
ORIGINAL RESEARCH
published: 24 May 2018

doi: 10.3389/fphys.2018.00515

Frontiers in Physiology | www.frontiersin.org 1 May 2018 | Volume 9 | Article 515

Edited by:

Dario Coletti,

Sapienza Università di Roma, Italy

Reviewed by:

Pier Lorenzo Puri,

Sanford-Burnham Institute for Medical

Research, United States

John Joseph McCarthy,

University of Kentucky, United States

*Correspondence:

Giovanna Marazzi

giovanna.em.marazzi@gmail.com

David A. Sassoon

david.a.sassoon@gmail.com

†These authors have contributed

equally to this work.

‡Present Address:

Giovanna Marazzi and David A.

Sassoon,

Institut National de la Santé et de la

Recherche Médicale (INSERM),

UMR970, Paris Cardiovascular

Research Center (PARCC), Paris,

France

Specialty section:

This article was submitted to

Striated Muscle Physiology,

a section of the journal

Frontiers in Physiology

Received: 02 February 2018

Accepted: 20 April 2018

Published: 24 May 2018

Citation:

Formicola L, Pannérec A, Correra RM,

Gayraud-Morel B, Ollitrault D,

Besson V, Tajbakhsh S, Lachey J,

Seehra JS, Marazzi G and

Sassoon DA (2018) Inhibition of the

Activin Receptor Type-2B Pathway

Restores Regenerative Capacity in

Satellite Cell-Depleted Skeletal

Muscle. Front. Physiol. 9:515.

doi: 10.3389/fphys.2018.00515

Inhibition of the Activin Receptor
Type-2B Pathway Restores
Regenerative Capacity in Satellite
Cell-Depleted Skeletal Muscle
Luigi Formicola 1†, Alice Pannérec 1†, Rosa Maria Correra 1, Barbara Gayraud-Morel 2,

David Ollitrault 1, Vanessa Besson 1, Shahragim Tajbakhsh 2, Jennifer Lachey 3,4,

Jasbir S. Seehra 3,4, Giovanna Marazzi 1*‡ and David A. Sassoon 1*‡

1UMR S 1166 French National Institute of Health and Medical Research, France and the Institute of Cardiometabolism and

Nutrition, Stem Cells and Regenerative Medicine, University of Pierre and Marie Curie Paris VI, Paris, France, 2Centre

National de la Recherche Scientifique URA 2578, Institut Pasteur, Stem Cells and Development, Paris, France, 3 Acceleron

Pharma, Cambridge, MA, United States, 4 Ember Therapeutics, Watertown, MA, United States

Degenerative myopathies typically display a decline in satellite cells coupled with a

replacement of muscle fibers by fat and fibrosis. During this pathological remodeling,

satellite cells are present at lower numbers and do not display a proper regenerative

function. Whether a decline in satellite cells directly contributes to disease progression

or is a secondary result is unknown. In order to dissect these processes, we used a

genetic model to reduce the satellite cell population by ∼70–80% which leads to a

nearly complete loss of regenerative potential. We observe that while no overt tissue

damage is observed following satellite cell depletion, muscle fibers atrophy accompanied

by changes in the stem cell niche cellular composition. Treatment of these mice with an

Activin receptor type-2B (AcvR2B) pathway blocker reverses muscle fiber atrophy as

expected, but also restores regenerative potential of the remaining satellite cells. These

findings demonstrate that in addition to controlling fiber size, the AcvR2B pathway acts

to regulate the muscle stem cell niche providing a more favorable environment for muscle

regeneration.

Keywords: muscle atrophy, muscle regeneration, muscle stem cell niche, satellite cells, TGFβ signaling

INTRODUCTION

Chronic degenerative muscle diseases eventually lead to a collapse in the ability of muscle to
regenerate. In the case of Duchenne muscular dystrophy (DMD), afflicted boys show subtle
motor defects during early postnatal life that rapidly increase with age leading to paralysis and
premature death (Parker et al., 2005; Tabebordbar et al., 2013). It has been proposed that the loss
of regenerative capacity in DMD results from an exhaustion of the muscle progenitor satellite
cell pool during disease progression (Blau et al., 1983, 1985; Heslop et al., 2000; Jiang et al.,
2014; Lu et al., 2014). During the early phase of DMD, muscle undergoes continuous rounds
of degeneration/regeneration but eventually regenerative competence declines accompanied by
a decrease in satellite cell number (Wallace and McNally, 2009; Mann et al., 2011; Tabebordbar
et al., 2013). Following a genetically induced depletion of satellite cells, muscle damage leads to a
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replacement of myofibers by fibrosis and fat deposition (Lepper
et al., 2011; Murphy et al., 2011; Sambasivan et al., 2011).
Whether the decline in satellite cells contributes to disease
progression is unclear, in part since dissecting the relative
contribution of a decreased satellite cell number in mouse DMD
models is hampered by the fact that these models do not reflect
the severity of disease progression in boys (Hoffman et al., 1987;
Coulton et al., 1988; Tabebordbar et al., 2013).

We wished to address whether a reduction in the number of
satellite cells has a direct effect upon the muscle tissue in the
absence of injury and in turn, whether changes in the muscle
tissue have an adverse effect upon satellite cell function. This
question is particularly relevant as it has been demonstrated that
small numbers of satellite cells engraft with high efficiency into
healthy skeletal muscle (Collins et al., 2005; Sacco et al., 2008),
thus a decline but not complete elimination of the satellite cell
pool should be sustainable. Furthermore, satellite cells obtained
from mdx mice, a model for Duchenne, contribute robustly
when engrafted into healthy muscle (Boldrin et al., 2015). These
observations raise the question as to why a reduced satellite cell
population cannot replace damaged muscle fibers in diseased
muscle?

A number of secreted growth factors have been shown
to regulate satellite cell function. Different combinations of
TGFβ superfamily receptors and ligands control muscle growth,
progenitor activation, fibrosis and ectopic bone and fat formation
(Yamaguchi, 1995; Glass, 2010; Sako et al., 2010; Serrano et al.,
2011; Bonaldo and Sandri, 2013; Sartori et al., 2013). Myostatin
(MST) is a high affinity ligand for the activin receptor-2B
(AcvR2B) and a potent negative regulator of muscle growth that
blocks myogenic progression (McPherron et al., 1997; Thomas
et al., 2000; Lee and McPherron, 2001). Myostatin-null mice
display a pronounced increase in muscle mass coupled with
reduced fibrosis following injury (McPherron and Lee, 2002;
McCroskery et al., 2005). MST has been shown to stimulate
fibrosis (McCroskery et al., 2005; Artaza et al., 2008; Z Hosaka
et al., 2012) whereas suppression of MST, using a soluble form
of the AcvR2B, has been used to treat congenital myopathies,
sarcopenia and cachexia resulting in reduced fibrosis (Wagner
et al., 2002; Siriett et al., 2006; Morrison et al., 2009; Cadena
et al., 2010; Zhou et al., 2010; George Carlson et al., 2011;
Lawlor et al., 2011; Pistilli et al., 2011; Chiu et al., 2013; Lach-
Trifilieff et al., 2014). Follistatin (FST) binds to and blocks MST
activity results in muscle hypertrophy (Lee and McPherron,
2001; Amthor et al., 2004; Lee et al., 2010). Other growth
factors such as insulin-like growth factor 1 (IGF-1) are potent
activators of muscle growth that act in part by blocking the
downstreamMST-induced pathway (Bodine et al., 2001; Rommel
et al., 2001; Trendelenburg et al., 2009; Oberbauer, 2013).
While manipulation of the AcvR2B pathway provides a basis
for development of therapeutic approaches for degenerative
myopathies (Glass, 2010; Zhou and Lu, 2010; Ceco and McNally,
2013; Tabebordbar et al., 2013), it remains unaddressed whether
these therapies act via a primary effect upon myofibers or target
additional cell types including satellite cells and/or the stem
cell niche. Satellite cells are highly responsive to neighboring
cell populations in vivo (Ten Broek et al., 2010; Yin et al.,

2013) includingmyofibers, vessels, pericytes, and fibroadipogenic
progenitors (FAPs) (Joe et al., 2010; Uezumi et al., 2010;
Dellavalle et al., 2011; Pannérec et al., 2012, 2013) as well as
invading macrophages following injury (Kharraz et al., 2013;
Tabebordbar et al., 2013; Yin et al., 2013; Farup et al., 2015).
While FAPs generate fat in diseased muscle, a depletion of
interstitial cells including FAPs results in poor regeneration
(Murphy et al., 2011), indicating that interstitial cells play a
critical role in proper muscle regeneration (Murphy et al.,
2011).

In this study, we used a genetic mouse model for depleting
satellite cells that relies upon diphtheria toxin targeted cell death
to satellite cells (Sambasivan et al., 2011). In this model, injured
muscle undergoes pronounced fibrosis and fat formation coupled
with a near complete loss of fiber regeneration (Lepper et al.,
2011; Murphy et al., 2011; Sambasivan et al., 2011). We found
that diphtheria toxin injection resulted consistently in ∼70–80%
satellite cell reduction, thereby providing a baseline by which we
could directly assess the effects of satellite cell reduction in the
absence of injury and/or underlying disease state. In addition,
this model allows for a reduction of satellite cells in a single
muscle group as opposedmuscles that provide essential functions
such as the diaphragm. We found that satellite cell depletion
resulted inmuscle fiber atrophy in the absence of injury.Whereas
inhibition of the AcvR2B results in muscle fiber hypertrophy in
muscle containing an intact satellite cell population (Morrison
et al., 2009; Pistilli et al., 2011), we observed that satellite cell
depleted muscles undergo a limited hypertrophic response in
which muscle fiber size is only restored to levels found in intact
untreated muscles. In addition to changes in the muscle fibers,
we observed that PW1+ interstitial cells undergo a marked
increase in cell number following AcvR2B pathway inhibition
suggesting that the stem cell niche is responsive. This prompted
us to test whether this change in the stem cell niche would
have an impact upon the regenerative potential in muscle
containing fewer satellite cells. We report here that treatment
of satellite cell depleted muscle with an AcvR2B inhibitor prior
to injury rescues regenerative potential concomitant with a
near complete inhibition of ectopic fat formation and fibrosis.
Using genetic lineage tracing, we found that the regenerated
fibers originated from the residual pool of satellite cells in the
satellite cell-depleted mice. These data reveal that a decline in
satellite cells has a profound effect on the tissue environment
compromising myogenic competence and that inhibition of the
AcvR2B pathway restores the regenerative potential of a reduced
satellite cell population.

MATERIALS AND METHODS

Mice Models
Animal models used were C57Bl6J mice (Elevage Janvier);
PW1IRESnLacZ transgenic reporter mice (PW1nlacZ) (Besson et al.,
2011); knock-in heterozygous Pax7DTR/+ mice, in which the
diphtheria toxin receptor (DTR) is expressed under the control
of the Pax7 promoter (Sambasivan et al., 2011); Tg:Pax7CreERT2

mice, carrying a BAC where a tamoxifen-inducible Cre
recombinase/estrogen receptor fusion protein, CreERT2
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(Metzger and Chambon, 2001), is expressed under the control of
Pax7 (Mourikis et al., 2012); ROSA26mTomato/mGFP (ROSAmTmG)
mice (Muzumdar et al., 2007) (Jackson Laboratories). Pax7DTR/+

mice were crossed with Tg:Pax7CreERT2 and ROSAmTmG to
obtain Pax7DTR/+:Pax7CreERT2:ROSAmTmG animals.

