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The acquisition of a proliferating-cell status from a quiescent state as well as the shift between proliferation and differentiation
are key developmental steps in skeletal-muscle stem cells (satellite cells) to provide proper muscle regeneration. However, how
satellite cell proliferation is regulated is not fully understood. Here, we report that the c-isoform of the transcription factor Pitx2
increases cell proliferation in myoblasts by downregulating microRNA 15b (miR-15b), miR-23b, miR-106b, and miR-503. This
Pitx2c-microRNA (miRNA) pathway also regulates cell proliferation in early-activated satellite cells, enhancing Myf5� satellite
cells and thereby promoting their commitment to a myogenic cell fate. This study reveals unknown functions of several miRNAs
in myoblast and satellite cell behavior and thus may have future applications in regenerative medicine.

The maintenance and repair of adult muscle tissue are directed
by satellite cells. Quiescent satellite cells are activated by exer-

cise or injury and enter the cell cycle to produce progeny myogenic
precursor cells that undergo multiple rounds of division before
entering terminal differentiation and fusing to multinucleated
myofibers (1). Together with skeletal muscles, satellite cells origi-
nate from cells of the segmented paraxial mesoderm known as
somites. Somite formation starts at around embryonic day 7.75
(E7.75) in the mouse embryo and continues until the species-
specific number of somites is reached (2). As the somite matures,
myogenic progenitor cells become confined to the dorsolateral
part of the somite, the dermomyotome. The dermomyotome con-
tains multipotent progenitor cells of different cell types, including
the skeletal-muscle progenitors. These cells in the dermomyo-
tome are specified to the myogenic lineage by Pax3. Later, Pax7 is
activated within these Pax3-expressing myogenic precursors,
which produce progenitor cells of the embryonic and fetal body
muscles (3, 4). Pax genes directly control the activation of the
myogenic program in the limb by binding and activating the myo-
genic regulatory factors Myf5 and Mrf4, followed by MyoD (5–8).
Pax7 is maintained in fetal myogenic precursors and satellite cells
in adults, whereas Pax3 is downregulated during the fetal period
(9), although the Pax3 locus remains active in a subset of satellite
cells of particular muscles in adults (10, 11). In adults, satellite cells
can be recruited to supply myoblasts for routine muscle fiber ho-
meostasis or for the more sporadic demands of myofiber hyper-
trophy or repair (12). In addition to producing progeny destined
for differentiation, satellite cells also maintain their own popula-
tion by self-renewal, thus fulfilling the defining criteria of a stem
cell (13).

Pitx2, a member of the bicoid family of homeodomain tran-
scription factors, plays a major role in developmental myogenesis.
Pitx2 expression occurs in muscle progenitors during muscula-
ture development, colabeling with Pax3� and Pax7� myotomal
cells (14). Moreover, previous works have demonstrated that
Pitx2 can act as an upstream activator of myogenesis in the extra-
ocular muscles, whereas it cooperates with the Myf5/Myf4 path-
way to control somite-derived myogenesis (15, 16), and recently,

an essential role of Pitx2 and Pitx3 in redox regulation during fetal
myogenesis was also reported (17). Previously, we have shown
that Pitx2c is the main Pitx2 isoform expressed in Sol8 myoblasts
and that overexpression of Pitx2c in Sol8 cells displays a high pro-
liferative capacity and completely blocked terminal differentiation
of this skeletal-muscle cell line, mainly because high levels of Pax3
expression were maintained (18). Recent results from our labora-
tory have revealed that these roles of Pitx2c in balancing prolifer-
ation versus differentiation as well as signaling through Pax3 also
occur during embryonic myogenesis (19). In addition, the role of
Pitx2 during adult myogenesis is beginning to be explored. Recent
findings indicate that Pitx2 is expressed in proliferating satellite
cells and can act to promote differentiation of satellite cell-derived
myoblasts (20, 21), yet the role of Pitx2 in satellite cell function
remains poorly understood. Recent studies have identified the
posttranscriptional control mediated by microRNAs (miRNAs) as
a crucial level in the regulation of myogenesis. Also, miRNAs have
been shown to play crucial roles in muscle development and in the
regulation of muscle cell proliferation and differentiation (22, 23).
In this context, it has been reported that miRNA 206 (miR-206)
and miR-486 induce myoblast differentiation by downregulating
Pax7 (24). More recently, Gagan et al. (25) identified a feed-for-
ward loop where MyoD indirectly downregulates its inhibitor
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MyoR via miR-378 during myoblast differentiation. In addition,
miR-27 has also been implicated in the myogenic process, induc-
ing in vivo muscle differentiation and repression of Pax3 during
myogenic differentiation (26). We have recently shown that Pitx2c
plays an important role during myogenic development, control-
ling miR-27 and Pax3 expression and thus maintaining the cells in
a predifferentiated state. Furthermore, miRNAs modulate stem
cell fate decisions, and some miRNAs involved in satellite cell
quiescence and activation are starting to be identified (27–29). In
the present study, we have further elaborated the transcriptional
regulation of miRNAs by Pitx2 in myoblasts and satellite cells,
aiming to unravel whether impaired microRNA expression medi-
ated by Pitx2 might contribute to the cellular and molecular phe-
notypes previously reported, i.e., increased cell proliferation.

MATERIALS AND METHODS
Microarrays and statistical and bioinformatics analyses. In the present
study, mirVana microarrays (Ambion) were used to profile the
microRNA signature under different Pitx2c overexpression conditions,
namely, two different doses (400 and 800 ng/ml of the cytomegalovirus
[CMV]-Pitx2c plasmid) after 24 h of transfection. Thirty micrograms of
total RNA was used to hybridize the distinct microRNA microarrays un-
der each condition analyzed. MicroRNA-Cy5 labeling, microarray hy-
bridization, and washing steps were performed according to the manu-
facturer’s guidelines. The obtained original raw data files included
quadruplicates of any given microRNA probe (662 unique mouse/hu-
man/rat mature microRNAs). Thus, the raw intensity value for each rep-
licate of the same probe was considered an independent sample under
each condition and then normalized by using the “justvsn” function im-
plemented in the “vsn” Bioconductor library (http://bioconductor.org/)
run in R software (http://r-project.org/). The normalized data were then
uploaded and analyzed with the TM4 microarray software suite (http://tm
4.org/), where a one-way analysis of variance (ANOVA) was carried out;
those microRNAs showing a false-significant proportion of �0.05 were
selected as significant, and their expression levels were used to obtain gene
hierarchical clustering (using Pearson absolute correlation and complete-
linkage algorithms).

