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STAT3 signaling controls satellite cell expansion and

skeletal muscle repair

Matthew Timothy Tierney'®, Tufan Aydogdu?39, David Sala?, Barbora Malecova?, Sole Gatto?,

Pier Lorenzo Puri®4, Lucia Latella®> & Alessandra Sacco?

The progressive loss of muscle regenerative capacity with

age or disease results in part from a decline in the number
and function of satellite cells, the direct cellular contributors
to muscle repairl-11, However, little is known about the
molecular effectors underlying satellite cell impairment and
depletion. Elevated levels of inflammatory cytokines, including
interleukin-6 (IL-6), are associated with both age-related

and muscle-wasting conditions12-15, The levels of STAT3,

a downstream effector of IL-6, are also elevated with muscle
wasting16:17 and STAT3 has been implicated in the regulation
of self-renewal and stem cell fate in several tissues18-21,

Here we show that IL-6-activated Stat3 signaling regulates
satellite cell behavior, promoting myogenic lineage progression
through myogenic differentiation 1 (Myod1) regulation.
Conditional ablation of Stat3 in Pax7-expressing satellite cells
resulted in their increased expansion during regeneration,

but compromised myogenic differentiation prevented the
contribution of these cells to regenerating myofibers. In
contrast, transient Stat3 inhibition promoted satellite cell
expansion and enhanced tissue repair in both aged and
dystrophic muscle. The effects of STAT3 inhibition on cell
fate and proliferation were conserved in human myoblasts.
The results of this study indicate that pharmacological
manipulation of STAT3 activity can be used to counteract

the functional exhaustion of satellite cells in pathological
conditions, thereby maintaining the endogenous regenerative
response and ameliorating muscle-wasting diseases.

Chronic inflammation is a hallmark of several muscle-wasting dis-
eases and impairs the normal regenerative response. IL-6 is among
the inflammatory cytokines present during the initial stages of
muscle repair and can exert both pro- and anti-regenerative effects!®.
Although sustained, systemic elevation of IL-6 contributes to muscle
atrophy!422, IL-6 also acts as an essential regulator of satellite
cell-mediated hypertrophy?3, underlying its pleiotropic role dur-
ing skeletal muscle maintenance. We hypothesized that intervening
downstream of IL-6 signaling may allow for selective interference with

its deleterious outcomes and enhance satellite cell function. The JAK-
STAT pathway serves as an intracellular mediator of IL-6 signaling
and is evolutionary conserved from flies to mammals?42>. Cytokine
binding to the IL-6r-Gp130 receptor complex leads to JAK activation
and STAT phosphorylation on tyrosine residues, STAT dimerization,
nuclear translocation and target gene activation?%2”. Among the Stat
genes, Stat3 has a critical role during development as evidenced by
the early embryonic lethality of Stat3~/~ mice?3. In skeletal muscle,
Stat3 has been shown to regulate myogenic differentiation in a con-
text-dependent manner, possibly because of the specific partners of
the JAK-STAT complex?%-30.

To investigate the specific role of Stat3 in satellite cells, we assessed
its activation during muscle regeneration. We performed skeletal
muscle injury by intramuscular injection of notexin (NTX), a snake
venom toxin that induces myofiber damage and a strong regenerative
response3!. We observed transient Stat3 phosphorylation on Tyr705 in
Pax7* satellite cells while they were actively engaged in tissue repair
(Supplementary Fig. 1). After isolation and culture, satellite cells
are activated rapidly and transition to the progenitor stage. We
detected Stat3 phosphorylation in freshly isolated satellite cells from
2-month-old C57BL/6 mice after 4 d in culture. This phosphorylation
was positively correlated with expression of Myodl, a basic helix-
loop-helix (bHLH) myogenic regulatory factor that is characteristic
of committed progenitors (Fig. 1a), suggesting that Stat3 activation
could be involved in cell fate decisions.