Ethics Statement
Approval for the animal (mouse) work performed in this
study was obtained through review by the French Ministry of
Education, Agreement #A751320.

RAP-031 Treatment
Five-weeks old C57Bl6 or PW1nLacZ males and 10-weeks old
Pax7DTR/+ or Pax7DTR/+:Pax7CreERT2:ROSAmTmG mice were
injected intra-peritoneally with RAP-031 or vehicle (TBS) 10mg
per kg−1.

Tamoxifen Treatment
Six weeks-old Pax7DTR/+:Pax7CreERT2:ROSAmTmG mice were
injected intra-peritoneally every day for 4 days with tamoxifen
(250–300ml, 20 mg/ml; Sigma Aldrich) diluted in sunflower seed
oil/5% ethanol.

Toxins Injections
Mice were anesthetized by intra-peritoneal injection of ketamine
(100mg.kg−1) and xylazine (10mg.kg−1) in sterile saline
solution. A total volume of 15–30 µl was used for one
single intramuscular injection of diphtheria toxin (DT) from
Corynebacterium diphtheria (Sigma Aldrich) at 1 ng.g−1 of body
weight or PBS into the TA muscle using 30G Hamilton syringe.
Muscle injury was induced by intramuscular injection of 40 µl of
cardiotoxin from Naja mossambica (Latoxan) at a concentration
of 10µM.

Western Blot Analysis
TA muscles were homogenized in a lysis buffer (150mM NaCl,
50mM Hepes pH7.6, 1% NP-40, 0.5% Sodium deoxycholate,
5mMEDTA) supplemented with 1mMPMSF, protease inhibitor
cocktail (Roche, Cat. No. 04693124001), 20mM NaF, 10mM
b-glycerophosphate, 5mM Na-pyrophosphate, and 1mM Na-
orthovanadate. Equal amount of protein were separated by
electrophoresis (Novex NuPAGE Bis-Tris protein gel 12%) and
transferred to a PVDF membrane in 20% methanol transfer
buffer. Membranes were probed with p-SMAD2 (S465/467)/
Smad3 (S423/425), SMAD2/3 total (Cell signaling) and GAPDH
(Abcam). Anti-body binding was visualized using horse-
radish peroxidase (HRP)-conjugated species-specific secondary
antibodies (Jackson ImmunoResearch) followed by enhanced
chemiluminescence (Pierce).

FACS Analysis
For fluorescence activated cell sorting (FACS), hindlimb muscles
from 7 weeks old PW1nLacZ mice were digested (Mitchell
et al., 2010) and FACS sorted as described previously (Pannérec
et al., 2013): briefly, muscles were minced and incubated
with a solution of collagenase/dispase for 90min at 37◦C,
then cells were washed three times in BSA 0.2% (Jackson
Immunoresearch) diluted in Hank’s Balanced Salt Solution

(HBSS) (Life Technologies) and then incubated for 1 h on ice
with the following primary antibodies at a concentration of 10
ng.ml−1: rat anti-mouse CD45-APC (BD Biosciences), rat anti-
mouse Ter119-APC (BD Biosciences), rat anti-mouse CD34-
E450 (eBiosciences), rat anti-mouse Sca1-A700 (eBiosciences),
and rat anti-mouse PDGFRα-PE (CD104a, eBiosciences). Cells
were washed and incubated with C12FDG, 60µM, (Life
Technologies) 1 h at 37◦C and analyzed and sorted on
a FACSAria (Becton Dickinson) with appropriate isotype
matching controls as previously reported (Pannérec et al.,
2013). Ter119pos and CD45pos cells were negatively selected and
the remaining cells were gated based on the other markers:
satellite cells were sorted in the CD34posSca1neg fraction,
while PDGFRαpos and PDGFRαneg PICs were sorted in the
CD34posSca1posC12FDG

pos(PW1pos) fraction (Pannérec et al.,
2013). At least 3 independent experiments were performed for
CTL and RAP-031-injected mice groups.

Cell Culture
For transwell co-culture experiments, FACS-sorted cell
populations were maintained in high serum medium (GM)
as described previously (Pannérec et al., 2013). Satellite cells
were plated in the lower chamber at a density of 100 cells/cm2.
PICs were plated on the membrane of the insert well (1µm
pore size, BD Biosciences) at 3,000 cells per cm2. Cells were
grown for 1 day in GM before adding the following factors:
recombinant myostatin (R&D Systems) was added at 0, 20, 200,
or 2,000 ng.mL−1; human follistatin blocking antibody (αFST)
(R&D Systems), mouse IGF-1 blocking antibody (αIGF1) (R&D
Systems) and isotype matched IgG (R&D Systems) were used at
4 µg.mL−1 (R&D Systems). After 2 days, cells were fixed with
4% (w/v) paraformaldehyde (Sigma Aldrich) and the number of
cells per colony was counted. At least 3 independent experiments
were performed for each condition.

Gene Expression Analysis
RNA extracts were prepared from freshly FACS sorted cells
using RNeasy micro-kit (Qiagen). cDNA was generated by
random-primed reverse transcription using the SuperScript First
Strand kit (Life Technologies). cDNAs were analyzed by semi-
quantitative PCR using the ReddyMix PCRMaster Mix (Thermo
Scientific) under the following cycling conditions: 94◦C for 5min
followed by 32 cycles of amplification (94◦C for 30 s, 60◦C for 30 s
and 72◦C for 1min) and a final incubation at 72◦C for 10min.
Primers are listed in Supplementary Table 1.

Histological Analyses
Tibialis anterior (TA), soleus, plantaris, and gastrocnemius
muscles were removed, weighed and snap frozen
in liquid nitrogen-cooled isopentane (Sigma Aldrich) as
previously described (Mitchell et al., 2010; Pannérec et al., 2013).
In the case of Pax7DTR/+:Pax7CreERT2:ROSAmTmG mice, TA
muscles were fixed 2 h in 4% (w/v) paraformaldehyde (Sigma
Aldrich), incubated overnight in 20% (w/v) sucrose (Sigma
Aldrich) and frozen in liquid nitrogen-cooled isopentane (Sigma
Aldrich). Muscles were cryosectioned (7µm) before processing.
Cryosections were stained with haematoxilin and eosin (H&E)
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(Sigma Aldrich). Fat tissue was detected by Oil-Red O staining
(Sigma Aldrich): cryosections were fixed in 10% formalin (Sigma
Aldrich) for 5min at 4◦C, rinsed in water and then 100%
propylene glycol (Sigma Aldrich) for 10min, stained with Oil red
O (Sigma Aldrich) for 10min at 60◦C, placed in 85% propylene
glycol for 2min and rinsed in water. Nuclei were counterstained
with Mayer’s Hematoxylin Solution (Sigma). Collagen deposition
was detected by Sirius Red staining (Sigma Aldrich): cryosections
were stained with Mayer’s haematoxylin (Sigma Aldrich) for
10min, rinsed in running tap water for 20min, then stained
with 1.3% (w/v) Picro-sirius Red solution (Sigma Aldrich) for
45min and washed twice in acidified water. The fat and fibrotic
index was calculated as percent area of fat (red-colored Oil-Red
O-stained areas) and collagen (pink-colored areas) of the total
tissue area using NIH Image J Software (http://rsbweb.nih.gov/
ij/) as reported previously (Tanano et al., 2003; Mozzetta et al.,
2013).

For immunofluorescence, TA cryosections were fixed in 4%
(w/v) paraformaldehyde and processed for immunostaining as
described previously (Mitchell et al., 2010; Pannérec et al., 2013).
Primary antibodies were: PW1 (Relaix et al., 1996) (rabbit,
1:3,000), Pax7 (mouse, Developmental Studies Hybridoma Bank,
1:15), M-Cadherin (mouse, Nanotools, 1:100), Ki67 (mouse, BD
Biosciences, 1:100), Ki67 (rabbit, Abcam, 1:100, GFP (chicken,
Abcam, 1:500), laminin (rabbit, Sigma, 1:100). Antibody binding
was revealed using species-specific secondary antibodies coupled
to Alexa Fluor 488 (Molecular Probes), Cy3 or Cy5 (Jackson
Immunoresearch). Nuclei were counterstained with DAPI
(Sigma Aldrich). For quantitative analyses of immunostained
tissues, positive cells for at least 300 myofibers were counted
in at least 5 randomly chosen fields per muscle section, n = 3
animals for each group. Fiber size distribution was measured
from cryosections obtained from the mid-belly of TA stained
with laminin, images were captured on a Zeiss AxioImagerZ1
microscope, and morphometric analysis was performed using
MetaMorph7.5 (Molecular Devices). For uninjured muscles, at
least 400 fibers from randomly chosen fields were analyzed per
muscle section, n = 3 animals for each group. For injured
muscles, between 200 and 575 fibers from randomly chosen fields
were analyzed per muscle section, n= 3 animals for each group.

Statistical Analysis
All statistics were performed with an unpaired Student’s t-test
using the GraphPad software. Values represent the mean± s.e.m.
∗p < 0.05 ∗∗p < 0.01 ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001.

RESULTS

Satellite Cell Depletion Results in Muscle
Fiber Atrophy and Reduces Hypertrophy in
Response to AcvR2B Pathway Inhibition
We used the Pax7DTR/+ mouse model in which the DT receptor
is expressed under the control of Pax7 such that injection of DT
results in a substantial depletion of the satellite cell population
(Sambasivan et al., 2011). Ten week-old Pax7DTR/+ mice were
injected with DT in the Tibialis Anterior (TA) (CTL DT mice)
and PBS in the contralateral muscle as a control (CTL PBS mice)

and allowed to recover for 4 weeks (Figure 1A). We observed
that DT-induced satellite cell depletion resulted in a marked
reduction (20%) in fiber size indicating that satellite cells are
required to maintain proper fiber size in resting muscle (median
value of fiber area distribution: CTL PBS = 1058.67 ± 141.49
µm2; CTL DT = 831.33 ± 85.38 µm2) (Figures 1C,D). It has
been shown previously that a soluble form of the AcvR2B (RAP-
031) containing the ligand-binding site inhibits AcvR2B signaling
by functioning as a decoy receptor in vivo and that this inhibition
results in marked hypertrophy due to inhibition of MST and
activin activity (Akpan et al., 2009; Koncarevic et al., 2010;
George Carlson et al., 2011; Pistilli et al., 2011). We therefore
tested RAP-031 in muscle containing an intact population of
satellite cells (PBS-injected control referred to here as “intact”)
and DT-induced satellite cell depleted mice. Mice were injected
intraperitoneally with RAP-031 or vehicle (CTL) twice a week
for 2 weeks (Figure 1A). In order to confirm AcvR2B inhibition
following RAP-031 administration, we performed Western Blot
analyses on TA muscle extracts, which revealed a 50% reduction
of the ratio between the phosphorylated form of Smad2 (pSmad2)
and the total amount of Smad2 in RAP-031 treated animals,
regardless of the status of the satellite cell pool (both in PBS and
DTmuscles), thus confirming inhibition of the AcvR2B signaling
following RAP-031 administration (Figure 1B). Moreover, as
reported by others (Cadena et al., 2010; George Carlson et al.,
2011; Pistilli et al., 2011), intact muscle exposed to RAP-031
displayed a pronounced increase in fiber size (median value
of fiber area distribution: CTL PBS = 1058.67 ± 141.49 µm2;
RAP PBS = 1435.00 ± 105.67 µm2) (Figures 1C,D). However,
in satellite cell-depleted muscle, RAP-031 treatment rescued
the reduction of muscle fiber size previously induced by DT
injection, but failed to generate a net fiber hypertrophic effect
(median value of fiber area distribution: RAP DT = 969.00 ±

61.25 µm2) (Figures 1C,D). Taken together, these data indicate
that a reduced satellite cell compartment limits muscle fiber
hypertrophy in response to AcvR2B inhibition.