DNA plasmid/siRNA transfection experiments and luciferase as-
says. DNA plasmid and small interfering RNA (siRNA) transfections were
performed in Sol8 myoblasts, as previously described (19). The DNA plas-

mids used were the CMV-Pitx2c and CMV-enhanced green fluorescent
protein (EGFP) plasmids. For RNA interference, siRNA against Pitx2c
(Sigma) was used (19). For luciferase assays, the cyclin D1, cyclin D2, and
Myf5 3= untranslated regions (UTRs) were amplified from mouse
genomic DNA and cloned into the pGLuc-Basic vector (New England
BioLabs). Cyclin D1, cyclin D2, and Myf5 gene 3= UTRs were amplified
from mouse genomic DNA with specific primers bearing HindIII/BamHI
restriction sites and cloned into the pGLuc-Basic vector (New England
BioLabs). PCR-based site-directed mutagenesis was performed by using
the Stratagene QuikChange site-directed mutagenesis kit but with the
enzymes and buffers from the Bio-Rad iPROOF PCR kit. Primers used for
site-directed mutagenesis (Table 1) introduced mutations into miR-15b,
miR-106b, miR-23b, and miR-503 seed sequences present in the cyclin D1
3=UTR, cyclin D2 3=UTR, and Myf5 3=UTR. Independent cotransfection
experiments with pre-miRNAs were carried out simultaneously in Sol8
cells with 20 �l of culture medium; luciferase activity was measured 24 h
after transfection by using a BioLux Gaussia luciferase assay kit or a Bio-
Lux Cypridina luciferase assay kit (New England BioLabs). In all cases,
transfections were carried out in triplicate.

Generation of conditional tissue-specific null mutant mice. Pax3-
Cre transgenic mice, purchased from the Jackson Laboratory, were
crossed into homozygous Pitx2 floxed mice, and Pax3-cre�/� Pitx2fl�/�

heterozygotes were backcrossed. The littermates were PCR screened with
Pitx2- and Cre-specific primers (30). Cre-positive heterozygote mice were
selected as wild-type controls (Pax3-cre�/�). All mice were maintained
inside a barrier facility, and experiments were performed in accordance
with University of Jaén regulations for animal care and handling.

Satellite cell isolation. Satellite cells were isolated as described previ-
ously by Qu-Petersen et al. (31). Two populations of early-preplate (EP)
cells were used: EP cells after 3 days of culturing, which were previously
described as phenotypically EPq, relatively quiescent early-activated cells,
and EP cells after 5 days of culturing, which were previously described as
phenotypically EPa, activated cells (31). Primary muscle cultures were
prepared from young (3- to 4-month-old) normal mice by using a mod-
ified version of a previously described preplate technique (32–36). The
hind limb muscles of young mice were removed, and the bones were
dissected. The muscle was then minced into a coarse slurry by using scal-
pels. The muscle tissue was enzymatically dissociated at 37°C in 0.2%
collagenase type XI (Sigma-Aldrich) for 1 h and then centrifuged at 3,500
rpm for 5 min. The cells were collected, incubated in dispase (Gibco BRL),
prepared as 2.4 U/1 ml Hanks balanced salt solution (HBSS) (Gibco BRL)

TABLE 1 Primers for site-directed mutagenesisa

Primer Sequence

MD15abc_503_1Ccnd1_F CTCCTCTCATGGCGCAAATACCGATGACTCCCA
MD15abc_503_1Ccnd1_R TGGGAGTCATCGGTATTTGCGCCATGAGAGGAG
MD15abc_503_2Ccnd1_F TCACGTTGTTTTCGCAAATATTGGAGGGTCAGT
MD15abc_503_2Ccnd1_R ACTGACCCTCCAATATTTGCGAAAACAACGTGA
MD106ab_Ccnd1_F ATTCCATTTCAAAGCAAATTTGGTCAGCTAGCT
MD106ab_Ccnd1_R AGCTAGCTGACCAAATTTGCTTTGAAATGGAAT
MD23abc_Ccnd1_F TCTATTTTGGCTTAAAAAGATTACCGCTGTATT
MD23abc_Ccnd1_R AATACAGCGGTAATCTTTTTAAGCCAAAATAGA
MD15abc_503_1Ccnd2_F GCTGACTAAAGTAGCAAATACCTAAGGGATATG
MD15abc_503_1Ccnd2_R CATATCCCTTAGGTATTTGCTACTTTAGTCAGC
MD15abc_503_2Ccnd2_F ATTATTATTTTTCGCAAATAAGAAGCTAAGATC
MD15abc_503_2Ccnd2_R GATCTTAGCTTCTTATTTGCGAAAAATAATAAT
MD15abc_503_3Ccnd2_F TGTTTCACGGTGTGCAAATATTTTAGAAACATT
MD15abc_503_3Ccnd2_R AATGTTTCTAAAATATTTGCACACCGTGAAACA
MD106ab_Ccnd2_F TTCCATTAGAAAAGCAAATTGAAAATTTTGGGG
MD106ab_Ccnd2_R CCCCAAAATTTTCAATTTGCTTTTCTAATGGAA
MD106ab_Myf5_F AATACTGTCTTGCCAAAATATGAGAAAATAGAT
MD106ab_Myf5_R ATCTATTTTCTCATATTTTGGCAAGACAGTATT
a Italics indicate the miRNA seed sequences in the 3= UTRs of the Ccnd1, Ccdn2, and Myf5 genes. Boldface indicates the directed mutagenesis performed for each seed sequence.
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for 45 min, and then incubated for 30 min in 0.1% trypsin-EDTA (Gibco
BRL) diluted in HBSS. After enzymatic dissociation, the muscle cells were
centrifuged and resuspended in proliferation medium (PM). PM consists
of Dulbecco’s modified Eagle’s medium containing 10% horse serum,
10% fetal bovine serum (FBS), 0.5% chicken embryo extract, and 1%
penicillin-streptomycin (all reagents were purchased from Gibco BRL).
Different populations of muscle-derived cells were isolated based on their
adhesion characteristics. The muscle cells were plated into collagen-
coated flasks (collagen type I; Sigma-Aldrich) for 2 h (preplate 1 [pp1]).
The nonadherent cells were then transferred to other flasks (pp2), and the
adherent cells in pp1 were discarded. It has been reported that the cells
that rapidly attach are highly fibroblastic in nature (32–35). After 24 h, the
floating cells in pp2 were collected, centrifuged, and plated into new flasks
(pp3). These procedures were repeated at 24-h intervals until serial pre-
plates (pp5) were obtained. All cell populations (pp3 to pp5) were main-
tained in PM with daily changes. Based on data from a previous report
(31), 30 to 40% of the cells in pp2 and pp3 are known to be nonmyogenic,
whereas up to 95% desmin-negative cells can be found in pp4 and pp5
(35). To further purify the myogenic cell population, pp2 and pp3 were
discarded, and only pp4 and pp5 were combined and termed the EP cell
population, as previously described (36).

Lentiviral vector production and satellite cell transduction. For the
construction of the Pitx2c expression cassettes, the coding region of
mouse Pitx2c was PCR amplified and cloned into pGEM-T. After se-

quence verification, the DNA was subcloned into the lentiviral vector
pLVX-IRES-ZsGreen1 (Clontech), which allows the simultaneous ex-
pression of Pitx2c protein and a green fluorescent protein (ZsGreen1) and
sequencing for verification. The recombinant DNA was cotransfected
with a mixture of plasmids that express the respective viral proteins
needed for producing viral particles in packing cells (Lenti-X 293T), by
using Lenti-X HTX packaging systems according to the manufacturer’s
instructions (Clontech). The titer of lentivirus was determined by trans-
ducing Lenti-X 293T cells and by using the Lenti-X reverse transcriptase
quantitative PCR (qRT-PCR) titration kit (Clontech). Freshly isolated
satellite cells (EPq and EPa) were transduced with lentiviral vectors coding
for Pitx2c (pLVX-Pitx2c-ZsGreen) or empty lentiviral vector cDNA
(pLVX-IRES-ZsGreen1), at a multiplicity of 50 to 100 genome units, de-
termined by quantitative PCR (qPCR), and adsorption of the lentiviral
vectors was done for 8 to 24 h on cultures after viral particles were added.
Transduction was monitored in all experiments by flow cytometry and by
fluorescence microscopy.

