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During myogenesis, human satellite cells differentiate and form multinucleated myotubes, while a

fraction of the human satellite cells enter quiescence. These quiescent satellite cells are able to activate,

proliferate and contribute to muscle regeneration. Post-transcriptional regulation of myogenesis occurs

through specific myogenic microRNAs, also known as myomiRs. Although many microRNAs are

involved in myotube formation, little is known on the involvement of microRNAs in satellite cells

entering quiescence. This current study aims to investigate microRNA involvement during differentia-

tion of human satellite cells, specifically proliferating satellite cells entering quiescence.

For this, clonally expanded human satellite cells were differentiated for 5 days, after which myotubes

and quiescent satellite cells were separated through FACS sorting. Next, a microRNA microarray

comparison of proliferating satellite cells, myotubes and quiescent satellite cells was performed and

verified through qRT-PCR.

We show that during human satellite cell differentiation, microRNAs are globally downregulated in

quiescent satellite cells compared to proliferating satellite cells, in particular microRNA-106b, microRNA-

25, microRNA-29c and microRNA-320c. Furthermore, we show that during myogenesis microRNA-1,

microRNA-133, microRNA-206 and microRNA-486 are involved in myotube formation rather than

satellite cells entering quiescence. Finally, we show an overall decrease in total mRNA in quiescent

satellite cells, and an indication that RNaseL regulation plays a role in promoting and maintaining

quiescence. Given the importance of quiescent satellite cells in skeletal muscle development and

regenerative medicine, it is imperative to distinguish between myotubes and quiescent satellite cells

when investigating skeletal muscle development, especially in microRNA studies, since we show that

microRNAs are globally downregulated in quiescent human satellite cells.

& 2012 International Society of Differentiation. Published by Elsevier B.V. All rights reserved.
1. Introduction

Muscle tissue has its own endogenous repair and maintenance
system which is based on myogenic progenitor cells, i.e. satellite
cells. In vivo, satellite cells are activated upon tissue damage, they
proliferate and differentiate, fuse with existing myofibers and
thereby contribute to the regeneration of damaged muscle
(Buckingham and Montarras, 2008; Le and Rudnicki, 2007;
Sacco et al., 2008; Ten Broek et al., 2010; Zammit and
Beauchamp, 2001). During differentiation in vitro, part of the
human satellite cells form multinucleated myotubes, and the
other part enters quiescence (Fukada et al., 2007,2011). While
myotubes are terminally differentiated, these quiescent satellite
Society of Differentiation. Publish
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cells, also called reserve cells (Carnac et al., 2000), are still able to
activate, proliferate and differentiate to form myotubes and
contribute to muscle regeneration and repair. The ability to adapt
to two distinct cell fates, i.e. toward myotube formation or
quiescence in the same microenvironment is unique for satellite
cells (Cosgrove et al., 2009; Relaix and Marcelle, 2009).

The myogenic differentiation process is transcriptionally regu-
lated through factors such as Pax7 and the myogenic regulator
factors MyoD and Myogenin. Post-transcriptional regulation
further occurs through specific myogenic microRNAs, also known
as myomiRs (McCarthy, 2008; Sousa-Victor et al., 2011).