Depletion of the Satellite Cell
Compartment Alters the Stem Cell Niche
Fiber hypertrophy is typically accompanied by an increase in
myonuclear content in intact muscle, a process referred to as
nuclear accretion (Smith et al., 2001; Pallafacchina et al., 2013).
We observed that RAP-031 treatment of intact muscles resulted
in a marked increase in sublaminal nuclear content as compared
to vehicle-injected mice (Figure 1E) consistent with previous
studies (Smith et al., 2001; McCroskery et al., 2003; Zhou et al.,
2010; Wang and McPherron, 2012). In contrast, we did not
observe a change in sublaminal nuclei content in DT RAP-
031 mice as compared to controls (Figure 1E) indicating that
in presence of a reduced satellite cell pool, other progenitors
with myogenic capacities (pericytes, myoPICs) are not recruited
into the myofibers. We do note a minor increase in sublaminal
nuclei following satellite cell depletion in the absence of RAP-
031 exposure (Figure 1E), however this is likely due to a reduced
fiber volume, nonetheless, we cannot rule out that a portion of
the surviving satellite cells or other resident progenitor cells fuse
with the muscle fibers in response to satellite cell depletion or
DT-treatment.
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FIGURE 1 | RAP-031 treatment rescues the reduction of muscle fiber size induced by satellite cell depletion and increases PICs in satellite cell-depleted muscle. (A)

Strategy: the right TA of 10 week-old Pax7DTR/+ males was injected with diphteria toxin (DT) to deplete satellite cells while the contralateral muscle was injected with

PBS 2 weeks before RAP-031 treatment. Mice were intraperitoneally injected with RAP-031 or vehicle (CTL) twice a week for 2 weeks and sacrificed 14 days after the

first injection. (B) Western Blot of TA protein extracts with antibodies against phospho-Smad2/3, total Smad2/3 and GAPDH. (i) Representative image of the blots.

Molecular size in kDa is shown on the right side. (ii) Ratio between levels of phospho-Smad2 and levels of total Smad2. The graph shows a marked reduction in the

ratio pSmad2/Smad2 in RAP-031 muscles, indicating an inhibition of the AcvR2B pathway following systemic RAP-031 treatment. N = 2 muscles per group. (C)

Cross-sections images of TA muscles from CTL (Upper) or RAP-031 (Lower) mice injected with PBS (Left) or DT (Right) stained with hematoxylin and eosin. Scale bar,

60µm. (D) Fiber size distribution in CTL PBS (gray), CTL DT (purple), RAP-031 PBS (blue), and RAP-031 DT (orange) TAs. RAP-031 treatment rescued the reduction

of muscle fiber size induced by satellite cell depletion. Values represent the mean number ± s.e.m. per 100 fibers for each size. N = 3 animals for each group. Median

of fiber area distributions are shown in the graphs. (E) Quantification of the number of sublaminal nuclei per 100 fibers in TA from CTL and RAP-031 mice injected with

PBS or DT. RAP-031 treatment did not result in myonuclei addition when satellite cells are depleted. Values represent the mean number ± s.e.m. per 100 fibers. At

(Continued)
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FIGURE 1 | least 300 fibers from randomly chosen fields were counted for each animal, n = 3 animals were considered for each group. (F,G) Quantification of satellite

cells (E) and PICs (F) per 100 fibers in TA from CTL and RAP-031 mice injected with PBS or DT. (H) Ratio between PICs (green) and satellite cells (red) per 100 fibers

in TA from CTL and RAP-031 mice injected with PBS or DT was profoundly altered in DT-injected mice after RAP-031 treatment. In (E–G), satellite cells were

determined as M-Cadherinpos cells underneath the basal lamina, PICs were determined as interstitial PW1pos M-Cadherinneg cells. In (E–G), values represent the

mean number of positive cells ± s.e.m. per 100 fibers. At least 300 fibers from randomly chosen fields were counted for each animal, n = 3 animals were considered

for each group. For all values, *p < 0.05, **p < 0.01, and ***p < 0.001.

We next sought to determine the status of satellite cells
and other resident progenitor cell populations in response to
satellite cell depletion in the presence or absence of RAP-
031 exposure. Muscle tissue sections from PBS or DT-injected
muscles from vehicle and RAP-031 treated mice were stained
for PW1/Peg3 (to label PICs) and M-Cadherin (to label satellite
cells) (Supplementary Figure 1). As expected (Sambasivan et al.,
2011), satellite cell numbers were markedly decreased following
DT injection to levels of ∼25–30% as compared to levels
in intact muscles (Figure 1F). Furthermore, whereas RAP-031
treatment induced a 2-fold increase in satellite cell number in
intact muscles (Figure 1F), we did not observe an increase in
satellite cell number in satellite cell depleted muscles in response
to RAP-031 treatment (Figure 1F). These results suggest that
once the satellite cell number is below a specific or threshold
level, their response to AcvR2B inhibition is abrogated. As
shown previously (Sambasivan et al., 2011) and observed in
this study, PICs are clearly detectable following satellite cell
depletion and we observed a modest increase in PICs number
following satellite cell depletion as compared to intact muscles
(Figure 1G). Furthermore, we observed that PICs undergo a 2-
fold increase in intact muscles and a 4-fold increase in satellite
cell depleted muscles following RAP-031 treatment (Figure 1G),
indicating that PICs increase in number in response to AcvR2B
inhibition in all conditions and that this response is increased
when satellite cell numbers are reduced. Whether the increase in
PICs is due to a proliferation of previously existing PICs or de
novo PW1 expression in a subset of interstitial cells is not known
and requires the generation of novel transgenic mouse models
to specifically track PICs. Since we observed a deregulation of
the number and proportion of muscle cell populations in our
experimental conditions, we wished to better characterize the
status of the muscle stem cell niche. We therefore checked for
the expression of a marker of myogenic cell activation (MyoD)
and a marker of cell proliferation (Ki67) in combination with
markers for satellite cells (PW1, Pax7) and PICs (PW1) via
immunostaining in TA cryosections. We did not detect MyoD
expression in TA from any of the conditions tested (data not
shown), indicating that neither DT-induced satellite cell pool
depletion nor AcvR2B inhibition induced myogenic activation
of satellite cells or any other muscle progenitors. In addition, we
detected only rare Ki67pos cells in all the conditions examined,
among which few Ki67pos PICs and no Ki67pos satellite cell in
DT RAP-031 mice (data not shown), indicating that satellite cells
and a majority of PICs were in quiescent cell cycle state (G0
resting phase) at the end of the observation period, both in the
PBS and DT-injected mice, and regardless of AcvR2B inhibition
treatment.

We had shown previously that PICs and satellite cells are
present in a ∼1:1 ratio in resting muscle throughout postnatal

life, whereas the constitutive loss of Pax7, which leads to a
concomitant decrease of satellite cells and an increase in PICs
such that the ratio of PICs and satellite cells is altered (Mitchell
et al., 2010). We observed that the increase in PICs is present
at birth prior to any detectable loss of satellite cells indicating
that a change in the PIC population is an early event following
compromised satellite cell function in the Pax7 mutant mouse
(Mitchell et al., 2010). Furthermore, we have shown that PICs
encompass the fibroadipogenic progenitors (FAPs) as well
as a population of myogenically competent interstitial cells
(myoPICs) (Pannérec et al., 2013). Since FAPs have already been
shown to exert a promyogenic effect upon activated satellite
cells but also underlie the fibrotic and adipogenic response in
muscle tissue in pathological settings (Joe et al., 2010; Uezumi
et al., 2010, 2011), we set out to determine whether these
populations were altered in response to satellite cell depletion.
Consistent with our previous observations, we observed that
PICs and satellite cells are present in a ∼1:1 ratio in normal
resting muscle (Figure 1H). Following AcvR2B inhibition,
this ratio does not display a significant change despite the
increase in cell number suggesting a tight regulation of the
stem cell niche in both normal and hypertrophic muscle. In
contrast, depletion of the satellite cell compartment resulted
in an alteration of the PIC/satellite cells ratio in favor of
PICs (∼7:1) however, we observed that RAP-031 treatment
resulted in a PIC/satellite cells ratio of ∼17:1 in satellite
cell-depleted muscle (Figure 1H). Analyses performed on
younger mice (5 week-old) (Supplementary Figure 2A) also
showed an increase in both satellite cells and PICs following
RAP-031 treatment (Supplementary Figure 2B), however
PICs displayed a more pronounced increase as compared
to satellite cells, leading to an altered ratio in favor of PICs
(Supplementary Figure 2C). Moreover, we observed that
the proportions of FAPs (PW1posPDGFRαpos) and myoPICs
(PW1posPDGFRαneg) were unchanged in RAP-031 as compared
to vehicle-injected mice (Supplementary Figures 2D–F),
indicating that both PW1 expressing interstitial populations
were equally increased after AcvR2B blockade. Taken together,
these data indicate that AcvR2B pathway inhibition has a
profound impact on the muscle stem cell niche in intact as well
as in satellite cell-depleted muscles.