Flow cytometry and fluorescence microscopy. Cells were fixed with
4% paraformaldehyde. ZsGreen1-positive (ZsGreen1�) cells were ana-
lyzed by flow cytometry using an LSR-Fortessa cytometer (Beckman
Coulter, Brea, CA). DNA was stained with 4=,6-diamidino-2-phenylin-
dole (DAPI; Sigma-Aldrich). Fluorescence microscope images were ac-
quired with a Leica TCS SL confocal microscope (Leica LCS version 2.0).

MicroRNA and anti-microRNA transfection assays. Sol8 cells as well
as EPq and EPa satellite cells were cultured under growth conditions. The
corresponding pre-miRNAs (Ambion) were transfected as described pre-
viously (19).

qRT-PCR analyses. RNA isolation and RT-PCR were performed as
described previously (19), using standard procedures. Total RNA was
extracted from mouse muscle tissue, Sol8 cells, EPq cells, EPa cells, and
differentiating myoblasts by using the TriPure isolation reagent (Roche)
according to the supplier’s guidelines. To minimize genomic DNA con-
tamination, total RNA was treated with 20 U of RNase-free DNase
(Roche) for 1 h at 37°C and then purified by using a standard phenol-
chloroform protocol. One microgram of total RNA was reverse tran-
scribed by using Superscript RNase H� reverse transcriptase (Invitrogen)
or an Exiqon microRNA qRT-PCR detection system, according to the
manufacturer’s protocol. As a reverse transcription control, each sample
was subjected to the same process without reverse transcriptase. Real-time
PCR was performed by using an MxPro Mx3005p PCR thermal cycler
(Stratagene, Spain) and a SYBR green detection system (DyNamo HS
SYBR green qPCR kit; Finnzymes). PCRs were performed in 0.2-ml opti-
cal tubes (Cultek) with a 20-�l total volume containing SYBR green mix
(Finnzymes) and 2 �l of the reverse-transcribed RNA. The �-actin and
Gapdh genes were used in parallel for each run as an internal control.
Amplification conditions were 95°C for 5 min and 40 cycles of 95°C for 30
s, the annealing temperature for 30 s, and 72°C for 30 s. The final cycle was
performed at 72°C for 7 min. Specific primers for each gene analyzed,
annealing temperatures, and amplicon sizes are shown in Table 2. The

TABLE 2 Specific primers for each gene, annealing temperatures, and
amplicon sizes

Gene Direction Primer
Annealing
temp (°C)

Amplicon
size (bp)

�-actin Sense 5=-CCA GAG GCA TAC
AGG GAC-3=

60 143

Antisense 5=-TGA GGA GCA CCC
TGT GCT-3=

Gapdh Sense 5=-TCT TGC TCA GTG
TCC TTG CTG G-3=

60 180

Antisense 5=- TCC TGG TAT GAC
AAT GAA TAC
GC-3=

Pitx2c Sense 5=-CCT CAC CCT TCT
GTC ACC AT-3=

60 175

Antisense 5=-GCC CAC ATC CTC
ATT CTT TC-3

ccnd1 Sense 5=-TTG ACT GCC GAG
AAG TTG TG-3=

60 154

Antisense 5=-CTG GCA TTT TGG
AGA GGA AG-3=

ccnd2 Sense 5=-ATG CTG CTC TTG
ACG GAA CT-3=

60 201

Antisense 5=-ATG CTG CTC TTG
ACG GAA CT-3=

Pax7 Sense 5=-ACC ACT TGG CTA
GGA TTT TCA AG-3=

60 240

Antisense 5=- AGT AGG CTT GTC
CCG TTT CC-3=

Myf5 Sense 5=-TGA GGG AAC AGG
TGG AGA AC-3=

60 187

Antisense 5=-AGC TGG ACA CGG
AGC TTT TA-3=

TABLE 3 Specific primers for each miRNA analyzed

MicroRNA Primer

hsa-miR-1 UGGAAUGUAAAGAAGUAUGUAU
hsa-miR-15a UAGCAGCACAUAAUGGUUUGUG
hsa-miR-15b UAGCAGCACAUCAUGGUUUACA
hsa-miR-21 UAGCUUAUCAGACUGAUGUUGA
hsa-miR-23a AUCACAUUGCCAGGGAUUUCC
hsa-miR-23b AUCACAUUGCCAGGGAUUACC
hsa-miR-106b UAAAGUGCUGACAGUGCAGAU
hsa-miR-130a CAGUGCAAUGUUAAAAGGGCAU
hsa-miR-133a UUUGGUCCCCUUCAACCAGCUG
hsa-miR-206 UGGAAUGUAAGGAAGUGUGUGG
hsa-miR-503 UAGCAGCGGGAACAGUUCUGCAG
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relative level of expression of each gene was calculated as the ratio of the
extrapolated levels of expression of each gene to the Gapdh level. PCR
product sizes were verified by 2% agarose gel electrophoresis. For each
pool of cDNA used, Pitx2c expression was confirmed. Each PCR was
performed in triplicate and repeated with at least three different biological
samples to obtain a representative average.

For microRNAs, qRT-PCRs were performed by using the Exiqon LNA
microRNA primers and detection kit according to the manufacturer’s
guidelines. All reactions were always run in triplicates by using 5S as a
normalizing control, as recommended by the manufacturer. SYBR green
was used as a quantification system on a Stratagene Q-Max 2005P qRT-
PCR thermocycler. Relative measurements were calculated as described
previously by Livak and Schmittgen (37), and control measurements were
normalized to represent 100%, as previously described (38). Specific
primers for each miRNA analyzed are shown in Table 3.

In situ hybridization. In situ hybridization was performed on serial
cryosections of limb muscles obtained from C57BL/10 mice by using dou-
ble-digoxigenin (DIG)-labeled LNA oligonucleotides (Exiqon) or anti-
sense RNA probes, as previously described (39). Combined immunohis-

tochemical detection was performed as previously described (40), by
using anti-Pax7 antibody (Developmental Hybridoma Bank).

Immunocytochemistry. Immunocytochemistry experiments with
Sol8 cell cultures and EPq and EPa cultured satellite cells were performed
as described previously (14, 19). The antibodies used for immunostaining
included anti-Ki67 (Abcam) anti-Myf5 (Santa Cruz Biotechnology), and
anti-PHH3 (Millipore). For immunofluorescence, fluorochrome (Alexa
Fluor 546)-conjugated secondary anti-rabbit antibodies (Invitrogen) were
used for visualization. Nuclear staining was performed by using DRAQ-5 (red
fluorescent cell-permeable DNA probe; Biostatus Limited). Immunofluores-
cence detection was performed by confocal analyses using a Leica TCS SL
confocal microscope (Leica LCS version 2.0). Quantification was performed
at a �10 magnification for PHH3-positive cells and at a �20 magnification
for Ki67- and Myf5-positive cells; each experimental point is represented by
the average of data from analyses of five different images for each independent
experiment, and experiments were repeated with at least three different bio-
logical samples to obtain a representative average.

