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Although cell-based therapy is considered a promising method
aiming at treating different muscular disorders, little clinical
benefit has been reported. One of major hurdles limiting the
efficiency of myoblast transfer therapy is the poor survival of
the transplanted cells. Any intervention upon the donor cells
focused on enhancing in vivo survival, proliferation, and
expansion is essential to improve the effectiveness of such ther-
apies in regenerative medicine. In the present work, we investi-
gated the potential role of obestatin, an autocrine peptide
factor regulating skeletal muscle growth and repair, to improve
the outcome of myoblast-based therapy by xenotransplanting
primary human myoblasts into immunodeficient mice. The
data proved that short in vivo obestatin treatment of primary
human myoblasts not only enhances the efficiency of engraft-
ment, but also facilitates an even distribution of myoblasts in
the host muscle. Moreover, this treatment leads to a hypertro-
phic response of the human-derived regenerating myofibers.
Taken together, the activation of the obestatin/GPR39 pathway
resulted in an overall improvement of the efficacy of cell
engraftment within the host’s skeletal muscle. These data sug-
gest considerable potential for future therapeutic applications
and highlight the importance of combinatorial therapies.
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INTRODUCTION
Cell-based therapy is considered to be one of the innovative methods
aiming at treating different muscular disorders.1,2 Cell therapy is
based on the delivery of precursor cells, autologous or heterologous,
that will contribute to the regeneration of muscle fibers and tissue
repair. This type of restorative therapy has the potential to establish
genetically corrected myofibers and reverse the pathological pheno-
type. The fundamental requirements for the ideal cell candidate are
related to their myogenic potential, their homing capacities to sites
of degeneration, and their motility in the target tissue. Furthermore,
their isolation and amplification must be transferable under clinical
conditions, preferably in an autologous context. Several cell therapy
strategies have been tested using different types of cells with a
myogenic potential and derived frommuscle (satellite cells/myoblasts
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or muscle-derived stem cells), vessels (pericytes and their progeny
mesoangioblasts), bone marrow, blood, or embryonic tissues,
including, recently, induced pluripotent stem cells.1,3,4 However, the
data obtained from these studies resulted in suboptimal, although
promising, effectiveness in restoring functional skeletal muscle tissue.
First, the availability of an adequate number of stem cells to transplant
constitutes an important challenge. This includes issues related to the
harvesting from donors or from the same patient, genetic correction
in the case of autologous transplant, large-scale amplification in clin-
ical conditions, maintenance of a myogenic potential prior to trans-
plantation, and their compatibility with the host immune system.
Once implanted, the lack of efficiency and survival of the transplanted
cells remains a major hurdle for clinical application. Moreover, for
diseases targeting a large number of muscles, their complexity and
distribution throughout the body add to the difficulties of delivering
cells to muscles with restricted accessibility.1–3,5,6

Myoblasts were the first candidate cell to be tested for cell therapy.
Myoblasts are well-characterized physiological progenitors, for which
isolation and expansion are feasible in vitro. Several studies have been
successfully carried out in mice, showing that injected myoblasts are
able to participate in muscle regeneration7 and restore the missing
protein dystrophin in the mdx mouse, a widely used animal model
of Duchenne muscular dystrophy (DMD).8–13 However, the results
of the first clinical trials in DMD patients were rather disap-
pointing.14–16 Among the main reasons, the poor survival of cells,
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their lack of dispersion from the injection site, and immunological
rejection by the host have been proposed as potentially hampering
any clinical benefit. Several studies have indicated that the vast major-
ity of injected murine myoblasts die during the first hours following
transplantation.17,18 The reasons for this early death are poorly
understood and may be because of apoptosis, necrosis, anoikis, or
non-specific immune destruction. Furthermore, the lack of cell
survival was also observed in immunodeficient or immunosuppressed
animals, illustrating that it is independent of any event related to the
host’s adaptive immune response.19 It was demonstrated that muscle
damage or irradiation improved the migration capacities of
myoblasts,9,20 but such protocol is not clinically applicable. In fact,
grafted myoblasts do migrate, but in a manner most closely associated
with their physiological function to support myofiber regeneration
rather than in one ideally suited to facilitate their transplantation as
a potential therapy.21,22 It is well-known that myoblasts migrate in
response to signals deriving from both damaged fibers and infiltrating
cells.23 In clinical settings, cell repartition was improved by innovative
systems of injection.24,25 This protocol remains applicable to small
and accessible muscles (e.g., thenar eminence, extensor digitorum,
or even biceps brachii) in DMD patients, or in the context of autolo-
gous cell transplantation for localized tissue repair in less extended
diseases such as oculopharyngeal muscular dystrophy.26

Several research groups have developed studies to improve the
comprehension of the biology of these satellite cells, such as their
heterogeneity or their niche.27 Recent studies involving purification
of satellite cells or sub-populations and implantation without
any in vitro amplification28–30 or implantation of one single intact
myofiber31 in mice have shown that cells nearer to satellite cell state
or even still within their niche can robustly contribute to muscle
repair. Particularly, the implantation of single fibers was by far the
most efficient procedure in terms of efficiency of participation in
the host’s regeneration. In fact, transplantation in dystrophic mouse
muscles of a single muscle fiber that contained as few as seven satellite
cells led to an increasing number of new satellite cells that in turn
generated more than 100 new muscle fibers.31 Although reasons for
this increased efficiency are not yet fully understood, this is a much
more efficient way to generate newmuscle fibers than transplantation
of cultured satellite cells, in which normally the number of donor-
derived new fibers that are generated is several orders of magnitude
less than the number of injected cells. These results open new avenues
for research on cell transplantation, based on comparisons between
cultured and uncultured cells. Despite the promising value of this
approach, this is not yet applicable in clinical situations, where a
massive amplification of donor cell is still required, particularly in
autologous trials.

In spite of progress made, significant gaps remain in the knowledge
of areas such as survival, proliferation, and migration of trans-
planted human myoblasts. The development of xenotransplantation
strategies in immunodeficient preclinical mouse models allowed for
analysis of human myoblast behavior and the regulation of key
biological events occurring in the host muscle to design rational
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strategies to improve grafting. Among them, recent studies demon-
strated that a significant portion of grafted human myoblasts survives
and engrafts host muscle, and although a cell death peak is noted, it
seems far less than for murine myoblasts.32 Interestingly, in situ
proliferation of human myoblasts was observed in the first days
post-transplantation that was able to compensate for the loss of cells
occurring after injection. Furthermore, the migration of grafted
human myoblasts was limited to the same time window after trans-
plantation, after which proliferation is downregulated and grafted
myoblasts start to differentiate in situ, suggesting that proliferation,
migration, and differentiation are tightly linked and that modifying
one of these three processes has an impact on the others. Thus,
insights into the molecular and cellular mechanisms regulating
myoblast activation, proliferation, and/or differentiation should allow
optimization of conditions to improve the regenerative potential of
amplified myoblasts. p38 was recently identified as a determining
switch to promote differentiation of satellite cells.33 Thus, reversible
pharmacological inhibition of p38 in cultured human satellite cells
resulted in a gene expression program consistent with the promotion
of human satellite cells self-renewal, and it allowed for expansion of a
population ex vivo with enhanced self-renewal and engraftment
potential. Recently, it was also proposed that compounds stimulating
the expansion of the satellite cell pool, such as recombinant Wnt7a,
improve motility and engraftment, leading to significantly improved
muscle function.34 These results highlight the need to develop strate-
gies to reduce early cell death and promote proliferation so as to limit
the number of cells required for successful engraftment.

