tissues of mice were rapidly dissected, weighed, and
frozen in liquid nitrogen and then stored at �80�C until ready for
further analyses or fixed in 4% PFA overnight and embedded in
paraffin.
g the apoptotic signaling

xpression level of 293T cells transfected with bcl2 wild-type 30 UTR vector (WT) or

) and miR-125b-1-3p or miR-195a-5p mimic. (C) Relative bcl2 mRNA expression of

entative western blot of Bcl2, Bax, MuRF-1, Caspase3, and cleaved-Caspase3 in

poptosis detection with TUNEL staining in TA tissues of intramuscular injection with

) Representative western blot of Bcl2, Bax, Caspase3, and cleaved-Caspase3 in

. Data presented are the mean ± SEM of three independent experiments. *p < 0.05,



Figure 7. Overexpression of Bcl-2 reverses C26

exosomal miRNA inducing skeletal muscle atrophy

(A) Immunofluorescent staining for C2C12myotubes (20�).

(B) Quantified diameter of myotubes of (A). Data presented

are the mean ± SEM of three independent experiments.

***p < 0.01.
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GW4869 drug administration

Male BALB/c mice with the same initial body weight were randomly
divided into three groups (8 mice per group): the healthy group
(without tumor), the Colon-26 tumor-bearing mouse group (C26
model group), and the C26 tumor-bearing mouse treated with
GW4869 group. On day 0, mice were implanted subcutaneously in
the right flank with 100 mL (1 � 106) of C26 colon adenocarcinoma
cells. Starting from the next day, C26 model group mice received a
single intra-tumor injection of sterile saline every other day, while
GW4869-treated group mice received single intra-tumor injections
of GW4869 (2.5 mg/g tumor/25 mL) every other day. Body weight, tu-
mor volume, and food intake were measured daily from inoculation
to completion of the study. The shortest diameter (X) and longest
diameter (Y) of tumor were recorded with calipers every day. Tumor
volume was calculated following the formula V = XxXxYx0.5. When
the mice lost 10% of their body weight or when their tumor volumes
reached 2,000 mm3, mice were euthanized by CO2 inhalation and tu-
mor and GA muscle tissues were rapidly dissected, weighed, and
frozen in liquid nitrogen and then stored at �80�C until ready for
further analyses or fixed in 4% PFA overnight for future analysis.

Intramuscular injection of C26 exosomes

Male BALB/c mice were randomly divided into three groups (6 mice
per group): the healthy group, the C26 Exo (1�, 200 mg/mice) group,
and the C26 Exo (2�, 400 mg/mice) group. Exosomes (50 mL) were
injected into the TA muscle of the left hindlimb, and the healthy
Molecular
group received only with the same amount of
PBS once a day for 22 days. Body weight was
measured daily until the completion of the study.
The grip strength of left hindlimbs was measured
at day 10 and day 22. At the end of the study,
serum was collected from mouse orbit for
biochemistry test, and TAmuscles were dissected
rapidly, weighed, and fixed in 4% PFA for future
analysis.

Western blot analysis

Western blots were performed as described
previously.43 Briefly, C2C12 myotubes were ho-
mogenized in RIPA buffer plus a phosphatase
protease inhibitor. The lysates were centrifuged
at 13,000 rpm for 30 min at 4�C. The supernatant
was quantified for protein concentration with the
BCA Protein Assay Kit (Beyotime). Equal
amounts of protein samples were separated by
10% SDS-PAGE gel electrophoresis and trans-
ferred to a polyvinylidene fluoride (PVDF) membrane. The PVDF
membranes were blocked in 5% non-fat milk in PBS containing
0.1% Tween 20 (PBST) for 1 h at room temperature and then incu-
bated with primary antibodies diluted in 5% BSA-TPBS at 4�C
overnight. The primary antibodies used were as follows: MuRF-1
(Proteintech), MHC (DSHB), CD9 (ABclonal), CD63 (ABclonal),
Bcl2 (ABclonal), Bax (Cell Signaling Technology), Caspase3 (ABclo-
nal), and GAPDH-HRP (Santa). Anti-mouse (Multi Sciences) and
anti-rabbit (Multi Sciences) IgG HRP-conjugated secondary anti-
bodies were incubated with membranes for 1 h in 5% non-fat milk
in TPBS. The ECL Chemiluminescent Kit (Thermo Fisher) was used
to visualize the antibody-antigen interaction, and chemical lumines-
cence of membranes was detected by an Amersham Imager 600 (GE).