To test whether a functional interaction exists between Stat3 and
Myodl, we infected satellite cells isolated from 2-month-old C57BL/6
mice with a lentivirus expressing shRNA against Stat3 (shStat3) or a
control shRNA (shControl). Infection with shStat3 efficiently down-
regulated Stat3 and impaired the expression of Myod1 and myogenin
(Fig. 1b,c, Supplementary Fig. 2a and Supplementary Table 1).
Notably, shStat3 infection promoted the expansion of Pax7* satellite
cells (Fig. 1d and Supplementary Fig. 2b). We observed no difference
in apoptosis, as shown by TUNEL assay (Supplementary Fig. 2¢).
Consistent with previous reports associating Il-6-mediated Stat3
phosphorylation with satellite cell function?>32, we demonstrated
that I1-6 stimulation is associated with higher mRNA levels of both
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Figure 1 Stat3 promotes myogenic lineage progression in cultured satellite
cells. (a) Left, representative images of satellite cells isolated by FACS,
cultured in vitro and analyzed 5 d after isolation (47 total images per
experimental group; green, pStat3; red, Myod1; blue, nuclei). Scale bar,

50 um. Right, quantification of the percentage of satellite cells positive

for pStat3 and Myod1 (n = 3). (b) Left, representative images of Myod1+
satellite cells treated with shStat3 lentivirus or control shRNA (shCtrl)

4 d after infection (3-5 total images per experimental group). Scale bar,

50 um. Right, quantification of the percentage of Myod1+ satellite cells
after lentiviral infection (n = 3). (c) Left, representative images of myogenin
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(Myog)* satellite cells infected with shStat3 or shCtrl and cultured in growth medium for 72 h (3 images total per experimental group). Scale bar,
50 um. Right, quantification of the percentage of Myog* cells after lentiviral infection (n = 3). (d) Left, representative images of Pax7*EdU+* satellite
cells treated with shStat3 or shCtrl lentiviruses 4 d after infection (3—-5 images total per experimental group). Scale bar, 50 um. Right, quantification

of the percentage of EdU* satellite cell after lentiviral infection (n =

5). (e) Quantification of MyodI mRNA levels in satellite cells infected with

shStat3 or shCtrl lentivirus and maintained in culture in growth medium in either the absence or presence of 100 ng ml~1 [L-6 for 96 h (n = 4).

(f) Left, representative images of differentiated myosin heavy chain (MyHC)* myotubes (green, MyHC; blue, nuclei) in satellite cells that were
infected with shStat3 or shCtrl lentivirus and analyzed 72 h after terminal differentiation was induced (3-5 total images per experimental group).
Scale bar, 50 um. Right, quantification of differentiation index in satellite cells after shStat3 treatment (n = 3). All data are represented as the
average + s.e.m. Student’s t test was used for all statistical analyses (***P < 0.001, **P < 0.01, *P < 0.05) except in e, where one-way analysis of

variance (ANOVA) with Tukey’s post test was used.

Stat3 and Myodl when compared to untreated samples. Stat3 medi-
ated this effect, as IL-6-dependent Myod1 upregulation was impaired
after infection with the shStat3 lentivirus (Fig. 1e and Supplementary
Fig. 2d). In agreement with previous studies?%3, Stat3 loss of function
impaired terminal myogenic differentiation of satellite cells, as shown
by a lower differentiation index compared to shControl (Fig. 1f).
These findings indicate that IL-6-mediated advancement of satellite
cells to the progenitor stage is dependent on Stat3, whose expression
is required for proper myogenic differentiation.

To further examine the regulatory role of Stat3 on MyodI tran-
scription, we performed bioinformatics analyses and identified a

Figure 2 Stat3 gene deletion enhances
satellite cell expansion after skeletal muscle
injury. (a) Schematic representation of Tmx
treatment in male and female 2-month-old
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putative STAT3 consensus sequence in the regulatory element of
the Myod1 locus 590 bp upstream of the transcription start site33:34.
To investigate the contribution of Stat3 to Myodl activation, we
cloned the Myod1 regulatory region containing the putative Stat3
binding site upstream of the firefly luciferase (Fluc) reporter gene
(Supplementary Fig. 3a). We transfected the reporter plasmid into
293 cells in the presence or absence of shStat3 or a Myod1 overexpres-
sion vector. Although Myod1 could promote Fluc reporter activity
through sustained positive feedback®, shStat3 resulted in markedly
lower activation compared to shControl, indicating its essential role
in MyodI expression.
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Stat3++ mice. EdU was administered daily for
5 d before harvesting. (b) Stat3, Myod1 and
Socs3 mRNA levels in satellite cells isolated
from the uninjured skeletal muscle of
Tmx-treated Pax7-CreER; Stat3flox/flox and
Pax7-CreER; Stat3++ mice after culture

in growth medium for 96 h (n = 3).