MicroRNAs are small, non-coding RNAs, 20–22 nucleotides in
length, involved in post-transcriptional gene regulation through
inhibition of protein translation or enhancing messenger RNA
degradation. MyomiRs have an important role in skeletal muscle
development and disease (Cheung et al., 2012; Callis et al., 2008;
Chen et al., 2009; Crist and Buckingham, 2009,2010; Guller and
ed by Elsevier B.V. All rights reserved.
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Russell, 2010; Naguibneva et al., 2007). A major effect of micro-
RNAs in myogenesis is that they modulate proliferation as well as
differentiation of satellite cells (Ambros, 2001). MicroRNA-133
promotes satellite cell proliferation through repressing the Serum
Response Factor (Chen et al., 2006), but is not essential in skeletal
muscle development (Deng et al., 2011). MicroRNA-1, microRNA-
206 and microRNA-486 are strongly upregulated during satellite
cell differentiation and subsequent muscle development. They
improve muscle differentiation by inhibiting PAX7 translation
such that MYOD is no longer inhibited and myotube formation
progresses (Chen et al., 2010; Dey et al., 2011; Hirai et al., 2010;
Koning et al., 2011). Finally, other microRNAs that improve
myotube formation are microRNA-181 that targets Hox-A11
(Naguibneva et al., 2006), microRNA-24 (Sarkar et al., 2010; Sun
et al., 2008) and microRNA-27 that facilitates the start of myotube
formation by targeting PAX3 (Crist et al., 2009). Also microRNA-
29 improves myotube formation by targeting HDAC4 (Winbanks
et al., 2011), thereby preventing muscle degeneration (Wang
et al., 2011). Although many microRNAs are involved in myotube
formation, little is known on the involvement of microRNAs in
satellite cells entering quiescence, which is of importance in
skeletal muscle regeneration. Recently, in a hindlimb injury
model, microRNA-489 was shown to be involved in maintaining
quiescence in mouse satellite cells (Cheung et al., 2012). However,
how this relates to human satellite cells is unknown. This current
study aims to investigate microRNA involvement during differ-
entiation of human satellite cells through a microRNA microarray
of proliferating satellite cells, myotubes and quiescent satellite
cells to elevate the knowledge of microRNAs during differentia-
tion of human satellite cells.
2. Materials and methods

2.1. Satellite cell isolation and culture

A muscle biopsy was obtained from a healthy female donor,
undergoing blepharoplasty. The age of the donor was 60 years.
The study protocol was approved by the institutional medical
ethics committee, and the donor gave her informed consent.
Satellite cells were isolated with 0.04 mg/ml (0.16Collagena-
se Wünsch units/ml) Liberase Blendzyme 3 (Roche Applied
Science, The Netherlands) as described previously (Koning et al.,
2011). Proliferation medium consisted of Dulbecco’s Modified
Eagle Medium (DMEM) (Invitrogen/Gibco, CA, USA), 20% Fetal
Bovine Serum (FBS; Invitrogen/Gibco) and 1% penicillin/strepto-
mycin 50 mg/ml (Sigma-Aldrich, St. Louis, USA). Differentiation
medium (DM) contained DMEM, 2% FBS, 1% penicillin/streptomy-
cin, 1% Insulin-Transferrin-Selenium-A (100� ; Invitrogen)
and 0.4 mg/ml dexamethason (Sigma-Aldrich). The medium
was refreshed three times per week. Cells were plated at
5.0�103 cells/cm2 in culture flasks precoated with 1% gelatine/
PBS for 30 min. When cells reached 70% confluence, they were
enzymatically harvested using accutase (Invitrogen) and pas-
saged. Passage number (Px) was defined as the xth sequential
harvest of a subconfluent cell population. At passage 8, cells were
cloned by sorting single cells in 96 wells plates using a MoFlow
FACS. The fraction of human satellite cells that was able to
clonally expand was 26.374.0%. A clone that uniformly
expressed the satellite cell marker Pax7 and the myogenic
regulator factors MyoD1 and Myogenin was selected for further
experiments.

After 5 day differentiation, we sorted mononuclear cells and
myotubes by first harvesting the whole cell fraction using
accutase (Invitrogen) and then sieving the cell fraction through
a 70 mm sieve. Next, we stained the flowthrough with 5 mg/ml
Hoechst (Invitrogen) for 30 min at room temperature and finally
we performed sorting by FACS to obtain a mononucleated frac-
tion, which represents 490% of the quiescent satellite cells.
Proliferating satellite cells were handled similarly, and myotubes
were retrieved of the sieve filter.

