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Introduction

microRNAs (miRNAs) are a class of evolutionally conserved 
non-coding RNAs of 19–22 nucleotides that function as negative 
regulators of gene expression. Originally discovered in C. elegans, 
these small RNAs regulate fundamental cellular processes in 
diverse organisms.1,2 miRNAs are encoded within the genome 
and are initially transcribed as primary transcripts (pri-miR) 
that can be several kilobases in length. Primary transcripts are 
successively cleaved by 2 RNase III enzymes, Drosha in the 
nucleus and Dicer in the cytoplasm, to produce 70 nucleotides 
long precursor miRNAs (pre-miR) and then mature miRNAs, 
respectively. Mature miRNAs regulate gene expression post-
transcriptionally by binding to target mRNAs in association with 
the multiprotein RNA induced silencing complex (RISC).3 Three 
mechanisms have been described for gene regulation via miRNA 
(1) translation repression, (2) direct mRNA degradation, and 
(3) miRNA-mediated mRNA decay. Recent data have suggested 
that the mechanism of repression is predominantly via decrease 
in mRNA target stability.4 miRNA activity and abundance 

is also regulated at various levels, ranging from transcription 
and processing to target site binding and miRNA stability.5 
Bioinformatic analyses indicate that miRNAs can regulate 
multiple target mRNAs, and individual mRNA can be targeted 
by several miRNAs, providing enormous complexity.6

Induction of the loss of all miRNAs in mice by depleting the 
enzyme Dicer causes arrested development during gastrulation 
before the body plans are fully configured.7 In addition, the levels of 
individual miRNAs are dramatically altered in different cell types 
and different developmental stages, confirming that miRNAs 
play a major role in cell growth, differentiation, and programmed 
cell death. As a consequence of this widespread influence, it is 
not surprising that miRNA deregulation is a hallmark of several 
pathological conditions including, cancer,8 inflammation,9 
neurological disorders,10 and metabolic disorders.11

All these data largely assume that miRNAs reside and elicit 
their regulatory actions within their cell of origin. However, 
studies during the past 5 y have demonstrated that miRNAs are 
found not only intracellularly, but are also detectable outside of 
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It has recently been established that exosomes can mediate intercellular cross-talk under normal and pathological 
conditions through the transfer of specific miRNAs. As muscle cells secrete exosomes, we addressed the question 
of whether skeletal muscle (SkM) exosomes contained specific miRNAs, and whether they could act as “endocrine 
signals” during myogenesis. We compared the miRNA repertoires found in exosomes released from C2C12 myoblasts 
and myotubes and found that 171 and 182 miRNAs were exported into exosomes from myoblasts and myotubes, 
respectively. Interestingly, some miRNAs were expressed at higher levels in exosomes than in their donor cells and vice 
versa, indicating a selectivity in the incorporation of miRNAs into exosomes. Moreover miRNAs from C2C12 exosomes 
were regulated during myogenesis. The predicted target genes of regulated exosomal miRNAs are mainly involved in the 
control of important signaling pathways for muscle cell differentiation (e.g., Wnt signaling pathway). We demonstrated 
that exosomes from myotubes can transfer small RNAs (C. elegans miRNAs and siRNA) into myoblasts. Moreover, we 
present evidence that exosome miRNAs secreted by myotubes are functionally able to silence Sirt1 in myoblasts. As Sirt1 
regulates muscle gene expression and differentiation, our results show that myotube–exosome miRNAs could contribute 
to the commitment of myoblasts in the process of differentiation. Until now, myokines in muscle cell secretome provided 
a conceptual basis for communication between muscles. Here, we show that miRNA exosomal transfer would be a 
powerful means by which gene expression is orchestrated to regulate SkM metabolic homeostasis.
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cells, including in various bodily f luids (e.g., serum, plasma, 
saliva, urine, and milk).12 This phenomenon raises questions 
about the biological function of such extracellular miRNAs. 
They are enclosed in small membranous vesicles (e.g., in 
exosomes, shedding vesicles and apoptotic bodies) or packaged 
with RNA-binding proteins (e.g., high-density lipoprotein, 
Argonaute 2, and nucleophosmin 1).13-16 In the latter case, 
extracellular miRNAs may represent byproducts of dead/
dying cells that persist due to their stability within the protein 
complex. The extent to which free miRNAs act in a paracrine 
manner remains to be investigated. For miRNAs exported in 
exosomes, compelling evidence supports their role in a broad 
range of physiological and pathological processes.

Exosomes are 50–150-nm diameter membranous vesicles 
derived from the late endosomal system that are released from 
cells both constitutively and upon induction, under normal 
and pathological conditions.17 The endosomal system controls 
the uptake and processing of various types of macromolecules 
from the extracellular milieu and the plasma membrane into 
the cell. It consists of interconnected vesicular organelles, 
i.e., the primary endocytic vesicles, the early endosomes, the 
recycling endosomes, the late endosomes, and the lysosomes.18 
Inward budding of endosomal membranes results in the 
accumulation of intraluminal vesicles. These late endosomes 
are called multivesicular bodies (MVBs). MVBs can either 

fuse with lysosomes to degrade their intraluminal cargo or 
fuse with the plasma membrane to release their intraluminal 
vesicles, as exosomes, into the extracellular milieu. This process 
of directed transport relies on several components of the 
endocytic machinery, such as Rab GTPases (Rab11, Rab27a 
and b), cytoskeleton regulatory proteins, molecular motors such 
as myosin, and SNAREs.19 Exosomes bear surface receptors/
ligands of the original cells and have the potential to selectively 
interact with specific target cells.17,20,21