Chromatin immunoprecipitation assays. Chromatin immunopre-
cipitation (ChIP) assays were performed as described previously (41),

FIG 1 (A) Hierarchical clustering of statistically significant microRNA microarray expression profiles with the Sol8 cell line transfected with 400 ng/ml and 800
ng/ml of the CMV-Pitx2c plasmid 24 h after transfection. The color range (�2 to 2) is related to Z-scored expression values. (B) Expression profiles of statistically
significant miRNAs by qRT-PCR in Sol8 Pitx2c-transfected cells at 400 and 800 ng/ml of the Pitx2c plasmid compared to controls. (C) Expression profiles of the
statistically significant miRNAs by qRT-PCR in Pitx2c-silenced Sol8 cells (siRNA against Pitx2c) compared to controls.
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with modifications. Sol8 cells were transfected with 8 �g of the pcDNA-
V5-Pitx2c plasmid in 100-mm dishes. After 24 h of Pitx2c transfection,
the cells were cross-linked with 1% formaldehyde for 10 min at 37°C. For
chromatin immunoprecipitation, the antibodies used were anti-V5 (clone
V5-10; Sigma) or anti-polymerase II (anti-Pol II) (8WG16) (Santa Cruz);
antibody against mouse dystrophin was used as a mouse IgG control. All
PCRs were performed at an annealing temperature of 60°C. Different
primers were used to amplify the DNA regions containing the Pitx2 bind-
ing site 6 kb upstream of the coding sequences for miR-15b, miR-106b,
miR-503, and miR-23b (Table 3). As controls, normal rabbit IgG replaced
the anti-V5 antibody to reveal nonspecific immunoprecipitation of chro-
matin. Three parallel real-time PCRs were also performed in triplicate
with dilutions of input DNA to determine the linear range of amplifica-
tion. Enrichment of RNA polymerase II served as an internal positive
control for the ChIP assays, which was observed in all DNA regions ana-
lyzed.

Statistics. Data are presented as means, with error bars representing
standard deviations. Data were analyzed for significance by Student’s t test
and considered significantly different if the P value was �0.01.

Microarray data accession number. The data discussed here have
been deposited in the NCBI Gene Expression Omnibus (GEO) (42) and
are accessible through GEO series accession number GSE53943 (http:
//www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc�GSE53943).

RESULTS
Pitx2-mediated microRNA expression in skeletal myoblasts.
Pitx2 is expressed in developing myoblasts very early in develop-
ment, and it was recently demonstrated to play a pivotal role in
regulating key myogenic steps. We previously documented that
Pitx2c is key in modulating proliferation versus differentiation
and balancing different progenitor cell populations during myo-

FIG 2 (A) qRT-PCR analyses showing Pitx2c overexpression after transfection with two different doses of the CMV-Pitx2c plasmid (400 and 800 ng/ml). (B)
mRNA expression levels of Pitx2c and Pitx3 after treatment with siRNA against Pitx2 in Sol8 myoblasts.

FIG 3 Schematic representation of the putative microRNA binding sites in the cyclin D1 (ccnd1) and cyclin D2 (ccnd2) genes as revealed by the TargetScan
algorithm (http://www.targetscan.org/).
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genesis. Furthermore, we have shown that Pitx2c posttranscrip-
tionally modulates key myogenic transcription factors such as
Pax3 by repressing miR-27 expression (18, 19). To further analyze
the role of Pitx2c in the posttranscriptional control of myogenesis,
we performed microRNA microarray analyses using Pitx2c-over-
expressing Sol8 myoblasts. Because we previously demonstrated
that Pitx2c-mediated effects on myoblasts are dose dependent, we
used two different doses of the CMV-Pitx2c plasmid (400 and 800
ng/ml of the CMV-Pitx2c plasmid), which previously affected
myoblast proliferation and differentiation (19), thereby providing
insights into the dose dependency of Pitx2-regulated miRNAs
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc�GSE5394
3). Figure 1A illustrates the hierarchical clustering of differentially
expressed and statistically significant miRNAs after 24 h of cell
transfection. Of 497 miRNAs, 60 (	10%) displayed statistically
significant differences, thus suggesting that they are regulated by
Pitx2. Detailed analyses demonstrated at least four distinct expres-
sion patterns. Small proportions of miRNAs display higher levels

(7/60; 	11%) or lower levels in transfections with both doses of
the CMV-Pitx2c plasmid (Fig. 1A). Most miRNAs (40/60; 	67%)
display significantly lower expression levels only at Pitx2c doses
previously shown to have more profound effects on the myoblast
phenotype (transfections with 800 ng/ml of the CMV-Pitx2c plas-
mid) (Fig. 1A), while only a minority (1/60; 	1%) showed in-
creased expression levels at this dosage. The remaining miRNAs
displayed a transient increase (2/60; 	3%) or decrease (3/60;
	5%) of expression levels at low doses (transfections with 400
ng/ml of the CMV-Pitx2c plasmid). Overall, these data illustrate
that Pitx2 regulates the expression of different subsets of miRNAs.
Importantly, most miRNAs regulated by Pitx2 in skeletal-muscle
myoblasts displayed lower levels (50/60; 	83%), and only a small
proportion (10/60; 	17%) showed higher expression levels. We
validated our microarray expression data by using qRT-PCR. As
illustrated in Fig. 1B and 2A, miR-1, miR-15a, miR-15b, miR-21,
miR-23a, miR-23b, miR-106b, miR-130, miR-133, and miR-503
displayed significantly lower levels after Pitx2c overexpression,

FIG 4 (A and B) Expression levels of ccnd1 and ccnd2 in Sol8 cells overexpressing a cocktail of miR-15b, miR-23b, miR-106b, and miR-503 (miRNAs) compared
to control cells. (C and D) Representative images of Sol8 cells transfected with the miRNA cocktail and control cell cultures. (E and F) Representative images of
immunohistochemical PHH3 staining in the Sol8 cell line overexpressing miRNA compared to controls. The inset represents closeup views of the corresponding
immunostained cells. (G) Quantification of PHH3�/total cells in transfected Sol8 cells compared to controls after 24 h of miRNA transfection. (H and I)
Normalized luciferase activity of the 3=-UTR cyclin D1 and cyclin D2 gene luciferase reporter (wild type [WT] cyclin D1 and wild-type cyclin D2 3=UTRs) with
an empty plasmid or pre-miRNAs shows a loss of luciferase activity with expression of miR-15b, miR-23b, miR-106b, and miR-503. There was no loss of
luciferase activity when the miRNA seed sequences were mutated.
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whereas siRNA against Pitx2 in Sol8 myoblasts resulted in the
upregulation of miR-1, miR-15a, miR-15b, miR-21, miR-23a,
miR-23b, miR-106b, miR-130, miR-133, and miR-503 (Fig. 1C
and 2B), supporting our microarray observations. Individual
miRNAs can target a large number of transcripts, and thus, their
functional roles can vary greatly according to the biological con-
text. To provide an initial insight into the putative mechanisms by
which Pitx2-regulated miRNAs can exert their function in skele-
tal-muscle myoblasts, we undertook gene ontology analyses using
DAVID software (http://david.abcc.ncifcrf.gov/). These gene on-
tology analyses revealed that the Pitx2-upregulated and Pitx2-
downregulated miRNAs might modulate highly similar pathways:
transcription, regulation of transcription, cell morphogenesis,
and cell proliferation (see Table S1 in the supplemental material).
In addition, cell projection, cell organization, cell motility, cell
proliferation, and cell maturation were also revealed for Pitx2-
downregulated miRNAs (see Table S1 in the supplemental mate-
rial). Overall, these data support the notion that cell behavior and
proliferation pathways induced by Pitx2 could be driven by
microRNA expression in myoblasts.