AcvR2B Inhibition Restores the
Regenerative Capacity and Inhibits
Fibrosis/Adipogenesis in Muscle
Containing Few Satellite Cells
Satellite cell depletion results in a severely compromised
regenerative response coupled with pronounced fibrosis and
fat deposition (Lepper et al., 2011; Sambasivan et al., 2011)
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and this outcome is strikingly similar to late stage degenerative
myopathies (Maier and Bornemann, 1999; Shefer et al., 2006;
Tabebordbar et al., 2013). FAPs have been proposed to exert a
promyogenic role on satellite cells during regeneration but also
to directly contribute to fat and fibrosis in diseased muscle (Joe
et al., 2010; Uezumi et al., 2010; Murphy et al., 2011), therefore
we sought to determine whether the changes observed in the PICs
population, which includes the FAPs, in both intact and satellite
cell depleted muscles following RAP-031 treatment reflected a
general change in the stem cell niche that in turn may provide
a more favorable regenerative environment. Previously we
showed that PICs and satellite cells have distinct transcriptomes
(Pannérec et al., 2013). Closer examination of these previous data
revealed a striking reciprocal expression of TGFβ ligands and
their receptors in PICs and satellite cells although these earlier
studies were performed on cells isolated from juvenile muscles
and without separating the population based upon PDGFRα

expression (Pannérec et al., 2013). Nonetheless, the close
overlap between juvenile and adult satellite cell transcriptomes
(Pannérec et al., 2013) prompted us to examine the expression
of specific TGFβ family members and receptors in adult satellite
cells, FAPs and myoPICs. Semi-quantitative PCR analyses
revealed that adult satellite cells express activinA and MST
(Supplementary Figure 3A), which are factors known to inhibit
myogenesis and induce muscle atrophy (McPherron et al., 1997;
Lee et al., 2010). In contrast, FAPs expressed FST and IGF-1
(Supplementary Figure 3A), which have been demonstrated to
exert a promyogenic effect on muscle fibers and activated satellite
cells (Glass, 2010; Lee et al., 2010) (Supplementary Figure 3A).
We note that the myoPICs do not show this reciprocal expression
of TGFβ family members, although they express different
extracellular and intracellular players of the TGFβ pathway
(Supplementary Figure 3A), suggesting a response to TGFβ
pathway manipulation. Furthermore, we observed that satellite
cell capacity to form clones in vitro is dramatically reduced
when these cells are cultured in presence of increasing doses of
exogenous MST (Supplementary Figures 3B,C), consistent with
previous observations (McCroskery et al., 2003). We found that
the decline of satellite cell clone-forming capacity in presence
of MST can be reversed by the concomitant co-culture with
PICs (Supplementary Figures 3B,C) and that this rescue can be
abrogated by the addition of blocking antibodies against FST
and IGF-1 to the medium (Supplementary Figure 3C). Taken
together, these data are consistent with a model in which the
PICs are a key cellular constituent of the satellite stem cell
niche and serve to provide a promyogenic effect in healthy
muscle in response to injury (Joe et al., 2010; Uezumi et al.,
2010; Murphy et al., 2011; Mozzetta et al., 2013). We found
here that PICs are strongly increased in number in satellite cell-
depleted muscle following RAP-031 treatment as compared to
CTL DT-injected mice (Figure 1G), while satellite cell number
did not change and remained at a level of 30% of the intact
muscle population (Figure 1F). Satellite cell-depleted TAmuscles
and control (PBS-injected) contralateral muscles were therefore
injured by cardiotoxin (Ctx) 1 day before the last RAP-031 or
vehicle injection and the level of regeneration was assessed at 2
weeks following injury. As expected, all RAP-031-treated (n =

9) and CTL (n = 9) TA muscles injected with PBS displayed
robust myofiber regeneration while CTL satellite cell-depleted
muscles displayed severely compromised regeneration coupled
with fat deposition and fibrosis (Figure 2A). We observed rare
and highly restricted regions of newly regenerated fibers in
only 2 of the 5 CTL satellite cell depleted muscles (CTL DT)
suggesting that restricted surviving satellite cells can bemobilized
locally but fail to contribute significantly toward replacingmuscle
tissue. In contrast, RAP-031 treatment of satellite cell-depleted
muscles resulted in a marked rescue in overall regeneration
coupled with a near complete inhibition of fat formation and
fibrosis in 7 out of 9 samples (Figure 2A). We note that
depletion of satellite cells in vehicle-injected mice resulted in
a strong decrease in the number of centrally nucleated fibers
after injury compared to muscles injected with PBS (8.8-fold),
whereas this decrease was less than 1.5-fold in RAP-031 DT
mice as compared to CTL PBS muscles (Figure 2B). Despite
the rescue in regenerative capacity following RAP-031 treatment,
satellite cell-depleted muscles exhibited a 30% reduced fiber
size as compared to normal intact muscles (median value of
fiber area distribution: CTL PBS = 1,455.13 ± 175.68 µm2;
RAP DT = 1003.80 ± 136.18 µm2) (Figure 2C), indicating
that AcvR2B pathway inhibition via RAP-031 administration
before injury is able to rescue overall regeneration capacity
in satellite cell-depleted muscles, but does not rescue satellite
cell depletion-induced muscle mass loss after injury. We note
that while RAP-031 treatment is able to increase fiber size
in homeostatic intact muscles (Figure 1D), it does not induce
muscle fiber hypertrophy after injury (median value of fiber
area distribution: CTL PBS = 1,455.13 ± 175.68 µm2; RAP
PBS = 1,208.55 ± 190.74 µm2) (Figure 2C) suggesting that the
AcvR2B signaling pathway in resting and regenerating muscle
acts differently. Moreover, in RAP-031 satellite cell-depleted
muscle, regeneration was coupled with a marked decrease of fat
as well as fibrotic zones to levels comparable to CTL intact muscle
(Figure 2D).

We next compared the number of satellite cells in injured
and uninjured muscles. As expected (Wang and Rudnicki,
2012; Yin et al., 2013), satellite cells were increased in CTL
PBS-injected muscle after injury (Figure 2E). In contrast,
satellite cell numbers were below the level of detection in
CTL DT-injected contralateral muscles after injury (Figure 2E),
indicating that the failure of regeneration was accompanied by
a complete loss of satellite cell self-renewal after Ctx injection.
We found that RAP-031 treatment did not significantly change
the amount of satellite cells present in the regenerated intact
muscle (Figure 2E) indicating that regeneration of RAP-031
treated muscle is accompanied by the re-establishment of
the normal intact satellite cell population number. Similarly,
satellite cell-depleted muscles pretreated with RAP-031 gave
rise to new muscle with a satellite cell population that
was restored to ∼30% of the intact muscle population
(Figure 2E). These data demonstrate that inhibition of the
AcvR2B pathway in muscle tissue containing a reduced
population of satellite cells is able to rescue regeneration but
that the satellite cell population is only restored to pre-injured
levels.
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FIGURE 2 | AcvR2B pathway inhibition improves overall fiber regeneration and ameliorates tissue homeostasis in injured satellite cell-depleted muscles.

(A) Cross-sections of TA muscle from CTL (Upper) and RAP-031 (Lower) Pax7DTR/+ mice injected with DT or PBS stained with haematoxylin and eosin (Left), Oil-Red

O (Middle) and Sirius Red (Right). Regeneration is more efficient in RAP-031 DT mice as compared to CTL DT mice, with a marked reduction in fat and fibrotic tissue

deposition. Scale bar, 85µm. (B) Quantitative analysis of regenerative capacity of TA muscles shown in (A). The number of centrally nucleated fibers per field in TAs

from CTL mice injected with PBS was considered as the baseline (zero) and values represent the fold change ± s.e.m. normalized accordingly. Muscle fiber

regeneration is significantly rescued in RAP-031 DT mice as compared to CTL DT mice. Five randomly chosen fields from one mid-belly TA section were analyzed for

each animal, n = 3 animals were analyzed for each group. (C) Fiber size distribution in CTL PBS (gray), RAP-031 PBS (blue), and RAP-031 DT (orange) TAs. Satellite

cell-depleted muscles exposed to RAP-031 before injury exhibited regenerated fibers with a reduced size as compared to intact muscles. Values represent the mean

number ± s.e.m. per 100 fibers for each size. N = 3 animals for each group. (D) Quantitative analysis of fat (i) and fibrotic (ii) areas of muscles showed in (A). One

mid-belly TA section was analyzed with ImageJ software for each animal and n = 3 animals were analyzed for each group. Fat areas were determined by Oil-Red O

staining and fibrotic areas were determined by Sirius-Red staining. Values represent the percentage of fat (i) or fibrotic (ii) area on whole muscle area.

(E) Quantification of satellite cells per 100 fibers in TA from uninjured (blue) and injured (yellow) Pax7DTR/+ CTL and RAP-031 mice injected with PBS or DT. Satellite

cells were undetectable after injury in CTL DT muscle, however RAP-031 treatment was able to prevent satellite cell loss. Satellite cells were determined as Pax7pos

cells underneath the basal lamina. At least 5 randomly chosen fields, corresponding to at least 300 fibers, were counted for each animal, n = 3 animals were

considered for each group. *p < 0.05, **p < 0.01, ****p < 0.001.
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AcvR2B Inhibition Rescues Residual
Satellite Cell Regenerative Capacity
Our results raised the question as to whether the regeneration
we observed in RAP-031 treated satellite cell-depleted muscle
was primarily due to the activation of the residual satellite
cells or due to the recruitment of non-satellite cell myogenic
populations. We demonstrated previously that PICs contain
a population of myogenic cells and several studies have
shown the presence of myogenic cells other than satellite
cells in normal muscle tissue however their participation in
regeneration is unproven (Mitchell et al., 2010; Pannérec et al.,
2013). To determine the origin of regenerating myofibers, we
crossed Pax7DTR/+ mice with Tg:Pax7CreERT2 mice (Mourikis
et al., 2012) and with reporter line ROSA26mTomato/mGFP

(ROSAmTmG) (Muzumdar et al., 2007). The resulting
Pax7DTR/+:Pax7CreERT2:ROSAmTmG mice express a tamoxifen-
inducible Cre (Metzger and Chambon, 2001) such that
Pax7-expressing satellite cells and their progeny are specifically
marked by membranous GFP (mGFP), while all the other cells
are marked bymembranous Tomato (mTomato) (Mourikis et al.,
2012). To verify the efficiency of Cre-mediated labeling of the
satellite cell population, 6 week-old Pax7CreERT2:ROSAmTmG

mice were injected with tamoxifen and sacrificed 6 weeks
later (Supplementary Figure 4A). We stained TA muscles
for mGFP and Pax7 and observed that all Pax7-positive
cells were positive for mGFP (Supplementary Figure 4B)
indicating that the expression of mGFP labeled the entirety of
the Pax7pos satellite cell population. In addition, we observed
mGFPpos sublaminal monuclear cells that did not express
Pax7 at detectable levels indicating that mGFP labeling
identified a larger set of satellite cells, which displayed low
or undetectable levels of Pax7 at the time of the analysis
(Supplementary Figure 4B). Taken together, we conclude that
nearly 100% of the satellite cell population was marked by mGFP
expression such that the Pax7DTR/+:Pax7CreERT2:ROSAmTmG

mice provides a genetic tool for determining whether newly
regenerated fibers are derived from satellite cells in which case
fibers are predicted to express mGFP whereas the presence
of mGFPnegmTomatopos regenerating fibers would indicate a
contribution of non-satellite progenitor cells. We then used 6
week-old Pax7DTR/+:Pax7CreERT2:ROSAmTmG mice injected
with tamoxifen to activate mGFP expression in satellite cells
followed by a single injection of DT in the right TA and PBS
in the contralateral muscle 4 weeks after the last tamoxifen
injection. Muscles were allowed to recover for 2 weeks and then
treated with RAP-031. Muscles were injured by cardiotoxin
1 day before the last RAP-031 injection and the regeneration
was assessed 2 weeks later (Figure 3A). In satellite cell-depleted
muscles from RAP-031 mice, we observed that the majority of
centrally nucleated fibers (>80%) were mGFPpos (Figures 3B,C),
comparable to vehicle (CTL) PBS and RAP-031 PBS conditions
(Figures 3B,C), indicating that the reduced pool of satellite
cells can be mobilized by RAP-031 treatment in satellite cell
depleted muscles after injury. While these data confirm previous
studies demonstrating that the satellite cells are the major muscle
progenitor (Relaix and Zammit, 2012) we note that ∼15% of the
centrally-nucleated fibers in intact muscle are exclusively marked

by mTomato (Figure 3D), strongly suggesting a contribution
of non-satellite cells. Interestingly, we observed a 10% increase
in the number of mGFPnegmTomatopos centrally nucleated
fibers and a concomitant 10% decrease of mGFPpos centrally
nucleated fibers in intact muscles from RAP-031 treated mice as
compared to CTL mice (Figures 3C,D), suggesting that AcvR2B
pathway inhibition stimulates non-satellite cell recruitment.
Alternatively, there may be a small population of satellite cells
that are resistant to Cre labeling that accounts for the generation
of tomato positive fibers.