Autocrine factors that can regulate the activation and proper differen-
tiation of myoblasts would be particularly useful to improve the
outcome of myoblast-based therapies. In this context, we have
recently reported that obestatin, a 23-amino acid peptide derived
from a polypeptide called preproghrelin, is involved in muscle
regeneration, exerting an autocrine function to control the myogenic
differentiation program.35 Obestatin regulates multiple steps of
myogenesis—myoblast proliferation, cell cycle exit, differentiation,
and recruitment—to fuse and form multinucleated hypertrophic
myotubes.36 This action is coordinated by the interplay between
G protein-dependent and b-arrestin-dependent mechanisms.37 The
obestatin-associated mitogenic action is determined by G protein-
dependent activation defining the intricate pathways related to the
ERK1/2 and JunD axis, and the transactivation of epidermal growth
factor receptor (EGFR) through the b-arrestin signal complex deter-
mines the cell cycle exit and the development and progression of dif-
ferentiation through a kinase hierarchy determined by the Akt, Ca2+/
calmodulin-dependent protein kinase II (CaMKII), c-Jun, and p38
axes. Added to the functional features, the chemical and biochemical
properties and the existence of an easily available 23-amino acid
peptide with high dispersal profile in skeletal muscle36 undoubtedly
facilitate its use as a therapeutic agent.

In this work, we investigated the potential of obestatin to improve the
outcome of myoblast-based therapy by xenotransplanting primary
human myoblasts into immunodeficient mice. Our results showed
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that a short in vivo treatment of human myoblasts with obestatin not
only enhances the efficiency of engraftment, but also facilitates an
even distribution of myoblasts in the host muscle. Moreover, this
treatment leads to a hypertrophic response of the human-derived
regenerating myofibers. Our observations suggest obestatin as a phar-
macological means to improve the outcome of myoblast-based
therapy, which might be beneficial for future regenerative therapies
of skeletal muscle.

RESULTS
Functional Validation of the Obestatin/GPR39 System in Human

Primary Myoblasts

The expression of the obestatin/GPR39 systemwas assessed in human
primary myoblasts during myogenesis. Upon reaching confluence,
serum and additives were withdrawn to induce the differentiation
from proliferative myoblasts into terminally differentiated myotubes.
As shown in Figure S1A, obestatin is not expressed in primary
myoblasts but is upregulated in differentiated myotubes (6-day differ-
entiation period). However, GPR39 was detected in both myoblasts
and myotubes (Figure S1A). In human primary myoblasts, obestatin
(10 nM, 5 min) activated mitogen-activated protein kinases (MAPKs;
ERK1/2, c-Jun/JunD, and p38), Akt, and CaMKII signaling pathways
(Figure S1B). These kinase hierarchies are decoded by the myogenic
effectors that execute different phases of the differentiation process
in response to the obestatin/GPR39 system.37 In the context of obesta-
tin-induced activity, obestatin increased the mitogenic event in a
dose-effect relationship, with maximal effect at 10 nM obestatin in
growthmedium (GM; proliferating conditions; Figure S1C). To assess
the activity of obestatin as a promoter of the differentiation process,
primary myoblasts were switched to differentiation medium (DM)
supplemented with obestatin at 10 nM for 6 days. Immunoblot
analyses revealed enhanced protein level of myosin heavy chain
(MHC) when compared with control cells (DM for 6 days; Fig-
ure S1D). The myotube areas were larger in the obestatin-treated cells
(DM + 10 nM obestatin; 3,401 ± 33 mm2) as compared with control
conditions (DM; 168 ± 36 mm2) at 6 days after differentiation. To
quantify myoblast fusion, we calculated the fusion index by express-
ing the number of nuclei within MHC+ myotubes with three or
more nuclei as a percentage of the total nuclei. The fusion index
was significantly higher in the obestatin-treated cells compared
with untreated control cells (47.0% ± 0.8% and 33.4% ± 1.2%, respec-
tively; Figure S1C). Nuclear number analysis revealed that the
percentage of myotubes with >30 nuclei was significantly higher in
obestatin-treated cells compared with control cells (Figure S1C).
Thus, obestatin regulated multiple steps of myogenesis, including
myoblast proliferation, differentiation, and recruitment, to fuse and
form multinucleated hypertrophic myotubes.

Mitogenic Effect In Vivo of Obestatin in Regenerating Muscle

To test the obestatin effect on human cells within themurine recipient
muscle, we transplanted 5 � 105 myoblasts cells into freeze-damaged
tibialis anterior (TA) muscle followed by obestatin delivered via intra-
muscular injection every 24 hr up to 5 consecutive days (Figure 1A).
The expression of ki67 (a protein expressed in all cell cycle phases
except G0), was analyzed on cross sections of TA muscles grafted
with human cells, in parallel with the detection of human Lamin
A/C. At 24 hr post-transplantation, the number of human Ki67+ cells
(Lamin A/C+ cells) in grafted TAs was not significantly different
regardless of whether they had been treated with obestatin (17.6 ±

3.5 and 19.3 ± 2.9 ki67+ cells, respectively; Figure 1B). 5 days post-
transplantation there was a 38% decline in the number of human
Ki67+ cells in the untreated animals. By contrast, the analysis of
Ki67 expression in obestatin-treated mice showed an 80% increase
in the number of human Ki67+ cells compared with untreated recip-
ients (21.4 ± 2.2 and 11.9 ± 0.7 ki67+ cells, respectively; Figure 1B),
thus maintaining the levels of proliferating cells observed at 24 hr
post-transplantation. An analysis of phospho-histone 3 (S10) (pH3)
expression, a marker of the late G2 and M phase of the cell cycle,
demonstrated an 114% increase in pH3+ human cells in the obesta-
tin-treated group as compared with the control group at 24 hr
post-transplantation (10.4 ± 1.0 and 4.9 ± 0.9 pH3+ cells, respectively;
Figure 1C). Despite the decline in the relative numbers of pH3+ cells
at 5 days post-transplantation, the number of human pH3+ cells was
double in the obestatin-treated group compared with the control
group (5.6 ± 1.1 and 2.8 ± 0.6 pH3+ cells, respectively; Figure 1C).
Calculation of the apoptotic cells from transferase dUTP nick
end-labeling (TUNEL) labeling showed that obestatin treatment
significantly attenuated the number of apoptotic nuclei at 5 days of
transplantation (15.0± 2.4 and 1.0± 0.4 cells, respectively; Figure 1D).
Furthermore, the expression of cleaved caspase-3 (activated caspase-3)
decreased in human cells in the obestatin-treated group as compared
with the control group at 5 days post-transplantation (Figure 1E).
Thus, the increased expression of Ki67 and pH3 proteins, together
with reduced rates in apoptosis, supports that the proliferation ofmus-
cle precursors is stimulated by the obestatin treatment, decreasing, at
least in part, the loss of injected cells.

