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SUMMARY

Duchenne muscular dystrophy (DMD), one of the most lethal genetic disorders, involves progressive muscle degeneration resulting from
the absence of DYSTROPHIN. Lack of DYSTROPHIN expression in DMD has critical consequences in muscle satellite stem cells including
areduced capacity to generate myogenic precursors. Here, we demonstrate that the c-isoform of PITX2 transcription factor modifies the
myogenic potential of dystrophic-deficient satellite cells. We further show that PITX2c enhances the regenerative capability of mouse
DYSTROPHIN-deficient satellite cells by increasing cell proliferation and the number of myogenic committed cells, but importantly
also increasing dystrophin-positive (revertant) myofibers by regulating miR-31. These PITX2-mediated effects finally lead to improved
muscle function in dystrophic (DMD/mdx) mice. Our studies reveal a critical role for PITX2 in skeletal muscle repair and may help to

develop therapeutic strategies for muscular disorders.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a devastating ge-
netic muscular disorder caused by mutations in the
DYSTROPHIN gene, located on the short arm of the X chro-
mosome. As a 427-kDa cytoskeletal protein, DYSTROPHIN
is located underneath the sarcolemma and assembles
with sarcolemmal proteins to form the DYSTROPHIN-
associated protein complex (DAPC), which includes
DYSTROGLYCANS, SARCOGLYCANS, SYNTROPHINS,
and SARCOSPAN. The absence of or defects in DYSTROPHIN
disrupt the DAPC, leading to chronic inflammation, pro-
gressive muscle degeneration, and replacement of muscle
with fibroadipose tissue (Allen et al., 2010; Mercuri and
Muntoni, 2013). DMD patients often lose independent
ambulation by the time they reach 13 years of age, and
generally die of respiratory failure in their late teens or early
twenties. In DMD, one of the more severe features is pro-
gressive muscle wasting and weakness associated with
exhaustion of muscle regeneration potential (Mah et al.,
2014).

Skeletal muscle has the ability to repair and regenerate
due to the presence of resident stem cells, termed muscle
satellite cells. In mature muscle tissue, satellite cells occur
as a small, dispersed population of mitotically and physio-
logically quiescent cells, marked by the expression of the
transcription factor PAX7 (Kuang et al., 2007). Satellite
stem cells in adult muscle represent a lineage continuum
of the embryonic myogenic PAX3+/PAX7+ progenitor cells
that remain in the adult muscle in a quiescent state. Upon
injury, they become activated, proliferating, and entering a
myogenic differentiation program by the upregulation of

the myogenic determination genes Myf5, MyoD, and Myo-
genin, thus forming new myocytes that eventually fuse
with each other to generate new muscle tissue (Yin et al.,
2013). It bears highlighting that, in muscular dystrophies,
the progressive muscle wasting and weakness is often asso-
ciated with exhaustion of muscle regeneration potential.
Therefore, the progressive loss of muscle mass has been
attributed, at least partly, to the inability of muscle stem
cells to efficiently regenerate tissue loss as the result of
the disease (Berardi et al., 2014). Thus, critical for the devel-
opment of effective strategies to treat muscle disorders is
the optimization of approaches targeting muscle stem cells
and capable of regenerating tissue loss as the result of the
disease or as the result of normal muscle turnover (Bertoni,
2014). Notably, very recent reports have pointed out that
muscle stem cells should be considered as a therapeutic
target for restoring muscle function in individuals with
DMD (Chal et al., 2015; Dumont et al., 2015). Chal et al.
(2015) have shown that myofibers derived from embryonic
stem cells of DMD/mdx mice exhibit an abnormally
branched phenotype, suggesting that dystrophin is
required for normal myogenesis. In addition, Dumont
et al. (2015) have demonstrated that dystrophin has an
essential role in regulating satellite cell polarity and asym-
metric division. These intrinsic defects strongly reduce
the generation of myogenic progenitors that are needed
for proper muscle regeneration, indicating that muscle
wasting in DMD is not only caused by myofiber fragility,
but also is exacerbated by impaired regeneration owing to
intrinsic satellite cell dysfunction (Dumont et al., 2015).
Pitx2 is a paired-related homeobox gene involved in
the molecular process controlling embryonic and fetal
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myogenesis (L'Honoré et al., 2007; Zacharias et al., 2010;
[’Honoré et al., 2010; I’Honoré et al., 2014). Previous works
from our laboratory showed that Pitx2c is the main Pitx2-
isoform expressed in myoblasts playing a pivotal role
modulating proliferation versus differentiation during
myogenesis as well as balancing PAX3+/PAX7+ myogenic
population in vivo (Martinez-Fernandez et al., 2006; Loz-
ano-Velasco et al., 2011). The role of PITX2 during adult
myogenesis is beginning to be explored, thus several
reports have shown that PITX2 is expressed in proliferating
satellite cells promoting differentiation of satellite cell-
derived myoblasts (Ono et al., 2010; Knopp et al., 2013).
We have recently identified a PITX2c-microRNA (miRNA)
pathway that regulates cell proliferation in early activated
satellite cells and promotes their commitment to a
myogenic cell fate (Lozano-Velasco et al., 2015). Despite
the advances achieved in understanding the PITX2
involvement on satellite cell behavior and function, its
role in adult regenerative myogenesis has not been yet
determined.

