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ABSTRACT

Duchennemuscular dystrophy (DMD), caused by mutations in the dystrophin gene, is the most com-
mon muscular dystrophy. Characterized by rounds of muscle degeneration and regeneration, DMD
features progressive muscle wasting and is fatal. One approach for treatment is transplantation of
muscle progenitor cells to repair and restore dystrophin expression to damaged muscle. However,
the success of this approach has been limited by difficulties in isolating large numbers of myogenic
progenitors with strong regenerative potential, poor engraftment, poor survival of donor cells,
and limited migration in the diseased muscle. We demonstrate that induction of the transcription
factor CCAAT/enhancer-binding proteinb (C/EBPb) using the cyclic adenosinemonophosphate phos-
phodiesterase inhibitor isobutylmethylxanthine (IBMX) results in enhanced myoblast expansion in
culture and increased satellite cell marker expression. When equal numbers of IBMX-treated cells
were transplanted into dystrophic muscle, they contributed to muscle repair more efficiently than
did vehicle-treated cells and engrafted into the satellite cell niche in higher numbers, demonstrating
improved cell migration from the site of injury and enhanced survival after transplantation. Thus,
pharmacologic stimulationofC/EBPbexpression reprogramsmyoblasts toamorestemcell-like state,
promotes expansion in culture, and improves engraftment such that better transplantation outcomes
are achieved. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:500–510

SIGNIFICANCE

Duchenne muscular dystrophy is a genetic disorder for which no cure exists. One therapeutic ap-
proach is transplantation ofmyogenic progenitors to restore dystrophin to damagedmuscle, but this
approach is limited by poor engraftment of cultured myoblasts. Transient upregulation of CCAAT/
enhancer-binding protein b in primary myoblasts using the phosphodiesterase isobutylmethylxan-
thine (IBMX) increases satellite cell marker expression in cultured myoblasts, improves their migra-
tion, and increases their survival after transplantation.When transplanted into C57BL/10ScSn-mdx/J
mice , IBMX-treated myoblasts restored dystrophin expression and were able to occupy the satellite
cell nichemore efficiently than controls. Amyoblast culture approach that reprogramsmyoblasts to a
more primitive state, resulting in improved transplantation outcomes and reinvigorating research
into myoblast transplantation as a viable therapeutic approach, is described.

INTRODUCTION

Postnatal growthand repair of skeletalmuscle de-
pend on muscle precursor cells, termed satellite
cells [1, 2]. Thesenormally quiescent cells activate
upon injury, re-enter the cell cycle, upregulate the
myogenic factor MyoD, differentiate, and fuse to
give rise to new myofibers or to repair damaged
ones [3]. Satellite cells also have the ability to
self-renew to repopulate the satellite cell niche
[4]. Pax7 is the canonical marker of satellite cells;

however, satellite cells appear to exist as a het-
erogeneous population expressing different cell
surface markers, including the cell adhesion pro-
tein M-cadherin; the chemokine receptor CXCR4;
and theheparan sulfateproteoglycans, syndecan-
3 and -4 [4–8]. A small subpopulation of satellite
cells, the satellite side population, are character-
ized by the expression of ABCG2 and Sca-1 and
their ability to exclude Hoechst dye 33342 [9].

Duchenne muscular dystrophy (DMD) is the
most common muscular dystrophy, affecting 1
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in 3,500 male births, and is caused by spontaneous or inherited
mutations in the dystrophin gene [10, 11]. The absence of dystro-
phin leads tomembrane fragility and degeneration of themuscle
fiber [12]. To date, no cure for DMDexists, underscoring the need
to identify the mechanisms controlling myogenic potential,
migration in the host musculature, and repopulation of the satel-
lite cell niche. One promising approach for treatment of DMD
is transplantation of satellite cells or muscle progenitor cells
expressing dystrophin into damaged muscle.

Theuseof satellite cell-derivedmyoblasts as a therapeutic ap-
proach for DMD has been limited by failure of the transplanted
cells to migrate from the site of injection, low donor cell survival
rates, insufficient cell fusion, and poor repopulation of the stem
cell niche, necessary for sustained repair and long-term cure
[13]. Adding to the challenge of cell-based therapies, large num-
bers of satellite cells are difficult to isolate from muscle biopsy
specimens, necessitating their expansion in culture, which, in
turn, reduces their regenerative potential [14]. Thus, to be a via-
ble treatment forDMD, a suitable progenitor cellmust be isolated
and expanded without loss of stem cell properties, permitting ef-
ficient repair, homing to the satellite cell niche, and self-renewal
for sustained therapeutic benefit.

The transcription factor CCAAT/enhancer-binding protein b
(C/EBPb), is an important regulator of mesenchymal stem cell
fate and is upregulated in muscle wasting, such as sarcopenia
[15]. Our work has shown that in healthy muscle, C/EBPb expres-
sion is localized to Pax7+ satellite cells and its expression is down-
regulated duringmyogenesis in parallel with Pax7 [16, 17]. Forced
expression of C/EBPb in myoblasts stimulates Pax7 expression,
reduces MyoD protein expression, and inhibits myogenesis. As
such, through stimulationof Pax7 and inhibitionofMyoD, C/EBPb
maintains satellite cells in an undifferentiated state [16].

Phosphodiesterases are a class of enzymes responsible for
controlling the cellular concentration of cyclic adenosine mo-
nophosphate (cAMP) and cyclic guanosine monophosphate
(cGMP) by cleaving their phosphodiester bond to yield 59-cyclic
nucleotides (59 AMP or 59-GMP, respectively) [18, 19]. Inhibitors
of phosphodiesterases (PDEi) are a class of drugs widely used for
various pharmacological properties, including anti-inflammatory,
vasodilator, and antithrombotic functions [20–22]. Preclinical
studies have demonstrated that phosphodiesterase 5A (PDE5A)
inhibitors (sildenafil and tadalafil), which prevent the breakdown
of cGMP, protect skeletal muscle of C57BL/10ScSn-mdx/J mice
(mdx mice) from contraction-induced injury [23] and restore
blood supply to their muscles after exercise [24]. Currently,
PDE5A inhibitors are in clinical trials.