DISCUSSION

In addition to playing a key role during myofiber regeneration,
satellite cells can fuse to existing myofibers during muscle
hypertrophy leading to a stabilization of the larger myofiber mass
(Amthor et al., 2009; McCarthy et al., 2011; Lee et al., 2012;
Wang and McPherron, 2012). In this study, we found that a
∼70–80% reduction in the number of satellite cells triggers a
decrease in myofiber size suggesting a role for satellite cells in
maintaining fiber size. Interestingly, previous studies showed
that depletion of satellite cells in adult mice (4-month old)
did not reduce muscle fiber size nor exacerbate age-related
sarcopenia (Fry et al., 2015; Murach et al., 2017), however
depletion performed at 2.5 months of age (this study) resulted
in fiber size reduction. Moreover, we found that myofiber
hypertrophy is limited in muscles containing fewer satellite cells
following AcvR2B pathway inhibition. Our observations are
therefore consistent with a previous study in which satellite cell
depletion in young mice (2.5 months old) abrogates subsequent
mechanical overload-induced fiber hypertrophy (Murach et al.,
2017), while satellite cells are usually reported to be dispensable in
hypertrophy processes at later ages (>4 months) (Murach et al.,
2017, 2018). Taken together, these data suggest an active, age-
dependent role for satellite cells in normal late postnatal muscle
growth.

The central question of this study was why a reduced satellite
cell population cannot properly regenerate and our observations
here suggest that the microenvironment is altered in response
to a decline in satellite cells. Previous reports demonstrated that
as few as 10 satellite cells can generate hundreds of myofibers
when engrafted in healthy muscle. It has also been proposed that
the diseased muscle environment does not favor optimal satellite
cell function (Mann et al., 2011; Serrano et al., 2011; Pannérec
et al., 2012; Tabebordbar et al., 2013; Yin et al., 2013). Consistent
with this proposal, it has been shown that regenerative capacity
declines sharply when the satellite cell pool declines to 50% of
initial satellite cell complement in the double mouse mutant for
utrophin and dystrophin (Lu et al., 2014). Our results confirm
satellite cells contribute to muscle homeostasis.

The importance of niche cells has been demonstrated in
multiple tissues which serve as cellular partners to govern
progenitor activation, self-renewal and survival (Leatherman,
2013). We demonstrated previously that PW1/Peg3 expression
can be used to identify a large array of adult progenitor/stem
cells including associated niche cells (Besson et al., 2011). As one
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FIGURE 3 | Regeneration in satellite cell-depleted muscles following AcvR2B pathway inhibition is mainly executed by the residual satellite cells. (A) Strategy: 6

week-old Pax7DTR/+:Pax7CreERT2:ROSAmTmG mice were injected with tamoxifen to label satellite cells. 4 weeks later, the right TA was injected with DT to deplete

the satellite cell pool. The contralateral muscle was injected with PBS. After 2 weeks, mice were injected with either RAP-031 or vehicle (CTL) twice a week for 2

weeks. The day before the last injection of RAP-031 or vehicle both TAs were injured by cardiotoxin injection. Mice were sacrificed 2 weeks after injury. (B)

Representative images of cross-sections from injured TA muscles of CTL (Upper) and RAP-031 (Lower) mice injected with DT or PBS as described in (A),

immunostained for mGFP (green) to identify satellite cell-derived fibers and Pax7 (orange) to identify satellite cells. mTomato fluorescence is shown in red, DAPI

staining (blue) identifies nuclei. The majority of regenerating fibers are satellite cell-derived (green) regardless of treatment. White arrowheads: satellite cells. Scale bar,

30µm. (C,D) Quantification of the number of mGFPpos (C) and mGFPnegmTomatopos (D) fibers per 100 centrally nucleated fibers for CTL and RAP-03 mice injected

with PBS or DT, as described in (A). Values represent the mean number of positive fibers ± s.e.m. per 100 centrally nucleated fibers. Random images were captured

at 20X magnification and at least 5 different fields for each section were counted, n = 3 animals were considered for each group. *p < 0.05, **p < 0.01.
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FIGURE 4 | Proposed cellular model of satellite cell and stem cell niche interactions. Top Row- In resting muscle containing an intact population of satellite cells (Left),

pro-myogenic signals (green arrow) from PICs/FAPs (green), and anti-adipogenic signals (red arrow) from satellite cells (red) are kept in a tight balance, which is

maintained after injury (Right). Second Row- Following AcvR2B inhibition, PICs and satellite cell populations expand, however pro- and anti-myogenic balance in

maintained before and after injury. Third Row- Satellite cell depletion disrupts the balance and overall levels of factors regulating the niche (Left) and signaling within

the niche is completely deregulated following injury (Right). This results in a complete loss of satellite cells and consequently a loss of satellite cell derived

anti-adipogenic signals allowing FAP progression into fat and fibrosis (Right). Fourth Row- AcvR2B inhibitor treatment of satellite cell depleted muscle reinforces the

niche (Left) and allows for satellite cell myogenic progression/self-renewal and consequently the maintenance of a minimal balance of factors required to restore the

muscle tissue and stem cell niche (Right).

example, PW1/Peg3 is expressed in the hair follicle bulge cells

that are a major reservoir of skin progenitors as well as in closely
associated dermal papilla cells (Besson et al., 2011, 2017) which

have a dual role as mesenchymal stem cells and as critical niche

support cells (Driskell et al., 2011; Wong et al., 2012). We suggest
that the expression of PW1/Peg3 in the satellite cells and a subset
of interstitial cells including most notably the FAPs, defines a
similar niche in skeletal muscle.

While our lineage tracing analyses confirms that satellite
cells are the major source of regenerated muscle in all cases,
several non-satellite cell populations have been shown to have
pronounced myogenic activity (Pannérec et al., 2012). In intact
skeletal muscle, ∼15% of the regenerated muscle fibers do

not express the satellite cell lineage marker following damage
and increase to ∼25% following AcvR2B pathway inhibition.
Since all Pax7-positive cells express GFP following tamoxifen
injection, our data suggest that non-satellite cell progenitors

participate directly in muscle regeneration but require an intact
satellite cell compartment although lineage-specific markers for
the myoPIC population is required to assess the origin of these
cells.

It has been described previously that satellite cells
inhibit adipogenic differentiation of FAPs and that FAPs
are promyogenic for satellite cells (Joe et al., 2010; Uezumi
et al., 2010, 2011). We report here that in normal resting
muscle, satellite cells express myogenic inhibitory factors such
as MST and activinA, whereas FAPs express promyogenic
factors including FST and IGF-1. These observations provide
a framework (Figure 4) in which satellite cells are present in a

niche which includes the FAPs and that the balance of pro- and
anti-myogenic signals keeps myogenesis and fibro/adipogenesis
tightly regulated.

The AcvR2B pathway has been a focus for the development
of therapeutics for degenerative muscle diseases due to the
recognition that these molecules antagonize myostatin and
activin activity (Glass, 2010; Zhou and Lu, 2010; Ceco and
McNally, 2013). A recent study has revealed that histone
deacetylase (HDAC) inhibitors provide a promising route to
treat muscular dystrophy in murine models via the induction
of follistatin in interstitial muscle cells consistent with our
results here showing that muscle mass is regulated by complex
interactions between multiple cells types (Mozzetta et al., 2013).
It is of interest that the beneficial effects of HDAC inhibitors
decrease efficacy with age (Mozzetta et al., 2013). Similarly, we
report here that AcvR2B inhibition in young mice (5 weeks)
causes an increase in the PIC/satellite cell ratio disrupting the
typical 1:1 ratio, while a 1:1 ratio is maintained in 10-week-
old mice. Taken together, these data indicate that changes in
regenerative capacity and stem cell competence during postnatal
life reflect a loss of plasticity in the stem cell niche.

CONCLUSIONS

Our results point to a mechanistic convergence for satellite cells
governing both regeneration and the maintenance of muscle
fiber size. Whereas 20–30% of the normal population of satellite
cells is insufficient to give rise to new muscle following damage,
this reduced population can execute the regeneration program
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if the AcvR2B pathway is pharmacologically targeted. We
propose that pharmacological targeting of the AcvR2B pathway
restores a balance of regulatory factors within the muscle stem
cell niche, in part through the regulation of cells that exert
a promyogenic effect as well as cells capable of generating
fibrotic and fat tissue, such as PICs/FAPs, that can interfere
with the proper reassembly of muscle tissue (Figure 4), rather
than directly promoting regeneration through the activation of
satellite cells. This idea is also supported by our observation that
AcvR2B inhibition treatment before injury does not alter the
activation status of either the satellite cell population nor other
cells types (such as PICs/FAPs) suggesting that all the cellular
components of the muscle stem cell niche are important for
proper regeneration. The capacity to restore the regenerative
potential of muscle containing a reduced progenitor population
through pharmacological intervention will impact the design of
future therapeutic approaches for degenerative myopathies.
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Supplementary Figure 1 | Representative pictures of immuno-stainings in

uninjured TA muscles. Representative images of cross-sections from uninjured TA

muscles of CTL (Upper) and RAP-031 (Lower) mice injected with DT or PBS,

immunostained for PW1 (green), M-cadherin (red), Laminin (orange). DAPI staining

(blue) identifies nuclei. Satellite cells (white arrowheads) are identified as

M-cadherinpos cells. PICs (yellow arrowheads) are identified as PW1pos interstitial

cells. Scale bar, 20µm.

Supplementary Figure 2 | RAP-031 treatment of intact muscle from young mice

alters the muscle stem cell niche. (A) Strategy: 5 week-old male wild-type mice

were injected intraperitoneally with RAP-031 or vehicle (CTL) every 3 days and

sacrificed 2 weeks after the first injection. (B) Quantification of satellite cells and

PICs per 100 fibers in CTL and RAP-031 TA muscles showed an increase of both

cells types after RAP-031 treatment. (C) Quantification of progenitor cells shown

in (B) for CTL and RAP-031 Tibialis Anterior revealed an altered ratio between

PICs (green) and satellite cells (red) in RAP-031 vs. CTL. For (B,C) PICs were

determined as interstitial PW1posPax7neg cells, satellite cells as Pax7pos cells

underneath the basal lamina. (D,E) Flow cytometric analyses of single cells from

7-week old limb muscles from CTL (D) or RAP-031-injected (E) PW1nLacZ mice

following the protocol described in (A). Cells were stained for CD45, Ter119,

CD34, Sca1, PDGFRα, and C12FDG (to reveal PW1 expression via

β-galactosidase activity), as reported in Pannérec et al. (2013). CD45negTer119neg

were selected. The gates used to isolate FAPs

(CD34posSca1posPW1posPDGFRαpos ) and myoPICs

(CD34posSca1posPW1posPDGFRαneg) are shown. Satellite cells (SAT) are also

shown in red (CD34posSca1neg). (F) Number of FAPs (PW1posPDGFRαpos) and

myoPICs (PW1posPDGFRαpos ) from CTL and RAP-031 mice as presented as the

mean percentage ± s.e.m. per 100 PICs (CD34posSca1posPW1pos ) cells from at

least 3 independent experiments. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.