In this study, we show that PITX2c is required for
proper satellite cell differentiation since PITX2c¢ gain
and loss of function in vitro increase and decrease
myogenic differentiation, respectively. In addition, we
discovered that attenuated PITX2c expression is con-
comitant with defective myogenic differentiation of
dystrophic satellite cells isolated from DMD/mdx mice
(Bulfield et al., 1984) and PITX2c gain of function re-
stores most of their differentiation potential. Impor-
tantly, cell transplantation of Pitx2c-overexpressing
dystrophic satellite cells augments the number of myo-
fibers, represses miR-31 reaching to increase revertant
DYSTROPHIN protein, and finally improves muscle
function in DMD/mdx mice. These results place PITX2
as a new player on skeletal muscle satellite cell biology
and identify unknown functions of PITX2 during regen-
erative myogenesis.

RESULTS

PITX2c Promotes Satellite Cell Differentiation

and Modifies the Myogenic Potential of
Dystrophic-Deficient Satellite Cells

We have previously described a PITX2c-miRNA pathway
regulating cell proliferation and promoting myogenic
commitment in freshly isolated satellite cells (Lozano-
Velasco et al., 2015). In addition, Knopp et al. (2013)
demonstrated that PITX2 promotes satellite cell differenti-
ation, increasing the percentage myoblast fusion index
during the process of myogenic differentiation in vitro.
Here, we have first evaluated the effects of PITX2c on
satellite cell proliferation and myogenic potential by

analyzing MYOD and Ki67 expression in isolated and cul-
ture satellite cells before they reach confluence. We
observed that the number of Ki67+ and MYOD+ nuclei
was higher in satellite cells overexpressing Pitx2c
compared with control cells at 3 and 7 days of culture (Fig-
ures S1A-S1E), indicating that, in agreement with our
previous reported results (Lozano-Velasco et al., 2015),
Pitx2c overexpression increases satellite cell prolifera-
tion and myogenic commitment. Consequently, we also
observed an enhanced differentiation capability as as-
sessed by fusion index and proportion of MHC+ cells in
differentiating satellite cells after myosin heavy chain
(MF20) staining at 14 days of culture (Figures S1F and
S1H). In contrast, Pitx2c loss of function (Figure S2A)
resulted in fewer Ki67+ and MYOD+ nuclei with a less
proportion of MHC+ cells and fusion index (Figures S2B-
S2F). These results indicate that PITX2c function on
satellite cell differentiation is due mainly to the PITX2c ef-
fect expanding satellite cell-derived myogenic committed
population.

Since we detected that PITX2c regulates satellite cell
differentiation, we investigated whether PITX2c expres-
sion would be altered during muscle regeneration as
well as in a context where satellite cell differentiation
and muscle regeneration is not successfully completed,
such as in DMD (Shi et al., 2015; Partridge, 2013). To
address this question, we first analyzed the expression
profile of Pitx2c mRNA expression after induction of skel-
etal muscle damage by cardiotoxin injection in mice. As
illustrated in Figure 1A, we found that Pitx2c mRNA
increased 5-fold at day 1 after muscle damage induction.
However, qRT-PCR analyses revealed that Pitx2c mRNA
dramatically diminished in satellite cells isolated from
DMD/mdx mice (Figure 1B). Next we used immunofluo-
rescence staining to look for PITX2c+ cells in the muscle
microenvironment. As observed in Figure 1C PITX2c is
expressed in more than 50% of PAX7+ cells in uninjured
tibialis anterioris (TA) muscles; PITX2c staining was also
detectable in some myonuclei as reported previously
(Hebert et al., 2013) (Figure 1C). Moreover, although
the majority of PITX2c+ cells co-express CD34; we did
not detect PITX2c staining in CD34+ interstitial muscle
stem cells (Figure 1D). Consistently with qRT-PCR ana-
lyses, the number of PITX2c+ cells was clearly increased
after muscle injury but decreased in dystrophic muscle
(Figures 1E-1G).