Isobutylmethylxanthine is a methyl-xanthine nonselective
PDEi that increases cellular cAMP and cGMP levels. Increased in-
tracellular cAMP levels lead to activation of protein kinaseA (PKA)
and the phosphorylation of cAMP response element-binding pro-
tein (CREB) [25–28]. Phosphorylated CREB stimulates C/EBPb ex-
pression by binding to the cAMP response elements (CRE) in the
Cebpb promoter [26]. IBMX has been extensively used to tran-
siently stimulate C/EBPb expression in preadipocytes in culture
to induceadipogenesis [26–29]. In this study,wecultured satellite
cell-derived myoblasts in IBMX with the goal of transiently stim-
ulating C/EBPb expression to stimulate Pax7 expression, reduce
MyoDexpression, and improve the suitability of these cells before
transplantation into dystrophic muscle. We demonstrate that
treatment of cultured myoblasts with IBMX for 5 days increases
their proliferation in culture and the expression of satellite cell

markers associated with efficient engraftment, improves cell sur-
vival upon transplantation, and enhances migration of myoblasts
in a C/EBPb-dependent manner. Treatment of myoblasts with
low doses of IBMX was sufficient to significantly improve their
ability to repair dystrophic muscle and to engraft into the satel-
lite cell niche. IBMX treatment should be considered as a simple
yet effectivemethod to reprogrammyoblasts to amore stemcell-
like state that correlates with better transplantation outcomes
for muscle degenerative disorders.

MATERIALS AND METHODS

Mice and Animal Care

C57BL/6-Tg(human ubiquitin C–green fluorescent protein [GFP])
30Scha/J mice (GFP mice) aged 6 weeks, C57BL/6J mice aged
6 weeks, and mdx mice aged 4 weeks were obtained from the
Jackson Laboratory. A mouse bearing a C/EBPb-floxed allele
had been created previously [30], and homozygous progeny
(C/EBPbfl/fl) were crossed withmice bearing the Pax7-CreERtm al-
lele [31] to generate wild-type (WT; C/EBPbfl/flPax7CreER2/2) and
conditional knockout (cKO; C/EBPb2/2Pax7CreER-/+) animals as
previously described [16]. To induce CreERtm activity, WT and
cKO animals were subjected to daily intraperitoneal injections
of tamoxifen (3 mg/40 g; Sigma-Aldrich, St. Louis, MO, https://
www.sigmaaldrich.com) for 5 days. All animals were housed in
a controlled facility (22°Cwith 30% relative humidity on a 12-hour
light/dark cycle) andprovidedwith foodandwater ad libitum.An-
imals were bred and handled as recommended by the guide-
lines established by the University of Ottawa Animal Care
Service and the Canadian Council on Animal Care.

Preparation and Culture of Primary Myoblasts and
C2C12 Myoblasts

Satellite cell-derived myoblasts were isolated as described
elsewhere [16, 32]. Briefly, hindlimb muscles of adult (aged
6–8 weeks) C57BL/6, GFP, WT, or cKO mice were dissected and
digested with collagenase/Dispase (Roche Diagnostics, Risch-
Rotkreuz, Switzerland, http://www.roche.com) and the muscle
slurry was filtered through a 70-mm cell strainer to remove undi-
gested muscle. Cells were washed with serum-free media and
enriched for myoblasts by selective plating. Primary myoblasts
weregrownonmatrigel-coatedplates ingrowthmedia (Dulbecco’s
modified Eagle’s medium [DMEM] containing 20% fetal bovine
serum [FBS], 10% horse serum [HS]) supplemented with basic fi-
broblast growth factor (10 ng/ml) and hepatocyte growth factor
(2 ng/ml) (Peprotech, Rocky Hill, NJ, https://www.peprotech.
com). For in vitro and transplantation studies, IBMX (Sigma-
Aldrich) was used at a concentration of 30mMor 300mMand po-
tassiumhydroxide (0.35N)was used as the vehicle control.When
required, 10 mM bromodeoxyuridine (BrdU; Sigma-Aldrich) was
added 6 hours before fixation. For differentiation, primary myo-
blasts were induced to differentiate (DM; DMEM containing 2%
FBS, 10% HS) in the presence or absence of IBMX for 2 days.

Cell Growth Curve

Myoblasts cultured under growth conditions for up to 5 days in
the absence or presence of IBMX were subjected to crystal violet
staining (0.03%) at days 0, 1, 3, and 5. The following day, the dye
was eluted with 1% SDS and read in a 96-well plate by a Spectra-
Max Plus 384 microplate reader (Molecular Devices, Sunnyvale,
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CA, http://www.moleculardevices.com) at 570 nm. Cell number
was expressed as the optical density at 570 nm.

Scratch Wound Assay

In vitro migration assays were performed by disruption of con-
fluentmyoblastmonolayers as previously described [33]. IBMX-
treated myoblasts were trypsinized and replated at equal
densities. The next day, confluent myoblasts were treated with
mitomycin C (50 mg/ml; Sigma-Aldrich) for 2 hours before the
monolayer was wounded with a sterile pipette tip. Cells were
washed twice with phosphate-buffered saline (PBS) and
switched to DM in the absence or presence of AMD3100
(10 mM; Sigma-Aldrich). Pictures were taken at 0 hours and
6 hours. The percentage of wound closure was calculated as fol-
lows: (width of 0-hour wound gap 2 width of 6-hour wound
gap)/width of 0-hour wound gap 3 100%.