Supplementary Figure 3 | Adult PICs and satellite cells express TGFβ

pathway related genes. (A) Semi-quantitative PCR of selected genes involved

in the TGFβ and IGF-1 pathway in freshly sorted adult satellite cells (SAT),

FAPs (PW1posPDGFRαpos), and myoPICs (PW1posPDGFRαneg) sorted as

shown in (Supplementary Figure 1D). PC, Positive Control: whole muscle

extract from 7 week-old PW1nLacZ mice, except for activin α subunit, IGF-1

IEa and IEb (whole liver extract from 7 week-old PW1nLacZ mice) and for

TGFβR2 (whole brain extract from 7 week-old PW1nLacZ mice). (B) Schematic

transwell membrane system used: PICs (green) were plated in the upper well

on a semipermeable membrane (insert) and satellite cells (red) were plated in

the lower chamber. (C) Quantitative analyses of satellite cell proliferation in

growth medium containing 0, 20, 200 ng/ml, or 2µg/ml of recombinant

myostatin. Satellite cells were cultured alone (red bars) or in the presence of

PICs and isotype-matched IgG (gray bars). Satellite cells and PICs were

co-cultured in presence of a blocking antibody to follistatin (αFST, blue bars) or

to IGF-1 (αIGF-1, black bars) or blocking antibodies to IGF-1 and FST

together (αFST + aIGF1, white bars). Large colonies (>12 cells) were counted

and shown as a percentage of the number of total colonies.

Supplementary Figure 4 | Efficiency of inducible Pax7-driven Cre mediated

recombination of RosamTomatomGFP locus. (A) 6 week-old

Pax7CreERT2:ROSAmTmG mice were injected with tamoxifen every day for 4 days

and sacrificed 6 weeks later. (B) Quantification analysis of satellite cells in mice

treated as in (A). (i) 100% of Pax7pos satellite cells express mGFP. Values

represent the mean number of GFPpos and GFPneg cells ± s.e.m. per 100

Pax7pos cells. (ii) The majority (>80%) of GFPpos mononuclear cells co-express

Pax7, however <20% of the GFPpos mononuclear cells are not co-labeling with

Pax7. Values represent the mean number of Pax7pos and Pax7neg cells ± s.e.m.

per 100 GFPpos mononuclear cells. For quantification, immunostaining for Pax7

and GFP was performed on TA muscle section from n = 4 mice and at least 5

different randomly chosen fields were counted for each section, corresponding to

an average number of fibers of >120 per section.

Supplementary Table 1 | List of primers used for semi-qPCR.

Frontiers in Physiology | www.frontiersin.org 12 May 2018 | Volume 9 | Article 515

https://www.frontiersin.org/articles/10.3389/fphys.2018.00515/full#supplementary-material
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Formicola et al. Targeting the Stem Cell Niche

REFERENCES

Akpan, I., Goncalves, M. D., Dhir, R., Yin, X., Pistilli, E. E., Bogdanovich, S., et al.

(2009). The effects of a soluble activin type IIB receptor on obesity and insulin

sensitivity. Int. J. Obes. (Lond). 33, 1265–1273. doi: 10.1038/ijo.2009.162

Amthor, H., Nicholas, G., McKinnell, I., Kemp, C. F., Sharma, M., Kambadur,

R., et al. (2004). Follistatin complexes Myostatin and antagonises

Myostatin-mediated inhibition of myogenesis. Dev. Biol. 270, 19–30.

doi: 10.1016/j.ydbio.2004.01.046

Amthor, H., Otto, A., Vulin, A., Rochat, A., Dumonceaux, J., Garcia, L., et al.

(2009). Muscle hypertrophy driven by myostatin blockade does not require

stem/precursor-cell activity. Proc. Natl. Acad. Sci. U.S.A. 106, 7479–7484.

doi: 10.1073/pnas.0811129106

Artaza, J. N., Singh, R., Ferrini, M. G., Braga, M., Tsao, J., and Gonzalez-Cadavid,

N. F. (2008). Myostatin promotes a fibrotic phenotypic switch in multipotent

C3H 10T1/2 cells without affecting their differentiation into myofibroblasts. J.

Endocrinol. 196, 235–249. doi: 10.1677/JOE-07-0408

Besson, V., Kyryachenko, S., Janich, P., Benitah, S. A., Marazzi, G., and Sassoon, D.

(2017). Expression analysis of the stem cell marker Pw1/Peg3 Reveals a CD34

Negative Progenitor Population in the Hair Follicle. Stem Cells. 35, 1015–1027.

doi: 10.1002/stem.2540

Besson, V., Smeriglio, P., Wegener, A., Relaix, F., Nait Oumesmar, B., Sassoon, D.

A., et al. (2011). PW1 gene/paternally expressed gene 3 (PW1/Peg3) identifies

multiple adult stem and progenitor cell populations. Proc. Natl. Acad. Sci.

U.S.A. 108, 11470–11475. doi: 10.1073/pnas.1103873108

Blau, H. M., Webster, C., and Pavlath, G. K. (1983). Defective myoblasts identified

in Duchenne muscular dystrophy. Proc. Natl. Acad. Sci. U.S.A. 80, 4856–4860.

Blau, H. M., Webster, C., Pavlath, G. K., and Chiu, C. P. (1985). Evidence for

defective myoblasts in Duchennemuscular dystrophy.Adv. Exp.Med. Biol. 182,

85–110.

Bodine, S. C., Stitt, T. N., Gonzalez, M., Kline, W. O., Stover, G. L., Bauerlein,

R., et al. (2001). Akt/mTOR pathway is a crucial regulator of skeletal muscle

hypertrophy and can prevent muscle atrophy in vivo. Nat. Cell Biol. 3,

1014–1019. doi: 10.1038/ncb1101-1014

Boldrin, L., Zammit, P. S., and Morgan, J. E. (2015). Satellite cells from

dystrophic muscle retain regenerative capacity. Stem Cell Res. 14, 20–29.

doi: 10.1016/j.scr.2014.10.007

Bonaldo, P., and Sandri, M. (2013). Cellular and molecular mechanisms of muscle

atrophy. Dis. Model. Mech. 6, 25–39. doi: 10.1242/dmm.010389

Cadena, S. M., Tomkinson, K. N., Monnell, T. E., Spaits, M. S., Kumar,

R., Underwood, K. W., et al. (2010). Administration of a soluble activin

type IIB receptor promotes skeletal muscle growth independent of

fiber type. J. Appl. Physiol. 109, 635–642. doi: 10.1152/japplphysiol.008

66.2009

Ceco, E., and McNally, E. M. (2013). Modifying muscular dystrophy

through transforming growth factor-beta. FEBS J. 280, 4198–4209.

doi: 10.1111/febs.12266

Chiu, C. S., Peekhaus, N., Weber, H., Adamski, S., Murray, E. M., Zhang, H. Z.,

et al. (2013). Increased muscle force production and bone mineral density

in ActRIIB-Fc-treated mature rodents. J. Gerontol. A Biol. Sci. Med. Sci. 68,

1181–1192. doi: 10.1093/gerona/glt030

Collins, C. A., Olsen, I., Zammit, P. S., Heslop, L., Petrie, A., Partridge, T. A.,

et al. (2005). Stem cell function, self-renewal, and behavioral heterogeneity

of cells from the adult muscle satellite cell niche. Cell 122, 289–301.

doi: 10.1016/j.cell.2005.05.010

Coulton, G. R., Morgan, J. E., Partridge, T. A., and Sloper, J. C. (1988). The

mdx mouse skeletal muscle myopathy: I. A histological, morphometric and

biochemical investigation. Neuropathol. Appl. Neurobiol. 14, 53–70.

Dellavalle, A., Maroli, G., Covarello, D., Azzoni, E., Innocenzi, A., Perani, L.,

et al. (2011). Pericytes resident in postnatal skeletal muscle differentiate

into muscle fibres and generate satellite cells. Nat. Commun. 2:499.

doi: 10.1038/ncomms1508

Driskell, R. R., Clavel, C., Rendl, M., and Watt, F. M. (2011). Hair follicle dermal

papilla cells at a glance. J. Cell Sci. 124(Pt 8), 1179–1182. doi: 10.1242/jcs.082446

Farup, J., Madaro, L., Puri, P. L., and Mikkelsen, U. R. (2015). Interactions

between muscle stem cells, mesenchymal-derived cells and immune cells

in muscle homeostasis, regeneration and disease. Cell Death Dis. 6:e1830.

doi: 10.1038/cddis.2015.198

Fry, C. S., Lee, J. D., Mula, J., Kirby, T. J., Jackson, J. R., Liu, F., et al.

(2015). Inducible depletion of satellite cells in adult, sedentary mice impairs

muscle regenerative capacity without affecting sarcopenia.Nat. Med. 21, 76–80.

doi: 10.1038/nm.3710

George Carlson, C., Bruemmer, K., Sesti, J., Stefanski, C., Curtis, H., Ucran, J., et al.

(2011). Soluble activin receptor type IIB increases forward pulling tension in

the mdx mouse.Muscle Nerve 43, 694–699. doi: 10.1002/mus.21944

Glass, D. J. (2010). Signaling pathways perturbing muscle mass. Curr. Opin. Clin.

Nutr. Metab. Care 13, 225–229. doi: 10.1097/MCO.0b013e32833862df

Heslop, L., Morgan, J. E., and Partridge, T. A. (2000). Evidence for amyogenic stem

cell that is exhausted in dystrophic muscle. J. Cell Sci. 113(Pt 12), 2299–2308.

Hoffman, E. P., Brown, R. H. Jr., and Kunkel, L. M. (1987). Dystrophin: the protein

product of the Duchenne muscular dystrophy locus. Cell 51, 919–928.

Jiang, C., Wen, Y., Kuroda, K., Hannon, K., Rudnicki, M. A., and Kuang,

S. (2014). Notch signaling deficiency underlies age-dependent depletion

of satellite cells in muscular dystrophy. Dis. Model. Mech. 7, 997–1004.

doi: 10.1242/dmm.015917

Joe, A. W., Yi, L., Natarajan, A., Le Grand, F., So, L., Wang, J., et al. (2010).

Muscle injury activates resident fibro/adipogenic progenitors that facilitate

myogenesis. Nat. Cell Biol. 12, 153–163. doi: 10.1038/ncb2015

Kharraz, Y., Guerra, J., Mann, C. J., Serrano, A. L., and Muñoz-Cánoves, P. (2013).