In addition to numerous lipids and proteins, exosomes contain 
mRNAs and miRNAs.22-24 Previous studies have demonstrated 
that exosomes can horizontally transfer mRNAs to other cells, 
which can then be translated into functional proteins in the 
new location.22,23,25 Similarly, miRNAs can be transferred by an 
exosomal route and further exert gene silencing in the recipient 
cells.22 These findings shed new light on the physiological 
relevance of secretory genomic information by exosomes, and 
indicate a role of exosomes as new mediators of intercellular 
cell signaling between neighboring cells and between distant 
tissues, which could act independently, but synergistically, with 
soluble growth factors and hormones.

Skeletal muscle (SkM), the largest organ in the human body, 
is responsible for whole-body metabolism, energy homeostasis 
and locomotion, and serves as a body protein pool. It is a highly 
adaptable tissue responding to numerous environmental and 

physiological challenges by changing its phenotypic 
profile in terms of size as well as composition. During the 
last decade, SkM-secreted proteins have been identified 
with important roles in intercellular communications.26-28 
Among them, a large number of soluble peptide hormones 
and cytokines, called myokines, are capable of triggering 
homeostasis adaptations in other peripheral organs (e.g., 
pancreas, adipose tissue),26 or are involved in the process 
of myogenesis (e.g., IL-4, IL-7, and IL-13).27,28 Recently, 
it has been demonstrated that muscle cells secrete 
nanoparticles with exosomal properties.29,30 Because 
exosomes released from donor cells can be taken up by 
recipient cells, where an array of biological processes, 
including cell proliferation and differentiation, can 
be affected,31,32 we examined whether skeletal muscle 
exosomes contained specific miRNAs, and whether 
these miRNAs could act as endocrine signals during 
myogenesis. Using qRT-PCR, we analyzed and compared 
the miRNA repertoires within exosomes from C2C12 
myoblasts and myotubes. We then determined whether 
exosomes could transfer miRNAs from myotubes to 
myoblasts and thus regulate gene expression in the 
recipient cells. By using Sirtuin 1 (silent mating type 
information regulation 2 homolog) (Sirt1), the reporter 
gene, we present evidence that exosome miRNAs secreted 
by myotubes are able to silence Sirt1 in myoblasts. As Sirt1 
regulates muscle gene expression and differentiation,33 
our results show that myotube-exosome miRNAs could 
contribute to the commitment of myoblasts in the process 
of differentiation.

Figure 1. Characterization of nanovesicles isolated from C2C12 myoblast- and 
myotube-conditioned medium. (A) Transmisson electron microscopic images 
of purified secreted nanovesicles from myoblasts or myotubes. Bar = 200 
nm. (B) These vesicles were labeled with anti-CD63 gold particles to confirm 
that they expressed this exosomal protein at their membranes. (C) Equal pro-
tein amounts of extracts prepared from cells or exosomes were subjected to 
western blot analysis. The multivesicular body marker Alix (ALG2-interacting 
protein 1) and the tetraspanin CD81 were strongly enriched in exosome prepa-
rations compared with cell lysates.
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Results

In this study we purified exosomes from conditioned media of 
C2C12 myoblasts and myotubes by differential centrifugations 
coupled with membrane filtration (0.2 μm) to eliminate large 
contaminating extracellular vesicles. We found that myoblasts 
and myotubes secreted, respectively, 0.37 + 0.15 and 0.41 + 0.23 
μg /ml/24h exosomes in exosome-free medium (results from 6 
independent extractions). Electron microscopic analysis showed 
that the resulting pellet contained a homogenous population of 
nanovesicles at the expected size of 50–150 nm, which expressed 
the exosomal marker CD63, CD81, and Alix (Fig.  1).34 We 
purified total RNA from 3 independent preparations of exosomes, 
and analyzed their miRNA populations by real-time quantitative 
PCR.

miRNA profiling in C2C12 cells and in released exosomes
For each miRNA, the threshold cycle (Ct) was calculated 

by the ABI 7900 Sequence Detection System software. Raw 
Ct values considered “undetermined” by the software or at a 
level ≥40 cycles were excluded from analysis. For each TaqMan 
Low-Density Array, quality controls were performed on the raw 
data by checking internal controls and using box plot diagrams. 
Since the currently used normalization factor mammU6 plotted 
in each card was not stably expressed in our different samples, 
we used the mean expression level of all fully observed (fully 
detected) miRNAs for normalization.35,36 Comparisons between 
groups were made by using the Student t myotubes, or cells vs. 
exosomes). Using these criteria, 171 and 182 miRNAs were 
detected in myoblasts and myotubes, respectively (Fig. 2). The 
majority of the miRNAs expressed in C2C12 cells were sorted into 

exosomes (Fig. 2). In addition, exosomes from C2C12 cells also 
contained snoRNA135 and snoRNA202, small RNA molecules 
that primarily guide chemical modifications of other RNAs (e.g., 
rRNAs and tRNAs), and scRNA Y1, a small cytoplasmic RNA 
and component of the Rho ribonucleoprotein complex.