Obestatin Treatment IncreasesCellMigration In Vitro and In Vivo

We next investigated whether the activation of the obestatin/GPR39
system could modulate human cell migration in vivo, while colo-
nizing the recipient’s tissue. In order to do this, we measured the
area occupied by the human cells on transverse sections along the
entire length of the muscle at the different time points described
above. At 24 hr post-transplantation, the area occupied by the human
cells did not show significant differences between control and obesta-
tin-treated muscles (422.5 ± 38.9 and 369.8 ± 124.0 mm2, respectively;
Figure 2A). At 5 days post-transplantation, the area occupied by hu-
man cells within regenerating muscle treated with obestatin was
increased by 132% as compared with untreated muscle (1245 ±

239.6 and 536.3 ± 110.2 mm2, respectively; Figure 2A). Importantly,
21 days post-transplantation (i.e., 16 days after the last obestatin
administration), the area occupied by human cells in obestatin-
treated muscles was 59% greater compared with the untreated group
(1,833 ± 241.2 and 1,146 ± 100.7 mm2, respectively; Figure 2A).
Similar results were obtained when relative areas, i.e., total area/
human cell number, or the cell number per unit area was compared
(Figure 2A). These results ruled out the possibility that the increased
area might be related to the proliferation response.
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The effect of obestatin on cell motility was further tested in scratch
assays. To exclude a bias arising from different rates of proliferation,
we treated the human primary cells with mitomycin C (15 mg/mL;
2 hr), a DNA replication inhibitor. Addition of obestatin (10 nM)
to the culture medium increased the migration of human cells by
�28.7% and �44.6% when compared with untreated control at
24 and 48 hr, respectively (Figure 2B). To identify potential effectors
of obestatin/GPR39 signaling, we investigated the requirement of
Disheveled 2 (Dvl2) protein. Despite primary cells providing a valu-
able complement to in vivo experiments, their in vitro culture
requirements limited the efficacy of small interfering RNA (siRNA)
transfection [siRNA-mediated knockdown of Dvl2 (si-Dvl2);
8.7% ± 2% reduction relative to scrambled siRNA (si-control)]. To
achieve maximum efficacy, we carried out siRNA experiments in
the hTERT/cdk4 immortalized human myoblasts (KM155C25
clone 48; see Materials and Methods for details), a reliable and stable
immortalized cell line derived from primary cells that retain the char-
acteristics of the non-senescent primary line, i.e., in vitro and in vivo
differentiation, with extended proliferative lifespan.38 siRNA-medi-
ated knockdown of Dvl2 (60.4 ± 0.5% reduction relative to scrambled
si-control) significantly prevented obestatin-mediated migration in
scratch assays when compared with the si-control (Figure 2C). The
small GTPases Rac1 and Rho have also been proposed to be involved
in obestatin-mediated cell migration. Indeed, obestatin significantly
increased the activation of Rho (160% relative to si-control; Fig-
ure 2D), whereas it had no significant effect on active Rac1 (Fig-
ure 2D). si-Dvl2 significantly reduced by 73% the activation of Rho
in obestatin-stimulated cells when compared with the si-control
(Figure 2D). We conclude that obestatin/GPR39 increased the migra-
tion of human cells in the host muscle through activation of Dvl2 and
the small GTPase Rho.

Obestatin PromotesDifferentiation of Muscle Precursors In Vivo

We analyzed the expression of myogenin, a key myogenic regulatory
factor, which is also a marker of early skeletal muscle cell differenti-
ation,39 as well as of MHC, a marker of terminal differentiation.40

As determined by immunostaining for myogenin on muscle sections,
obestatin treatment tends to increase the number of myogenin+ cells,
Figure 1. Obestatin Activates Human Myoblast Proliferation in Regenerating M

(A) Experimental scheme for the in vivo assay. Human myoblasts were isolated from the

(TA) muscles of Rag2�/�IL2Rb�/� mice immediately after cryodamage. Obestatin (300
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transplantation and intramuscular injection of obestatin (300 nmol/kg body weight/24 h

expressed as mean ± SEM. *p < 0.05 versus control values.
although this is not significant when compared with controls at 5 days
post-transplantation (20.4% ± 1.0% and 15.9% ± 2.9% myogenin+

cells, respectively; Figure 3A). When the expression of MHC was
evaluated in the injected human muscle cells at the same time point,
the treated-to-control ratios showed a 33% decrease in MHC+ cells
(47.0%± 2.0% and 70.0%± 1.0%MHC+ cells, respectively; Figure 3B).
However, the cross-sectional areas of fibers with centrally located
human Lamin A/C+ nuclei (i.e., regenerating fibers) were 289.8%
larger in obestatin-treated mice (752.0 ± 63.0 mm2) than in control
mice (193.0 ± 14.0 mm2) at 5 days post-transplantation (Figure 3B).
Furthermore, the number of human myonuclei per regenerating
myofiber was significantly increased by 105% in the obestatin-treated
group (2.1 ± 0.07 cells) when compared with the control muscles
(1.0 ± 0.01 cells; Figure 3B). Thus, myogenin and MHC expression
excluded rapid differentiation of the transplanted human cells and
correlates with activation of the proliferating stage. Despite the fact
that there are fewer fibers with human nuclei, obestatin treatment
was accompanied by an increase in fiber hypertrophy and myonu-
clear content.