Macrophage plasticity and the role of inflammation in skeletal muscle repair.

Mediat. Inflamm. 2013:491497. doi: 10.1155/2013/491497

Koncarevic, A., Cornwall-Brady, M., Pullen, A., Davies, M., Sako, D., Liu, J.,

et al. (2010). A soluble activin receptor type IIb prevents the effects of

androgen deprivation on body composition and bone health. Endocrinology

151, 4289–4300. doi: 10.1210/en.2010-0134

Lach-Trifilieff, E., Minetti, G. C., Sheppard, K., Ibebunjo, C., Feige, J. N.,

Hartmann, S., et al. (2014). An antibody blocking activin type II receptors

induces strong skeletal muscle hypertrophy and protects from atrophy. Mol.

Cell. Biol. 34, 606–618. doi: 10.1128/MCB.01307-13

Lawlor, M. W., Read, B. P., Edelstein, R., Yang, N., Pierson, C. R., Stein, M.

J., et al. (2011). Inhibition of activin receptor type IIB increases strength

and lifespan in myotubularin-deficient mice. Am. J. Pathol. 178, 784–793.

doi: 10.1016/j.ajpath.2010.10.035

Leatherman, J. (2013). Stem cells supporting other stem cells. Front. Genet. 4:257.

doi: 10.3389/fgene.2013.00257

Lee, S. J., and McPherron, A. C. (2001). Regulation of myostatin activity

and muscle growth. Proc. Natl. Acad. Sci. U.S.A. 98, 9306–9311.

doi: 10.1073/pnas.151270098

Lee, S. J., Huynh, T. V., Lee, Y. S., Sebald, S. M., Wilcox-Adelman, S. A., Iwamori,

N., et al. (2012). Role of satellite cells versus myofibers in muscle hypertrophy

induced by inhibition of the myostatin/activin signaling pathway. Proc. Natl.

Acad. Sci. U.S.A. 109, E2353–E2360. doi: 10.1073/pnas.1206410109

Lee, S. J., Lee, Y. S., Zimmers, T. A., Soleimani, A., Matzuk, M. M., Tsuchida,

K., et al. (2010). Regulation of muscle mass by follistatin and activins. Mol.

Endocrinol. 24, 1998–2008. doi: 10.1210/me.2010-0127

Lepper, C., Partridge, T. A., and Fan, C. M. (2011). An absolute requirement

for Pax7-positive satellite cells in acute injury-induced skeletal muscle

regeneration. Development 138, 3639–3646. doi: 10.1242/dev.067595

Lu, A., Poddar, M., Tang, Y., Proto, J. D., Sohn, J., Mu, X., et al. (2014). Rapid

depletion of muscle progenitor cells in dystrophic mdx/utrophin-/- mice.Hum.

Mol. Genet. 23, 4786–4800. doi: 10.1093/hmg/ddu194

Maier, F., and Bornemann, A. (1999). Comparison of themuscle fiber diameter and

satellite cell frequency in human muscle biopsies.Muscle Nerve 22, 578–583.

Mann, C. J., Perdiguero, E., Kharraz, Y., Aguilar, S., Pessina, P., Serrano, A. L.,

et al. (2011). Aberrant repair and fibrosis development in skeletal muscle. Skelet.

Muscle 1:21. doi: 10.1186/2044-5040-1-21

McCarthy, J. J., Mula, J., Miyazaki, M., Erfani, R., Garrison, K., Farooqui, A.

B., et al. (2011). Effective fiber hypertrophy in satellite cell-depleted skeletal

muscle. Development 138, 3657–3666. doi: 10.1242/dev.068858

McCroskery, S., Thomas, M., Maxwell, L., Sharma, M., and Kambadur, R. (2003).

Myostatin negatively regulates satellite cell activation and self-renewal. J. Cell

Biol. 162, 1135–1147. doi: 10.1083/jcb.200207056

McCroskery, S., Thomas, M., Platt, L., Hennebry, A., Nishimura, T., McLeay, L.,

et al. (2005). Improved muscle healing through enhanced regeneration and

reduced fibrosis in myostatin-null mice. J. Cell Sci. 118(Pt 15), 3531–3541.

doi: 10.1242/jcs.02482

Frontiers in Physiology | www.frontiersin.org 13 May 2018 | Volume 9 | Article 515

https://doi.org/10.1038/ijo.2009.162
https://doi.org/10.1016/j.ydbio.2004.01.046
https://doi.org/10.1073/pnas.0811129106
https://doi.org/10.1677/JOE-07-0408
https://doi.org/10.1002/stem.2540
https://doi.org/10.1073/pnas.1103873108
https://doi.org/10.1038/ncb1101-1014
https://doi.org/10.1016/j.scr.2014.10.007
https://doi.org/10.1242/dmm.010389
https://doi.org/10.1152/japplphysiol.00866.2009
https://doi.org/10.1111/febs.12266
https://doi.org/10.1093/gerona/glt030
https://doi.org/10.1016/j.cell.2005.05.010
https://doi.org/10.1038/ncomms1508
https://doi.org/10.1242/jcs.082446
https://doi.org/10.1038/cddis.2015.198
https://doi.org/10.1038/nm.3710
https://doi.org/10.1002/mus.21944
https://doi.org/10.1097/MCO.0b013e32833862df
https://doi.org/10.1242/dmm.015917
https://doi.org/10.1038/ncb2015
https://doi.org/10.1155/2013/491497
https://doi.org/10.1210/en.2010-0134
https://doi.org/10.1128/MCB.01307-13
https://doi.org/10.1016/j.ajpath.2010.10.035
https://doi.org/10.3389/fgene.2013.00257
https://doi.org/10.1073/pnas.151270098
https://doi.org/10.1073/pnas.1206410109
https://doi.org/10.1210/me.2010-0127
https://doi.org/10.1242/dev.067595
https://doi.org/10.1093/hmg/ddu194
https://doi.org/10.1186/2044-5040-1-21
https://doi.org/10.1242/dev.068858
https://doi.org/10.1083/jcb.200207056
https://doi.org/10.1242/jcs.02482
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Formicola et al. Targeting the Stem Cell Niche

McPherron, A. C., and Lee, S. J. (2002). Suppression of body fat accumulation in

myostatin-deficient mice. J. Clin. Invest. 109, 595–601. doi: 10.1172/JCI13562

McPherron, A. C., Lawler, A.M., and Lee, S. J. (1997). Regulation of skeletal muscle

mass in mice by a new TGF-beta superfamily member. Nature 387, 83–90.

doi: 10.1038/387083a0

Metzger, D., and Chambon, P. (2001). Site- and time-specific gene targeting in the

mouse.Methods 24, 71–80. doi: 10.1006/meth.2001.1159

Mitchell, K. J., Pannérec, A., Cadot, B., Parlakian, A., Besson, V., Gomes, E. R.,

et al. (2010). Identification and characterization of a non-satellite cell muscle

resident progenitor during postnatal development. Nat. Cell Biol. 12, 257–266.

doi: 10.1038/ncb2025

Morrison, B.M., Lachey, J. L.,Warsing, L. C., Ting, B. L., Pullen, A. E., Underwood,

K. W., et al. (2009). A soluble activin type IIB receptor improves function in

a mouse model of amyotrophic lateral sclerosis. Exp. Neurol. 217, 258–268.

doi: 10.1016/j.expneurol.2009.02.017

Mourikis, P., Sambasivan, R., Castel, D., Rocheteau, P., Bizzarro, V., and

Tajbakhsh, S. (2012). A critical requirement for notch signaling in maintenance

of the quiescent skeletal muscle stem cell state. Stem Cells 30, 243–252.

doi: 10.1002/stem.775

Mozzetta, C., Consalvi, S., Saccone, V., Tierney, M., Diamantini, A., Mitchell,

K. J., et al. (2013). Fibroadipogenic progenitors mediate the ability of HDAC

inhibitors to promote regeneration in dystrophic muscles of young, but not old

Mdx mice. EMBOMol. Med. 5, 626–639. doi: 10.1002/emmm.201202096

Murach, K. A., Fry, C. S., Kirby, T. J., Jackson, J. R., Lee, J. D., White,

S. H., et al. (2018). Starring or Supporting Role? Satellite Cells and

Skeletal Muscle Fiber Size Regulation. Physiology (Bethesda) 33, 26–38.

doi: 10.1152/physiol.00019.2017

Murach, K. A., White, S. H., Wen, Y., Ho, A., Dupont-Versteegden, E. E.,

McCarthy, J. J., et al. (2017). Differential requirement for satellite cells during

overload-induced muscle hypertrophy in growing versus mature mice. Skelet.

Muscle 7:14. doi: 10.1186/s13395-017-0132-z

Murphy, M. M., Lawson, J. A., Mathew, S. J., Hutcheson, D. A., and

Kardon, G. (2011). Satellite cells, connective tissue fibroblasts and their

interactions are crucial for muscle regeneration. Development 138, 3625–3637.

doi: 10.1242/dev.064162

Muzumdar, M. D., Tasic, B., Miyamichi, K., Li, L., and Luo, L. (2007).

A global double-fluorescent Cre reporter mouse. Genesis 45, 593–605.

doi: 10.1002/dvg.20335

Oberbauer, A. M. (2013). The Regulation of IGF-1 gene transcription and

splicing during development and aging. Front. Endocrinol. (Lausanne) 4:39.

doi: 10.3389/fendo.2013.00039

Pallafacchina, G., Blaauw, B., and Schiaffino, S. (2013). Role of satellite cells in

muscle growth and maintenance of muscle mass. Nutr. Metab. Cardiovasc. Dis.

23 (Suppl. 1), S12–S18. doi: 10.1016/j.numecd.2012.02.002

Pannérec, A., Formicola, L., Besson, V., Marazzi, G., and Sassoon, D. A. (2013).

Defining skeletal muscle resident progenitors and their cell fate potentials.

Development. 140, 2879–2891. doi: 10.1242/dev.089326

Pannérec, A., Marazzi, G., and Sassoon, D. (2012). Stem cells in the

hood: the skeletal muscle niche. Trends Mol. Med. 18, 599–606.

doi: 10.1016/j.molmed.2012.07.004

Parker, A. E., Robb, S. A., Chambers, J., Davidson, A. C., Evans, K., O’Dowd, J.,

et al. (2005). Analysis of an adult Duchenne muscular dystrophy population.

QJM 98, 729–736. doi: 10.1093/qjmed/hci113

Pistilli, E. E., Bogdanovich, S., Goncalves, M. D., Ahima, R. S., Lachey, J., Seehra,

J., et al. (2011). Targeting the activin type IIB receptor to improve muscle mass

and function in the mdx mouse model of Duchenne muscular dystrophy. Am.

J. Pathol. 178, 1287–1297. doi: 10.1016/j.ajpath.2010.11.071

Relaix, F., and Zammit, P. S. (2012). Satellite cells are essential for skeletal muscle

regeneration: the cell on the edge returns centre stage. Development 139,

2845–2856. doi: 10.1242/dev.069088

Relaix, F., Weng, X., Marazzi, G., Yang, E., Copeland, N., Jenkins, N., et al. (1996).