Comparisons of the subsets of miRNAs exported in exosomes 
with the total population of miRNA expressed in C2C12 cells 
enabled identification of 2 groups of 28 miRNAs which were 
not detected in exosomes secreted from myoblasts and myotubes 
(Fig.  2). Among them, miR-147, miR-30b*, miR-467c, miR-
615–3p, miR-669a, miR-677, miR-28*, and miR-29–2* were 
never found in C2C12-secreted exosomes. Conversely, 3 and 2 
miRNAs, respectively, were not detected in C2C12 muscle cells 
by qRT-PCR but were found in myoblast- and/or myotube-
secreted exosomes. In addition, 23 and 20 miRNAs, respectively, 
displayed higher expression in myoblast- and myotube-secreted 
exosomes compared with C2C12 cells, estimated by the mean of 
Ct values after data normalization (Table S1).

Together, these results indicate that C2C12 muscle cells 
exported only a sub-population of miRNAs into exosomes. In 
addition, some miRNAs could not be identified by qRT-PCR 
in C2C12 cells even using a pre-amplification step before the 
PCR reaction. To determine whether these results were specific 
to the C2C12 murine muscle cells, we compared this population 
of miRNAs to the population of miRNAs identified previously 
in exosomes from other murine cell lines (i.e., immature and 
mature bone marrow [BM] cells, and mast cells [MC9]).22,37 
We identified a sub-group of 21 miRNAs (let-7b, let-7c, let-7d, 
let-7i, miR-106b, miR-130b, miR-146b, miR-150, miR-15b, 
miR-16, miR-191, miR-20a, miR-21, miR-222, miR-23b, 

Figure 2. Venn diagrams showing miRNA profile overlaps between C2C12 myoblasts and myotubes and exosomes. miRNAs commonly detected in 
C2C12 myoblasts and myotubes are indicated in bold.
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miR-24, miR-26a, miR-27b, miR-29a, miR-30c, miR-320) 
that were always exported, regardless cell type and state of 
differentiation.22,37 On the other hand, miR-147, miR-467c, and 
miR-669a were never exported in murine exosomes.

miRNAs in C2C12 exosomes are regulated during 
myogenesis

miRNAs are regulated during muscle cell myogenesis.38 
We predicted that miRNAs exported into exosomes might be 
similarly regulated. As shown in Figure  3, 108 miRNAs were 
differentially expressed between myoblasts and myotubes, (i.e., 
48 were up- and 60 were downregulated during the process of 
C2C12 differentiation). Among these were miR-1, miR-133a, 
miR-133b, miR-206, miR-222, miR-223, and miR-126, all 
previously identified for their important roles during muscle 
cell differentiation.39-41 We found that 86 miRNAs expressed in 
exosomes were also differentially expressed between exosomes 
from C2C12 myoblasts and exosomes from C2C12 myotubes 
(i.e., 39 were up- and 47 were downregulated) (Fig. 3). Among 
them, 18 were up- and 19 were downregulated both in C2C12 
cells and exosomes during differentiation (Fig. 3). One miRNA, 
let-7d, was inversely regulated in exosomes compared with cells 
during differentiation (down vs. up).

Functional analysis of target genes of exported miRNAs
Target genes of the 86 exosome-secreted miRNAs regulated 

during myoblast differentiation were predicted by bioinformatics 
using TargetScan 6.1 (http://www.targetscan.org/). We focused 
this study on miRNA binding sites conserved among species in 
order to reduce the number of false positive target genes. Among 

the 47 downregulated miRNAs 31 had predicted target genes (n 
= 4641 genes). Among the 39 upregulated miRNAs 31 also had 
predicted target genes (n = 4232 genes). Genes that were targeted 
by both up- and downregulated exosome-miRNAs were removed 
to functional analysis. Functional analysis of exosome-secreted 
miRNA target genes were thus determined on 2021 genes for 
downregulated miRNAs and 1612 genes for the upregulated 
miRNAs, by using Babelomics 4.3 (http://babelomics.bioinfo.
cipf.es). For the functional analysis of the predicted target genes, 
we analyzed all miRNA target genes collectively in order to have a 
general picture of their cellular functions. Figure 4 shows KEGG 
pathways that are most significant in terms of containing more 
genes than expected (P < 0.05). The majority of the significant 
categories were involved in signaling pathways.

Myotube exosomes can transfer small RNA in myoblasts
As exosome miRNA profiles from myoblasts and myotubes 

were different, we postulated that these secreted miRNAs would 
have specific roles during the process of myogenesis, and that 
transfer of specific miRNAs could occur between myotubes 
and myoblasts. Because exosomes can promote the transfer of 
exogenous siRNAs,42 which are similar in length to endogenous 
miRNAs, we decided to use C2C12 EXO-MT as a vehicle for 
siRNAs. We transfected differentiated myotubes with siRNA 
against Itga7, a muscle-expressed integrin.43 We verified that Itga7 
expression was reduced in C2C12 myotubes at the protein and 
mRNA level (Fig. S1) and purified the exosomes released. C2C12 
myoblasts were incubated in the presence of 2 μg EXO-MT from 
siRNA Itga7-treated cells or with control exosomes, in one ml 
of culture medium. As shown in Figure  5A, the mRNA level 
of Itga7 in myoblasts was significantly reduced in the presence 
of EXO-MT from siRNA Itga7-treated cells, indicating that 
these exosomes could transfer siRNA Itga7 from myotubes to 
myoblasts and, as a consequence, could decrease the expression 
of Itga7 in myoblasts. We performed a similar experiment but 
with a synthetic C. elegans miRNA, cel-miR-238, which shows 
no sequence homology to any known human miRNAs and has 
no binding sites on human mRNAs. C2C12 myoblasts were 
incubated either with EXO-MT from cel-miR-238-transfected 
myotubes or with control myotube-exosomes. As shown in 
Figure 5B, cel-miR-238 was detected by qRT-PCR in exosomes 
released by cel-miR-238-transfected myotubes and in myoblasts 
incubated with these exosomes.