Western Analysis

Whole cell extracts were resolved on a 12% SDS-polyacrylamide
gel electrophoresis gel and after transfer to polyvinylidene fluo-
ride membrane, probed with specific antibodies: C/EBPb (C-19;
Santa Cruz Biotechnology, Santa Cruz, CA, http://www.scbt.com/),
C/EBPb (1H7; ThermoFisher Scientific, Waltham, MA, https://
www.thermofisher.com), C/EBPb (E299; Abcam, Cambridge,
U.K., http://www.abcam.com/), Pax7-c (Developmental Studies
Hybridoma Bank [DSHB], Iowa City, IA, http://dshb.biology.
uiowa.edu/), MyoD (5.8A; Santa Cruz Biotechnology), myosin
heavy chain (MF-20; DSHB) and cyclophilin B (Abcam). Chemilu-
minescence was detected with the Luminescent Image Analyzer
LAS-4000 (Fujifilm Life Science, Stamford, CT, http://www.fujimed.
com).

Real-Time Quantitative Polymerase Chain Reaction

Total RNA was isolated from cultured myoblast using the RNeasy
kit (Qiagen, Valencia, CA, https://www.qiagen.com), treatedwith
DNase (Ambion, ThermoFisher Scientific) and reverse transcribed
by using iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercu-
les, CA, http://www.bio-rad.com) following manufacturer’s
protocols. Real-time quantitative polymerase chain reaction
(RT-qPCR) was performed by using iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories) on an Mx3005p thermocycler
(Stratagene, Agilent Technologies, Santa Clara, http://www.
agilent.com). Primer sequences can be found in supplemental
online Table 1.

Myoblast Transplantation

Muscle regeneration in mdx mice aged 5 weeks was induced by
injecting 30 ml of 10 mM cardiotoxin (CTX; Sigma-Aldrich) into
the midbelly of both tibialis anterior (TA) muscles. The next
day, 105 vehicle- or IBMX-treated GFP myoblasts were injected
into the right and left TA of the CTX-injured TA muscle, respec-
tively. Mice were sacrificed 2 months after transplantation, and
the TAs were collected, embedded, in optical cutting tempera-
ture compound, flash frozen in isopentane cooled by liquid ni-
trogen, and sectioned (8 mm thick) for GFP fluorescence and
immunohistochemistry. To assess survival of transplanted cells,
IBMX-treated WT and cKO myoblasts were stained with 5(6)-
carboxyfluorescein diacetate N-succinimidyl ester (Sigma-
Aldrich) and injected into the TA of CTX-injured mdx mice.

Immunostaining and Antibodies

PFA-fixed myoblasts were permeabilized in PBS containing 0.3%
TritonX-100and10%goat serum (Cedarlane, Burlington,Ontario,
Canada, https://www.cedarlanelabs.com). Cryosections were
thawed at room temperature, fixed in 4%PFA, and permeabilized
withPBScontaining0.5%TritonX-100andblocked inPBS contain-
ing 0.1% Triton X-100, 5% donkey serum (Cedarlane). For Pax7
staining, sections were processed for antigen retrieval at 95°C
for 20minutes in citrate buffer before permeabilization. Blocking
was followed by incubation in primary antibody solution over-
night at 4°C. Primary antibodies used in this studywereas follows:
MF-20 (DSHB), Pax7-c (DSHB), MyoD (C-20; Santa Cruz Biotech-
nology), GFP (Abcam), BrdU (biotin; Abcam), Ki67 (Abcam), and
dystrophin (Abcam). Detectionwas accomplishedwith secondary
antibodies conjugated to a fluorescent dye (Cy3, Alexa 488, or
Alexa Fluor 647; all from Jackson ImmunoResearch, West Grove,
PA, https://www.jacksonimmuno.com/). In vivo apoptosis was
measured by using the In Situ Cell Death Detection Kit, TMR
red (Roche) as per manufacturer’s protocol. The staining was
completed by counterstaining the nuclei with 49,6-diamidino-2-
phenylindole (0.5 mg/ml).

Flow Cytometry

Satellite-cell derivedmyoblasts pretreatedwith vehicle or 30mM
IBMX were detached with cell dissociation buffer (Invitrogen,
ThermoFisher Scientific, Carlsbad, CA). Cells were stained with
human M-cadherin (R&D Systems, Minneapolis, MN, https://
www.rndsystems.com) on ice for 30 minutes, followed by in-
cubation for 30 minutes with sheep IgG allophycocyanin-
conjugated secondary antibody, fluorescein isothiocyanate rat
anti-mouse CD184 (CXCR4; BD Biosciences, Franklin Lakes, NJ,
https://www.bdbiosciences.com) and PE mouse anti-human
CD338 (ABCG2; BD Biosciences). Cells were analyzed in a CyAn
ADP analyzer, and data were analyzed using Kaluza flow analysis
software (both from Beckman Coulter, Brea, CA, https://www.
beckmancoulter.com).

Statistical Analysis

Statistical analysis was performed by using Prism 5.0 software
(GraphPad Software, La Jolla, CA, http://www.graphpad.com).
A two-tailedorone-tailed Student’s t testwasperformed for com-
paring a single experimental condition to the control condition.
One-way analysis of variance followed by the Tukey post hoc test
was used for comparing three or more experimental variables.
All experiments are representative of aminimumof three biolog-
ical replicates and are presented as the mean6 SEM. In the fig-
ures, significance is indicated as n.s., not significant;p,p, .05;pp,
p, .01; or ppp, p, .001.

RESULTS

IBMX Upregulates C/EBPb Expression and Reversibly
Inhibits Myogenesis

C/EBPb maintains myoblasts in an undifferentiated state, and
thus genetic overexpression of this factor is of no use for cell ther-
apy purposes [16]. Given that C/EBPb expression can be induced
by increased cAMP signaling via CREB [26], the phosphodiester-
ase inhibitor IBMX was used to induce C/EBPb expression in pri-
marymousemyoblasts. Primarymyoblasts isolated fromC57BL/6
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mousehindlimbweretreatedwith increasingdosesof IBMX(from30
to 300mM) for 24 hours in growthmedium. As seen in preadipocyte
cultures, treatmentofmyoblastswithas lowas30mMIBMXinduced
CebpbmRNA expression (Fig. 1A). Low doses of IBMX (30–300mM)
did not affect cell numbers after a 2-day treatment, suggesting that
these doses were not toxic to the myoblasts (Fig. 1B). However,
1,000 mM IBMX significantly reduced cell numbers, suggesting tox-
icity at this dose. Consistent with previous reports, higher Cebpb
expression correlated with a decrease in the efficiency of differenti-
ation thatwasdosedependent,with significant reductions in thedif-
ferentiation index observed for all doses tested (Fig. 1C).