2.2. Immunofluorescent staining

Cells were cultured on Thermanoxs coverslips, Lab-Tek cham-
ber slides or 96 wells plates (all NUNC Brand Products, Roskilde,
Denmark) coated with 1% gelatine. At 100% confluence, cells were
fixed or cultured for an additional 5 days in DM and subsequently
fixed in 2% paraformaldehyde (PFA) at room temperature for
10 min. A permeabilization step was performed with 0.5% Triton
X-100 (Sigma-Aldrich) in PBS at room temperature for 10 min.
Non-specific binding-sites were blocked with 10% goat serum in
PBS for 30 min. Cells were incubated with the primary antibody in
PBS and 2% serum at room temperature for 60 min or at 4 1C
overnight. The primary antibody consisted of either (1) a prolif-
eration marker, rabbit-anti-human Ki67 (1:100; Sanbio, Uden,
The Netherlands), (2) a satellite cell marker, mouse-anti-human
Pax7 (1:10; Developmental Studies Hybridoma Bank (DSHB),
Iowa, USA), (3) a myogenic marker, rabbit-anti-human desmin
(1:100; Novus Biological, Littleton, USA), (4) a myogenic tran-
scription factor, mouse-anti-human MyoD (1:100; Dako, Glostrup,
Denmark), (5) a myogenic transcription factor, mouse-anti-human
myogenin (1:100; DSHB), (6) a sarcomere component, mouse-anti-
human myosin (MF20; 1:500; DSHB) and (7) mouse-anti-human
RNaseL (1:100; Abcam, Cambridge, UK). After three washes with
0.05% Tween in PBS the cells were incubated with a secondary
antibody-cocktail at room temperature for 30 min. The secondary
antibody-cocktail consisted of FITC-conjungated goat-anti-rabbit
IgG (1:100; Southern Biotech, AL, USA), Alexa Fluors488 goat-anti-
mouse IgM and Alexa Fluors 555 goat-anti-mouse IgG1 or IgG2b

(all Invitrogen; 1:300 in PBS/DAPI containing 10% normal human
serum). Samples were mounted in Citifluor AP1 (Agar Scientific,
Essex, UK). Examination was performed by immunofluorescence
microscopy using a Leica DMRXA microscope and Leica Software
(Leica Microsystems, Wetzlar, Germany), and further quantifica-
tion was performed by TissueFAXS using a Zeiss AxioObserver.Z1
microscope and TissueQuest Cell Analysis Software (TissueGnos-
tics, Vienna, Austria).

2.3. Gene transcript analysis

Total RNA was isolated from approximately 200,000 cells
using the Rneasy Kit (Qiagen Inc., CA, USA), in accordance to the
manufacturer’s protocol. Briefly, a cell lysate was made and
diluted with an equal volume of ethanol (70%). RNA was collected
on an RNA binding filter by centrifugation. DNA was removed by
incubation with a DNase I solution at 37 1C for 15 min. The RNA-
binding filter was washed twice and subsequently the RNA was
eluted with 14 ml Elution Buffer. The RNA concentration and
purity were determined by spectrophotometry (NanoDrop Tech-
nologies, Wilmington, NC). For qRT-PCR analysis, total RNA was
reverse transcribed using the First Strand cDNA synthesis kit
(Fermentas UAB, Lithuania). In summary, 1 mg of total RNA was
diluted in a final reaction volume of 20 ml containing random
hexamer primer (0.5 mg), RiboLockTM Ribonuclease Inhibitor
(20 U), and 1 mM dNTP mix, and incubated at 37 1C for 1 h. The
reverse transcription reaction was terminated by heating the
mixture to 70 1C for 10 min, after which the samples were placed
on ice. Quantitative RT-PCR analysis was performed in a final
reaction volume of 10 ml, consisting of SYBR Green Supermix
(Bio-Rad, Hercules, USA), 0.5 mM primer-mix (Table 1) and 5 ng
cDNA. Reactions were performed at 95 1C for 15 s, 60 1C for 30 s
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and 72 1C for 30 s, for 40 cycles. Analysis of the data was
performed using Science Detection Software 2.2.2. To determine
differences in expression, Ct-values were normalized against
GAPDH-expression using the DCt-method (DCt(gene)¼Ct(gene)�

Ct(GAPDH)). Relative expression levels were calculated as 2�(DCt).
All cDNA samples were amplified in triplicate.