These data indicate that exosomes can horizontally transfer 
siRNAs and miRNAs from myotubes to myoblasts. This data 
supports a recent published paper (Le Bihan et al. 2012),30 which 
showed the incorporation of fluorescent myotube-exosomes into 
myoblasts, and further demonstrated that exosome small RNAs 
are not degraded in the recipient cells as they are detectable by 
qRT-PCR and are functional.

Myotube miRNAs exported in exosomes can regulate Sirt1 
in myoblasts

We then determined whether EXO-MT miRNAs could 
regulate the expression of genes in myoblast cells. We previously 
found that combinations of different miRNA binding sites in 
3′-UTRs have synergistic effects on gene expression;44 thus, we 
focused this study on the genes targeted by multiple exosome Figure 3. miRNAs regulations in C2C12 cells and in secreted exosomes 

during differentiation.
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miRNAs. The list of the top 20 genes putatively targeted by 
different miRNAs, which are regulated during myogenesis 
(Fig. 3), is given in Table 1. Sirt1, a NAD+-dependent histone 
deacetylase enzyme which is an important protein for muscle 
precursor cell proliferation,45 myoblast survival,46 and muscle 
differentiation33 was included in this list. We found that Sirt1 
is decreased during C2C12 differentiation at both protein and 
mRNA levels (Fig. 6A and B), confirming previously published 
results in C2C12s.33 Numerous miRNAs can regulate Sirt1 
and, among them, miR-22 and miR-181a were expressed in 
EXO-MT (Fig.  4).47 To demonstrate that EXO-MT miRNAs 
could collectively regulate gene expression in myoblasts, we 
performed luciferase reporter assays with full-length 3′-UTR 
constructs of Sirt1 (Fig. 6C). As shown in Figure 6D luciferase 
activity was significantly reduced when myoblasts were 
incubated with EXO-MT (2 μg/ml of culture medium). This 
result correlated with a reduced SIRT1 expression at both protein 
and mRNA levels in myoblasts (Fig.  6E and F). By contrast, 
addition of EXO-MB at the same concentration had no effect 
on Sirt1 3′-UTR luciferase activity. Since miR-133a is one of 

the most upregulated miRNA in exosomes during myoblast 
differentiation (Fig.  4) and has a conserved predicted binding 
site in Sirt1 3′UTR-region (www.targetscan.org), we determined 
whether this miRNA could participate in the down-reduction of 
SIRT1. Overexpression of miR-133a in C2C12 cells led to the 
downregulation of Sirt1 mRNA (Fig. 6F). miR-1, which is also 
highly expressed in EXO-MT, but with no predicted binding site 
for SIRT1, did not induce this downregulation. These results 
indicate that miR-133a, contained in EXO-MT, may participate 
in the downregulation of Sirt1 in myoblasts.

Discussion

Almost all aspects of skeletal muscle (SkM) development 
and homeostasis are regulated by miRNAs either directly or 
indirectly.38 Several muscle-specific miRNAs have been found to 
be important for normal myoblast differentiation, proliferation, 
and muscle remodeling in response to stress and hormones.44,48 In 
addition to these intracellular regulations, the data presented in 
this study establish for the first time that miRNAs from muscle 

Figure 4. KEGG pathways significantly enriched in target genes for upregulated miRNAs (blue) or downregulated miRNAs (yellow) in exosomes from 
C2C12 muscle cells during differentiation. Only pathways containing at least 10 genes are considered. Hierarchical clustering groups the miRNAs accord-
ing to their fold changes during myogenesis (expression in myotubes vs. expression in myoblasts: MT/MB). Three independent preparations of exo-
somes were analyzed.
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Table 1. List of the 20 genes targeted by at least 6 exosome microRNAs, up- or downregulated during C2C12 myoblast differentiation