Role for Pitx2-mediated microRNAs in regulating myoblast
cell proliferation. Previously, we demonstrated that overexpres-
sion of Pitx2c in mouse myoblasts leads to greater cell prolifera-
tion and loss of the ability to fuse and thus to form myotubes and

terminally differentiate (18). Pitx2 overexpression raises levels of
Pax3 expression, which in turn inhibits MyoD and myogenin gene
expression and terminal differentiation, a process mediated by
Pitx2 regulation of miR-27 (19). However, cell proliferation in
Pitx2c-overexpressing myoblasts is independent of Pax3 and/or
miR-27 regulation (19). Additionally, a role of Pitx2 in controlling
myocyte numbers on the chick myotome has been reported (43),
suggesting that the effect of Pitx2 on cell proliferation in myogenic
cells is conserved in different vertebrate species. Thus, we focused
our attention on whether deregulation of other miRNAs, medi-
ated by Pitx2, can affect cell cycle regulation. We bioinformatically
analyzed the putative microRNAs targeting key genes of cell cycle
regulation, such as the cyclin D1 (ccnd1) and cyclin D2 (ccnd2)
genes, and we found that 
65% of the predicted target sites for
microRNA in the ccnd1 (8/12) and ccnd2 (11/16) 3= UTRs corre-
spond to four downregulated miRNAs in Sol8 after Pitx2c overex-
pression (Fig. 3). Thus, these data suggest that Pitx2 controls tran-
scriptional inhibition of a large subset of miRNAs, which in turn
can modulate cell proliferation in Sol8 myoblasts. Notably, except
for miR-1 and miR-206 (22), the role of these miRNAs in the
regulation of cell proliferation on skeletal-muscle cells has not
been reported previously. To investigate the function of miRNAs
regulated by Pitx2 with previously unknown functions in myo-
blast cell proliferation, such as miR-15b, miR-23b, miR-106b, and

FIG 5 (A) qRT-PCR analyses showing miRNA overexpression after pre-miRNA-independent transfections. (B) mRNA expression levels for cyclin D1 and cyclin
D2 genes were 50 to 60% lower when miRNAs were transfected separately in Sol8 cells.
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FIG 6 (A) ChIP assays. Pitx2 binds DNA regions upstream of the miR-15b, miR-23b, miR-106b, and miR-503 genetic loci. There was an observed enrichment
in Pitx2 binding in all miRNAs analyzed. ***, P � 0.001; **, P � 0.01; *, P � 0.05. These experiments were performed in Sol8 cells. (B) RNA polymerase II
occupancy in the tested DNA regions upstream of miR-15b, miR-23b, miR-106b, and miR-503. Notably, all of these DNA regions have RNA polymerase II
occupancy levels similar to those of the Gapdh promoter used as a control.
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miR-503, we performed transfection experiments with these
miRNAs on Sol8 myoblasts at low confluence (105 myoblasts/
well) and assessed cell proliferation by phospho-histone 3 immu-
nolabeling after 24 h of transfection. In addition, cyclin D1 and
cyclin D2 gene expression levels were measured by qRT-PCR. As
reflected in Fig. 4A and B, transfection experiments with a cocktail
of these miRNAs resulted in 80% lower expression levels of the
cyclin D1 and cyclin D2 genes. In line with these findings, cells
displayed a lower phospho-histone 3-immunolabeled index and
thus were clearly proliferating at a slower pace, as illustrated in Fig.
4C to G. To test whether the predicted miR-15b, miR-23b, miR-
106b, and miR-503 elements in the 3= UTRs of the cyclin D1 and
cyclin D2 genes were functional, we ligated these sequences down-
stream of the luciferase gene in the pGLuc-Basic vector and
cotransfected them independently with pre-miR-15b, pre-miR-
23b, pre-miR-106b, and pre-miR-503 into Sol8 cells (Fig. 4H and
I). Luciferase activity for the cyclin D1 and cyclin D2 gene 3=UTRs
was approximately halved with cotransfection with pre-miR-15b,
pre-miR-23b, pre-miR-106b, and pre-miR-503 compared with
the empty vector, and importantly, site-directed mutagenesis of
the predicted pre-miR-15b, pre-miR-23b, pre-miR-106b, and
pre-miR-503 binding sites in the cyclin D1 and cyclin D2 gene 3=
UTRs eliminated such repression (Fig. 4H and I). Transfection
with pre-miR-15b, pre-miR-23b, pre-miR-106b, and pre-miR-
503a separately decreased the expression levels of the cyclin D1
and cyclin D2 genes only 50 to 60% (Fig. 5), suggesting synergism
or additive effects among them.

In order to reinforce the notion that Pitx2 directly modulates
the expression of these four miRNAs, we screened for potential
conserved Pitx2 binding sites upstream of the miR-15b, miR-23b,
miR-106b, and miR-503 genetic loci. Five conserved Pitx2 bind-
ing sites were identified 	6 kb upstream of the miR-15b and miR-
106b genetic loci, four sites were identified 	6 kb upstream of the
miR-503 genetic locus, and one site was located 	6 kb upstream
of the miR-23b gene locus (Fig. 6A). To test the interaction of
Pitx2 with these putative binding sites, we performed chromatin

immunoprecipitation (ChIP) assays in Sol8 cells. Exogenous Pitx2
bound to the all-putative binding sites upstream of the miR-15b,
miR-23b, miR-106b, and miR-503 genetic loci, as illustrated in
Fig. 6A. RNA polymerase II occupancy suggests that all DNA re-
gions tested are transcriptionally active (Fig. 6B). Taken together,
these data point out a Pitx2-miRNA pathway controlling the ex-
pression of key regulatory cell cycle genes, which in turn modulate
cell proliferation in myoblasts.