C/EBPb protein expression was verified after a 30-mM IBMX
treatment in primary myoblasts as a time course from 1 to 5 days
in growth medium (Fig. 1D, 1E). C/EBPb expression was stimu-
lated at all time points tested, with higher variability in the re-
sponse noted after 2 and 3 days of treatment. This finding
suggests that longer treatment periods were advantageous to
fully stimulate C/EBPb expression in myoblasts. Indeed, treat-
ment of differentiating myoblasts with IBMX at 30 mM not only
inhibited myogenesis but also stimulated expression of Pax7, a
C/EBPb target gene, as well as inhibited myosin heavy chain
(MyHC) expression, without affecting MyoD expression (Fig. 1F;
supplemental online Fig. 1A). Given that high C/EBPb levels

correlate with reductions in MyoD protein expression [16, 17],
the stable MyoD expression in the presence of IBMX was surpris-
ing and suggested that IBMX can maintain MyoD levels indepen-
dent of its effects on C/EBPb expression. Indeed, treatment with
forskolin (an activator of adenylyl cyclase) upregulates MyoD
expression in isolated primary myoblasts [34].

To determine whether the effects of IBMX on myogenesis
were reversible, primary myoblasts were cultured in growth me-
dium in the presence of 30 mM IBMX for 5 days and replated at
equal density for differentiation in the absence of the compound
for 2 days. Myoblasts grown in the presence of IBMX showed ef-
fective differentiation similar to that of vehicle-treatedmyoblasts
upon withdrawal (Fig. 1G, 1H) but produced fibers that were sig-
nificantly larger (two-fold) than those in vehicle-treated cultures
(Fig. 1G, 1I). After removal of IBMX, protein levels of C/EBPb
and Pax7 returned to levels similar to those in vehicle-treated
myoblasts (Fig. 1J; supplemental online Fig. 1B).

IBMX Promotes Expansion of Myoblasts In Vitro

For myoblast transplantation protocols to be successful, isolated
myoblasts must be expanded in culture without losing regenera-
tive potential. To determine whether IBMX could support the ex-
pansion of freshly isolated myoblasts in culture, cell number was

Figure 1. IBMXstimulates expressionofC/EBPb inmyoblasts. (A):Cebpbexpression in primarymyoblast cultured in 0, 30, or 300mMIBMX for 24
hours inGM. (B):Cell numbers after culture of primarymyoblasts in IBMXunder growth conditions for 2 days. (C):Differentiation index (number of
nuclei in MyHC+ cells/total nuclei) of primary myoblasts cultured for 2 days in differentiation medium in the absence or presence of IBMX. (D):
RepresentativeWesternblot ofC/EBPb expression in primarymyoblasts treatedwith30mMIBMX for up to5days inGM.CyPB is a loading control.
(E): Quantification of C/EBPb expression normalized to cyclophilin B. (F):Western analysis of myogenic marker expression in primary myoblasts
cultured in vehicle or IBMXfor 5daysunder growthconditions and then induced toDMfor 2days in the continual absenceorpresenceof IBMX. (G):
Primary myoblasts were cultured in vehicle or IBMX for 5 days in GM, harvested, replated, and induced to DM in the absence of IBMX (top). Cells
were fixed and stained for myosin heavy chain (yellow) and 49,6-diamidino-2-phenylindole (blue). Representative pictures are shown (bottom).
Scale bar = 50 mm. MyHC+ nuclei were counted to assess (H) differentiation index (as in C) and (I) fusion index (number of nuclei in MyHC+

cells/number of myotubes) for cells treated and differentiated as in (G). (J):Western analysis of myogenic marker expression frommyoblasts cul-
tured as in (G). All data are presented asmean6 SEM (n = 3; p, p, .05). Abbreviations: C/EBPb, CCAAT/enhancer-binding proteinb, CyPB, cyclo-
philin B; DM, differentiate; GM, growth medium; IBMX, isobutylmethylxanthine; n.s., not significant; Veh, vehicle.
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assessed by crystal violet staining at different time points
during growth. Although numbers were equivalent between
vehicle- and IBMX-treated cells after 3 days in culture, cell number
increased significantly for IBMX-treated cultures on day 5 re-
gardless of dose (Fig. 2A). To determine whether the growth ki-
netics of IBMX-treated cultures were changing, we assessed cell
proliferation using BrdU incorporation and Ki67 staining. After
a 6-hour pulse, IBMX-treated myoblasts (30 mM) had signifi-
cantly increased BrdU incorporation (42%) compared with
vehicle-treated myoblasts (29%) (Fig. 2B, 2C) indicating more
cells in S-phase during the pulse. However, the number of
Ki67+ cells did not change significantly with IBMX treatment
(Fig. 2D, 2E), suggesting that IBMX promotes expansion of myo-
genic precursors by reducing the transit time through the cell
cycle (BrdU+ cells) without affecting the percentage of cells in
the growth fraction (Ki67+ cells).