2.4. MicroRNA analysis

Total RNA was isolated from approximately 200,000 cells
using the mirVana kit (Ambion), in accordance to the manufac-
turer’s protocol. Briefly, a cell lysate was made and diluted with
1.25 volumes of ethanol (100%). RNA was collected on a RNA
binding filter by centrifugation. The RNA concentration and purity
were determined by spectrophotometry (NanoDrop Technologies,
Wilmington, NC).

Microarray analysis of proliferating satellite cells, myotubes
and quiescent satellite cells (N¼3) was performed according to
the manufacturer’s protocol (Agilent, Santa Clara, SA). Briefly, first
strand cDNA was synthesized from 100 ng RNA, followed by cRNA
amplification and labeling with Cy3. Samples were hybridized in a
dye swap design at 65 1C overnight on Agilent microRNA Micro-
array 16.0. The following day, slides were washed and signals
were scanned with GenePix 4000B (Agilent). Signal intensities
from scanned images were processed and converted into normal-
ized data using Agilent Feature Extraction software version 9.1.
Samples were analyzed and a quality control report was gener-
ated using GeneSpring GX version 9.0 (Agilent).

cDNA synthesis was performed using the microRNA Reverse
Transcription Kit (Applied Biosystems). In summary, 25 ng of
total RNA was diluted in a final reaction volume of 5 ml with
1.25 ml 6 mM microRNA specific RT-primer (Table 2) and 1.25 ml
RT-master mix, containing 1 mM dNTP mix, multiscribe RT enzyme,
RT Buffer, RNase Inhibitor and water. This was incubated at 16 1C
for 30 min, 42 1C for 30 min, 85 1C for 5 min, and subsequently
mixed with 0.5 ml 10 mM microRNA specific qRT-primer and 0.5 ml
10 mM reverse primer (Table 2). Quantitative RT-PCR analysis was
performed with 25 ng cDNA-primer mix and 4 ml SYBR Green
Supermix (Bio-Rad, Hercules, USA). Reactions were performed at
95 1C for 15 s and 60 1C for 60 s, for 45 cycles. Analysis of the data
was performed using Science Detection Software 2.2.2. To
Table 1
Primer sequence quantitative reverse transcription polymerase chain reaction

(qRT-PCR).

Primer Forward Reverse

PAX7 ATCCGGCCCTGTGTCATCTC CACGCGGCTAATCGAACTCA

MYOD AGCACTACAGCGGCGACTCC CACGATGCTGGACAGGCAGT

MYL1 AAGCCCGCAATGCAGAAGAG TTGCTTGCAGTTTGTCCACCA

MYL3 GAACACCAAGCGTGTCATCCA TCAGCAGATGCCAGTTTTCCA

RNASEL CTGGCAGATTTTGATAAGAGCA ATAGAGGACCAGCCGTCCA

GAPDH CTGCCGTCTAGAAAAACCTG GTCCAGGGGTCTTACTCCTT

Table 2
Mature microRNA primer sequence for qRT-PCR.

MicroRNA Stemloop primer

mir-106b GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCAC

mir-25 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCAC

mir-29c GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCAC

mir-320c GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCAC

RNU6B GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCAC

Reverse oligo GTGCAGGGTCCGAGGT
determine differences in expression, Ct-values were normalized
against RNU6B-expression using the DCt-method (DCt(microRNA)¼

Ct(microRNA)�Ct(RNU6B)). Relative expression levels were calculated
as 2�(DCt). All cDNA samples were amplified in triplicate.