In addition to PITX2c decreased expression (Figure 2A),
and in agreement with previous recent reports (Chal
et al.,, 2015; Dumont et al., 2015), we also observed
that dystrophic satellite cells exhibited a clear defect to
form myotubes (Figures 2B and 2C) together with a lower
in vitro differentiation potential as observed by a
decreased proportion of MHC+ cells and fusion index
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Figure 1. PITX2c during Muscle Regener-
Pitxze ation and DMD
(A) Pitx2c mRNA peak at day 1 after car-
diotoxin injection in C57/BL3 mice.
(B) Pitx2c mRNA expression on muscles
isolated from 4-month-old DMD/mdx mice
e compared with uninjured muscles isolated
from 4-month-old C57/BL6 mice.
(C) Representative images of immunohis-
tochemistry for PITX2C and PAX7 in unin-
jured tibialis anterioris (TA) muscles
isolated from 4-month-old C57/BL3 mice.
The yellow arrows point to PAX7+/PITX2c+
cells, the green arrows point to PAX7+ cells,
and the red arrows point to PITX2c+
myonuclei.
(D) Representative images of immunohis-
tochemistry for PITX2c and CD34 in unin-
jured TA muscles isolated from 4-month-old
C57/BL3 mice. The yellow arrows point to
/ . CD34+/PITX2c+ cells, the red arrows point
PAXT g~ e 7 ~RIIXZc .. L ” B 0 CD34+ cells, and the green arrow point to
: \ o W ‘ K/ o PITX2c+ myonuclei.
LAMININ PN Ny BAMNIN /S’ N} L (E) Representative images of immunohis-
tochemistry for PITX2c and PAX7 in injured
TA muscles isolated from 4-month-old C57/
BL3 mice (3 days after injury). The yellow
arrows point to PAX7+/PITX2c+ cells.
(F) Representative images of immunohis-
tochemistry for PITX2c and PAX7 in unin-
jured TA muscles isolated from 4-month-old
DMD/mdx mice. The yellow arrows point to
PAX7+/PITX2c+ cells, the green arrows
point to PAX7+ cells, and the red arrows
point to PITX2c+ myonuclei.
(G) Percentage of PAX7+/PITX2c+ cells with
respect to total nuclei on muscles isolated
from 4-month-old C57/B/6 mice, injured
muscle, and muscle isolated from DMD/
mdx mice, respectively. The percentage of
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(Figures 2D and 2E). Interestingly, in vitro experiments of ~ Pitx2c overexpression in human satellite cells, isolated
Pitx2c gain of function on dystrophic-deficient satellite from a Becker muscular dystrophy patient, significantly
cells (Figure 3A) led to rescue their myogenic differentia- increased the number of myogenin+ cells (Figure S3).
tion potential, as observed by a clear increase in the These results reveal the importance of PITX2c for the
number of myotubes as well as in the proportion of dystrophic-deficient satellite cells to reach myogenic
MHC+ cells and fusion index (Figures 3B-3E). Moreover, differentiation.
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Figure 2. Dystrophic Satellite Cells Display
Low Levels of Pitx2c Expression and Exhibit
Defects on Myogenic Differentiation

(A) Pitx2c expression in satellite cells isolated
from 4-month-old DMD/mdx mice versus control
satellite cells isolated from C57/BL6 mice (n = 4).
(B) Ratio of number of myotubes through in vitro
differentiation in satellite cells isolated from
4-month-old DMD/mdx mice versus control sat-
ellite cells isolated from C57/BL6 mice.

(C) Representative images of formed myotubes of
satellite cells isolated from 4-month-old DMD/
mdx mice versus control satellite cells isolated
from C57/BL6 mice (days 3, 7, and 9 of culture).
(D) Representative images of immunohisto-
chemistry for MF20 in differentiating satellite
cells isolated from C57/BL6 mice versus satellite
cells isolated from DMD/mdx mice (day 14 of
culture).

(E) MHC+ cells and fusion index: five random
fields of view from each group were scored for the
presence of MHC+ cells. Values obtained in the
control group (C57) were set at 100%. The fusion
index was calculated as follows: (MF20-stained
myocytes containing >2 nuclei/total number of
nuclei) X 100. Values and error bars are means of
SD of at least three independent experiments.
Statistical significance was determined by Stu-
dent’s t test. ***p < 0.0001, ****p < 0.00001.
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Figure 3. Pitx2c Overexpression in Dystro-
phic-Deficient Satellite Cells Rescues Their
Myogenic Differentiation Potential

(A) Pitx2c mRNA expression in satellite cells
jsolated from 4-month-old DMD/mdx mice
transfected with LVX-Pitx2c versus LVX
particles.
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(B) Ratio of number of myotubes through
in vitro differentiation in Pitx2c-overexpressing
cells versus control.

(C) Representative images of formed my-
otubes of satellite cells isolated from C57/BL6
mice and dystrophic satellite cells over-
expressing Pitx2c (LVX-Pitx2c) versus control
cells (LVX) (days 3, 7, and 9 of culture).

(D) Representative images of immunohisto-
chemistry for MF20 in differentiating satellite
cells isolated from C57/BL6 mice and dystro-
phic satellite cells overexpressing Pitx2c (LVX-
Pitx2c) versus control cells (LVX) (day 14 of
culture).

(E) MHC+ cells and fusion index: five random
fields of view from each group were scored for
the presence of MHC+ cells. Values obtained in
the control group (LVX) were set at 100%.
All the experiments were repeated at least in
three different biological samples to have a
representative average.

Statistical significance was determined
by Student’s t test. *p < 0.01, **p < 0.001,
**%p < 0.0001, ****p < 0.00001.
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PITX2C Enhances Muscle Regeneration in DMD/mdx
Mice

Based on the results presented above, we next posed the
question as to whether we could alter the regenerative
potential of dystrophic satellite cells by increasing PITX2c
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expression. To address this question, we developed a strat-
egy by which freshly isolated satellite cells from the
tibialis anterior muscle of DMD/mdx mice were trans-
fected with the bicistronic lentiviral construction pLVX-
Pitx2¢-IRES-ZsGreen. Transfected satellite cells were then
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Figure 4. Cell Transplantation of Dystrophic Satellite Cells Overexpressing Pitx2c into DMD/mdx Recipient Enhances the Number
and Size of the Newly Formed Myofibers

(A) Schematic representation for cell transplant experiments.

(B) Pitx2c overexpression in TA muscles of DMD/mdx mice transplanted with dystrophic satellite cells overexpressing cells (LVX-Pitx2c-
ZsGreen muscles) (n = 6) versus control cells transplanted with the empty lentiviral vector (LVX-ZsGreen muscles) (n = 6).