Target genes of downregulated microRNAs
Number of 

microRNA binding 
sites in 3′-UTR

Name

MYT1L 8 myelin transcription factor 1-like protein

FAT3 8 FAT tumor suppressor homolog 3

SPRY3 8 sprouty homolog 3

CACNB1 7 calcium channel, voltage-dependent, β 1 subunit

FAM116A 7 family with sequence similarity 116, member A

KIF1B 7 kinesin family member 1B

TACC1 7 transforming, acidic coiled-coil containing protein 1

MYO1C 6 myosin IC

MTMR3 6 myotubularin related protein 3

RAPGEF5 6 Rap guanine nucleotide exchange factor (GEF) 5

PTPRE 6 protein tyrosine phosphatase, receptor type, E

C9orf69 6 chromosome 9 open reading frame 69

GTDC1 6 glycosyltransferase-like domain containing 1

FBXO10 6 F-box protein 10

FGF7 6 fibroblast growth factor 7

MAP2K1 6 mitogen-activated protein kinase kinase 1

SNTB2 6 syntrophin, β 2

SMURF1 6 SMAD specific E3 ubiquitin protein ligase 1

WAC 6 WW domain containing adaptor with coiled-coil

WDR32 6 DDB1 and CUL4 associated factor 10

Target genes of upregulated microRNAs
Number of 

microRNA binding 
sites in 3′-UTR

Name

RAB15 11 Ras-related protein Rab-15

GATM 11 glycine amidinotransferase

P4HA2 10 prolyl 4-hydroxylase, α polypeptide II

MTX3 10 metaxin 3

PDP2 10 pyruvate dehyrogenase phosphatase catalytic subunit 2

PICALM 10 phosphatidylinositol binding clathrin assembly protein

KREMEN1 10 kringle containing transmembrane protein 1

SURF4 10 surfeit 4

UBXD8 10 Fas associated factor family member 2

SCYL3 10 SCY1-like 3 (S. cerevisiae)

RFXDC1 10 regulatory factor X, 6

SLC30A4 10 solute carrier family 30 (zinc transporter), member 4

COL9A3 10 collagen, type IX, α 3

B3GAT1 10 β-1,3-glucuronyltransferase 1

CASP3 10 caspase 3, apoptosis-related cysteine peptidase

MXD1 9 MAX dimerization protein 1

PDCD10 9 programmed cell death 10

HOXB4 9 homeobox B4

MAB21L1 9 mab-21-like 1 (C. elegans)

SIRT1 9 sirtuin 1

Target genes were determined by using the software TargetScan 6.0.
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cells can also be sorted into exosomes and are likely to be involved 
in muscle cell differentiation.

Among the exported miRNAs, 37 were regulated in the same 
way as in the C2C12 cells during myoblast differentiation (18 up- 
and 19 downregulated). Exosome-upregulated miRNAs included 
miR-181a, 146a, miR-145, miR-1, miR-24, miR-206, miR-
133a, miR-133b, and miR-378, which are well known for their 
intracellular actions in control of muscle cell differentiation,39,49-54 
along with let-7d and let-7e, which are implicated in cell growth 
arrest.55,56 The population of exosome-downregulated miRNAs 
included miR-381 and miR-93, involved in cell proliferation.57,58 
As exosome miRNA profiles changed during muscle cell 
differentiation, we postulated that these exported miRNAs 
would have a role in the process of myogenesis. It has been 
previously found that exosomes can transfer miRNAs between 

different cell types and may silence gene expression in the 
recipient cells.22,37,59,60 Our results showed that myotube exosomes 
can transfer small RNAs into myoblasts, strongly suggesting 
that during myogenesis, myotubes and myoblasts could transfer 
regulatory genetic information.

Importantly, our data also demonstrated that not all miRNAs 
can be incorporated into exosomes. Surprisingly, some miRNAs 
were inversely regulated in exosomes compared with their 
cytoplasmic regulation during myogenesis. Similar observations 
have been made by Montecalvo and coworkers,37 who 
demonstrated that exosomes isolated from murine dendritic cell 
(DC) culture media enclosed >200 miRNAs, with 5 uniquely 
detected in exosomes from immature DCs and 58 exclusively 
present in exosomes from mature DCs. Among them, we 
identified 21 miRNAs that were also exported in exosomes from 
C2C12 muscle cells. In addition, we found 3 miRNAs that were 
never exported in exosomes from C2C12 and dendritic cells (i.e., 
miR-147, miR-467c, and miR-669a) indicating that a common 
mechanism for selective miRNA export may exist. Recent data 
confirmed that selective miRNA export exists also for human 
cell lines, and thus it is evolutionarily conserved between distant 
cell types.59,61,62 Presently, it is not known how this export is 
regulated.

The earliest role proposed for exosomes was to shed unwanted 
proteins from cells undergoing terminal differentiation, in 
order to reduce their intracellular concentrations. This could 
also be the case for miRNAs, as we observed that miR-133a, 
miR-133b, miR-1, and miR-206 have the highest increase of 
expression concomitantly in cytoplasm and in exosomes during 
C2C12 differentiation (data not shown). It could also be possible 
that cells export unwanted miRNAs. For example, the highly 
expressed liver-specific miR-122 is weakly detected in human 
renal HEK293T cells, but is highly enriched in their released 
exosomes.63 Other studies support the concept that association 
with proteins of the RNA-induced silencing complex (RISC) 
controls the packaging of miRNAs in exosomes,64 because 
components of the RISC complex have been detected in exosomes 
isolated from monocytes64 and reticulocytes65 (e.g., AGO2). In 
addition, association of miRNAs with AGO2 complexes plays 
a critical role in stabilizing miRNAs in cell-released exosomes.63 
However, of the 146 studies reported in the Exosome database 
(http://www.exocarta.org/), only one reported the identification 
of AGO2 using a proteomic approach.65 Moreover, we recently 
performed a comparative proteomic analysis of myoblast and 
myotube exosomes and did not detect any protein related to 
the RISC complex in exosomes from C2C12 muscle cells (data 
not shown). A recent study demonstrated that ceramide, whose 
biosynthesis is tightly controlled by neutral sphingomyelinase 2 
(nSMase2), regulated the secretion of exosomal miRNAs. It also 
provided evidence that the endosomal sorting complex required 
for the transport system (ESCRT) was unnecessary for the release 
of miRNAs.59,66