(c) Representative images of uninjured
skeletal muscle of Tmx-treated Pax7-CreER;
Stat3flox/flox and Pax7-CreER; Stat3*/+ mice
(10-15 total images per experimental group;
arrow, Pax7* satellite cell; green, Pax7; red,
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EdU; white, laminin; blue, nuclei). Scale bar, 20 um. (d) Schematic representation of Tmx or vehicle treatment and skeletal muscle injury in male
and female 2-month-old Pax7-CreER; Stat3flo¥flox mice. (e) Left, representative images of Pax7+ satellite cells within the muscles of Tmx- or vehicle
(Ctrl)-treated Pax7-CreER; Stat3flo¥flox mice 5 d after injury (6-18 total images per experimental group; green, Pax7; white, laminin; blue, nuclei).
Scale bar, 50 um. Right, quantification of Pax7+ satellite cell numbers in regenerating muscles at 5 and 25 d after injury (n = 3). (f) Left,
representative images of H&E staining of the muscles of Tmx- or vehicle (Ctrl)-treated Pax7-CreER; Stat3flox/flox mice 25 d after injury (5 total images
per experimental group). Scale bar, 50 um. Right, quantification of average myofiber cross-sectional area 25 d after injury (n = 3). All data are
represented as the average + s.e.m. Student’s t test was used for all statistical analyses (***P < 0.001, **P< 0.01, *P< 0.05).
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Figure 3 Transient inhibition of Stat3 promotes satellite cell expansion and

enhances skeletal muscle tissue repair. (a) Schematic representation of Stat3 inhibitor
(Stat3i) treatment and skeletal muscle injury in 2- and 24-month-old wild-type mice.

(b) Left, representative images of EdU* satellite cells isolated from wild-type mice treated
with Stat3 inhibitor or vehicle (PBS) at 3 d after injury and cultured in growth medium for
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2 h (5 total images per experimental group). Scale bar, 50 um. Right, quantification of the percentage of EdU* satellite cells (n = 3). (c) Left,
representative images of H&E staining in regenerating muscles of 2- and 24-month-old mice treated with the Stat3 inhibitor or vehicle control at

5 d after injury (5 total images per experimental group). Scale bar, 50 um. Right, quantification of average myofiber cross-sectional area (CSA) in
regenerating muscles of 2- and 24-month-old mice 5 d after injury (n = 3). (d) Schematic representation of Stat3 inhibitor treatment in skeletal
muscles of dystrophic 2-month-old mdx/mTRS2 mice. (e) Quantification of the percentage of EdU* satellite cells isolated from mice treated with the
Stat3 inhibitor or vehicle control (n = 3). (f) Left, representative images of H&E staining of muscles of mdx/mTRE2 mice treated with the Stat3 inhibitor
or vehicle control at 28 d (10 total images per experimental group). Scale bar, 50 um. Right, quantification of average myofiber cross-sectional area at
28 d (n = 3). All data are represented as the average + s.e.m. Student’s ¢ test was used for all statistical analyses (**P < 0.01, *P < 0.05).

Chromatin immunoprecipitation sequencing (ChIP-seq) experi-
ments in C2C12 myoblasts previously showed an enrichment
in histone H3 Lys 27 (H3K27) acetylation at this Stat3 consensus
sequence that typically defines activated enhancers®®37. Indeed,
we detected H3K27 acetylation at the putative Stat3 binding site of
MpyodI and its downstream target Socs3 by ChIP in primary myoblasts
(Supplementary Fig. 3b). Inactive enhancers (i.e., IgH) and the pro-
moters of repressed genes (i.e., Oct4, also called Pou5f1, and Pdx1) did
not show detectable H3K27 acetylation. These findings are consistent
with Stat3 loss-of-function experiments in myoblasts demonstrating
a reduction in both Stat3 and Myod1 expression at the mRNA and
protein levels (Supplementary Fig. 3c,d), further demonstrating a
role for Stat3 in promoting myogenic lineage progression.