Stimulation of Satellite Cell Marker Expression by IBMX
Is C/EBPb-Dependent

Ectopic expression of C/EBPb potently inhibits myogenesis and
promotes Pax7 expression [16]. To examine themolecular profile
of IBMX-treated myoblasts, freshly isolated myoblasts were cul-
tured in vehicle or IBMX for 5 days in growth media at doses of
30 mM and 300 mM (Fig. 3A, 3B). The lower IBMX dose increased
Pax7 protein expression by 2.5-fold (Fig. 3A; supplemental online
Fig. 2A) whereas 300 mM only minimally increased Pax7 expres-
sion by approximately 1.5-fold (Fig. 3B; supplemental online Fig.
2B). MyoD protein levels were unaffected at both doses, consis-
tent with observations in differentiation medium (Fig. 3A, 3B;
supplemental online Fig. 2). Given that the MyoD protein levels
were unchanged with IBMX treatment, we examined the propor-
tion of cells that were differentiating (Pax72/MyoD+), proliferat-
ing (Pax7+/MyoD+), and self-renewing (Pax7+/MyoD2) in growth
medium [35]. In vehicle-treatedWT cultures, we noted that most
cells coexpressed Pax7 and MyoD (∼70%–78%). Approximately
15% of the culture expressed onlyMyoD, whereas approximately
6% were positive for only Pax7 expression (Fig. 3C). IBMX treat-
ment significantly increased the proportion of reserve cells
(Pax7+/MyoD2) in the culture to approximately 20%, while de-
creasing the number of differentiating cells (Pax72/MyoD+)
to ∼5%, without affecting the double-positive population size.
These results suggest that IBMX can maintain the Pax7+/
MyoD2 state more efficiently than can standard culture condi-
tions, thereby increasing the population of cells desirable for
transplantation.

Because Pax7 is a target of C/EBPb [16], we examined the
effect of IBMX on the different states in C/EBPb-null myoblasts
(Fig. 3C), isolated from a cKO (C/EBPb2/2Pax7CreER+/2), in which
C/EBPb is knocked down in Pax7+ cells following activation of
the CreER recombinase with tamoxifen. In vehicle-treated C/
EBPb-null cultures, the number of differentiating (∼18%), prolif-
erating (∼75%), andquiescent (∼6%) cellswere similar to those in
vehicle-treated wild-type cultures. However, in cells lacking
C/EBPb, IBMX treatment did not increase the Pax7+/MyoD2 pop-
ulation, suggesting that the increase in Pax7+ cells by IBMX de-
pends on C/EBPb expression.

Other than Pax7, expression of additional stem cell markers
is also correlated with better transplantation outcomes. After a
5-day treatment with 30mM IBMX, the expression of satellite cell
and side population markers was evaluated. IBMX treatment

significantly increased Cdh15 (2-fold), Cxcr4 (4-fold), Sdc4
(1.5-fold), and Abcg2 (2-fold) expression (Fig. 3D). Although
Sdc3 and Ly6a expression trended toward an increase in the pres-
ence of IBMX, this failed to reach statistical significance (Fig. 3D).
A higher dose of IBMX (300 mM), although able to promote
C/EBPb expression, failed to stimulate satellite cell marker ex-
pression significantly and negatively affected Sdc3 and Ly6a ex-
pression (Fig. 3E). As such, the 30-mM dose was selected for

Figure 2. IBMX promotes expansion ofmyoblasts in vitro. (A): Vehicle-
and IBMX-treated myoblasts (30 and 300 mM) were stained with
crystal violet (absorbance at 570 nm) to assess cell number at days 1,
3, and 5 of treatment. (B): Myoblasts in GM were cultured for 5 days
with vehicle or IBMX, after which they were pulsed with BrdU for 6
hours, fixed, and stained for BrdU (red) and and 49,6-diamidino-2-
phenylindole (DAPI) (blue). Representative pictures are shown. Scale
bar = 50 mM. (C): BrdU+ cells were counted and represented as the
percentage of total nuclei. (D): Myoblasts were treated as in B and
were fixed and stained for Ki67 (red) and DAPI (blue). Representative
pictures are shown. Scale bar = 50 mm. (E): Ki67+ cells were counted
and represented as the percentage of total nuclei. All data are pre-
sented as mean6 SEM (n = 4; pp, p, .01; p, p, .05). Abbreviations:
BrdU, bromodeoxyuridine; GM, growth medium; IBMX, isobutylme-
thylxanthine; n.s., not significant; Veh, vehicle.
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Figure3. IBMX-mediated stimulation of satellite cellmarker expression andmigration is dependent onC/EBPb. (A, B):Primarymyoblastswere
cultured in vehicle or IBMX (30and300mM) for 5days andanalyzedbyWesternblot for C/EBPb, Pax7, andMyoDprotein expression. Cyclophilin
B was a loading control. (C): Percentage of quiescent (Pax7+/MyoD2), proliferating (Pax7+/MyoD+), and differentiating (Pax72/MyoD+) cells as
determined by immunocytochemistry in primary myoblast cultures treated for 5 days in GMwith 30mM IBMX or vehicle. (D): Real-time quan-
titative polymerase chain reaction of satellite cell markers Cdh15, Cxcr4, Sdc3, Sdc4,Abcg2, and Ly6a in primarymyoblasts cultured for 5 days in
GMwith30mMIBMXorvehicle. (E): Satellite cellmarker expression inprimarymyoblasts cultured inGMfor 5days in the absenceor presenceof
300 mM IBMX. (F): Flow cytometry histograms of CXCR4,M-Cad, and ABCG2 expression on vehicle and IBMX-treated myoblasts. (G): Cebpb
expression in myoblasts isolated from C/EBPb cKO orWT non-Cre-expressing floxed littermates treated with vehicle or 30mM IBMX for 5 days
in GM. (H):Myogenic markers expression (Pax7 andMyod1) in myoblasts cultured as in (G). (I): Satellite cell marker expression (Cdh15, Cxcr4,
Sdc4, and Abcg2) inmyoblasts cultured as in (G). Data are presented asmean6 SEM (n$ 3; pp, p, .01; p, p, .05;meanswith different letters
have a p value,.05, andmeans indicatedwith the same letter are not statistically significantly different). Abbreviations: APC, allophycocyanin;
C/EBPb, CCAAT/enhancer-binding protein b; cKO, conditional knockout; CyPB, cyclophilin B; FITC, fluorescein isothiocyanate; IBMX, isobutyl-
methylxanthine; M-Cad, m-cadherin; n.s., not significant; WT, wild-type.
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further investigation. To confirm that mRNA expression corre-
lated with increased protein expression of thesemarkers, CXCR4,
M-cadherin, and ABCG2 expression was quantified by using flow
cytometry (Fig. 3F). Both CXCR4 and M-cadherin expression was
increasedwith IBMX treatment as comparedwith vehicle-treated
control, whereas ABCG2was not appreciably increased. Taken to-
gether, these results suggest that IBMX stimulates the expression
of a subset of stem cell markers in a C/EBPb-dependent fashion
and promotes a gene expression profile similar to that of undif-
ferentiated myogenic progenitors.