Obestatin Increases the Regenerative Capacity of Human

Myoblasts In Vivo

To assess the overall efficiency of in vivo engraftment of human cells
in a regenerated muscle in the presence of obestatin/GPR39 activa-
tion, we immunostained TA muscles for human Lamin A/C and
mouse laminin at 21 days post-transplantation. The number of
myofibers containing human nuclei was increased by 112% in obesta-
tin-treated compared with control muscles (193.7 ± 19.2 and 91.0 ±

20.0, respectively; Figure 4A). Furthermore, the total number of hu-
man cells engrafted into mouse myofibers was 135% greater in the
obestatin-treated muscles than in the control group (386.7 ± 52.5
and 164.3 ± 46.6 human grafted cells, respectively; Figure 4A). The
participation of the injected cells in muscle regeneration was further
quantified by counting the number of human spectrin+ fibers per
muscle section at 21 days post-transplantation. As shown in
Figure 4B, obestatin increased by 1.8-fold the number of human
spectrin+ fibers. Related to the total number of fibers per muscle
section, 15% ± 3% spectrin+ fibers were observed in obestatin-treated
uscle
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Figure 2. Obestatin Treatment Increases Cell Migration In Vitro and In Vivo

(A) Quantification of the area occupied by transplanted cells wasmade at 24 hr, 5 days, and 21 days after intramuscular injection of obestatin (300 nmol/kg body weight/24 hr

during 5 days; n = 5 per group) or control (DMEM; n = 5 per group). The area was estimated as the area occupied by human cells, Lamin A/C+ cells, on transverse sections

along the entire length of the muscle and expressed as total area (left upper panel), relative area (area/cell number; right upper panel), and cell number per unit area (mm2; left

bottom panel). Data represent mean ± SEM. Right bottom panels show representative sample sections of the area occupied by human cells detected by anti-Lamin A/C

at 21 days following human myoblast transplantation. (B) In vitro migration potential of human primary myoblasts (C25 cells). Upper panels show representative images of

myoblasts cells in GM (control) or GM+obestatin (10 nM) 24 hr after stimulation. (B, bottom panel) Wound closure was evaluated using the equation described in the Materials

and Methods. Values are mean ± SE of three independent experiments. (C) Effect of siRNA depletion of Dvl2 on in vitro migration of human immortalized myoblasts. Cells

transfected with Dvl2 (si-Dvl2) or scrambled control (si-control) siRNA were seeded into Ibidi inserts. Right panel shows representative images of immortalized myoblasts

under GM (control) or GM+obestatin (10 nM) 24 hr after stimulation. Wound closure was evaluated using the equation described in the Materials and Methods. Expression of

Dvl2 was evaluated by immunoblot (left panel) 24 hr after stimulation. Values are mean ± SEM of three independent experiments. (D) Rac1 and Rho activation assays in

immortalized myoblasts in GM (control) or GM+obestatin (10 nM). Cells were either treated with a siRNA targeting Dvl2 (si-Dvl2) or with a scrambled control (si-control). Total

Rac1 or Rho is shown as a loading control. Activation of Rac1 and Rho was expressed relative to control siRNA-transfected cells (n = 3). Immunoblots are representative of

three independent experiments. Data are expressed as the mean ± SEM obtained from intensity scans of independent experiments. *p < 0.05 versus control values.
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TA versus 8% ± 1% in the control group. The analysis of cross-
sectional areas showed that the treated-to-control ratio of all fibers
(spectrin+ and spectrin� fibers) was 16% larger in obestatin-treated
mice (1,605.0 ± 46.0 mm2) than in control mice (1,389.0 ±

40.0 mm2) at 21 days post-transplantation, respectively (Figure 4B).
The cross-sectional areas of spectrin+ fibers were 98% larger in
obestatin-treated mice (2,629.8 ± 172.0 mm2) than in control mice
(1,327.9 ± 92.0 mm2) with a shift of the muscle fiber size distribution
2350 Molecular Therapy Vol. 25 No 10 October 2017
toward major caliber fibers (Figure 4C). However, cross-sectional
areas of spectrin� fibers were similar in obestatin-treated mice
(1,440.9 ± 49.0 mm2) compared with control mice (1,397.9 ±

49.0 mm2). Overall, these data demonstrate that obestatin globally
enhanced the regenerative capacity of the injected cells, as shown
by the increase in both the number of myofibers containing human
nuclei and/or expressing human protein and the significantly
increased size of the human-derived regenerated myofibers.



Figure 3. Obestatin Promotes Differentiation of Muscle Precursors In Vivo

(A and B) Representative sections stained for myogenin (A) or MHC (B) after intramuscular injection of obestatin (300 nmol/kg body weight/24 hr during 5 days) or control

(DMEM) at 5 days following human myoblast transplantation (n = 5 per group). (A) The analysis of the myogenin+ cells double-labeled with the human-specific anti-Lamin A/C

antibody is shown at 5 days following cell transplantation. (B) Quantification of MHC+ myofibers with centrally located human nuclei (Lamin A/C+; regenerating myofibers) is

shown at 5 days following cell transplantation. Additionally, the cross-sectional area of regenerating fibers and the number of myonuclei per MHC+ regenerating myofiber

were evaluated. Data are expressed as mean ± SEM. *p < 0.05 versus control values.
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Once the differentiation process is triggered, myoblasts have a dual
fate: while most commit to myogenic differentiation, there is a popu-
lation that withdraws from the cell cycle and re-expresses markers of
quiescent satellite cells, including Pax7. We investigated whether the
obestatin/GPR39 system may also regulate this dual fate. To identify
progenitor cells of donor origin, we stained muscle sections with
antibodies against human Lamin A/C and Pax7 (Figure 5). In repre-
sentative sections, the number of Pax7+ cells per 100 fibers, which
include cells of both human and mouse origin (total Pax7+ cells),
was 50 ± 3 in control muscles, and the number of human Pax7+/
Lamin A/C+ cells per 100 fibers was 8 ± 1, which accounts for
16% ± 2% of total Pax7+ cells in the absence of treatment. By contrast,
the numbers of total Pax7+ and Pax7+/Lamin A/C+ cells per 100 fibers
was 107 ± 5 and 69 ± 8 in obestatin-treated muscles, respectively. This
accounts for 65% ± 10% of total Pax7+ cells. The numbers of Pax7+/
Lamin A/C� cells per 100 fibers (i.e., host satellite cells) were 42 ± 3
and 38 ± 11 in control and obestatin-treated muscles, respectively. To
further determine whether donor-derived Pax7+ cells were in the
satellite cell position, we performed triple labeling of human Lamin
A/C, Pax7, and laminin. Donor-derived Pax7+ cells were located
both in the satellite cell position (underneath the basal lamina of
myofibers; Figure 5) and outside the basal lamina. There were 1.0 ±

0.3 in the control group and 14.8 ± 1.2 in the obestatin group human
Pax7+/Lamin A/C+ cells per 100 fibers located inside the basal lamina.
These data indicate that 21.4% ± 1.7% of Pax7+ donor cells are in the
position of satellite cells, the remainder being undifferentiated
interstitial myoblasts located outside the basal lamina. We further
quantified the number of human cells that had not been incorporated
into the muscle fibers but remained located in an interstitial
position outside the basal lamina of the fibers. This number was
significantly larger for control compared with obestatin-treated mus-
cles (39% ± 3% and 18% ± 4% relative to total number of human cells,
respectively).