To evaluate the requirement of Stat3 for satellite cell function
in vivo, we conditionally ablated Stat3 in satellite cells using 2-month-
old Pax7-CreER; Stat3flox/flox mice38:39 (Fig. 2a). After tamoxifen
(Tmx) treatment in these mice, Cre-mediated recombination results
in permanent Stat3 gene deletion under control of the Pax7-CreER
driver. We confirmed that Tmx treatment efficiently ablated Stat3 in
satellite cells, lowered MyodI and Socs3 mRNA levels and resulted in
higher satellite cell proliferation in vitro (Fig. 2b and Supplementary
Fig. 4b,c). Stat3 gene deletion was not sufficient to break satellite cell
quiescence in healthy muscles, as we detected no changes in the per-
centage of 5-ethynyl-2’-deoxyuridine (EdU)" satellite cells, suggesting

Figure 4 The effects of STAT3 manipulation are conserved in human
myoblasts. (a) STAT3 and MYODI1 mRNA levels in human myoblasts
infected with shSTAT3 lentivirus or shControl (shCtrl) at 96 h after infection
(n=4). (b) Left, representative images of human myoblasts infected

with shSTAT3 lentivirus or shCtrl and cultured for 96 h (16 total images
per experimental group; blue, nuclei). Scale bar, 50 um. Right,
quantification of total human myoblast numbers 96 h after infection

(n = 3). (c) Left, representative images of human myoblasts treated

with the STAT3 inhibitor or vehicle control for 72 h (10-15 total images
per experimental group; green, MYOD1; red, myogenin (MYOG); white,
nuclei). Scale bar, 50 um. Right, quantification of the percentage of
MYOD1+ and MYOG* human myoblasts after STAT3 inhibitor treatment
(n=4). All data are represented as the average + s.e.m. Student’s t test
was used for all statistical analyses (***P < 0.001, **P< 0.01, *P< 0.05).

a role for Stat3 signaling only after satellite cell activation (Fig. 2c).
Still, the loss of Stat3 expression altered the behavior of physi-
ologically activated satellite cells as demonstrated by a higher total
number of Pax7* satellite cells after 30 d (Supplementary Fig. 4d).
When we performed Stat3 gene deletion in 3-month-old mice, there
was no detectable difference in the number of Pax7* satellite cells
when compared to Pax7-CreER; Stat3*/* mice, indicating an age-
dependent effect of Stat3 gene deletion. We observed no difference
in myofiber size (Supplementary Fig. 4e). Genetic loss of Stat3 was
associated with a greater number of Pax7" satellite cells at both 5
and 25 d after NTX injury (Fig. 2d,e). However, regeneration was
impaired, as indicated by smaller myofiber size 25 d after injury com-
pared to vehicle-treated mice (Fig. 2f), emphasizing the requirement
of Stat3 for proper myogenic differentiation.

We reasoned that the use of Stat3 inhibitors would enable the tran-
sient expansion of satellite cells without preventing their contribution
to regenerating myofibers. Indeed, presentation of a Stat3 inhibitor to
cultured satellite cells from 2-month-old C57BL/6 mice resulted in the
previously observed downregulation of MyodI and Socs3 mRNA and
increase in proliferation at 96 h (Supplementary Fig. 5a,b). When we
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injected the Stat3 inhibitor into regenerating muscles of 2-month-old
C57BL/6 mice, we detected a higher percentage of EdU™ proliferating
satellite cells 3 d after NTX injury compared to vehicle-treated mice
(Fig. 3a,b). This effect was transient, as we observed no detect-
able difference in the number of Pax7* satellite cells 5 d after injury
(Supplementary Fig. 5¢,d). Administration of the Stat3 inhibitor
accelerated tissue repair, as we observed larger regenerating myofibers
at 5 d after injury in treated muscles. This effect was not maintained at
25 d (Fig. 3c and Supplementary Fig. 6a—d). The Stat3 inhibitor had
no direct effect on mature myofiber size when presented to uninjured
muscles (Supplementary Fig. 5e,f).