(C) Percentage of ZsGreen+ myofibers in LVX-Pitx2c-ZsGreen muscles (n = 6) versus control LVX-ZsGreen muscles (n = 6).

(legend continued on next page)

Stem Cell Reports | Vol. 10 | 1398—1411 | April 10,2018 1403




injected into the tibialis anterior muscle of a host
immune-suppressed DMD/mx mice previously damaged
by cardiotoxin injection. Satellite cells transfected with
the empty lentiviral vector (LVX-IRES-ZsGreen) were
injected in the contralateral TA in each experiment and
used as control (Figure 4A). The use of pLVX-Pitx2c-IRES-
ZsGreen lentiviral expression vector leads us to use
ZsGreen to localize Pitx2c-overexpressing cells after trans-
plantation. After 15 days of cell transplantation, quantifi-
cation of ZsGreen+ myofibers indicate that the number of
ZsGreen+ cells forming myofibers was significantly higher
in muscles injected with satellite cells overexpressing
Pitx2c with respect to that injected with satellite cells
transfected with the empty lentiviral vector (Figures 4B—
4D). Moreover, Pitx2c overexpression induced a shift in
the distribution of the regenerating fiber size to the high-
est area classes (Figure 4E), indicating that regenerative
potential was enhanced in DMD/mdx-satellite cells after
Pitx2c overexpression.

Previously, we have reported in freshly isolated satellite
cells that the c-isoform of the transcription factor PITX2
increases cell proliferation in early activated satellite
cells by downregulating miR-15b, miR-23b, miR-106b,
and miR-503, fortifying the MYF5+ satellite cells and
thereby promoting their commitment to a myogenic
cell fate (Lozano-Velasco et al., 2015). Therefore, to test
whether this PITX2-miRNA pathway was also present in
the muscles transplanted with cells overexpressing Pitx2c;
the expression levels of these miRNAs were evaluated by
qRT-PCR. As illustrated in Figures S4A and S4B, all four
miRNAs were downregulated in transfected cells before
transplantation as well as in transplanted muscles
(15 days after cell transplantation). Also, in agreement
with previous published results (Lozano-Velasco et al.,
2015), we observed that cyclin D1, cyclin D2, and Myf5
were upregulated in both transfected cells and the muscles
transplanted with Pitx2c-overexpressing cells (Figures S4C
and $4D), indicating that the Pitx2-miRNA pathway was
also acting in donor satellite cells. We also analyzed the
number of Ki67+ and MYFS5+ cells in the transplanted
muscles after 3 and 15 days of cell transplantation. This
analysis showed that the number of Ki67+ cells as well
as the number of MYF5+ cells was significantly greater in
muscles transplanted with Pitx2c-overexpressing cells
(Figures S4E and S4F).

Therefore, we conclude that Pitx2c overexpression in the
transplanted dystrophic satellite cells boosts their regener-

ative capability by stimulating cell proliferation and raising
the number of myogenic committed cells due to the activa-
tion of the previously described PITX2-miRNA pathway.

PITX2c Increases Full-Length Revertant Dystrophin
Protein in DMD/mdx Mice by Regulating miR-31
Recently, Cacchiarelli et al. (2011) reported the identifica-
tion of a miRNA—miR-31—which represses dystrophin
expression by targeting its 3’ UTR (Cacchiarelli et al.,
2011). In human DMD myoblasts treated with exon skip-
ping, they also demonstrate that miR-31 inhibition
increases DYSTROPHIN rescue. These results indicate that
interfering with miR-31 activity can provide an amelio-
rating strategy for those DMD therapies that are aimed at
efficiently recovering DYSTROPHIN synthesis (Cacchiarelli
etal., 2011). Notably, miR-31 appears as downregulated by
Pitx2c in a previously reported microarray analyses in Sol8
myoblasts (Lozano-Velasco et al., 2015). We have further
validated PITX2c-mediated miR-31 downregulation by
performing in vitro gain-of-function experiments in freshly
isolated satellite cells. Therefore, qRT-PCR analyses in
satellite cells overexpressing Pitx2c showed a clear miR-31
downregulation (Figure 5A). To reinforce the idea that
PITX2c modulates the expression of miR-31, we screened
for potential conserved PITX2 binding sites upstream of
miR-31 genomic loci. Two conserved PITX2 binding sites
were identified ~6 kb upstream of miR-31 gene locus (Fig-
ure 5B). To test the interaction of PITX2 with those putative
binding sites, we performed chromatin immunoprecipita-
tion (ChIP) assays in Sol8 cells. Exogenous PITX2 bound
to the all-putative binding sites upstream of miR-31,
genetic locus, as illustrated in Figures 5B and 5C.
According to those results, we found that miR-31
expression was significantly declined in muscles injected
with Pitx2c-overexpressing cells compared with controls
(Figure 6A). As expected, a sharp rise in Dystrophin-mRNA
expression levels was also detected (Figure 6B). To further
analyze how miR-31 regulates DYSTROPHIN expression
in our system, we first performed in vitro experiments
blocking transcription by using o-amanitin and, as illus-
trated in Figure 6C, we found that Dystrophin mRNA is
clearly depressed when miR-31 is present, indicating that
this miRNA acts by repressing Dystrophin mRNA stability.
A noteworthy phenomenon that occurs in DMD patients
and DMD/mdx mice is the presence of revertant fibers that
express DYSTROPHIN (Klein et al., 1992; Sicinski et al.,
1989). The revertant fibers express DYSTROPHINS that

(D) Representative images for ZsGreen+ myofibers in LVX-Pitx2c-ZsGreen muscles versus LVX-ZsGreen muscles in negative control

(uninjected muscle).