DISCUSSION
Although myoblast transfer therapy has appeared to be promising
from the results obtained in murine models, the results of clinical
trials for DMD patients to date are disappointing, because little
clinical benefit has been reported.1,41 The poor survival of the trans-
planted cells remains a major hurdle limiting its efficiency. Previous
results have also shown that a reduced proliferation of the trans-
planted humanmyoblasts is correlated with their early differentiation
Molecular Therapy Vol. 25 No 10 October 2017 2351
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within the host tissue.32 An analysis of the proliferation of human
myoblast cells transplanted into regenerating muscles of immunode-
ficient mice using Ki67 or pH3 as markers of dividing cells showed a
limited in vivo amplification of the injected cells after engraftment.
This reduced proliferation and early differentiation within the host
tissue was correlated to a limited migration of the transplanted
human myoblasts within the host tissue. Any intervention upon the
donor cells and/or the recipient’s microenvironment focused on
enhancing in vivo survival, proliferation, and expansion before differ-
entiation would be essential to improve the effectiveness of cell-based
therapies in regenerative medicine. Obestatin, an autocrine factor
regulating the function of myoblast pool and improving the ultimate
efficiency of the engraftment, fulfills some of these requirements. Our
results demonstrate that: (1) stimulation of proliferation of human
myoblasts through the activation of the obestatin/GPR39 pathway
delays myogenic differentiation, thus increasing the number of cells
that can then colonize a much larger area within the recipient’s
muscle; (2) obestatin treatment results in increased cell migration
through activation of Dvl2 and the small GTPase Rho; (3) obesta-
tin-stimulated myoblasts maintain their ability to differentiate,
because a higher number of myofibers containing human nuclei
and/or expressing human proteins is found, and moreover, obestatin
treatment leads to a hypertrophic response in the human-derived
regenerating myofibers; and (4) obestatin signaling enhances the
capacity to reconstitute a satellite cell pool from transplanted cells,
advocating their potential for long-term treatment of muscle diseases.
Combined, these effects of the activation of the obestatin/GPR39
pathway result in an overall improvement of the efficacy of cell
engraftment within the host’s skeletal muscle.

It was already shown that transplantation of these myogenic precur-
sors in the presence of serum, which maintains the proliferative state
of myoblasts in vitro, improved the outcome of myoblast transplan-
tation.32 In agreement with these observations, we show that an exog-
enous induction of myoblast proliferation via obestatin stimulation
has similar consequences to their participation in the host’s tissue,
with the advantage of using a single molecule instead of serum, which
is clinically irrelevant. The fact that more cells are cycling and
expressing markers of proliferation at 5 days post-transplantation
clearly indicates that obestatin extends the phase of proliferation of
implanted cells. Despite this extended proliferation, it should be
noted that their myogenic potential is not compromised, because
they can still be committed to differentiate after obestatin treatment
as demonstrated by the number of myogenin+ human cells observed
at day 5 post-engraftment. These observations support the hypothesis
that self-renewal is a mechanism regulated by the obestatin/GPR39
Figure 4. Obestatin Increases Engraftment Capacity of Human Myoblasts In V

(A, left panels) Representative sections stained for Lamin A/C after intramuscular inject

control (DMEM) at 21 days following humanmyoblast transplantation. (A, right panels) An

the number of incorporated human cells into regeneratedmuscle fibers is shown at 21 da

for human-specific spectrin and Lamin A/C at 21 days following human myoblast transp

of total, spectrin�, and spectrin+ fibers at 21 days following cell transplantation. (C) T

21 days following human myoblast transplantation. (A and B) Data are expressed as m
system, where myoblast-derived myoblasts give rise to both differen-
tiated cells and functional myoblasts. Further evidence for self-
renewal has come from studies of myoblast transplantation into adult
muscle, where neonatal myoblasts/satellite cell-derived myoblasts
gave rise to both differentiated myonuclei and functional satellite
cells.42,43 Observations on the dynamic expression of Pax7, MyoD,
andmyogenin in ex vivo cultured single myofibers are crucial to guid-
ing satellite cells/myoblasts from an active to a quiescent state.44–46

Although most proliferating Pax7+/MyoD+ myoblasts differentiate
into Pax7�/MyoD+/myogenin+ cells, some Pax7+/MyoD+ myoblasts
repress MyoD expression, preserving Pax7 expression, and ultimately
withdraw from the cell cycle. Future studies are needed to identify the
regulatory mechanisms governing this process linked to obestatin/
GPR39signaling.

In addition to efficient proliferation of the transplanted human cells,
the efficiency to reconstitute the host skeletal muscle involves also
extensive migration within the recipient’s muscle. Previous studies
have shown that myoblasts have a very limited migration and remain
confined at the injection site.32 Indeed, control engrafted cells occupy
only a small volume of the muscle at 21 days post-injection. By
contrast, obestatin clearly extended the dispersion and consequently
the area occupied in the recipient’s muscle during the same time. In
agreement with these observations, our experiments with primary
or immortalized myoblasts support that the enhanced tissue disper-
sion of obestatin-stimulated cells is due to an increased intrinsic
migratory capacity at early time points after myoblast transplantation
and does not involve induction of proliferation. Importantly, blocking
Dvl2 signaling by siRNA transfection inhibited obestatin-induced cell
migration, indicating that Dvl2 activation participates in the regula-
tion of the myoblast migration. In our study, specific downregulation
of Dvl2 signaling in immortalized myoblasts suppresses obestatin-
induced activation of small GTPases Rho. These findings suggest a
molecular pathway linking obestatin/GPR39 signaling with Dvl2/Rho
in governing cytoskeletal architecture and cell motility.47,48

At a late stage of muscle regeneration, obestatin treatment increased
the number of spectrin-expressing myofibers in the host muscle.
Furthermore, the efficiency of the engraftment was ameliorated by
the increased cross-sectional area of the newly formed muscle fiber
that resulted from human cell fusion. This increase in both fusion
and fiber size might be interpreted as a result of mitotic expansion
of human cells, so that more cells can differentiate and participate
in the repair of the tissue. However, we have already demonstrated
that the muscle hypertrophic response to obestatin is not associated
with the addition of new myonuclei via proliferation and further
ivo

ion of obestatin (300 nmol/kg body weight/24 hr during 5 days; n = 5 per group) or

alysis of the number of myofibers containing nuclei expressing Lamin A/C+ cells and

ys following cell transplantation. (B) Left panels show representative sections stained

lantation. Right panels show the analysis of spectrin+ fibers and cross-sectional area

he frequency distribution of the spectrin+ fiber cross-sectional area was evaluated

ean ± SEM (n = 5 per group). *p < 0.05 versus control values.
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Figure 5. Obestatin Regulates Self-Renewal and Expansion of Transplanted Human Muscle Cells

(Upper panels) Representative sections are stained for Lamin A/C and Pax7 after intramuscular injection of obestatin (300 nmol/kg body weight/24 hr during 5 days; n = 5 per

group) or control (DMEM) at 21 days following human myoblast transplantation. Human Lamin A/C/Pax7 double-positive cells (Pax7+/Lamin AC+) localized underneath the

basal lamina of myofibers, i.e., satellite cells from human origin, are indicated with white arrowheads. Pax7+/Lamin AC+ nuclei localized at the periphery of themuscle fiber are

indicated with orange arrowheads. Pax7-positive and Lamin A/C-negative (Pax7+/Lamin AC�) nuclei localized underneath the basal lamina of myofibers are indicated with

yellow arrowheads. Pax7-negative and Lamin A/C-positive (Pax7�/Lamin AC+) nuclei localized underneath the basal lamina ofmyofibers are indicated with cyan arrowheads.