Pitx2-mediated miRNAs and regulatory cell cycle gene ex-
pression are deregulated in conditional tissue-specific Pitx2
mutant mice. First, we checked the expression pattern for
miRNAs regulated by Pitx2c in serial sections obtained from wild-
type mouse limb muscles by LNA in situ hybridization. As illus-
trated in Fig. 7A, miR-15b, miR-23b, miR-106b, and miR-503
displayed a tissue expression pattern compatible with marked ex-
pression on satellite cells. Second, to determine whether Pitx2c-
mediated miRNA regulation on myogenic cells is maintained in
vivo, we used qRT-PCR to analyze the expression levels of miRNA
regulated by Pitx2c in conditional tissue-specific Pitx2 mutant
mice by intercrossing a Pitx2 floxed mouse line with a Cre deleter
mouse line, which rendered muscle lineage-specific Pax3-Cre re-
combination. This conditional mutant mouse line is currently be-
ing analyzed and characterized (E. Lozano-Velasco, F. Ramirez, P.
Hernández-Torres, D. Vallejo, D. Franco, and A. E. Aránega, un-
published data). Because Pax3-cre�/�/Pitx2�/� homozygote mu-
tant neonates were born alive but died soon after birth, in the
present work, we analyzed adult heterozygote and neonatal mu-
tants. Notably, limb muscles from Pax3-cre�/�/Pitx2�/� hetero-
zygote mice, in which Pitx2 expression is reduced by 
50% (Fig.
8A), displayed higher expression levels of miRNAs regulated by
Pitx2c (miR-15b, miR-23b, miR-106b, and miR-503) than did
Pax3-cre�/�/Pitx2�/� control limb muscles (Fig. 7B). Moreover,
given that even in the absence of overt damage, the rate of myo-
nuclear turnover in rodents is 1 to 2% per week (44), we also
analyzed the expression levels of the cyclin D1 and cyclin D2
genes, and we found that they were clearly downregulated in

FIG 7 (A) Tissue distribution of miR-15b, miR-23b, miR-106b, and miR-503 in limb muscles of C57BL/10 mice. miRNAs were expressed mostly in cells that
presented a tissue distribution very similar to that of satellite cells, as illustrated by Pax7 costaining for miR-106b. An LNA probe with a scrambled sequence was
used to test the specificity of the probes. (B) Expression profiles for miR-15b, miR-23b, miR-106b, and miR-503 in Pax3-cre�/�/Pitx2�/� heterozygote mice (n �
9) compared to Pax3-cre�/� control mice (n � 8). (C) Cyclin D1 and cyclin D2 gene expression profiles in Pax3-cre�/�/Pitx2�/� heterozygote versus Pax3-
cre�/� control mice. (D) Expression profiles for miR-15b, miR-23b, miR-106b, and miR-503 in Pax3-cre�/�/Pitx2�/� heterozygote (n � 6) and Pax3-cre�/�/
Pitx2�/� homozygote (n � 5) neonates compared to Pax3-cre�/� control neonatal mice (n � 6). (E) Cyclin D1 and cyclin D2 gene expression profiles in
Pax3-cre�/�/Pitx2�/� heterozygote and Pax3-cre�/�/Pitx2�/� homozygote neonates versus Pax3-cre�/� control neonatal mice.

FIG 8 (A) qRT-PCR for Pitx2c expression in Pax3-cre�/�/Pitx2�/� heterozygote adult mice. (B) qRT-PCR for Pitx2c expression in Pax3-cre�/�/Pitx2�/�

heterozygote and Pax3-cre�/�/Pitx2�/� homozygote neonates.
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Pax3-cre�/�/Pitx2�/� animals in comparison with control mice
(Fig. 7C). These observations are consistent with our in vitro find-
ings revealing the existence of a Pitx2-miRNA pathway control-
ling the expression of key regulatory cell cycle genes in myogenic
cells. Similar to those from adult mice, limb muscles from Pax3-
cre�/�/Pitx2�/� neonatal heterozygote and homozygote mice,
which exhibited lower Pitx2c expression levels (Fig. 8B), showed
increased levels of miRNAs regulated by Pitx2c. Curiously, no
changes in cyclin D1 and cyclin D2 gene expression levels were
detected in neonatal mutants, pointing out a different status for
this Pitx2-miRNA pathway in neonates (Fig. 7D and E).

The Pitx2-miRNA pathway regulating cell proliferation is
conserved in early-activated satellite cells. Given that it was pre-
viously shown that Pitx2 can be detected in proliferating myo-
blasts during adult myogenesis (20), and it appears to help main-
tain a proliferating pool of myogenic precursor cells in extraocular
muscles (45), we next investigated whether the Pitx2-miRNA
pathway is also present in freshly isolated adult satellite cells. Be-
cause adult satellite cells isolated from freshly dissected mouse
muscle tissue rapidly initiate the process of activation, leading to
myogenic differentiation (36), we first evaluated the expression
profile for Pitx2c and miRNAs during the in vitro process of satel-
lite cell activation and differentiation. Therefore, in the present
study, we used early-plated early-activated satellite cells (EPq) and
early-plated long-term-activated satellite cells (EPa) isolated from
mouse hind limbs according to their adhesion characteristics and

proliferation behavior, as previously described (31, 46), as well as
EPa-derived differentiating myoblasts fusing to myotubes (Fig.
9A). As illustrated in Fig. 9B, EPq cells can thus be rendered Pax7
high/low-proliferating cells, and EPa cells can be rendered Pax7
low-expressing/high-proliferating satellite cells (47). Notably,
Pitx2c expression levels are higher in early-activated EPq cells than
in long-term-activated satellite cells (EPa) and display low expres-
sion levels in differentiating myotubes derived from satellite cells
(Fig. 9C). This Pitx2c expression profile might indicate a Pitx2c
requirement just before reaching high levels of cell proliferation
during the process of satellite cell activation. Indeed, gain-of-
function experiments with EPq and EPa satellite cells showed that
Pitx2c overexpression leads to a clear upregulation of the cyclin D1
and D2 genes in early-activated satellite cells (EPq) but not in
long-term-activated satellite cells (EPa) (Fig. 10A to C). More-
over, the number of Ki67-positive cells was significantly higher in
EPq cells overexpressing Pitx2c than in cells transfected with the
empty lentiviral vector (Fig. 10D and E). These results indicate
that Pitx2c could regulate proliferation during satellite cell activa-
tion.

Next, to test whether Pitx2c also acts to control miR-15b, miR-
23b, miR-106b, and miR-503 expression in satellite cells, we ana-
lyzed miRNA expression profiles on EPq and EPa cells overex-
pressing Pitx2c, and our analyses showed that all miRNAs were
dramatically downregulated after Pitx2c overexpression (Fig.
11A). Moreover, the miRNAs miR-15b, miR-23b, miR-106b, and