IBMX treatment is expected to, through an increase in cellular
cAMP levels, influence multiple pathways in addition to upregu-
lating the expression of C/EBPb. To determinewhether C/EBPb is
required for the upregulation of satellite cell markers in IBMX-
treated myoblasts, primary myoblasts from cKO mice or their
WT (C/EBPbfl/flPax7CreER2/2) non-Cre-expressing floxed litter-
mates were treated with IBMX or vehicle in growth medium,
and satellite cell marker expression was examined by RT-qPCR.
Cebpb excision was approximately 60% in cKO myoblasts and
was not further stimulated by IBMX treatment (Fig. 3G). Pax7
stimulationby IBMXwasdependent on the expression of C/EBPb,
as Pax7expressionwas reduced in cKOmyoblasts andwasnot fur-
ther upregulated by IBMX in these cells (Fig. 3H), consistent with
our previous findings [16]. IBMX also inducedMyod1 expression
in WT cells but not in C/EBPb-deficient cells, indicating that C/
EBPb is required for this effect (Fig. 3H). For the stemcellmarkers,
the induction of Cdh15, Cxcr4, and Sdc4 by IBMX was C/EBPb-
dependent because their induction was lost in cKO cells (Fig. 3I).
IBMX-mediated stimulation of Abcg2 expression was not depen-
dent on C/EBPb and was highly variable in this genetic back-
ground (Fig. 3I).

IBMX-TreatedMyoblasts Repair Dystrophic Muscle and
Occupy the Host Satellite Cell Niche With
Greater Efficiency

Given the improved molecular profile of IBMX-treated cells, we
postulated that IBMX-treated cellswould engraftmore efficiently
into dystrophic muscle, as has been observed for muscle stem
cells [9, 36]. Interestingly, C/EBPb is a potent prosurvival factor
that can both directly inhibit caspases through a XEXD box as well
as inhibit p53 activity [37, 38], and high Pax7 expression supports
myoblast survival [39]. Equal numbers of WT or cKO myoblasts
cultured with vehicle or IBMX for 5 days under growth conditions
were stained with the vital dye carboxyfluorescein succinimidyl
ester (CSFE) before transplantation into CTX-injured TA muscles
of mdx mice. Twenty-four hours after grafting, muscle was har-
vested to quantify donor cell survival and proliferation (Fig.
4A–4C). By using immunohistochemistry, the percentage of
terminal deoxynucleotidyl transferase-mediated digoxigenin-
deoxyuridine nick-end labeling (TUNEL)+/CSFE+ cells was scored;
despite no measurable difference in apoptosis rates between
vehicle-treated WT and cKO donor cells, treatment of WT cells
with IBMX significantly reduced the percentage of TUNEL+ cells
by 75% as compared with vehicle-treated controls (Fig. 4A, 4B).
The protective effect of IBMXwas lost, however, whenmyoblasts
lacking C/EBPbwere transplanted, suggesting that the enhanced
survival ismediatedbyC/EBPb (Fig. 4B).Despiteenhancedexpan-
sion in culture, culture of isolated myoblasts with IBMX did not
improve their proliferation once injected into host muscle (Fig.
4C), nor was proliferation adversely affected by loss of C/EBPb.

For long-term studyof engraftment, donor cellswere isolated
from GFP mice, cultured in the absence or presence of IBMX,
transplanted into CTX-injured TA muscle of mdx mice, and
allowed toengraft for 2months. Thenumberofdystrophin+ fibers
in the entire cross-section of the TA was assessed to deter-
mine the myogenic potential of transplanted myoblasts. IBMX-
treated myoblasts produced more dystrophin+ (∼17%) fibers
comparedwith vehicle-treatedmyoblasts (∼7%) (Fig. 4D, 4E) sug-
gesting that IBMX-treated myoblasts are better at repairing dys-
trophic muscle than are vehicle-treated myoblasts. Despite
enhanced fusion of IBMX-treated myoblasts in culture (Fig. 1I),
the cross-sectional area of dystrophin+ fibers was not different
in themuscle that received IBMX-treateddonor cells as compared
with vehicle-treated cells (Fig. 4F). Nonetheless, quantification of
sublaminar GFP+/Pax7+ cells revealed that IBMX-treated myo-
blasts made up 68% of the satellite cell population found in the
niche, whereas vehicle-treated myoblasts contributed only
43%, indicating that IBMX-treated myoblasts are more efficient
at engrafting into the satellite cell niche (Fig. 4G, 4H). Indeed,
niche engraftment is necessary for participation of donor cells
in multiple rounds of repair, and therefore long-term repair.
Taken together, these results indicate that IBMX-treatment of
myoblasts during expansion leads to better engraftment and res-
toration of dystrophin expression to dystrophic muscles.

IBMX Enhances Myoblast Migration Through Induction
of CXCR4

CXCR4 is required for stromal cell-derived factor-1 (SDF-1) in-
duced myoblast migration [40] and improves myogenic progeni-
tor extravasation and engraftment into dystrophic muscle
[41]. Because Cxcr4 expression was upregulated by IBMX in a
C/EBPb-dependent manner, we examined whether IBMX im-
proved migration of myoblasts in vitro. Confluent monolayers
of vehicle or IBMX-treatedmyoblastswere scratchedandpictures
were taken at 0 hours and 6 hours after induction to differentiate
in the presence ofmitomycin C, to inhibit proliferation, and to de-
termine the extent of wound closure. Myoblasts that were pre-
treated with IBMX showed increased wound closure (∼35%)
compared with vehicle-treated myoblasts (∼5%) (Fig. 5A). In
the absence of C/EBPb (cKO), migration was equivalent to
WT controls and was not further stimulated by IBMX (Fig. 5A),
suggesting that the improved migration of IBMX-treated cells re-
quires C/EBPb.