Bottom panels show quantification of the number of Pax7+ cells, Pax7+/Lamin AC+ cells, the % of Pax7+/Lamin AC+ cells underneath the basal lamina, and the number of

Pax7+/Lamin AC� cells normalized per 100 TA muscle fibers (n = 5 per group). Data are expressed as mean ± SEM (n = 5 per group). *p < 0.05 versus control values.
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fusion.35–37 It should be considered that hypertrophy is strongly asso-
ciated to Akt activation, a pathway that is activated by obestatin dur-
ing the differentiation program and skeletal muscle regeneration.35–37

This pathway controls mechanisms of protein synthesis at several
stages (e.g., translation capacity, translation efficiency) through the
increase of specific mRNAs translation, which results in myotubes
and fiber enlargement.49–51 Therefore, obestatin action is a highly
coordinated process in which various signaling pathways converge
to activate specific gene expression programs associated with each
stage of myofiber formation: proliferation, differentiation, fusion,
and hypertrophic response.

On the whole, obestatin treatment increased the cross-sectional area
of the human-derived regenerating myofibers with no significant
effect found on mouse regenerating myofibers. Furthermore, obesta-
tin did not modify the host satellite cell population. Because of the
hypertrophic effect of obestatin in murine skeletal muscle and its
role in the expansion of satellite cells,36 these data seem disconcerting
because the whole regenerating muscle is being treated. However,
these results are consistent with the existence of a species-specific
activity associated with obestatin because mice were treated with hu-
man obestatin. In fact, mouse and human obestatin exhibit clear
conformational differences beyond their differences in primary
structure.52 The mouse analog adopts a distinct three-dimensional
structure, which cannot activate human GPR39.52 These structural
differences are responsible for the different bioactivities observed.
This species-specific activity allowed us to demonstrate the usefulness
of exogenous induction of myoblast proliferation in vivo to improve
the efficacy of engraftment. However, this property also provides
indirect evidence that, if used clinically, host satellite cells can become
activated by human-specific obestatin and contribute to muscle
regeneration as grafted donor cells. In particular, endogenous satellite
cells might outcompete the transplanted cells and give rise to regen-
erated sections of myofibers that contain, for example, no dystrophin
within DMD patient muscles. Thus, the next important goal is to
enhance donor cell response in relation to that obtained from the
host satellite cell. It is possible that an ex vivo treatment of human
myogenic cells with obestatin is sufficient to enhance donor cell
engraftment and tissue dispersion. Future experiments will investi-
gate both how to regulate in a specific, proportionate manner the
donor cells through the obestatin/GPR39 system and the utility of
modulating this system in vivo to augment the efficacy of engraftment
muscle.

The ideal cell approach for muscle therapy must be capable of
repopulating the precursor cell pool, providing an enduring source
of regenerative cells for future muscle repair after injury. Previous
studies have shown that murine as well as human myoblasts were
able to give rise to satellite cells after transplantation in mice.43,53–58

This is further supported by the present work in which transplanted
myoblasts generate stem-cell-like populations that reside in the satel-
lite cell location, providing evidence for human stem cell self-renewal.
Strikingly, this capacity was notably enhanced after obestatin treat-
ment, increasing the number of human Pax7+ cells into the satellite
cell compartment. Therefore, obestatin not only allows reconstitution
of mature muscle fibers, but also replenishes the muscle precursor
pool by engrafted donor cells, thus seeding a reserve pool of cells
that may be recruited for subsequent rounds of muscle repair. This
observation supports the postulated hypothesis that the obestatin/
GPR39 pathway can regulate cell assignment: dividing myoblast
can either enter terminal differentiation or remain in a precursor state
via self-renewal, involving withdrawal from the terminal myogenic
program to maintain the satellite cell pool. This population of reserve
cells retains the ability to reenter cell cycle and differentiate.

Overall, the present data validate the concept that any intervention
upon the donor cells aiming at improving proliferation andmigration
should be done before differentiation of implanted cells. Furthermore,
our work identifies a clinically relevant pharmacological means to
significantly improve the outcome of cell-based therapy for muscle
diseases, highlighting the importance of combinatorial therapies.
The proper activation and differentiation of transplanted cells via
obestatin/GPR39 offer unique opportunities for muscle regenerative
medicine.

MATERIALS AND METHODS
Materials

Human obestatin was obtained from California Peptide Research.
Antibodies used are listed in Table S1. All other chemical reagents
were from Sigma Chemical.

Animals

Rag2�/�Il2rb�/� immunodeficient mice aged 2–3 months were used
as recipients for human myoblast transplantation.59 Experimental
procedures were performed in accordance with the legal regulations
in France and with European Union ethical guidelines for animal
research.

Primary Human Myoblasts

Human myoblasts were isolated from the semitendinosus muscle of a
25-year-old male in accordance with the French legislation on ethical
rules, as described previously.60 The initial muscle biopsy was ob-
tained anonymously through MyoBank, affiliated with EuroBiobank,
in accordance with European recommendations and French legisla-
tion (approval reference AC-2013-1868), washed through two
changes of DMEM (Lonza) and carefully microdissected under
aseptic conditions to exclude fat and connective tissue. Cleaned
muscle pieces were then cut into �400 mm3 cubes and plated onto
a fetal bovine serum (FBS)-washed 60mm2 dish for 1 hr. After micro-
explant attachment, GM [Medium 99:DMEM (1:4, v:v; Lonza) sup-
plemented with 20% FBS (v/v), 25 mg/mL fetuin, 5 ng/mL human
epidermal growth factor (hEGF), 0.5 ng/mL basic fibroblast growth
factor (bFGF), and 50 mg/mL gentamycin (Invitrogen; Thermo Fisher
Scientific)] was added. All cultures were performed at 37�C in a
humid atmosphere containing 5% CO2. Mononucleated cells
migrating out of the explants were removed from the dish by using
a 1.5% trypsin-0.04% EDTA solution in PBS and then plated at
a density of 2 � 103 cells/cm2. The myogenic cell population was
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enriched using a CD56 magnetic bead sorting system (MACS
MicroBeads; Miltenyi Biotec) according to the manufacturer’s
instructions. In brief, cells were labeled with anti-CD56 (a specific
marker of myoblasts) microbeads and then separated in a MACS
column placed in amagnetic field. Purification was checked by immu-
nochemistry using a desmin marker.61 All of the primary cell
preparations used in this study, C25 cells, had a myogenic purity of
at least R90%. The mean population doubling (MPD) was deter-
mined at each passage as described previously.38 Experiments were
performed with C25 cells between 10 and 15 MPD.38 Cell counting
was carried out by means of immunofluorescence using desmin as
a marker for myoblasts and TOPRO-3 (Thermo Fisher Scientific;
Topro, fluorescent nuclear and chromosome counterstain) for nu-
clear staining. For differentiation into myotubes, C25 cells were
cultured on Matrigel-covered glass coverslips in GM. At 80% conflu-
ence, GM was switched to DM (DMEM or DMEM supplemented
with obestatin 10 nM) for 5 days unless otherwise stated.