2.5. Statistics

All data are represented as mean7SEM and statistical com-
parison between two groups was performed using Student’s t test.
When comparing more than two groups, one way ANOVA was
used followed by the post-hoc Bonferroni multiple comparison
test in Graph-Pad Prism Version 5 (GraphPad Software, Inc.,
La Jolla, CA, USA). Results were considered significant for po0.05.
3. Results

3.1. Satellite cells differentiate into myotubes or enter quiescence

Human satellite cells were isolated and cultured from enzy-
matically dissociated muscle tissue. Initial passages comprised
heterogeneous cell populations. At passage 8, satellite cells were
cloned by single cell sorting. Differential Interference Contrast
imaging showed proliferating satellite cells at passage 48, and
after 5 days of differentiation when part of the satellite cells fused
and formed myotubes while another part remained mononuclear
(Fig. 1A, B). Clonal satellite cells uniformly expressed Pax7 and
Desmin during proliferation (Fig. 1C). Five days after differentia-
tion, Pax7 expression was limited to the remaining mononuclear
satellite cells and the mean fluorescence intensity of Pax7
increased (Fig. 1D, E). Desmin expression on the other hand
increased in myotubes. During proliferation the percentage
Ki67/Pax7 double positive nuclei was 27.777.2%. Five days after
differentiation however, the percentage Ki67/Pax7 double posi-
tive nuclei decreased to 2.870.8% (Fig. 1F–H; np¼0.04).

3.2. Myotubes and quiescent satellite cells have distinct regulatory

factors

While the expression of Pax7 was limited to nuclei of mono-
nuclear quiescent satellite cells after differentiation (Fig. 1D), the
expression of the transcription factors MyoD and Myogenin was
limited to nuclei in myotubes (Fig. 2A, B). Also the adult muscle
marker Myosin was limited to nuclei in myotubes (Fig. 2C). After
differentiation, we separated myotubes from quiescent satellite
cells, and analyzed proliferating satellite cells, myotubes and
quiescent satellite cells by qRT-PCR. In myotubes PAX7 expression
had decreased 0.2470.08 fold compared to proliferating satellite
cells, and MYOD1 expression had increased 2.4170.23 fold
compared to proliferating satellite cells (Fig. 2D, E; nnpo0.01).
In quiescent satellite cells however, PAX7 expression did not
change significantly, while MYOD1 expression also increased
1.8970.14 fold compared to proliferating satellite cells
(np¼0.02). Though Myosin expression increased in myotubes at
Forward primer

TGGATACGACATCTGCACT TGCGGTAAAGTGCTGAC

TGGATACGACTCAGACCGAG TGCGGCATTGCACTTGT

TGGATACGACTAACCGATTT TGCGGTAGCACCATTTG

TGGATACGACACCCTCTC TGCGGAAAAGCTGGGTT

TGGATACGACAAAAATATGG TGCGGCTGCGCAAGGATGA



Fig. 1. Human satellite cells differentiate into myotubes or go into quiescence. (A, B) Differential Interference Contrast image of (A) cloned proliferating satellite cells (T0)

and (B) at day 5 after differentiation (T5). (C, D) Immunofluorescent staining for Pax7 (red) and Desmin (green) of (C) proliferating satellite cells and (D) at day 5 after

differentiation. All satellite cells at T0 express both Pax7 and Desmin. After differentiation only the mononuclear satellite cells are highly positive for Pax7 while the

myotubes are highly positive for Desmin. (E) Analyses by TissueFAXS shows that the mean fluorecence intensity of Pax7 per nuclei increases after differentiation. (F, G)

Immunofluorescent staining for Pax7 and Ki67 (green) of (F) proliferating satellite cells and (G) 5 day after differentiation. (H) Analyses by TissueFAXS shows that the

percentage Pax7/Ki67 positive nuclei decreased after differentiation. Nuclei are counterstained with DAPI (blue). Scalebars are 100 mm (N¼3; data are represented as

mean7SEM; np¼0.04). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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protein level, gene expression of both MYL1 and MYL3 did not
change significantly in either myotubes or quiescent satellite cells
compared to proliferating satellite cells (Fig. 2C, F, G).