(E) Cross-sectional area in TA muscles of LVX-Pitx2c-ZsGreen muscles (n = 6) versus control LVX-ZsGreen muscles (n = 6).
Statistical significance was determined by Student’s t test. *p < 0.01, **p < 0.001, ***p < 0.0001, ****p < 0.00001.
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Figure 5. PITX2C Regulates miR-31 Expression
(A) miR-31 expression in isolated satellite cells overexpressing
Pitx2c (LVX-Pitx2c-ZsGreen) versus control cells (LVX-ZsGreen).
Data are presented as means + SD for at least three independent
experiments.
(B) PITX2 binds DNA regions upstream of miR-31 genetic locus.
(C) RNA polymerase IT occupancy in tested DNA regions upstream of
miR-31. For ChiP analysis, experiments were repeated at least twice
with similar results. A representative example of a ChIP analysis is
shown. Error bars display the SD of the mean.
Statistical significance was determined by Student’s t test.
** < 0.001, ***p < 0.0001, ****p < 0.00001.

arise for alternatively splicing transcripts lacking the
mutant exon by exon skipping (Lu et al., 2000). Thus,
using qRT-PCR, we tested the relative levels of Dystrophin
mRNA lacking the mutant exon by analyzing the two
alternative transcripts previously identified as directing
the synthesis of the most commonly encountered
revertant DYSTROPHIN isoforms in DMD/mdx mice

(exon 18-35 splicing and exon 13-48 splicing Dystrophin
mRNAs that direct 17% and 25% of the revertant
DYSTROPHIN isoforms, respectively) (Lu et al., 2000).
This analysis revealed that these alternative transcripts
were significantly increased in the muscles injected with
Pitx2c-overexpressing cells (Figures 6D and 6E). These
findings indicate that, in our system, miR-31 downregula-
tion mediated by PITX2c augments the amount of
Dystrophin mRNA transcripts that lack the mutant exon.

Next, to check whether miR-31 increases the amount of
reverted protein, we performed western blot analyses using
an antibody that recognizes the C-terminal domain of
DYSTROPHIN protein expressed in revertant fibers
(Thanh et al., 1995). As shown in Figures 6F and 6G,
DYSTROPHIN-deficient muscles transplanted with Pitx2c-
overexpressing cells display a significant surge in the
amount of most representative revertant DYSTROPHIN
isoforms (exon 18-35 spliced and exon 13-48 spliced
DYSTROPHINS) as assayed by western blot. In accordance
with those findings, the number of DYSTROPHIN-positive
fibers was significantly higher in the muscles injected with
Pitx2c-overexpressing cells (Figures 6H and 6I). Moreover,
Pitx2c¢ overexpression in differentiated myotubes derived
from DMD/mdx-satellite cells leads to increase Dystrophin
mRNA expression (Figure 6]). Together these results
indicate that truncated versions of DYSTROPHIN protein
are detected in the recipient muscles due to upregulation
of different Dystrophin mRNA variants, including the
alternatively spliced mRNAs lacking the mutated exon, as
a result of increased expression of Pitx2c in the fibers
derived from the transplanted cells.

Finally, to assess functional performance, we per-
formed treadmill tests in DMD/mdx mice transplanted
with Pitx2c-overexpressing cells in both hind legs, until
exhaustion 30 days after cell transplantation. As illustrated
in Figure 6K, the running time and distance were 26%-37%
higher, respectively, in transplanted mice with respect to
control mice, indicating that transplantation of Pitx2c-
overexpressing cells bolsters physical performance.

DISCUSSION

In this report we have identified PITX2c as an essential
positive regulator of muscle regeneration in mice. Also,
we found that Pitx2c is downregulated in DMD/mdx
mice, which exhibit intrinsic defects on satellite cell
differentiation. Based on these results, we have performed
an in vivo experimental approach to demonstrate that
greater Pitx2c expression in dystrophic satellite cells
enhances their regenerative capacity. An important finding
uncovered in this study is that PITX2C restores the
expression of reverted DYSTROPHIN by regulating
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miR-31 in DMD/mdx mice. Thus, these results provide
in vitro and in vivo evidence for a role of PITX2 in skeletal
muscle repair and in degenerative muscle diseases.