Pw1, a novel zinc finger gene implicated in themyogenic and neuronal lineages.

Dev. Biol. 177, 383–396. doi: 10.1006/dbio.1996.0172

Rommel, C., Bodine, S. C., Clarke, B. A., Rossman, R., Nunez, L., Stitt, T.

N., et al. (2001). Mediation of IGF-1-induced skeletal myotube hypertrophy

by PI(3)K/Akt/mTOR and PI(3)K/Akt/GSK3 pathways. Nat. Cell Biol. 3,

1009–1013. doi: 10.1038/ncb1101-1009

Sacco, A., Doyonnas, R., Kraft, P., Vitorovic, S., and Blau, H. M. (2008). Self-

renewal and expansion of single transplanted muscle stem cells. Nature 456,

502–506. doi: 10.1038/nature07384

Sako, D., Grinberg, A. V., Liu, J., Davies, M. V., Castonguay, R., Maniatis,

S., et al. (2010). Characterization of the ligand binding functionality of

the extracellular domain of activin receptor type IIb. J. Biol. Chem. 285,

21037–21048. doi: 10.1074/jbc.M110.114959

Sambasivan, R., Yao, R., Kissenpfennig, A., Van Wittenberghe, L., Paldi,

A., Gayraud-Morel, B., et al. (2011). Pax7-expressing satellite cells are

indispensable for adult skeletal muscle regeneration. Development 138,

3647–3656. doi: 10.1242/dev.067587

Sartori, R., Schirwis, E., Blaauw, B., Bortolanza, S., Zhao, J., Enzo, E., et al.

(2013). BMP signaling controls muscle mass. Nat. Genet. 45, 1309–1318.

doi: 10.1038/ng.2772

Serrano, A. L., Mann, C. J., Vidal, B., Ardite, E., Perdiguero, E., and Muñoz-

Cánoves, P. (2011). Cellular and molecular mechanisms regulating fibrosis

in skeletal muscle repair and disease. Curr. Top. Dev. Biol. 96, 167–201.

doi: 10.1016/B978-0-12-385940-2.00007-3

Shefer, G., Van de Mark, D. P., Richardson, J. B., and Yablonka-Reuveni, Z.

(2006). Satellite-cell pool size does matter: defining the myogenic potency

of aging skeletal muscle. Dev. Biol. 294, 50–66. doi: 10.1016/j.ydbio.2006.

02.022

Siriett, V., Platt, L., Salerno, M. S., Ling, N., Kambadur, R., and Sharma, M.

(2006). Prolonged absence of myostatin reduces sarcopenia. J. Cell. Physiol. 209,

866–873. doi: 10.1002/jcp.20778

Smith, H. K., Maxwell, L., Rodgers, C. D., McKee, N. H., and Plyley, M. J.

(2001). Exercise-enhanced satellite cell proliferation and new myonuclear

accretion in rat skeletal muscle. J. Appl. Physiol. (1985) 90, 1407–1414.

doi: 10.1152/jappl.2001.90.4.1407

Tabebordbar, M., Wang, E. T., and Wagers, A. J. (2013). Skeletal muscle

degenerative diseases and strategies for therapeutic muscle repair. Annu. Rev.

Pathol. 8, 441–475. doi: 10.1146/annurev-pathol-011811-132450

Tanano, H., Hasegawa, T., Kimura, T., Sasaki, T., Kawahara, H., Kubota, A.,

et al. (2003). Proposal of fibrosis index using image analyzer as a quantitative

histological evaluation of liver fibrosis in biliary atresia. Pediatr. Surg. Int. 19,

52–56. doi: 10.1007/s00383-002-0883-3

Ten Broek, R. W., Grefte, S., and Von den Hoff, J. W. (2010). Regulatory factors

and cell populations involved in skeletal muscle regeneration. J. Cell. Physiol.

224, 7–16. doi: 10.1002/jcp.22127

Thomas, M., Langley, B., Berry, C., Sharma, M., Kirk, S., Bass, J., et al.

(2000). Myostatin, a negative regulator of muscle growth, functions

by inhibiting myoblast proliferation. J. Biol. Chem. 275, 40235–40243.

doi: 10.1074/jbc.M004356200

Trendelenburg, A. U., Meyer, A., Rohner, D., Boyle, J., Hatakeyama, S., and

Glass, D. J. (2009).Myostatin reduces Akt/TORC1/p70S6K signaling, inhibiting

myoblast differentiation and myotube size. Am. J. Physiol,. Cell Physiol. 296,

C1258–C1270. doi: 10.1152/ajpcell.00105.2009

Uezumi, A., Fukada, S., Yamamoto, N., Takeda, S., and Tsuchida, K.

(2010). Mesenchymal progenitors distinct from satellite cells contribute to

ectopic fat cell formation in skeletal muscle. Nat. Cell Biol. 12, 143–152.

doi: 10.1038/ncb2014

Uezumi, A., Ito, T., Morikawa, D., Shimizu, N., Yoneda, T., Segawa,

M., et al. (2011). Fibrosis and adipogenesis originate from a common

mesenchymal progenitor in skeletal muscle. J. Cell Sci. 124(Pt 21), 3654–3664.

doi: 10.1242/jcs.086629

Wagner, K. R., McPherron, A. C.,Winik, N., and Lee, S. J. (2002). Loss of myostatin

attenuates severity of muscular dystrophy in mdx mice. Ann. Neurol. 52,

832–836. doi: 10.1002/ana.10385

Wallace, G. Q., and McNally, E. M. (2009). Mechanisms of muscle

degeneration, regeneration, and repair in the muscular dystrophies.

Annu. Rev. Physiol. 71, 37–57. doi: 10.1146/annurev.physiol.010908.

163216

Wang, Q., andMcPherron, A. C. (2012). Myostatin inhibition induces muscle fibre

hypertrophy prior to satellite cell activation. J. Physiol. 590(Pt 9), 2151–2165.

doi: 10.1113/jphysiol.2011.226001

Wang, Y. X., and Rudnicki, M. A. (2012). Satellite cells, the engines of muscle

repair. Nat. Rev. Mol. Cell Biol. 13, 127–133. doi: 10.1038/nrm3265

Frontiers in Physiology | www.frontiersin.org 14 May 2018 | Volume 9 | Article 515

https://doi.org/10.1172/JCI13562
https://doi.org/10.1038/387083a0
https://doi.org/10.1006/meth.2001.1159
https://doi.org/10.1038/ncb2025
https://doi.org/10.1016/j.expneurol.2009.02.017
https://doi.org/10.1002/stem.775
https://doi.org/10.1002/emmm.201202096
https://doi.org/10.1152/physiol.00019.2017
https://doi.org/10.1186/s13395-017-0132-z
https://doi.org/10.1242/dev.064162
https://doi.org/10.1002/dvg.20335
https://doi.org/10.3389/fendo.2013.00039
https://doi.org/10.1016/j.numecd.2012.02.002
https://doi.org/10.1242/dev.089326
https://doi.org/10.1016/j.molmed.2012.07.004
https://doi.org/10.1093/qjmed/hci113
https://doi.org/10.1016/j.ajpath.2010.11.071
https://doi.org/10.1242/dev.069088
https://doi.org/10.1006/dbio.1996.0172
https://doi.org/10.1038/ncb1101-1009
https://doi.org/10.1038/nature07384
https://doi.org/10.1074/jbc.M110.114959
https://doi.org/10.1242/dev.067587
https://doi.org/10.1038/ng.2772
https://doi.org/10.1016/B978-0-12-385940-2.00007-3
https://doi.org/10.1016/j.ydbio.2006.02.022
https://doi.org/10.1002/jcp.20778
https://doi.org/10.1152/jappl.2001.90.4.1407
https://doi.org/10.1146/annurev-pathol-011811-132450
https://doi.org/10.1007/s00383-002-0883-3
https://doi.org/10.1002/jcp.22127
https://doi.org/10.1074/jbc.M004356200
https://doi.org/10.1152/ajpcell.00105.2009
https://doi.org/10.1038/ncb2014
https://doi.org/10.1242/jcs.086629
https://doi.org/10.1002/ana.10385
https://doi.org/10.1146/annurev.physiol.010908.163216
https://doi.org/10.1113/jphysiol.2011.226001
https://doi.org/10.1038/nrm3265
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Formicola et al. Targeting the Stem Cell Niche

Wong, V. W., Levi, B., Rajadas, J., Longaker, M. T., and Gurtner, G. C.

(2012). Stem cell niches for skin regeneration. Int. J. Biomater. 2012:926059.

doi: 10.1155/2012/926059

Yamaguchi, A. (1995). Regulation of differentiation pathway of skeletal

mesenchymal cells in cell lines by transforming growth factor-beta superfamily.

Semin. Cell Biol. 6, 165–173.

Yin, H., Price, F., and Rudnicki, M. A. (2013). Satellite cells and the

muscle stem cell niche. Physiol. Rev. 93, 23–67. doi: 10.1152/physrev.00043.

2011

Z Hosaka, Y., Ishibashi, M., Wakamatsu, J., Uehara, M., and Nishimura, T. (2012).

Myostatin regulates proliferation and extracellular matrix mRNA expression

in NIH3T3 fibroblasts. Biomed. Res. 33, 355–361. doi: 10.2220/biomedres.

33.355

Zhou, L., and Lu, H. (2010). Targeting fibrosis in Duchenne muscular dystrophy.

J. Neuropathol. Exp. Neurol. 69, 771–776. doi: 10.1097/NEN.0b013e3181e

9a34b

Zhou, X., Wang, J. L., Lu, J., Song, Y., Kwak, K. S., Jiao, Q., et al. (2010). Reversal of

cancer cachexia and muscle wasting by ActRIIB antagonism leads to prolonged

survival. Cell 142, 531–543. doi: 10.1016/j.cell.2010.07.011

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Formicola, Pannérec, Correra, Gayraud-Morel, Ollitrault, Besson,

Tajbakhsh, Lachey, Seehra, Marazzi and Sassoon. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org 15 May 2018 | Volume 9 | Article 515

https://doi.org/10.1155/2012/926059
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.2220/biomedres.33.355
https://doi.org/10.1097/NEN.0b013e3181e9a34b
https://doi.org/10.1016/j.cell.2010.07.011
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Inhibition of the Activin Receptor Type-2B Pathway Restores Regenerative Capacity in Satellite Cell-Depleted Skeletal Muscle
	Introduction
	Materials and Methods
	Mice Models
	Ethics Statement
	RAP-031 Treatment
	Tamoxifen Treatment
	Toxins Injections
	Western Blot Analysis
	FACS Analysis
	Cell Culture
	Gene Expression Analysis
	Histological Analyses
	Statistical Analysis

	Results
	Satellite Cell Depletion Results in Muscle Fiber Atrophy and Reduces Hypertrophy in Response to AcvR2B Pathway Inhibition
	Depletion of the Satellite Cell Compartment Alters the Stem Cell Niche
	AcvR2B Inhibition Restores the Regenerative Capacity and Inhibits Fibrosis/Adipogenesis in Muscle Containing Few Satellite Cells
	AcvR2B Inhibition Rescues Residual Satellite Cell Regenerative Capacity

	Discussion
	Conclusions
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