To determine whether the enhanced migration after treat-
mentwith IBMXwasmediated throughCXCR4, the scratchwound
assay was repeated in the presence of AMD3100, a nonpeptide
antagonist of CXCR4. In the absence of AMD3100, IBMX treat-
ment stimulated wound closure when compared with vehicle-
treated controls; however, this effect was lost in the presence
ofAMD3100, suggesting that theenhancedmigration ismediated
by the C/EBPb-dependent stimulation of CXCR4 expression
(Fig. 5B).

Transplantationof dystrophin+myoblasts can formclusters of
dystrophin-expressing fibers in dystrophin-deficient muscle.
Thus, to assess cell migration in vivo, wemeasured themaximum
distance (inmillimeters) between dystrophin+ clusters in TAmus-
cles ofmdxmice transplantedwith vehicle or IBMX-treateddonor
cells 2 months after grafting (Fig. 5C). Muscles that received
IBMX-treated cells had a ∼40% increase in the mean cluster dis-
tance, indicating that theywere better able tomigrate away from
the site of grafting than vehicle-treated controls.
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DISCUSSION

The use of myoblast transplantation for the treatment of muscu-
lar dystrophies has been limited by both poor engraftment and
lack of significant satellite cell niche repopulation, necessary
for long-term regeneration and complete restoration of dystro-
phin expression. Although primary myoblasts are poorly suited
for transplantation, other, more rare populations, such as the
satellite side population cells and CSM4B (CD452Sca-12Mac-
12CXCR4+b1-integrin+) cells engraft with greater efficiency [9,
36]. However, these populations are difficult to isolate in high
numbers and lose their regenerativepotentialwith in vitro expan-
sion, precluding their therapeutic usage.

Our work has identified the bzip transcription factor C/EBPb
as an important negative regulator of myogenesis. Consistent
with this, C/EBPb expression is highest in satellite cells and de-
creases in concert with Pax7 during early differentiation [16].

Because maintenance of the satellite cell undifferentiated state
duringmyoblast culture is desirable for transplantation, andmyo-
blasts are easy to isolate in high numbers, we used the phospho-
diesterase inhibitor IBMX to stimulate the expression of satellite
cell markers on myoblasts.

Contrary towhatweexpected,MyoDprotein levels remained
unchanged in the presence of the high C/EBPb found in IBMX-
treated cells, an effect that may represent the equilibrium be-
tween the negative effects of C/EBPb on MyoD protein expression
and the positive effects of increased cAMP signaling [34]. Despite
the unchanged MyoD protein levels across the whole population,
IBMX treatment did significantly reduce the Pax72/MyoD+ popula-
tion while concomitantly increasing the Pax7+/MyoD2 population,
confirming that IBMX imposes a restraint on differentiation through
both Pax7 andMyoD. These results suggest that the IBMX-mediated
increase in MyoD expression is not homogeneous in the population
but rather restricted to a subset of the treated population. Further

Figure 4. IBMX-treatedmyoblasts contribute to repair of dystrophicmuscle andoccupy thehost satellite cell niche. (A):Donormyoblasts isolated
from WT and cKO mice were cultured for 5 days in the absence or presence of IBMX. Equal cell numbers were stained with vital dye CSFE and
transplanted into cardiotoxin (CTX)-injured tibialis anterior (TA) muscle of C57BL/10ScSn-mdx/J mice (mdx mice). Twenty-four hours after trans-
plantation, TAmuscles were collected to assess donor cell apoptosis and proliferation. Representative images of TUNEL- and CSFE-stainedmuscle
after transplantation with vehicle or IBMX-treated myoblasts. Solid arrows indicate TUNEL+/CSFE+ cells. Open arrowheads indicate TUNEL+ cells
that arenot fromthedonor.DAPI staining revealsall nuclei. (B):Quantificationof thepercentageofTUNEL+/CSFE+ cells from (A). (C):Quantification
of thepercentageofKi67+/CSFE+ cells of stainedmuscles as in (A). (D):Myoblasts isolated fromGFPmicewerecultured invehicle or IBMXfor5days
inGM.Myoblastswere thenharvestedand105cellswere transplanted intoCTX-injuredTAmusclesofmdxmice. Twomonthsafter transplantation,
TAmuscles were harvested for assessment of donor cell engraftment. Dystrophin staining (white) of TAmuscle ofmdxmice 2months after trans-
plantation. Representative images are shown. Scale bar = 10mm. (E): Quantification of dystrophin+ fibers in TA engrafted with vehicle- or IBMX-
treatedmyoblasts. (F):Meancross-sectional areaofdystrophin+ fibers, shown relative to control. (G):Representative imagesofTAsections stained
with GFP (green), Pax7 (pink), laminin (white), and DAPI (blue). Scale bar = 10mm. (H):Quantification of GFP+/Pax7+ cells after transplantation. All
dataarepresentedasmean6SEM(n=6;pp,p, .01;ppp,p, .001;meanswithdifferent lettershaveapvalue,.05, andmeans indicatedwith the
same letter are not statistically significantly different). Abbreviations: Avg., average; cKO, conditional knockout; CSFE, carboxyfluorescein succi-
nimidyl ester; DAPI, 49,6-diamidino-2-phenylindole; GFP, green fluorescent protein; IBMX, isobutylmethylxanthine; TUNEL, terminal deoxynucleo-
tidyl transferase-mediated digoxigenin-deoxyuridine nick-end labeling; WT, wild-type.
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isolation of theMyoD2population could further enhance transplan-
tation outcomes.