To examine Stat3 as a potential therapeutic target, we analyzed
two distinct contexts of impaired muscle regeneration: aged and
dystrophic muscles. Notably, Stat3 inhibitor treatment accelerated
tissue repair in the regenerating muscles of aged (24-month-old) mice
(Fig. 3¢ and Supplementary Fig. 6b-d). To evaluate the effects of the
Stat3 inhibitor in dystrophic conditions, we used a severe model of
muscular dystrophy, the mdx/mTRS? mouse®. This double mutant
lacks both dystrophin and the RNA component of telomerase, com-
bining chronic muscle degeneration with telomere dysfunction and
shortening to more closely recapitulate the human disease. Stat3
inhibitor administration to these mice promoted the short-term
expansion of satellite cells, as shown by EAU incorporation 3 d after
treatment (Fig. 3d,e). Dystrophic muscle undergoes continuous cycles
of regeneration and degeneration; thus, we hypothesized that repeated
administration of the Stat3 inhibitor would support reoccurring
satellite cell expansion while still allowing for their contribution to
myofiber repair. To test this hypothesis, we delivered the Stat3 inhibi-
tor once per week to the mdx/mTRS2 mice for 28 d. We detected larger
regenerating myofibers in the muscles of inhibitor-treated mice when
compared to vehicle-treated mice, indicating an overall improvement
in muscle repair (Fig. 3f and Supplementary Fig. 7). Together these
findings indicate that intermittent Stat3 inhibition could be a promis-
ing approach to improve tissue repair in diseased conditions.

In addition, we found that the impact of STAT3 inhibition on prolif-
eration and MYODI transcription was conserved in human myoblasts
derived from healthy patients 12-14 years of age. Infection of human
myoblasts with the shSTAT3 lentivirus downregulated MYODI
expression and promoted proliferation compared to shControl
(Fig. 4a,b). STAT3 inhibitor treatment of the cells also downregulated
the expression of phosphorylated STAT3 (pSTAT3), MYOD1 and
myogenin (Fig. 4c and Supplementary Fig. 8a). Apoptosis was not
affected in these experimental conditions (Supplementary Fig. 8b).
Human myoblasts treated previously with the STAT3 inhibitor were
able to efficiently give rise to multinucleated myotubes after treatment
was lifted, validating the preservation of differentiation potential after
transient STAT3 inhibition across species (Supplementary Fig. 8c).

Using both molecular and genetic approaches, we demonstrated
that STAT3 signaling promotes myogenic lineage progression,
thereby inhibiting the expansion of the satellite cells during skeletal
muscle repair. The choice between self-renewal and differentiation
is critical to simultaneously ensure satellite cell pool maintenance
while also generating differentiated progeny. Fine tuning the tem-
poral interpretation of microenvironmental cues in satellite cells
may be able to delay progression along the myogenic lineage. Our
results indicate that the timing of STAT3 activation in satellite cells
signifies a molecular switch between these two states. We speculate
that prolonged STAT3 activation resulting from chronic degenera-
tive stimuli might favor pro-differentiation pathways and ultimately
lead to a progressive, functional exhaustion of the satellite cell pool.

We show that the use of a Stat3 inhibitor promoted the expansion of
satellite cells in the initial phases of regeneration, accelerating tissue
repair. Cyclic administration of the Stat3 inhibitor during chronic
regenerative conditions was able to promote muscle repair, possibly by
augmenting repeated rounds of satellite cell expansion. These findings
are consistent with previous studies demonstrating that inhibition
of tumor necrosis factor (TNF)-p38 (also called MAPK14) signal-
ing, which promotes myogenic commitment, resulted in satellite cell
expansion?%-42. Conservation of the phenotypic effects of STAT3 in
human myoblasts validates STAT3 as a promising therapeutic target
to ameliorate muscle wasting.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Animals. All protocols were approved by the Sanford-Burnham Medical
Research Institute Animal Care and Use Committee. Pax7-CreER (a kind gift
from C. Keller?®) and Stat3flox/flox (3 kind gift from S. Akira3) mice were used
to generate Pax7-CreER; Stat3floX/flox mice. The colony was maintained in a
C57BL/6 background. Young (2-3 months of age) C57BL/6 male mice were
purchased from Jackson Laboratories. Aged C57BL/6 male mice (24 months
of age) were obtained from the National Institute of Aging. mdx/mTRG? mice
(2 months of age) were kindly donated by H.M. Blau®.