3.3. MicroRNA expression in myotubes and quiescent satellite cells

After differentiation, we separated myotubes from quiescent
satellite cells, and compared the microRNA expression from
proliferating satellite cells, myotubes and quiescent satellite cells
by Agilent microRNA microarray. After differentiation of satellite
cells, we identified four microRNAs that were highly upregulated
in myotubes compared to proliferating satellite cells (Fig. 3A). In
quiescent cells on the other hand, we did not find any signifi-
cantly upregulated microRNAs compared to proliferating satellite
cells (Fig. 3B). Strikingly, in general all microRNAs were decreased
in quiescent cells compared to proliferating satellite cells. Among
these were microRNA-106b, microRNA-25, microRNA-29c and
microRNA-320c that were significantly downregulated (Table 3).
The downregulation of these microRNAs was confirmed by
qRT-PCR; microRNA-106b decreased 0.2370.15 fold, microRNA-25
decreased 0.4270.13 fold, microRNA-29c decreased 0.2970.15 fold,
microRNA-320c decreased 0.1870.06 fold (Fig. 4; nnpo0.01,
npo0.05).

3.4. RNaseL involvement in quiescent satellite cells

Besides this overall decrease of microRNA expression in quiescent
satellite cells, we also found that total mRNA had decreased. In
quiescent satellite cells mRNA decreased 0.2970.07 fold compared
to mRNA in the same number of proliferating satellite cells (p¼0.02).
Therefore, another post-transcriptional mechanism might be involved
in regulating quiescence in satellite cells. RNaseL is an activatable
endonuclease that cleaves single-stranded virus, ribosomes, and
mRNAs and thus causes an overall reduction of protein synthesis
(Li et al., 2007). Overexpression of active RNaseL prevents myotube
formation (Bisbal et al., 2000; Bisbal, 1997). Thus, we argued that



Fig. 2. Myotubes and quiescent satellite cells have distinct regulatory factors. (A) Immunofluorescent staining of differentiated satellite cells for MyoD (red) and Desmin

(green) shows that only the nuclei of myotubes expressed MyoD. (B) Immunofluorescent staining of differentiated satellite cells for Myogenin (red) and Desmin (green)

shows that only the nuclei of myotubes expressed Myogenin. (C) Immunofluorescent staining of differentiated satellite cells for Myosin (red) and Desmin (green) shows

that myotubes express both Myosin and Desmin. Nuclei are counterstained with DAPI (blue). Scalebars are 100 mm. (D)–(G) Quantitative gene expression analysis of

proliferating satellite cells (T0), and myotubes and quiescent satellite cells at day 5 of differentiation (T5). (D) This shows a decreased PAX7 expression in myotubes

compared to T0, (E) an increased MYOD expression in both myotubes and quiescent satellite cells compared to T0, and (F) no significant change in MYL1 and (G) MYL3

expression. (N¼6; data are represented as means7SEM; np¼0.02; n
npo0.01). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

Fig. 3. MicroRNA microarray comparing proliferating satellite cells to myotubes and quiescent satellite cells. In myotubes microRNA-1, microRNA-133, microRNA-206 and

microRNA-486 are significantly upregulated compared to proliferating satellite cells (T0). Quiescent satellite cells show a global downregulation of microRNAs,

significantly microRNA-106b, microRNA-25, microRNA-29c and microRNA-320c (N¼3).

M. Koning et al. / Differentiation 84 (2012) 314–321318
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RNaseL could also be involved in maintaining or promoting quies-
cence in satellite cells.