Withdrawal from IBMX restored the differentiation of treated
cells allowing for efficient contribution to repair. Interestingly, cells
that were pretreated with IBMX made myotubes twice as large as
vehicle-treated myoblasts. This result correlates with a previous
study in which the mouse myogenic cell clone Ric10 was treated
withdifferent cAMPstimulating reagents, suchas IBMXand forsko-
lin [42]. Increased PKA-cAMP signaling after forskolin treatment
increased myotube-myotube fusion, resulting in extra large
myotubes, designated “myosheet,” similar to that seen in IBMX-
treated myoblasts in our study (Fig. 1G, 1I) [42]. However, IBMX
treatmentdidnotproduce largerdystrophin+ fibers after transplan-
tation, and, given that high C/EBPb levels correlate with decreased
fusion whereas loss of C/EBPb promotes hyperfusion in culture
[16], it is unlikely that this effect of IBMX is dependent on C/EBPb.

Clinical trials of myoblast transplantation in patients with
Duchenne muscular dystrophy have been disappointing be-
cause of the rapid cell death of myoblasts within hours of trans-
plantation [43–45]. Many approaches have been investigated
to enhance myoblast survival upon transplantation, including
hypoxia preconditioning; heat shock; and coinjectionwith small
molecules (dextran sulfate), biomaterials (fibrin gel), or macro-
phages [46–50]. Interestingly, C/EBPb is a potent prosurvival
factor [37, 38] and is upregulated in several tumors, demon-
strating its role as an important mediator of cell survival during
tumorigenesis [30, 38]. Thus, in addition to improving stem cell
marker expression in myoblasts, IBMX treatment, through
C/EBPb, appears to also improve transplantation outcomes
through increased myoblast survival after grafting. Indeed,
IBMX-treated donor cells were less apoptotic than vehicle-
treated cells after transplantation into injured muscle, and this
effect was dependent on C/EBPb expression. Recently, Brg1, a
component of the Swi/Snf chromatin remodeling complex, was
shown to be required for maintaining viability in myoblasts

through regulation of Pax7 expression [51]. Pax7 is required
for maintenance of the satellite cell pool as deletion of Pax7
triggers cell cycle abnormalities characterized by an extended
G2/M phase, and a progressive loss of muscle precursors to cell
death [39]. Thus Pax7 regulation by C/EBPb could provide a
mechanism for improved survival in IBMX-treated cells [16].
C/EBPb is not, however, required for the development ofmuscle
embryonically, or the specification of Pax7+ cells, because both
of these are normal in C/EBPb KOmice, suggesting that C/EBPb
may be a more important regulator of Pax7 expression in the
postnatal animal.

IBMX also stimulated CXCR4mRNA and protein expression
in a C/EBPb-dependent manner. CXCR4 contributes to the mi-
gration of cells to dystrophic tissues that express high levels of
SDF-1 and is required for myoblast migration [40, 41, 52].
CXCR4 is also a known target of C/EBPb in breast cancer cells
[53]. Consistent with this, IBMX-treated myoblasts had signif-
icantly enhanced migration under differentiation conditions
that was not seen in C/EBPb-deficient myoblasts, suggesting
that the increased migratory ability induced by IBMX is de-
pendent on increased C/EBPb expression. Further, inhibition
of CXCR4 abolished the effect of IBMX on migration. In vivo,
cells treated with IBMX migrated further in the injured host
muscle than vehicle-treated cells, suggesting that the en-
hanced repair and engraftment could be due, at least in part
to better movement through the injured muscle tissue. Be-
cause CXCR4 expression in muscle progenitor cells increases
extravasation into skeletal muscle after intravenous and
intra-arterial transplantation in mdx5cv mice, IBMX treat-
ment of myoblasts may allow for improved intra-arterial de-
livery of graft cells [41].

CONCLUSION

In this study, we demonstrate that treatment with IBMX is an
efficient method of expanding muscle progenitor cells, while
preserving regenerative potential, before transplantation.
The regulation of C/EBPb expression by IBMX leads to the
upregulation of several satellite cell markers and improves cell
migration and cell survival, resulting in better engraftment
into dystrophic muscle. In addition to identifying C/EBPb-
dependent effects on myoblasts following IBMX treatment, it
is clear that treatment with IBMX has several beneficial effects
on myoblasts favoring better transplantation outcomes that
are independent of C/EBPb expression and should be further
investigated. Moreover, the pharmacological reprogramming
ofmyoblastswith IBMX reverts them to amore primitive state,
but not into a cell population that has been thoroughly defined
in vivo. This hybrid profile merits further analysis to better
understand the molecular mechanisms that preserve the
undifferentiated state of muscle stem cells and their self-
renewal properties. Together, the molecular profile of myo-
blasts treated with IBMX improved their engraftment into
injured muscle and resulted in their persistence in the satellite
cell niche, suggesting that long-term sustained repair is possi-
ble with this approach. Our research demonstrates that phos-
phodiesterase inhibitor treatment improves myoblast culture
conditions in such a way as to reinvigorate myoblast trans-
plantation as a viable therapeutic approach to halt muscle
wasting in DMD.

Figure 5. IBMX-enhanced cellular migration is dependent on
CCAAT/enhancer-binding protein b and mediated by CXCR4. (A):
Vehicle- and IBMX-treated WT and cKO myoblasts were harvested,
replated, treatedwithmitomycinC, scratched, and switched todiffer-
entiate. Pictures were taken at 0 hours and 6 hours. Percentage
wound closure was calculated as follows: (width of 0-hour wound
gap – width of 6-hour wound gap)/width of 0-hour wound gap 3
100%. (B): Scratch wound assay on WT myoblasts precultured in
the presence of IBMX or vehicle as in (A) and monitored for wound
closure in the presence or absence of AMD3100. (C):Maximum clus-
ter distance of dystrophin+ fibers 2 months after transplantation of
IBMX or vehicle-treated myoblasts into cardiotoxin-injured C57BL/
10ScSn-mdx/J mice muscle. All data are presented as mean 6 SEM
(n$ 4; ppp, p, .001; means with different letters are statistically sig-
nificantly different from one another; and means with the same letter
are not statistically significantly different). Abbreviations: cKO, condi-
tional knockout; IBMX, isobutylmethylxanthine; Max, maximum; WT,
wild-type.
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