Satellite cell isolation. Satellite cells were isolated as described previously with
minor revisions*. Tibialis anterior, gastrocnemius and quadriceps muscles of
mice (mouse model specified in the text) were subjected to enzymatic dis-
sociation (0.2% collagenase and 0.02 units ml~! dispase; Sigma) for 45 min,
after which non-muscle tissue was gently removed and the muscle was minced
under a dissection microscope, followed by another 45-min incubation. The
cell suspension was filtered through a 70-um nylon filter and incubated with
the following biotinylated rat antibodies: CD45 (clone 30-F11), CD11b (cat
#553309), CD31 (cat #5011513) and Scal (clone E13-161.7) (all BD Bioscience
and 1:150 dilution). Streptavidin beads (Miltenyi Biotech, 1:10 dilution) were
then added to the cells together with the following antibodies: integrin-
o;—phycoerythrin (PE) (cat #R2F2, Ablab, 1:100 dilution) and CD34-Alexa
647 (clone RAM34, eBioscience, 1:50 dilution), after which magnetic deple-
tion of biotin-positive cells was performed. The (CD45-CD11b~CD31 Scal~)
CD34*integrin-o;* population was then fractionated by flow cytometry (BD
FACSAria), followed by a purity check.

Cell lines. We obtained C2C12 cells (crl-1772) and 293 cells (crl-1573) from
ATCC. We obtained human myoblasts from Lonza Group Ltd, EuroBioBank
and the Telethon Network of Genetic Biobanks (GTB12001F), which had
been isolated from the quadriceps of four healthy patients 12-14 years of age.
Informed consent to use their biological samples for diagnosis and research
was obtained from the patients in accordance with protocols approved by the
Institutional Review Board of the C. Besta Neurological Institute. We isolated
myoblasts by enzymatic digestion of human skeletal muscle tissue. Cells were
not recently authenticated or tested for mycoplasma contamination.

Human cell culture. Human myoblasts were cultured in either growth medium
(DMEM, 20% FBS, GlutaMAX, 10 ng ml~! insulin, 24 ng ml~! basic fibroblast
growth factor (bFGF), 10 ng ml~! epidermal growth factor (EGF) and penicil-
lin and streptomycin) or differentiation medium (DMEM, 5% horse serum
and 100 ng ml~! insulin).

Immunofluorescence. Muscle tissues (mouse model specified in the text) were
prepared for histology as described previously*. Cells and muscle sections were
fixed with 1.5% paraformaldehyde (PFA) and permeabilized in 0.3% Triton
X-100 followed by 100% methanol for 5 min at —20 °C for pSTAT3 staining.
Cells were then blocked in 20% goat serum and 0.3% Triton X-100 for 1 h. For
Pax7 staining, antigen retrieval was performed, and sections were post fixed
with 1.5% PFA. Incubation with the primary antibodies was performed over-
night at 4 °C. The antibodies used were as follows: rabbit anti-pSTAT3 (Tyr705,
D3A7, Cell Signaling, 1:50 dilution), mouse anti-Pax7 (Developmental
Studies Hybridoma Bank (DSHB), 1:100 dilution), rat anti-laminin (clone
A5, Millipore, 1:150 dilution), mouse anti-Myod1 (cat#554130, BD Bioscience,
1:100 dilution), rabbit anti-Myod1 (cat#sc760, Santa Cruz, 1:100 dilution),
mouse anti-myogenin (cat #556358, BD Biosciences, 1:100 dilution), mouse
anti-myosin heavy chain (cat #MF20, DHSB, 1:100 dilution) and Alexa-
conjugated secondary antibodies (Invitrogen, 1:200 dilution). Nuclei were
counterstained with Hoechst 33258 (Invitrogen). Cell proliferation was mea-
sured by EdU incorporation (Life Technologies). Cell death was measured by
TUNEL assay (Roche). Images of cell cultures were acquired using an inverted
epifluorescent microscope (Nikon TE300), 10x objective lens, charge-coupled
device (CCD) SPOT RT camera and SPOT imaging software (Diagnostic
Instruments). Images of muscle transverse sections were acquired using
the Nikon TE300 or the LSM170 laser-scanning confocal microscope, Plan-
Apochromat 20x/0.8 objective lens and ZEN 2011 imaging software (Zeiss).

All images were composed and edited, and modifications were applied to the
whole image using Photoshop CS6 (Adobe).

Quantification of satellite cell numbers and myofiber size in histological
sections. We analyzed 10-pum-thick histological sections of skeletal muscle
tissues (mouse model specified in the text). For regenerating muscles, only
the regenerating areas were assessed. We defined regenerating areas as areas
containing centrally nucleated myofibers. Analysis was performed using
Image] software.