In quiescent satellite cells RNaseL was located in the nuclei
(Fig. 5A, arrowheads), while RNaseL was not detectable in the
nuclei of myotubes (Fig. 5A, arrow). We also analyzed RNASEL by
qRT-PCR in the separated cell fractions, proliferating satellite
cells, myotubes and quiescent satellite cells. The RNASEL expres-
sion had decreased 0.0870.03 fold in myotubes compared to
proliferating satellite cells (nnnpo0.001), while quiescent satellite
Table 3
Fold change of microRNA expression in myotubes and quiescent satellite cells

compared to proliferating satellite cells.

Myotubes Mononuclear

mir-1 2002.59 (p¼7.68�10�3) ns

mir-133a 316.85 (p¼2.38�10�4) ns

mir-206 75.80 (p¼1.79�10�3) ns

mir-486-5p 33.91 (p¼5.73�10�3) ns

mir-106b ns �27.71 (p¼1.57�10�6)

mir-25 ns �34.82 (p¼6.80�10�5)

mir-29c ns �24.27 (p¼1.71�10�6)

mir-320c ns �28.84 (p¼2.77�10�5)

Fig. 4. MicroRNA expression in quiescent satellite cells. Quantitative microRNA

expression analysis in proliferating satellite cells and quiescent satellite cells

shows a decreased expression of microRNA-106b, microRNA-25, microRNA-29c

and microRNA-320c in quiescent satellite cells compared to proliferating satellite

cells (T0). (N¼6; data are represented as mean7SEM; np¼0.01; nnpo0.01).

Fig. 5. RNaseL expression in quiescent satellite cells. (A) Immunofluorescent staining o

satellite cells express RNaseL (arrowhead), while the nuclei of myotubes do not (arrow

gene expression analysis of RNASEL in proliferating satellite cells (T0), myotubes and qu

proliferating and quiescent satellite cells. (N¼6; data are represented as means7SEM; n

legend, the reader is referred to the web version of this article.)
cells did not change significantly compared to proliferating
satellite cells (Fig. 5B).
4. Discussion

In the current study, we investigated microRNA involvement
in the differentiation of human satellite cells. Our main finding is
that during differentiation of human satellite cells, microRNAs are
globally downregulated in quiescent satellite cells, while in
myotubes the expression of myomiRs is increased.

Another major finding is that upon differentiation, Pax7 posi-
tive cells stop proliferating and enter quiescence (Fig. 1C–G).
Previously we have shown that Pax7 expression per cell increases
(Koning et al., 2011). Taken together, our results suggest that two
distinct populations of Pax 7-expressing satellite cells exist, that
represent different stages: proliferative satellite cells versus non-
proliferative satellite cells. These non-proliferative satellite cells
arise during myogenesis. They likely have in vivo counterparts
which are known as reserve cells (Carnac et al., 2000) or quiescent
satellite cells (Cosgrove et al., 2009; Kuang et al., 2008; Le and
Rudnicki, 2007; Relaix and Marcelle, 2009; Rudnicki et al., 2008).
In vivo, these quiescent satellite cells are important in the main-
tenance of the regenerative capacity of skeletal muscle. They are
capable of proliferation, and either differentiate to repair damaged
muscle fibers or enter quiescence to maintain the satellite cell
pool. Therefore, investigating the regulation of both these distinct
cell fates of satellite cells, i.e. myotube formation or entering
quiescence, is important for regenerative medicine. However, to
our knowledge, microRNA expression in human quiescent satellite
cells had not been addressed yet. Furthermore, most studies on
microRNAs in differentiating satellite cells do not distinguish
myotubes from quiescent satellite cells. Therefore, the microRNAs
which have been previously described to be involved in satellite
cell differentiation, i.e. myomiRs such as microRNA-1 (Koning
et al., 2011), microRNA-133 (Chen et al., 2006), microRNA-206
(Chen et al., 2010; McCarthy, 2008) and microRNA-486 (Dey et al.,
2011), are in fact involved in myotube formation. We confirmed
this by showing that these microRNAs are not involved in
quiescent satellite cells as such (Fig. 3; Table 3). We could not
show the involvement of microRNA-489 in quiescence of human
satellite cells. The differences between cultured human satellite
cells and primary mouse satellite cells in an injury model might
explain this. However, both studies by Cheung et al., like this
current study, indicate the importance of identifying microRNAs
involved in quiescence of satellite cells.
f differentiated satellite cells for RNaseL (red) shows that only nuclei of quiescent