Bioinformatic analysis revealed that predicted target genes of 
the miRNAs regulated in exosomes during differentiation were 
mainly involved in the control of signaling pathways. The Wnt 
signaling pathway was predicted as the most significant targeted 

Figure 5. Exosomes from myotubes can transfer small RNAs in prolifer-
ating myoblasts. (A) Levels of Itga7 mRNA in C2C12 myoblasts, treated 
for 48 h with exosomes (2 μg/ml of culture medium) released either 
from myotubes transfected with siRNA Itga7 or with random siRNAs. 
Exosomes from untransfected myotubes were also used as control. Data 
are expressed as mean ± SEM. Results were normalized with the gene 
encoding HPRT used as the reference. Comparisons were analyzed using 
Student t test. Significance was defined as P value of ≤0.05. (B) Ct (cycle 
threshold) level of synthetic cel-miR-238 in transfected myotubes or in 
their released exosomes, and in myoblasts incubated with myotube-
exosomes from cel-miR-238-transfected myotubes (n = 2 independent 
biological replicates). The Ct is defined as the number of cycles required 
for the fluorescent signal to cross the threshold (i.e., exceeds background 
level). Ct levels are inversely proportional to the amount of target nucleic 
acid in the sample (i.e., the lower the Ct level the greater the amount of 
target nucleic acid in the sample).
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pathway by those exosome-miRNAs that were downregulated 
during myogenesis. It is known that several Wnt signaling 
components are upregulated during the transition from cell 
proliferation to myogenic differentiation,67 and that some 
miRNAs are implicated.68 Based on our data, we suggest that 
part of this upregulation would come from the concomitant 
decreased expression of both intracellular and exosome repressor 

miRNAs. To corroborate this hypothesis, we demonstrated that 
exported miRNAs from muscle cells were collectively functional. 
Using an “in silico” approach, we determined the target genes 
of the myotube-secreted miRNAs and focused on those with 
putative multiple binding sites in their 3′-UTR regions. Sirt1, a 
gene involved in muscle cell proliferation33 and predicted to be 
targeted by 6 different miRNAs present in myotube exosomes (2 

Figure 6. Myotube-exosome miRNAs can silence Sirtuin1 in proliferating myoblasts. (A) SIRT1 and Actin protein detection during C2C12 differentia-
tion (from 0 to 48 h post-induction). (B) mRNA level of Sirt1 during C2C12 differentiation (from 0 to 48 h post-induction). Data are expressed as mean ± 
SEM. Results were normalized with the gene encoding HPRT used as the reference (2 μg of total RNA was used for qRT-PCR analysis). (C) Summary of 
the protocol used to transfect proliferating C2C12 myoblasts with the plasmid containing the Sirt1 3′-UTR region. (D) Sirt1 relative luciferase activity 
48 h after induction of differentiation in C2C12 myoblasts pre-treated with EXO-MB or EXO-MT (2 μg/ml of medium). (E) Western blot analysis of SIRT1 
and Actin protein expressions in C2C12 myoblasts pre-treated with EXO-MB or EXO-MT (2 μg/ml of medium), 48 h after induction of differentiation. 
Quantification was realized with Image Lab Software 3.0 (Bio-Rad Laboratories). (F) mRNA level of Sirt1 48 h after induction of differentiation. Cells had 
been pre-treated with different concentrations of exosomes (μg/ml of medium) from either myoblasts or myotubes, at the begining of proliferation 
(0.7 μg of total RNA was used for qRT-PCR analysis). (G) mRNA level of Sirt1 transfected with adenovirus expressing mature miR-133a or miR-1, or GFP as 
control (2 μg of total RNA was used for qRT-PCR analysis). EXO-MB, myoblast-secreted exosomes collected during proliferation; EXO-MT, exosomes from 
1-wk-differentiated myotubes. Comparisons were analyzed using Student t test. Significance was defined as P value of ≤0.05 (**).
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of them being experimentally validated47), was used as reporter 
gene. Our data showed that miRNAs from myotube exosomes 
negatively regulated the expression of Sirt1 in myoblasts. As 
reduction of the level of endogenous Sirt1 augments muscle gene 
expression and causes increased cell differentiation,33 our result 
supported the concept that the exosomal transfer of silencing 
RNAs may potentially be a new powerful means of orchestrating 
gene expression during myogenesis. Besides its important role in 
myogenesis,33 Sirt1 is also involved in mitochondrial biogenesis 
and fatty acid oxidation and provides a link between energy 
homeostasis and SkM growth and development.69

Finally, we have found that exosomes from myotubes are able 
to transfer other small RNAs, like siRNA or synthetic miRNAs, 
in myoblasts, raising very exciting possibilities for therapeutic 
uses. Current techniques for small RNA transfer use viruses or 
synthetic compounds as delivery vehicles. The use of exosomes to 
deliver siRNA and miRNA would potentially be better tolerated 
by the immune system and would also be useful to target a 
specific tissue. Recently, Alvarez-Erviti and coworkers (2011) 
were able to target exosome transfer of siRNAs from dendritic 
cells to the brain, by expressing specific neuron-targeting proteins 
at the dendritic-secreted exosome surface.42 In our study, we 
observed that the muscle-specific integrin ITGA7 was exported 
in exosomes from myotubes (Fig.  S1). This integrin has never 
been described in exosomes from other tissues or other cell types 
(see Exocarta, http://www.exocarta.org/). Recently it has been 
found that the exosomal tetraspanin web contributes to target 
cell selection.21,70 It is thus tempting to speculate that expressing 
specific muscle integrin on the surface of exosomes might permit 
specific targeting of the skeletal muscle for delivering either 
miRNAs or siRNAs.