Tmx treatment and skeletal muscle injury. We used Pax7-CreER; Stat3flox/flox
male and female mice between the ages of 6 and 12 weeks for Tmx injections.
Tmx (3 mg) suspended in corn oil was injected intraperitoneally (i.p.) each day
for 5d. After 7 d from the last injection, tibialis anterior muscles were injured
with 10 pl of (10 pg ml~!) notexin intramuscularly. 20 ug per kg body weight
EdU was administered i.p. Tissues were harvested after 3, 5, 25 and 30 d for
FACS or histological analysis. We used corn oil or Pax7-CreER; Stat3*/* mice
as a control for i.p. injections, as indicated.

STAT?3 inhibitor treatment. For in vitro studies, 50 pM STAT3 inhibitor
(Calbiochem) was supplemented in growth medium. For in vivo studies in
wild-type mice, 50 pg STAT3 inhibitor was injected intramuscularly (i.m.)
24 h after NTX injury. In mdx/mTR%? mice, 50 ug STAT3 inhibitor was injected
im. to the tibialis anterior muscle every 7 d. 20 ug per kg body weight EdU
was administered i.p. 24 h before harvest (every 12 h). Tissues were harvested
after 3, 5, 25 and 28 d for FACS or histological analysis.

Lentiviral infection. High-titer lentiviral production of all lentivectors was
performed at the Viral Vectors Facility at the Sanford-Burnham Medical
Research Institute (La Jolla, CA). 96-well plates were coated with laminin
(20 ug ml~!) for 45 min at 37 °C. Afterwards, plates were coated with retro-
nectin (15 ug ml-!) for 2 h at room temperature. 2% BSA was used to wash for
30 min, followed by PBS washing twice at room temperature. 2,000 satellite
cells from 2-month-old C57BL/6 male mice were infected with shLuciferase
(labeled as shControl), shStat3 and PGK-Myod1 (45% DMEM low glucose,
40% F10, 15% FBS and 2.5 ng ml~! bFGF). Cell plates were centrifuged at 300g
for 1 min and left overnight at 37 °C and 5% CO,. The medium was changed
the next day and was replaced with fresh medium every 48 h; EAU was pre-
sented to cells (20 uM) for 4 h before harvest after 4 d in culture.

RNA analysis by quantitative PCR. RNA was extracted from cells
(source specified in the text) using Qiagen RNeasy mini-kits and micro-
kits following the manufacturer’s protocol. Total RNA was quantified with
a Nanodrop 8000 spectrophotometer (Thermo Scientific, Wilmington).
First-strand cDNA was synthesized from total RNA using the Transcriptor
First Strand ¢cDNA Synthesis kit (Roche) following the manufacturer’s
protocols. The generated cDNA was used as a template in real-time PCR
reactions with Lightcycler 480 SYBR Green 1 master mix (Roche) and was
run on a Roche LC480 machine using three-step amplification and melt
curve analysis. Quantitative real-time PCR reactions consisted of 2x SYBR
Green Supermix (Roche), 0.25 mmol 17! forward and reverse primers
(Supplementary Table 1) and 10 ng cDNA. Relative gene expression was
normalized by dividing the specific expression value by the glyceraldehyde
3-phosphate dehydrogenase (Gapdh) expression value and calculated using
the 278ACT method.

Western blotting. Western blotting was performed as previously described with
minor modifications!®. Total protein extract was obtained by homogenizing
primary myoblasts in RIPA buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS and 50 mM Tris, pH 8.0) added with a protease inhibi-
tor cocktail (Roche, Indianapolis, IN, USA) and incubated at 4 °C for 30 min,
centrifuging for 1 min every 10 min. Cell debris was removed by centrifugation,
and the supernatant was collected and stored at —80 °C. Protein concentration
was determined using the Pierce BSA protein assay kit. Total protein extracts
(30 ug) were then electrophoresed in gradient SDS gels and 1x MES SDS run-
ning buffer (Invitrogen). Gels were transferred to polyvinylidene difluoride
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membranes. Membranes were blocked with 1x Tris-buffered saline (TBS)
and 0.1% Tween-20 (TBST) with 5% (w/v) BSA at room temperature for 1 h,
followed by an overnight incubation with diluted antibody in blocking buffer
at 4 °C with gentle shaking. After washing with TBST, the membrane was
incubated at room temperature for 1 h with a goat polyclonal anti-rabbit IgG
secondary antibody conjugated to horseradish peroxidase (HRP) (Santa Cruz,
1:10,000 dilution). Membranes were visualized with enhanced chemilumines-
cence (Pierce Supersignal Pico or ECL 2), followed by exposure to film. The
antibodies used were as follows: rabbit anti-total Stat3 (79D7, Cell Signaling,
1:1,000 dilution), rabbit anti-pStat3 (D3A7, Cell Signaling, 1:1,000 dilution),
rabbit anti-Gapdh (D16H11, Cell Signaling, 1:10,000) and mouse anti-Myod1
(cat#554130, BD Pharmingen, 1:1,000 dilution).