). Nuclei are counterstained with DAPI (blue). Scalebar is 100 mm. (B) Quantitative

iescent satellite cells shows a decreased expression in myotubes compared to both

npo0.01; nnnpo0.001). (For interpretation of the references to color in this figure
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Our study further shows that both microRNA-106b and
microRNA-25 are significantly decreased in quiescent human
satellite cells. In neural stem/progenitor cells isolated from adult
mice, it has been shown that an overexpression of the microRNA-
106b–25 cluster is involved in promoting proliferation, whereas a
knockdown of this cluster decreases proliferation (Brett et al.,
2011). However, in human HEK293 cells, microRNA-25 itself
inhibits proliferation (Anton et al., 2011). In our study both
microRNA-25 and proliferation are decreased. Therefore, the
effect of microRNA-25 on the proliferation of human satellite
cells remains unclear.

It has previously been shown that in primary mice myoblasts
and in the murine myoblast cell line C2C12, microRNA-29c
promotes myogenesis (Zhou et al., 2012; Wang et al., 2011;
Winbanks et al., 2011). It has also been shown that microRNA-
29c and microRNA-320 promote apoptosis in myocardial cells (Zhu
and Fan, 2011). Our study shows that both microRNA-29c and
microRNA-320c are decreased in quiescent human satellite cells;
therefore it seems feasible that in quiescent satellite cells both
myogenesis and apoptosis are not promoted while quiescence is
maintained.

In C2C12 cells it had been shown that RNaseL overexpression
inhibits myotube formation (Bisbal et al., 2000; Salehzada et al.,
2009). RNaseL ia activated when a family of 20,50-oligoadenylate
synthetases bind latent RNase-L, resulting in its dimerization and
subsequent activation. This activated RNaseL cleaves single-
stranded virus, ribosomes, and mRNAs (Li et al., 2007). In addition
to its nuclease function, a role for RNase-L in translational
regulation was recently reported (Le Roy et al., 2007). Further-
more, genetic approaches to manipulate RNaseL expression and
activity revealed that it exerts potent antiproliferative, proapop-
totic, and senescence inducing activities (Andersen et al., 2007;
Andersen et al., 2009; Castelli et al., 1998; Zhou et al., 1998). Since
RNaseL is involved in degrading various RNAs, it might also be
involved in microRNA degradation. This might explain part of the
global downregulation of microRNAs in quiescent satellite cells.
On the other hand, it might be that due to the global down-
regulation of microRNAs that RNaseL is no longer degraded, and
therefore quiescence is induced. Anyhow, the nuclear expression
of RNaseL in quiescent satellite cells as opposed to myotubes
indicates RNaseL involvement in either inhibiting myotube for-
mation or maintaining quiescence.
5. Conclusion

In the current study, we show that microRNAs are globally
downregulated in human satellite cells entering quiescence
compared to proliferating human satellite cells. Furthermore,
several microRNAs which have previously been described to be
involved in satellite cell differentiation are involved in myotube
formation rather than satellite cells entering quiescence. Given
the importance of quiescent satellite cells in skeletal muscle
development and regeneration, it is imperative to distinguish
between myotubes and quiescent satellite cells when investigat-
ing skeletal muscle development especially in microRNA studies,
since this study shows that microRNAs are globally downregu-
lated in quiescent human satellite cells.
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