FIG 9 (A) Representative images of early-plated relatively quiescent/early-activated satellite cells (EPq), early-plated long-term-activated satellite cells (EPa),
and EPa-derived differentiating fusing-myoblast cultures. (B) mRNA expression levels of the cyclin D2, Myf5, and Pax7 genes in EPq and EPa cells. (C) mRNA
expression levels of Pitx2c in EPq cells and EPa cells and myoblasts.
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miR-503 displayed an expression profile complementary to Pitx2c
during the process of in vitro differentiation (Fig. 11B), thus rein-
forcing the notion that Pitx2c acts negatively to regulate these
miRNAs in activated satellite cells. The fact that this Pitx2c-
miRNA pathway is present in EPq and EPa cells but has effects
only on cyclin D1 and cyclin D2 gene expression in EPq cells may
indicate that the Pitx2c-miRNA pathway participates in cell pro-
liferation at an early step of activation but that other regulatory
molecules contribute to maintaining cell proliferation after acti-
vation is triggered. In accordance with this idea, in neonatal Pax3-
cre�/�/Pitx2�/� homozygote mice, altered expression of Pitx2c-
regulated miRNAs did not lead to cyclin D1 and cyclin D2 gene
dysregulation (Fig. 7). Since it was previously shown that many
satellite cells at neonatal stages are in a permanent stage of activa-
tion to ensure muscle growth (11), these finding emphasize the
role of Pitx2 in cell proliferation at the onset of satellite cell acti-
vation but not when the cell activation processes have already
taken place. Finally, as observed for Sol8 myoblasts, transfection
experiments with a cocktail of these miRNAs in EPq satellite cells
resulted in a clear downregulation of the cyclin D1 and cyclin D2
genes (Fig. 11C and D). Moreover, transfection experiments with
pre-miR-15b, pre-miR-23b, pre-miR-106b, and pre-miR-503 in
Pitx2c-overexpressing cells rescued cyclin D1 and cyclin D2 gene
upregulation, reinforcing the notion that these miRNAs mediate

the Pitx2c effects on cyclin D1 and cyclin D2 gene expression
(Fig. 12). Therefore, altogether, these findings indicate that the
Pitx2c-miRNA pathway that modulates cell proliferation is also
present in satellite cells.

Pitx2c enhances the Myf5� satellite cell population by regu-
lating miR-106b. After activation, satellite stem cells expand and
undergo symmetric and asymmetric divisions in vivo and in vitro
(48, 49). Symmetric divisions result in the symmetric expansion of
Pax7�/Myf5� satellite cells, retaining their stem cell identity.
Through asymmetric divisions, one daughter cell retains its stem
cell identity (Pax7�/Myf5�), and the other daughter cell upregu-
lates myogenic factor 5 (Myf5) and becomes Pax7� Myf5�, rep-
resenting more committed myogenic progenitors that participate
in skeletal-muscle growth and regeneration (36, 49). Myf5 is one
of the most relevant transcription factors that plays a key role as a
determinant of the acquisition of myogenic cell fate in satellite
cells (50, 51). Therefore, in order to test whether Pitx2c-mediated
effects on cell proliferation can modulate the rate of myogenic
commitment of satellite cells, we analyzed Myf5 expression by
qRT-PCR and immunohistochemistry. As illustrated in Fig. 13A,
Myf5 mRNA expression levels were upregulated in Pitx2c-overex-
pressing satellite cells with respect to the control. In addition, the
percentage of Myf5� cells was significantly higher after Pitx2c
overexpression in satellite cell cultures (Fig. 13B and C). These

FIG 10 (A) Representative images of EPq cells transfected with a lentivirus-Pitx2c-ZsGreen vector (LVX-Pitx2c). (B) qRT-PCR for Pitx2c expression in EPq and
EPa cells transfected with the LVX-Pitx2c vector with respect to cells transfected with the empty LVX-ZsGreen lentiviral vector (LVX). (C) Cyclin D1 and cyclin
D2 gene expression in EPq and EPa Pitx2c-overexpressing cells with respect to control cells. (D) Representative images of immunohistochemical analyses for
Ki67-positve cells in EPq cells transfected with the lentivirus-Pitx2c-ZsGreen vector (LVX) compared to cells transfected with the empty LVX-ZsGreen lentiviral
vector (LVX-Pitx2c). (E) Percentage of Ki67� cells in EPq cells transfected with the lentivirus-Pitx2c-ZsGreen vector with respect to cells transfected with the
empty LVX-ZsGreen lentiviral vector.
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results indicate that Pitx2c increases the number of Myf5� satellite
cells.

Notably, bioinformatic analyses by TargetScan showed that
Myf5 is a predicted target for the Pitx2c-regulated miRNA miR-
106b (http://www.targetscan.org/). To validate Myf5 as a target
for miR-106b, we performed pre-miR-106b transfection experi-
ments in satellite cells, and as displayed in Fig. 13D, miR-106b
overexpression leads to Myf5 downregulation. Luciferase reporter
assays further validated Myf5 as a direct target for miR-106b (Fig.
13E). Additionally, pre-miR-106b transfection in Pitx2c-overex-
pressing cells rescued Myf5 upregulation to basal levels (Fig. 14A
to C), supporting the idea that miR-106b is key in mediating the
Pitx2c effect on Myf5 gene expression. Thus, since we describe
above that miR-106b is a Pitx2c-regulated miRNA, we propose
that Pitx2c enhances Myf5 expression in satellite cells by regulating
miR-106b.

DISCUSSION

Pitx2 is a homeobox transcription factor that has been shown to
regulate skeletal-muscle development (15, 16). We previously
documented that the c-isoform of Pitx2 plays a pivotal role in
modulating proliferation versus differentiation during myogen-

esis, balancing the Pax3�/Pax7� myogenic population in vivo, and
regulating key myogenic transcription factors such as Pax3 by re-
pressing miR-27b (18, 19). In the present study, we investigated
the role of Pitx2 in controlling microRNA expression in myogenic
cells by identifying a subset of Pitx2c-regulated miRNAs control-
ling cell proliferation in myoblasts and demonstrating that this
Pitx2c-miRNA pathway controls cell proliferation as well as myo-
genic commitment of satellite cells.

Our analyses revealed that most miRNAs display lower levels
after Pitx2c overexpression, as revealed by microarray analyses
and further validated by qRT-PCR. Importantly, Pitx2 is sufficient
to induce impaired miRNA expression and is also indispensable
for regulation of the expression levels of these microRNAs, as
revealed by Pitx2-silencing experiments. Thus, these data demon-
strate the pivotal role of the homeobox transcription factor Pitx2
in controlling microRNA expression in myoblasts. It was recently
reported that Pitx2 positively regulates miR-17-92 and miR-
106b-25 in the heart (52); however, we found Pitx2-mediated neg-
ative regulation of miRNA expression in myoblasts. These differ-
ent functional requirements for Pitx2 underline the differences
between cardiac and skeletal myogenesis. Therefore, this study
represents the first available description of Pitx2-regulated

FIG 11 (A) Expression profiles for miR-15b, miR-23b, miR-106b, and miR-503 in EPq and EPa Pitx2c-overexpressing cells with respect to control (CN) cells.
(B) Relative expression levels of of Pitx2c as well as of miR-15b, miR-23b, miR-106b, and miR-503 during myogenic progression. (C and D) miR-15b, miR-23b,
miR-106b, and miR-503 overexpression in EPa cells leads to cyclin D1 and cyclin D2 gene downregulation.
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microRNA expression in myogenic cells, providing new insights
into the microRNA-mediated mechanisms during myogenesis.
Gene ontology analyses have revealed that miRNAs regulated both
positively and negatively by Pitx2c might lead to modulation of the
signaling pathways that control focal adhesion and adherens junc-
tion and actin cytoskeleton expression, providing the bases for
abnormal cell fusion (18, 19), whereas the miRNAs downregu-
lated by Pitx2c also might modulate cell cycle progression in ac-
cordance with the previously reported Pitx2 functions in cell pro-
liferation (18, 19, 45, 53–55). Here, we show that a subset of these
Pitx2c-downregulated miRNAs, such as miR-15b, miR-106b,
miR-23b, and miR-503, targeting cyclins together have dramatic
effects on myoblast proliferation in vitro, providing a means for
the previously reported Pitx2c functions in cell proliferation. Fur-
thermore, we show evidence that this Pitx2-miRNA pathway that
controls cell cycle genes in myogenic cells is also present in vivo.
Although it has been demonstrated that miR-15b, miR-23b, miR-
106b, and miR-503 can regulate the cell cycle (56–59) in different
cell types, their functions regarding the regulation of myoblast cell
proliferation have not been previously reported.