miRNA-seq analysis

miRNAs contained in C26-derived and MC38-derived exosomes
were determined by the Illumina HiSeq platform. High-throughput
sequencing was conducted at Shanghai Majorbio Biopharm Technol-
ogy Co., Ltd. (Shanghai, China). In brief, total RNA from exosomes
was prepared and quantified with a NanoDrop ND-2000 (NanoDrop
Technologies). RNA integrity was assessed with a 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). A total amount of
3 mg of total RNA per sample was used as input material for the small
RNA library. Small RNA adapters were then ligated to the 50 and 30

ends of total RNA. After cDNA synthesis and amplification, the
PCR-amplified fragments were purified from the PAGE gel, and the
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completed cDNA libraries were quantified by an Agilent 2100 Bio-
analyzer. Cluster generation was performed on an Illumina cBot,
sequencing was performed on an Illumina HiSeq 2000 platform,
and 50 bp single-end reads were generated. The expression level of
each miRNA was calculated according to the transcripts per million
reads (TPM) method. Significant differently expressed (DE) miRNAs
were extracted with |log2 fold change (FC)| >1 and false discovery rate
(FDR) <0.05 by DEseq2.

Quantitative RT-PCR

Total RNA extraction was performed with the RNeasy Mini Kit
(QIAGEN) according to the manufacturer’s instructions. The
Bulge-Loop miRNA qPCR Primer Set (RiboBio) was used to deter-
mine the expression levels of miRNAs by qRT-PCRs in a Bio-Rad
CFX96 Real-Time PCR Detection System. U6 was used as an internal
control. All the relative expression level of miRNA was calculated
with the 2�

OOCt method.

miRNA mimic transfection

A mixture of 1.25 mL of miRNA mimic (final concentration 50 nM)
and 50 mL of Opti-MEM was labeled A, and a mixture of 1.25 mL
of Oligofectamine and 50 mL of Opti-MEM was labeled B. Make
sure A and B mixed fully and static 20 min. Then add them to the
cell conditioned medium drop by drop slowly. After 48 h, cells
were collected for further experiments.

Bcl2 overexpression

293T packaging cells were transfected with pCDH-CMV-MCS-EF1-
CopGFP-T2A-Puro-Bcl2 or pCDH-CMV-MCS-EF1-CopGFP-T2A-
Puro to produce lentiviral particles. The lentivirus was used to
transfect C2C12 myotubes. After 24 h, these C2C12 myotubes
were used as hosts for transfecting miRNA mimic or NC for 48
h. Myotubes were incubated with anti-MHC. Images were captured
by fluorescence microscope (Leica), and the diameter of myotubes
was measured by ImageJ.

Immunofluorescent staining

Differentiated C2C12myotubes were fixed with 4% PFA for 30 min at
room temperature, permeabilized with 0.5% Triton X-100 in PBS for
10 min, and then blocked with 5% BSA in PBS for 1 h at room tem-
perature. Myotubes were incubated with anti-MHC (MF-20, 1:100,
DSHB) diluted in 5% BSA overnight at 4�C.Myotubes were incubated
with secondary antibody Cy3-AffiniPure rabbit anti-mouse IgG
(H+L) (1:500, Jackson) at room temperature. Images were captured
by fluorescence microscope (Leica), and the diameter of myotubes
was measured by ImageJ.

Grip strength

A digital grip-strength meter (YLS-13A, Yiyan Technology, China)
was used to measure the grip strength of mice. All mice were accli-
matized for 10 min before the grip strength test began. The mice
were allowed to grab the metal pull bar. The force was recorded
at the time of release as the peak tension. Each mouse was
measured six times with a minute break. The experiments were
936 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
blindly performed by a researcher who did not know the group
allocation.

Dual-luciferase assay

When 293T cells were growing in the logarithmic phase, 3.0 � 104

cells were seeded in 24-well plates and cultured at 37�C overnight.
293T cells were co-transfected with the mixture of PGL3-basic-Bcl-
2 30 UTR (wild-type and mutation, removing interaction sequence),
Renilla, miRNA mimic, and X-tremeGENE 9. Cells were collected
after 24 h for dual-luciferase reporter assay. The activation of firefly
and Renilla luciferase was analyzed with a dual-luciferase reporter
assay kit (Promega E1910) according to the manufacturer’s
guidelines.

TUNEL

The TUNEL Apoptosis Assay Kit (Omega) was used to detect the
apoptosis of tissue. For muscle tissue, 4% PFA was used to fix the
frozen section. Then, PBS was used to wash the frozen section two
times. PBS containing 0.1% Triton X-100 was added to the frozen sec-
tion. Finally, TUNEL solution (50 mL) was added for staining, and nu-
clear cells that labeled positively were considered apoptotic cells. The
positive cells in six random views were detected with a fluorescence
microscope (Leica). The ratio of apoptotic cells was calculated as pos-
itive cells/total cells.

Statistical analysis

Data are expressed as mean ± SEM. Two-tailed Student’s t test was
used for comparisons between two groups. One-way ANOVA test
was performed to compare multiple groups, followed by Bonferroni’s
post hoc test. All analyses were performed with GraphPad Prism 5.0.
Values of p <0.05 were considered to be statistically significant and are
presented as *p < 0.05, **p < 0.01, ***p < 0.001.
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