Cell Preparation and Myoblast Transplantation

Mice were anesthetized by an intraperitoneal injection of 80 mg/kg
ketamine hydrochloride and 10 mg/kg xylazine (Sigma-Aldrich) as
described previously.62 Surgical procedures were performed under
aseptic conditions and in accordance with the legal regulations in
France and with European Union ethical guidelines for animal
research. Primary myoblasts (C25 cells), grafted in vivo in this study,
had achieved 10–15MPDandwere thus far from senescence.38,63 Cells
were trypsinized, centrifuged, and resuspended in DMEM. Before cell
implantation, right TA muscles were subjected to three consecutive
cycles of freezing/thawing by applying on the muscle surface, exposed
by opening the skin, a liquid nitrogen-cooledmetallic rod as described
previously.32 Animals were assigned to one of two matched experi-
mental groups (n = 10 per group): (1) obestatin-treated group or (2)
control group. Cell suspensions containing 5 � 105 myoblasts in
DMEM or DMEM+obestatin (300 nmol/kg body weight) were
injected in a single injection site in the mid-belly of the TA immedi-
ately after cryodamage. The skin was then closed using fine sutures.
Obestatin treatment was prolonged 24 hr after cell transplantation
injecting 20 mL of obestatin solution in DMEM (300 nmol/kg body
weight) into the target muscles each 24 hr during 5 days following
the protocol previously described.36 The control group was treated
with 20 mL of DMEM under the same conditions. Injections were
performed by inserting the needle of a 0.3 mL/29G syringe (Becton,
Dickinson and Company) for 1 mm in the distal part of the muscle.
At 24 hr, 5 days, and 21 days after engraftment, mice were sacrificed
(n = 5 for each time point) and the TAs were dissected. In all experi-
ments, the TAsweremounted in tragacanth gum (Sigma-Aldrich) and
frozen in isopentane precooled in liquid nitrogen.

Cell Culture and Differentiation of Human Immortalized

Myoblasts

Immortal human myoblasts were derived from the C25 primary
culture as previously described.38 Immortalized human myoblasts,
KM155C25 Clone 48 (KM155C25 cells), were cultivated in GM-con-
taining Medium 199:DMEM (1:4, v/v; Lonza) supplemented with
2356 Molecular Therapy Vol. 25 No 10 October 2017
20% FBS (v/v), 25 mg/mL fetuin, 5 ng/mL hEGF, 0.5 ng/mL bFGF,
0.2 mg/mL dexamethasone (Sigma-Aldrich), and 50 mg/mL gentamy-
cin (Invitrogen) as previously described.37,38 To confirm that immor-
talized cell lines maintained their myogenic signature, we assessed the
expression of several myogenic markers [desmin, neural cell adhesion
molecule (N-CAM), and MyoD] in the proliferating primary and
immortalized cell line. In addition, the ability to differentiate into
myotubes, using immunostaining with MF20 antibody, which recog-
nizes all skeletal-muscle MHCs, was investigated. Differentiation into
myotubes was initiated at 90% confluence by switching to DM
[DMEM supplemented with obestatin and 50 mg/mL gentamycin
(Invitrogen)] for 6 days. Immortalized cells retain the characteristics
of the unmodified parental population (C25 cells).38

GST Pull-Downs: Rac1/Rho Activity Assays

Active Ras-related C3 botulinum toxin substrate 1 (Rac1) and Ras
homolog family member (Rho) pull-down and detection kits
(Thermo Fisher Scientific) were used to perform Rac1 and Rho
activation assays. In both cases, KM155C25 cells were washed in
cold PBS and then lysed in equal volumes of 1� lysis/binding/wash
buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM MgCl2,
1% Nonidet P-40 (NP-40), and 5% glycerol) with protease and phos-
phatase inhibitor mixtures (Sigma-Aldrich). Lysates were added into
prewashed agarose glutathione beads and incubated for 90 min at 4�C
with gentle rocking. Guanosine triphosphate (GTP)-bound Rac1 and
GTP-bound Rho were affinity precipitated from cell lysates (300–
500 mg of protein) using an immobilized glutathione S-transferase
(GST) fusion construct containing the p21-binding domain (PBD)
of human p21-activated protein kinase 1 (Pak1) that binds to Rac1-
GTP, but not to Rac1-GDP, and using an immobilized GST-fusion
protein of the Rhotekin-binding domain (RBD) along with gluta-
thione agarose resin to specifically pull down active Rho. The
complexes were then subjected to immunoblot analysis using Rac1-
specific antibody. Total cellular lysates were also separated by SDS-
PAGE, and immunoblot blot analysis with anti-Rac1 and anti-Rho
antibodies was done as a control for protein loading.

siRNA Silencing Assays

Chemically synthesized double-stranded siRNA duplexes targeting
Dvl2 were selected from ON-TARGETplus SMARTpool siRNA
from Dharmacon (Thermo Fisher Scientific; Dvl2, GCUCAAA
GCAGGC-CUGAUC, GGGAGACGAAGGUGAUUUA, CGCUAA
ACAUG-GAGAAGUA, CCACAAU-GUCUCUCAAUAU). AnON-
TARGETplus nontargeting siRNA was used as a control. KM155C25
cells were transfected in suspension with Lipofectamine 2000 (Invi-
trogen). In short, siRNA is put in each well prior to transfection
and combined with diluted Lipofectamine 2000 to form complexes
in each well. Cells are added directly to the Lipofectamine 2000-
siRNA complexes, and transfection occurs while cells are attaching
to the well.