The role of Pitx2 in satellite cell proliferation and/or differen-
tiation is recently emerging and is controversial. Pitx2 expression
is detected in proliferating satellite cells (20), but the constitutive
expression of any Pitx2 isoform suppresses satellite cell prolifera-
tion, with the cells undergoing greater myogenic differentiation

(21). Nevertheless, the divergence of the Pitx2c effects on satellite
cell proliferation found by Knopp et al. (21) could be explained by
the moderate Pitx2c expression achieved in their in vitro gain-of-
function experiments, as argued by those authors (21). Even more
recently, it was reported that the knockdown of Pitx2 in satellite
cells isolated from extraocular muscles decreased their prolifera-
tion rate, and a similar trend was seen for satellite cells isolated
from tibialis anterioris muscle (45). Here, we demonstrate that
enhanced Pitx2c expression boosted cell proliferation in freshly
isolated satellite cells, reinforcing the contention that Pitx2 posi-
tively regulates cell proliferation in satellite cells.

Notably, we found that the Pitx2c expression level was higher
in early-activated satellite cells than in long-term-activated satel-
lite cells, and our in vitro Pitx2c gain-of-function experiments re-
vealed that Pitx2c stimulates cyclin D1 and cyclin D2 gene expres-
sion, accelerating cell proliferation during early satellite cell
activation. Moreover, we have demonstrated that such Pitx2c ef-
fects on satellite cell proliferation are mediated by the Pitx2c-
downregulated miRNAs miR-15b, miR-106b, miR-23b, and miR-
503. Recent evidence suggests a role of miRNAs in the regulation
of satellite cell fate and self-renewal (27, 29), and it has been re-
ported that miR-106b inhibition augments the number of Pax7�

cells (27). Our findings point out previously unknown functions
of miR-15b, miR-106b, miR-23b, and miR-503 in satellite cell
proliferation. Since one of the key prerequisites for the triggering

FIG 12 (A) Pitx2c overexpression is maintained after pre-miR-106 transfection in EPq cells. (B and C) Pre-miR-106b transfection in EPq cells overexpressing
Pitx2c (B) rescues cyclin D1 and cyclin D2 gene expression at the basal levels (control cells) (C).
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of cell proliferation at the onset of satellite cell activation is proper
cell cycle progression (60), the existence of the Pitx2-miRNA
pathway controlling the expression of key regulatory cell cycle
genes in early-activated satellite cells reveals a role of Pitx2 in sat-
ellite cell activation. Although muscle satellite cells are promising
targets for cell therapies, the paucity of satellite cells that can be
isolated or expanded from adult muscle tissue is limiting; thus,
our findings provide new molecular tools to overcome such a
bottleneck.

Proliferating satellite cells have a binary fate decision to make:
they can differentiate into myoblasts and intercalate into myofi-
bers by fusion to repair the damaged muscle, or they can renew the
satellite cell population and return to a quiescent state (36). Qui-
escent satellite cells expressing paired box 7 (Pax7) but with low or
undetectable levels of the myogenic regulatory factors Myf5 and
MyoD undergo symmetric and asymmetric divisions upon acti-
vation. While symmetric expansion of Pax7�/Myf5 satellite stem

cells ensures the maintenance of the Pax7�/Myf5� undifferenti-
ated population, asymmetric divisions generate Pax7�/Myf5�

and Pax7�/Myf5� daughter cells (36). Myf5 induction demarcates
the entry of satellite stem cells into the myogenic program. Our
analyses showed that Pitx2c can increase Myf5 expression by reg-
ulating miR-106b, thus enhancing the Myf5� satellite cell popu-
lation and revealing a role for Pitx2c in promoting satellite cell
populations that are more primed for myogenic commitment.
The importance of miRNAs in the posttranscriptional regulation
of Myf5 in satellite cells is beginning to emerge. Recently, Crist et
al. (61) reported that although many quiescent satellite cells tran-
scribe Myf5, they do not enter myogenesis because of miR-31.
Thus, miR-31 interacts with the 3=UTR of Myf5 mRNA and there-
fore can prevent its translation into a quiescent cell, but it is rap-
idly downregulated early during activation, leading to a rapid ac-
cumulation of Myf5 protein (61). Here, we demonstrate that
downregulation of miR-106b leads to increased Myf5 expression

FIG 13 (A) Myf5 expression profile in EPq Pitx2c-overexpressing cells. (B) Representative images of immunohistochemical analyses for Myf5-positive cells in
EPq cells transfected with the lentivirus-Pitx2c-ZsGreen vector (LVX) compared to cells transfected with the empty LVX-ZsGreen lentiviral vector (LVX-Pitx2c).
(C) Percentage of Myf5� cells in EPq cells transfected with the lentivirus-Pitx2c-ZsGreen vector (LVX-control) with respect to cells transfected with the empty
LVX-ZsGreen lentiviral vector (LVX-Pitx2). (D and E) miR-106b overexpression leads to Myf5 upregulation in EPq cells. (F) Normalized luciferase activity of
the 3=-UTR Myf5 luciferase reporter (wild-type Myf5 3= UTR) with an empty plasmid (vector) or pre-miR-106b shows the loss of luciferase activity with
expression of miR-106b. There was no loss of luciferase activity when the miR-106b seed sequence was mutated.
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in early-activated satellite cells, thus providing additional infor-
mation concerning the role of miRNAs in the posttranscriptional
control of myogenic progression in adult myogenesis.

On other hand, a mechanism linking Myf5 levels to muscle
stem cell heterogeneity was also recently proposed. A detailed
analysis of satellite cell behavior in Myf5 haploinsufficient mice
revealed the duality in the functional role of Myf5, as a promoter of
muscle fate and also as being incompatible with terminal differ-
entiation, raising questions about the precise role of this transcrip-
tion factor during different cell states in myogenic lineage progres-
sion (50). In the present study, we describe a Pitx2c–miR-106b
pathway controlling Myf5 expression, providing new insights into
the molecular mechanisms that control satellite cell behavior.
These findings might thus have future applications in modulating
satellite cell fate during muscle regeneration.

In conclusion, in this paper, we report a subset of microRNAs
regulated by Pitx2, with previously unknown functions in myo-
genic cells, which have profound effects on myoblast prolifera-
tion. Notably, we found that this Pitx2-miRNA pathway regulat-
ing cell proliferation is conserved in freshly isolated satellite cells,
providing developmental cues that enhance the commitment of
satellite cells to myogenic lineage differentiation by downregulat-
ing miR-106b expression. Overall, the present study describes a
previously unknown Pitx2-miRNA pathway controlling cell pro-
liferation in myogenic cells, providing new targets to enhance the
regenerative capacity of limb skeletal-muscle myogenic precursor
cells for the treatment of skeletal-muscle diseases.
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