The knowledge of satellite cell molecular biology signifi-
cantly contributes to the clarification of the molecular and
cellular mechanisms of skeletal muscle regeneration (Lava-
sani et al., 2013). PITX2 is a transcription factor that has
been shown to regulate satellite cell biology (Ono et al.,
2010; Knopp et al., 2013). We have previously shown
that overexpression of Pitx2c in Sol8 myoblasts maintain
them with high proliferative capacity (Lozano-Velasco
et al.,, 2011). More recently we have demonstrated that
PITX2c increases proliferation in early activated satellite
cells and promotes their commitment to a myogenic cell
fate (Lozano-Velasco et al., 2015). However, Knopp et al.
(2013) showed that PITX2c enhanced in vitro myogenic dif-
ferentiation but reduced proliferation in satellite cell-
derived myoblasts. In this study, we have observed
that PITX2c promotes both satellite cell proliferation and
their differentiation. The divergence of the PITX2c effects
on satellite cell proliferation found by Knopp et al. (2013)
could be explained by the different methods used for
satellite cell isolation as well as the different times of
in vitro cultures performed, since in vitro satellite cell prolif-
erative behavior may be altered, depending of the method
used for cell isolation (Montarras et al., 2005; Qu-Petersen
et al., 2002). We have previously reported that Pitx2c over-
expression in Sol8 myoblasts blocked terminal differentia-
tion (Lozano-Velasco et al., 2011), while we demonstrate
herein that PITX2c promotes satellite cell differentiation.
The disparity between these results might be pointing out
that PITX2c has different effects at distinct stages of muscle

stem cell lineage commitment, promoting myogenic
lineage progression upon early activation but blocking
terminal differentiation in committed myoblasts.

Importantly, we found that Pitx2c expression peaked at
day 1 after muscle damage, in line with our previous results
that demonstrated an early Pitx2c upregulation during
satellite cell activation in vitro (Lozano-Velasco et al.,
2015). This Pitx2c upregulation was accompanied by an
increase in the number of PITX2c+ cells during the early
stages of muscle regeneration. However, Pitx2c expression
levels were low in the dystrophic muscle, which display de-
fects on muscle regeneration. Furthermore, few PITX2c+
cells were detected in the dystrophic muscle. These results
reveal that PITX2c plays a critical role in skeletal muscle sat-
ellite cell biology and muscle regeneration.

The ability of satellite cells to effectively repair damaged
skeletal muscle requires both coordinated proliferation as
well as differentiation, and several previous reports have
shown that myoblasts from DMD patients exhibit defects
in cell proliferation (Blau et al., 1983) and dystrophin-defi-
cient satellite cells display prolonged cell divisions, loss of
apicobasal asymmetric division, and a higher proportion
of abnormal division, leading to reduced generation of
myogenic progenitors (Dumont et al.,, 2015). Here we
found that, associated with defects in myogenic differenti-
ation, satellite cells isolated from DMD/mdx mice clearly
display lower PITX2c expression, and PITX2c gain of func-
tion rescued most of their myogenic potential, suggesting
that this transcription factor also could act to modulate
myogenic differentiation in dystrophic satellite cells. In
addition, we show that Pitx2c overexpression in dystrophic
satellite cells increase their regenerative potential in vivo.

Figure 6. Pitx2c Overexpression Downregulates miR-31, Leading to DYSTROPHIN Restoration in Transplanted Muscles

(A) miR-31 expression in muscle transplanted with Pitx2c-overexpressing cells (LVX-Pitx2c-ZsGreen) versus control muscles (LVX-ZsGreen).
(B) mRNA levels for Dystrophin in muscles transplanted with Pitx2c-overexpressing cells (LVX-Pitx2c-ZsGreen) versus control muscles
(LVX-ZsGreen).

(C) pre-miR-31 transfection clearly decreases mRNA levels for Dystrophin after ALPHA-AMANITIN treatment and, blocking endogenous
miR-31 by anti-miR-31 transfection, mRNA levels for Dystrophin are increased.

(D) gRT-PCR analysis for exon 18-35 spliced Dystrophin mRNAs.

(E) gRT-PCR analysis for exon 13-48 spliced Dystrophin mRNAs.

(F) A representative DYSTROPHIN western blot showing spliced DYSTROPHINS (arrows) at the expected size in muscle transplanted with
Pitx2c-overexpressing cells (LVX-Pitx2c-ZsGreen) versus control muscles (LVX-ZsGreen).

(G) Quantification of western blot analysis.

(H) Representative images for Dystrophin+ myofibers in muscles transplanted with Pitx2c-overexpressing cells (LVX-Pitx2c-ZsGreen) versus
control muscles (LVX-ZsGreen).

(I) Quantification of DYSTROPHIN+ myofibers in muscles transplanted with Pitx2c-overexpressing cells (LVX-Pitx2c-ZsGreen) versus control
muscles (LVX-ZsGreen).

(J) gRT-PCR analyses for Dystrophin mRNA expression in differentiating satellite cells overexpressing Pitx2c (LVX-Pitx2c) versus control
cells (LVX) (day 14 of culture).

(K) Treadmill test: running time and distance of C57/BL6 wild-type mice, DMD/mdx mice transplanted with Pitx2c-overexpressing
dystrophic satellite cells (LVX-Pitx2c-ZsGreen), and DMD/mdx mice transplanted with control dystrophic satellite cells (LVX-ZsGreen)
(n = 8). Values and error bars are means of SD of at least three independent experiments.