In Vitro Migration/Wound Healing Assays

Cells were seeded on an Ibidi single-culture insert (Ibidi) in a 35 mm
m-dish, which consists of two reservoirs separated by a 500-mm-thick
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wall. Such inserts create a linear gap by adhering to the treated dish
bottom and preventing cell growth in a predefined region. For the
myoblasts migration assay, an equal number of cells (3 � 104) was
seeded in GM into the two reservoirs of the same insert and incubated
at 37�C and 5% CO2 until their attachment. After 12 hr, cells were
treated for 2 hr with mitomycin (15 mg/mL; Sigma-Aldrich) to
prevent proliferation. Subsequently, the insert was gently removed,
creating a gap of �500 mm, and the plate was filled with GM supple-
mented with different obestatin concentrations. The progress of
migration was photographed immediately, 8 and 24 hr after removing
the reservoirs, near the crossing point. Unless indicated otherwise,
obestatin was used at a concentration of 10 nM in scratch assays.
The wound was calculated by tracing along the border of the scratch
using the ImageJ64 analysis software and using the following
equation: percentage of wound closure = ([wound area (0 h)�wound
area (x h)]/wound area [0 h]) � 100.35

Histology and Immunofluorescence Analysis

Muscle samples were prepared as described previously.36 Immuno-
staining analyses of grafted TA muscles were performed using mouse
monoclonal antibodies specific for human spectrin and human Lamin
A/C. These antibodies were used to visualize fibers expressing human
proteins (anti-spectrin) and to detect human nuclei (anti-Lamin A/C).
To evaluate the proliferation and differentiation of human cells during
regeneration, double-immunofluorescence analyses were performed
combining antibodies directed against human Lamin A/C with the
following antibodies: anti-Ki67 (a pan marker for cells within the cell
cycle), anti-pH3 (a marker of the M phase of cell cycle), and anti-my-
ogenin (a marker of the early phase of myoblast differentiation). To
evaluate the apoptosis of human cells, we performed immunofluores-
cence analyses using anti-Lamin A/C antibody and a terminal deoxy-
nucleotidyl TUNEL assay (TACS TdT In Situ Apoptosis Detection
Kit-Fluorescein; R&D Systems). The nuclei of cells were further coun-
terstained with DAPI. The numbers of TUNEL+ and Lamin A/C+

nuclei were counted in 10 images from non-overlapping areas of
each group. Furthermore, apoptosis was evaluated by immunofluores-
cence analyses combining antibodies directed against human Lamin
A/C with anti-cleaved caspases-3. Staining for MHC, a global marker
for early and full differentiation of myoblasts, was performed using
the antibody anti-Mf20 (a panMHC antibody recognizing all isoforms
expressed in differentiated skeletal muscle) together with an anti-hu-
man Lamin A/C. In addition, we used the anti-Pax7 antibody to detect
satellite cells in themuscle tissue together with anti-human Lamin A/C
and anti-laminin antibodies. General characteristics of all antibodies
are summarized in Table S1. DAPI was used to counterstain nuclei
(Life Technologies). The digital images of the cell cultures were
acquired with a Leica TCS-SP8 spectral confocal microscope (Leica
Microsystems). Muscles were analyzed as previously described.57 In
brief, TA muscles were entirely cut into 5 mm sections. For every
450 mm along the complete length of the muscle, 10 sections corre-
sponding to a 50 mm length were used for quantitative analyses. The
number of spectrin-positive profiles in each section examined was
counted, and the maximum value was determined for each TA inves-
tigated. To quantify mononucleated interstitial Lamin A/C+ cells,
3 of the 10 sections analyzed, each separated by at least 15 mm, were
assessed and the mean number of Lamin A/C+ cells was calculated.
Finally, the mean value of Lamin A/C+ cells was calculated for all of
the slides examined covering the entire length of the TA muscle.

Immunoblot Analysis

The cell samples were directly lysed in ice-cold radioimmunoprecipi-
tation assay buffer (RIPA) buffer [50 mmol/L Tris-HCl (pH 7.2),
150 mmol/L NaCl, 1 mmol/L EDTA, 1% (v/v) NP-40, 0.25% (w/v)
Na-deoxycholate, protease inhibitor cocktail (Sigma Chemical),
phosphatase inhibitor cocktail (Sigma-Aldrich)]. The lysates were
clarified by centrifugation (14,000 � g for 15 min at 4�C), and the
protein concentration was quantified using the QuantiPro BCA assay
kit (Sigma Chemical). For immunoblotting, equal amounts of protein
were fractionated by SDS-PAGE and transferred onto nitrocellulose
membranes. Immunoreactive bands were detected by enhanced
chemiluminescence (Pierce ECLWestern Blotting Substrate; Thermo
Fisher Scientific, Pierce).

Statistical Analysis

All values are presented as mean ± SEM. Statistical analyses were
performed using GraphPad Prism (version 5.0b; GraphPad Software).
Statistical significance was assessed by one-way ANOVA with the
Bonferroni post-test or Student’s unpaired t test, with *p < 0.05 being
considered significant.
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Figure S1 Validation of obestatin/GPR39 functionality in human primary myoblasts. (a) 

Immunocytochemical detection of obestatin and GPR39 in human primary myoblasts (a1 and a3) and 

myotubes (a2 and a4) (C25 cells). (b) Immunoblot analysis of the effect of obestatin (10 nM, 5 min) on the 

activation of Akt [pAkt(S473)], ERK1/2 [pERK1/2(T202/Y204)], p38 [pp38(Y182)], c-Jun [pc-Jun(S63) and 

pJunD(S100)] and CAMKII [pCAMKII(T286): α, β and γ isoforms] in human primary myoblasts (C25 cells). 

(c) Upper panel, dose-response effect of obestatin (0.1–100 nM) in human primary myoblast (C25 cells) 

proliferation (48 h, n=5). Quantification of cell number was carried out by cell counting using desmin, marker 

for myoblasts, and Topro to counterstain nuclei (lower panel). (d) Effect of obestatin (10 nM) on 

differentiating human primary myoblasts (C25 cells). MHC expression was determined by immunoblot 6 days 

after stimulation (n=3). (e) Left panel, immunofluorescence detection of MHC in human primary myotubes in 

DM (control) or DM + obestatin (10 nM) 6 days after stimulation (n=6). DAPI was used to counterstain nuclei. 

Right panel, the extent of differentiation was evaluated by the MHC+ myotube area (left upper panel), fusion 

index (right upper panel) and the percentages of MHC+ myotubes containing the indicated numbers of nuclei 

(bottom panel). Data in c, d and e are expressed as mean ± SEM. *P < 0.05 versus control values. 
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Table S1 
 
 

 
 

Applications key: ICC: immunocytochemistry; ICC/IF: cell-immunofluorescence; IHCFr: immunohistochemistry-frozen tissue; IHCFr/Fl: frozen tissue-immunofluorescence; WB: western blot; 
Ig: immunoglobulin; mAb: monoclonal antibody 
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