Conclusions
It is well known that SkM is an endocrine organ, which, 

through secretion of hormone-like factors, may influence 
metabolism in tissues and organs.26-28 Until now, myokines 
from the muscle cell secretome provided a conceptual basis to 
explain how muscles communicate with other organs.71 In this 
study, we demonstrated for the first time that SkM secreted 
exosomes, which contain specific and transferable miRNAs, 
can act as “endocrine-like” signals. Previous studies on cancer 
cells have shown that exosomal miRNA expression profiles 
have signatures related to tumor classification, diagnosis, 
and disease progression.72 It is thus tempting to speculate that 
during insulin-resistance, or other metabolic disorders affecting 
muscle physiology, SkM would release a new class of exosomes 
containing specific populations of miRNAs different to those 
in normal muscle cells, which could modify the inter-cellular 
message between SkM and other tissues, or could locally amplify 
the disease. Additional studies are now required to demonstrate 
the role of exosome miRNAs in muscular pathologies.

Materials and Methods

C2C12 culture conditions
C2C12 mouse myoblasts were maintained in DMEM  

(4.5 g/l glucose) supplemented with 10% heat-inactivated FBS, 

1000 UI/ml penicillin, 1000 UI/ml streptomycin, and 2 mM 
L-glutamine at 37 °C in humidified air containing 5% CO

2
. 

Differentiation was induced with 2% horse serum (HS). FBS 
and HS were depleted of their exosomes by centrifugation at 
110 000 g overnight at 4 °C. The supernatant was passed through 
a 0.22‑μm filter and diluted with sterile DMEM. The exosome-
depleted serum was used to grow the cells when conditioned 
media were collected for exosome purification.

Isolation of myoblasts and myotubes exosomes
Exosomes were purified from 200 ml of the C2C12 myoblast 

or myotube conditioned media. Briefly, cell debris and organelles 
were eliminated at 2000 g for 20 min and at 10 000 g for 30 
min. The resulting supernatant was filtered through a 0.22-μm 
filter. Exosomes were pelleted by ultracentrifugation at 100 000 g 
for 70 min +4 °C (Beckman-Coulter, Optima™ L-80-XP 
ultracentrifuge, type 50–2Ti rotor). The nanovesicle pellet was 
washed with 25 ml of cold PBS in order to minimize sticking 
and trapping of non-exosome materials and resuspended in 
50 μl PBS. Exosomal protein content was quantified using the 
Bradford protein assay, and in this study, exosome concentrations 
are expressed as μg of protein-containing exosomes.

Transmission electron microscopy
Exosomes in PBS were adsorbed on 200 mesh nickel grids 

coated with formar-C. Immunogold labeling was performed 
by flotation of grids on drops of reactive media. Non-specific 
sites were coated with 1% BSA in 50 mM Tris–HCL, pH 7.4 
for 10 min at RT. Antibody incubation was performed for 4 h at 
4 °C in a wet chamber with mouse monoclonal antibody raised 
against CD63 (sc-15363) antibodies (Santa Cruz Biotechnology) 
(dilution 1/50) in 1% BSA, 50 mM Tris-HCL, pH 7.4. Grids 
were successively washed once in 50 mM Tris–HCL, pH 7.4, and 
pH 8.2 at RT. They were then preincubated with 1% BSA in 50 
mM Tris–HCL, pH 8.2 for 10 min at RT and labeled with a goat 
anti-mouse IgG gold-conjugated 10 nm, (Tebu bio) diluted 1/80 
in 1% BSA-, 50 mM Tris-HCL, pH 8.2 in a wet chamber for 45 
min. Grids were successively washed once in 50 mM Tris–HCL, 
pH 8.2 then pH 7.4, and in filtrated distilled water at RT. Grids 
with suspensions were colored with 2% phosphotunstic acid for 2 
min and examined using a JEM Jeol 1400 transmission electron 
microscope equipped with a Orius 600 camera.

Western blotting
Proteins from exosomes or from cellular lysates were migrated 

on SDS-PAGE gels (30 μg). Following electrophoresis, proteins 
were transferred onto nitrocellulose PVDF membranes blocked 
at room temperature with 4% BSA in Tris-buffered saline/0.3% 
Tween20 and incubated overnight at 4 °C, with gentle shaking 
with anti-CD81 (sc-166028) or anti-Alix (sc-49268) antibodies 
from Santa Cruz Biotechnology. The signal was detected by 
using a horseradish peroxidase-conjugated secondary antibody 
and revealed with the enhanced chemiluminescence system 
(Pierce).