Statistical significance was determined by Student’s t test. *p < 0.01, **p < 0.001, ***p < 0.0001.
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A previous work in our laboratory has pointed to the
existence of a PITX2-miRNA pathway controlling in vitro
cell proliferation and myogenic cell fate in isolated satellite
cells (Lozano-Velasco et al., 2015). Our analyses revealed
that this PITX2-miRNA pathway is also present in cell-
transplanted muscles, leading to greater cell proliferation
and raising the number of myogenic committed cells in
Pitx2c-overexpressing transplanted cells. Although PITX2
function regulating the redox state during fetal myogenesis
has been described previously (L’Honoré et al., 2014),
Pitx2c overexpression on dystrophic satellite cells has no
impact on the expression of genes encoding antioxidant
enzymes (Figure S5), suggesting differences between adult
and fetal myogenesis. Therefore, we postulate that, in our
system, activation of the PITX2-miRNA pathway in dystro-
phic transplanted cells promoted cell proliferation and
myogenic cell fate during the process of muscle regenera-
tion, thus finally enhancing their regenerative potential.
Muscles in Duchenne dystrophy patients characteristi-
cally lack DYSTROPHIN due to protein-truncating
mutations that either disrupt the reading frame or cause
premature termination of translation of the Dystrophin-
encoding gene, which in turn results in the lack of
functional protein (Pigozzo et al., 2013). However, these
dystrophic muscles contain sporadic small clusters of
DYSTROPHIN-expressing revertant fibers. These revertant
fibers are also present in mdx mice, i.e., the dystrophic-defi-
cient DMD/mdx mouse, and are believed to result from
alternative splicing events that bypass mutation and
restore an open reading frame (Lu et al., 2000). On other
hand, recent studies have identified the post-transcrip-
tional control of gene expression as a crucial level in the
regulation of myogenesis (Guess et al., 2015; Zhang et al.,
2015; McCarthy et al.,, 2007). It bears noting that a
comprehensive analysis of the expression profiles for
miRNAs has revealed that deregulation of miRNAs genes
is common in muscle pathology, and several recent studies
have revealed that miRNAs may be involved in the
pathophysiology of muscular dystrophy (Cacchiarelli
etal., 2011; Eisenberg et al., 2007; Greco et al., 2009). More-
over, the role of miR-31 has been reported in modulating
the expression of DYSTROPHIN in a myoblast line ob-
tained from dystrophic patients, indicating that miR-31
repression in the skeletal muscles could improve therapeu-
tic treatments aimed at raising the levels of DYSTROPHIN
synthesis (Kinoshita et al.,, 1994). Here, we present
evidence that PITX2 negatively regulates miR-31 expres-
sion in myoblasts and satellite cells. In accordance with
that finding, we also observed a clear miR-31 downregula-
tion when dystrophic satellite cells overexpressing Pitx2c
were transplanted into the muscles of DMD/mdx mice
and, consequently, the levels of DYSTROPHIN-expressing
revertant fibers were significantly higher. Our analyses
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indicate that miR-31 acts by promoting Dystrophin mRNA
degradation, and that miR-31 downregulation mediated
by PITX2 augments the total amount of Dystrophin
mRNA, overall the revertant Dystrophin mRNA, and thus
revertant DYSTROPHIN protein. Dumont et al. (2015)
previously reported that DYSTROPHIN-deficient satellite
cells exhibit a clear defect in asymmetric cell division
(Dumont et al., 2015), we therefore cannot rule out
that increased cell division observed in transplanted
DYSTROPHIN-deficient Pitx2c-overexpressing cells can be
linked to increased levels of revertant DYSTROPHIN pro-
tein. In addition, since it has been shown that manipula-
tion of miR-31 levels affects satellite cell differentiation
by regulation of MYFS protein (Crist et al.,, 2012), the
increase on myogenic differentiation observed by us in
the transplanted muscles could be also due, at least in
part, to PITX2c-mediated miR-31 downregulation. Finally,
it bears highlighting that, as a consequence of the multiple
functions mediated by PITX2 in dystrophic transplanted
cells, DMD/mdx mice reach a major functional recovery,
reinforcing the contention that PITX2 constitutes a crucial
player modulating skeletal muscle repair.

Overall, our findings demonstrate that PITX2 orches-
trates a number of molecular mechanisms that control
muscle regeneration. Our in vitro and in vivo data demon-
strate that Pitx2 enhances the regenerative capability of
DYSTROPHIN-deficient satellite cells by increasing cell
proliferation and enhancing the number of myogenic
committed cells by activating the PITX2-miR-106b/miR-
503/miR-23b/miR-15b pathway. Importantly we found
that PITX2 represses miR-31, leading to an increase of rever-
tant DYSTROPHIN protein and finally improving muscle
regeneration (Figure 7). This study reveals the previously un-
known function of PITX2 in skeletal muscle repair and may
help to develop therapeutic strategies for muscular disorders.

EXPERIMENTAL PROCEDURES

Animals

C57BL/10ScSn and C57/B110ScSn-Dmdmdx/] (DMD/mdx) mice
were supplied by The Jackson Laboratory. All mice were main-
tained inside a barrier facility, and experiments were performed
in accordance with the University of Jaén regulations for animal
care and handling.

Satellite Cell Isolation and Culture

Satellite cell isolation from 4-month-old mice (C57BL/10ScSn and
C57/B110ScSn-Dmdmdx/] [DMD/mdx]), as well as from a human
Becker muscle dystrophy patient (male, 35 years old), was
performed by magnetic separations according to the manufac-
turer’s protocol. Further details are provided in the Supplemental
Information. After separation, freshly isolated satellite cells were
cultured as described previously (Garriga et al., 2000).
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Pitx2c overexpression in dystrophic satellite cells increases cell
proliferation and enhances the number of myogenic committed
cells by activating the previously described PITX2-miR-106b/
miR-503/miR-23b/miR-15b pathway but also repressing miR-31,
leading to a higher amount of Dystrophin mRNA transcripts lacking
the mutant exon and finally to an increase of DYSTROPHIN ex-
pressing revertant fibers. Together, PITX2c effects lead to improve
muscle regeneration.