ChIP. Primary myoblasts were crosslinked with 1% formaldehyde in TBS for
15 min at room temperature. Crosslinked cells were washed with cold TBS
containing 1 mM PMSE, harvested and lysed in a ChIP lysis buffer contain-
ing 50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 5 mM EDTA, pH 8.0, 0.5% SDS,
0.5% NP-40, 1 mM PMSF and a protease and phosphatase inhibitor cocktail
(Roche). Cell lysates were diluted five times with the ChIP lysis buffer lack-
ing SDS to the final concentration of 0.1% SDS. Chromatin was sheared to
an average DNA fragment length of 500 bp using a Misonix3000 sonicator.
Samples were centrifuged and the protein concentration of soluble chromatin
was determined by bicinchoninic acid (BCA) assay (Pierce). 110 pg chroma-
tin was used for immunoprecipitation with 5 pg of anti-H3K27Ac antibody
(39133, Active Motif) and 5 ug of an unspecific normal rabbit IgG as a control
(sc-2027, Santa Cruz). After 2 h incubation of the chromatin with the antibod-
ies at 4 °C, the immunocomplexes were captured with protein A magnetic
beads (Life Technologies) for a further 4 h at 4 °C. Protein A-bound immuno-
complexes were washed four times with buffer containing 50 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 5 mM EDTA, pH 8.0, 0.1% SDS, 1% NP-40, 0.5%
sodium deoxycholate, ] mM PMSF and a protease and phosphatase inhibitor

cocktail (Roche), followed by one wash with a buffer containing 250 mM LiCl,
100 mM NaCl, 5 mM EDTA, pH 8.0, 1% NP-40, 1% sodium deoxycholate and
a protease inhibitor cocktail (Roche) and a subsequent final two washes with
Tris + EDTA (TE) buffer. Inmunocomplexes were eluted from the beads for
15 min at 65 °C with buffer containing 50 mM Tris-Cl, pH 8.0, 1 mM EDTA,
pH 8.0, and 1% SDS. Crosslinking was reversed by incubation of the ChIP-iso-
lated immunocomplexes and the input chromatin samples at 65 °C overnight
in the presence of 200 mM NaCl. After 0.2 mg ml~! proteinase K treatment
of samples, DNA from the immunoprecipitated samples as well as DNA from
the 2% input were purified by phenol and chloroform extraction and ethanol
precipitation. 1/50 of the purified DNA was analyzed by real-time quantitative
PCR using SYBR Green PCR Master Mix (Applied Biosystems). The ChIP
signal was evaluated by calculating the amount of immunoprecipitated DNA
relative to the input DNA (percentage of input).

Luciferase assay. The 1.2-kb promoter region of Myodl (from the
pBabePuro-Myod vector) was subcloned into a pGL 4.22 Luciferase reporter
vector (Promega). Luciferase and Renilla activity were measured using the Dual
Luciferase Reporter Assay System (Promega) following the manufacturer’s
protocol.

Statistical analyses. Data are presented as the mean * s.e.m. Comparisons
between groups used Student’s f test assuming two-tailed distributions, with
an o level of 0.05. When comparing more than two sets, one-way ANOVA
with Tukey’s post test was performed using GraphPad Prism 6 for Macintosh
(http://www.graphpad.com). All experiments requiring the use of animals,
directly or as a source of cells, were subjected to randomization based on
litter. Investigators were not blinded to group allocation or outcome assess-
ment. Sample size was predetermined based on the variability observed in
preliminary and similar experiments. No samples or animals were excluded
from this study.
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