Total RNA extraction from C2C12 cells and exosomes
Total RNA was extracted from either C2C12 myoblasts and 

myotubes or exosomes, in triplicate, by using TriPure Isolation 
Reagent (Roche Applied Science). RNA was quantified with a 
NanoDrop spectrophotometer (Labtech).
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qRT-PCR
Real-time RT-PCR was performed using ABsolute QPCR 

SYBR Green ROX Mix (Abgene, Courtaboeuf) with a Rotor-
Gene 6000 system (Corbett Life Science). ITGA7 primers were 
purchased from Qiagen (Quantitect Primer Assay, QT10003135), 
and SIRT1 primers were S-GATAAGACGT CATCTTCAGA 
G and AS-TGAGAAAATG CTGGCCTAAT A. Results were 
normalized with the gene encoding HPRT (Hypoxanthine 
phosphoribosyltransferase 1) (S-AGTTGAGAGA 
TCATCTCCA and AS-TTGCTGACCT GCTGGATTAC). 
Data are expressed as mean ± SEM. Comparisons were analyzed 
using Student t test. Significance was defined as P ≤ 0.05. Cel-
miR-238 was quantified by using TaqMan® miRNA Assays 
(LifeTechnologies).

Quantification of mature miRNAs
Expression of mature miRNAs was measured in triplicate 

by using the TaqMan® Low-Density Arrays V2 with Applied 
Biosystems 7900HT Fast Real-time PCR system. Briefly, 100 ng 
of total RNA were used for each multiplex reverse transcription 
(RT). Each RT reaction was diluted 62.5-fold and mixed with 
50 μl TaqMan Universal PCR Master mix (2×). The 100 μl were 
loaded into the corresponding fill port. Individual singleplex 
PCR reactions were performed in 384-well reaction plates with 
Applied Biosystems 7900HT Fast Real-Time PCR system. The 
level of miRNA expression was measured using Ct (threshold 
cycle) determined by RQ Manager. Included on each array were 
3 TaqMan miRNA endogenous controls, and 1 Taqman miRNA 
assay not related to rodent.

Endogenous silencing of Itga7
Endogenous silencing of Itga7 in C2C12 was performed 

using siRNA (#SI02733290, Qiagen) to transfect differentiated 
myotubes for 36 h. In parallel, transfections were realized with 
negative control siRNAs that had no homology to any known 
mammalian gene (AllStars Negative Controls # 1027280, 
Qiagen) to pinpoint the effects of Itga7 knockdown. After 48 h 
transfection, decreased Itga7 expression in C2C12 cells was 
validated at the mRNA level by qRT-PCR (primers QT00136990 
from QIAGEN) and at the protein level by western blot 
([ITA7 {sc-50431} and TSG101 {sc-6037} are from Santa Cruz 
Biotechnology]) (Fig. S1).

To extract siRNA, Itga7-containing exosomes from Itga7 
knockdown C2C12 cells, conditioned medium was collected 
48 h post-transfection, and released exosomes were extracted as 
described above. Then proliferating C2C12 cells were incubated 
for 48 h with 2 μg per ml of culture medium of either siRNA 
Itga7-containing exosomes or control exosomes (from non-
transfected cells or from cells transfected with negative control 
siRNAs). Then Itga7 expression in C2C12 recipient cells was 
quantified by qRT-PCR.

Transfection assay
C2C12 myoblasts were plated on 6-well plates. At 

60–70% confluence myoblasts were transfected with 2 μg of 
pEZX-MT01 vector containing the full-length 3′-UTR segment 
of Sirt1 (Sirtuin [silent mating type information regulation 

2 homolog] 1) (GeneCopoeia, LabOmics, Belgium, clone 
MmiT032125-MT01). After 18 h, transfected myoblasts were 
incubated in 1 ml of exosome-depleted DMEM, containing 2 
μg of either EXO-MB or EXO-MT. At confluence, transfected 
C2C12 myoblasts were incubated in 1 ml of exosome-depleted 
differentiation medium, for 48 h. Then, activities of firefly 
(Photinus pyralis) and Renilla (Renilla reniformis) luciferases were 
measured sequentially from each cell lysate by using the Dual-
Luciferase® Reporter Assay System (Promega, #E1910). Firefly 
luciferase activities were normalized with Renilla luciferase 
activities to minimize experimental variabilities caused by 
differences in cell viability or transfection efficiency.

Because we have found that C2C12 cells released around 
0.4 μg exosomes/ml per 24 h in DMEM exosome-free medium 
(see “Results” section), it was thus necessary to use higher 
quantities of exosomes in order to detect the biological effect of 
myotube-released exosomes on myoblasts. We have decided to 
use 2 μg exosomes per ml of medium, which is less than the 
previous studies demonstrating the biological effect of exosomes 
(from 10–1000 μg /ml in22,73 and less than the concentration of 
exosomes detected in plasma74.

Overexpression of miRNAs in C2C12
C2C12 cells were plated on 6-well plates and infected for 48 h 
with 108 particules/ml of recombinant adenoviruses expressing 
either GFP (control), pre-miR-133a-1, or pre-miR-1-1.

To collect myotube-exosomes containing cel-miR-238 
(C.  elegans RNA synthesized by Qiagen), differentiated C2C12 
cells were transfected with cel-miR-238 (120 νg/ml) for 36 h. Then 
the medium was removed, and an exosome-depleted medium was 
added for 48 h, and exosomes were extracted from this medium.
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