Pitx2c Overexpression and siRNA-Pitx2c

Pitx2c overexpression and siRNA-Pitx2c in satellite cells was per-
formed as described previously (Lozano-Velasco et al., 2015). In
brief, lentiviral particles containing the lentiviral vectors coding
for PITX2c (pLVX-Pitx2c-IRES-ZsGreen) or the empty lentiviral
vector (LVX-IRES-ZsGreen) were produced by using Lenti-X HTX
Packaging Systems and following the manufacturer’s procedure
(Clontech). Detailed information is provided in the Supplemental
Experimental Procedures.

qRT-PCR Analyses

RNA isolation and RT-PCR were performed as described previously
(Lozano-Velasco et al., 2011), using standard procedures. Detailed
information is provided in the Supplemental Experimental
Procedures.

Cardiotoxin and Muscle Injury

Cardiotoxin was prepared by dissolving a freshly opened tube in
PBS at 10 uM as described previously (Lepper et al., 2009). The
TA muscles of 4-month-old C57BL/10ScSn (n = 4) mice were
injected with 50 pL of cardiotoxin (Sigma). For immunohisto-
chemistry and histological analysis, the animals were killed and
TA muscles were collected at 7 and 15 days after cardiotoxin injec-
tion, frozen in liquid nitrogen-cooled isopentane for sectioning, or
in liquid nitrogen for mRNA isolation, and preserved at —80°C.

Cell Transplantation Experiments
Four-month-old DMD/mdx mice (n = 12) pre-treated with the
immunosuppressant FK506 (Kinoshita et al., 1994) were intramus-

cularly injected into the TA muscle with cardiotoxin (Lepper et al.,
2009) to increase damage. Freshly isolated satellite cells were
isolated from 4-month-old DMD/mdx donors and infected with
lentiviral vectors as described previously (Benchaouir et al.,
2007). For the histological, immunohistochemistry, and mRNA
analyses, donor DMD/mdx cells infected with pLVX empty lentivi-
ral vector were injected (5 x 10* in 50 pL F12 medium) into the
right TA muscle and used as controls (n = 6), whereas donor
DMD/mdx infected with pLVX-Pitx2 lentiviral vector were in-
jected (5 x 10* in 50 L F12 medium) into the left TA muscle of
the same recipient DMD/mdx (n = 6) (Torrente et al., 2004). Two
weeks after cell transplantation, the animals were killed and TA
muscles were frozen in liquid nitrogen-cooled isopentane for
sectioning, or in liquid nitrogen for mRNA isolation, and preserved
at —80°C.

For the treadmill test, both TA muscles of 4-month-old recip-
ients DMD/mdx control mice (n = 8) were injected intramuscu-
larly with 5 x 10* cells infected with pLVX empty lentiviral
vector, whereas in the DMD/mdx experimental mice (n = 8)
both TA muscles were injected with 5 x 10* cells infected
with pLVX-Pitx2 lentiviral vector. Four weeks after cell injection
the animals were submitted to an exercise-tolerance test as
described below.

miRNA and Anti-miRNA Transfection Assays

Satellite cells were cultured under growing conditions. Corre-
sponding pre-miRNAs (Ambion) were transfected as described
previously (Lozano-Velasco et al., 2011).

Immunocytochemistry and Immunohistochemistry
Immunocytochemistry experiments in satellite cells were per-
formed as described previously (L’Honoré et al., 2007; Ono et al.,
2010). Further details are provided in the Supplemental Experi-
mental Procedures.

Cross-Section Area

To analyze the regenerating muscle transplanted with Pitx2c-over-
expressing cells, we measured the regenerating fiber cross-sectional
area after 2 weeks of the damage, as described by Moresi et al.
(2009).

Western Blot

Western blot analyses were performed as described previously
(Camici et al., 2007). Detailed information is provided in the Sup-
plemental Experimental Procedures.

ChIP Assay

ChlIP assays were performed as described previously in Sol8 cells
(Lozano-Velasco et al., 2015). All PCR reactions were performed
at an annealing temperature of 60°C. Different primers were
used to amplify the DNA regions containing the PITX2 binding
site 6 kb upstream of the coding sequence for miR-31. As
controls, normal rabbit immunoglobulin G replaced the
anti-V5 antibody to reveal nonspecific immunoprecipitation of
chromatin.
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a-Amanitin

RNA polymerase II satellite cells were inhibited by adding
a-amanitin (Sigma-Aldrich, no. A2263) to the cell culture medium
to a final concentration of 4 pg/mlL, as described previously (Daimi
et al., 2015).

Exercise-Tolerance Test

An exhaustion treadmill trial was performed to evaluate the
endurance of the mice using a motorized treadmill (LE8708 single
mouse, Panlab Treadmills, Harvard Apparatus) supplied with a
shocker plate as described previously (Benchaouir et al., 2007).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, five figures, and one table and can be found with

this article online at https://doi.org/10.1016/j.stemcr.2018.
03.009.
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