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Abstract

Duchenne muscular dystrophy (DMD) is a lethal, muscle degenerative disease causing premature death of affected
children. DMD is characterized by mutations in the dystrophin gene that result in a loss of the dystrophin protein. Loss
of dystrophin causes an associated reduction in proteins of the dystrophin glycoprotein complex, leading to
contraction-induced sarcolemmal weakening, muscle tearing, fibrotic infiltration and rounds of degeneration and failed
regeneration affecting satellite cell populations. The α7β1 integrin has been implicated in increasing myogenic capacity of
satellite cells, therefore restoring muscle viability, increasing muscle force and preserving muscle function in dystrophic
mouse models. In this study, we show that a Food and Drug Administration (FDA)-approved small molecule, Sunitinib, is a
potent α7 integrin enhancer capable of promoting myogenic regeneration by stimulating satellite cell activation and
increasing myofiber fusion. Sunitinib exerts its regenerative effects via transient inhibition of SHP-2 and subsequent
activation of the STAT3 pathway. Treatment of mdx mice with Sunitinib demonstrated decreased membrane leakiness
and damage owing to myofiber regeneration and enhanced support at the extracellular matrix. The decreased myofiber
damage translated into a significant increase in muscle force production. This study identifies an already FDA-approved
compound, Sunitinib, as a possible DMD therapeutic with the potential to treat other muscular dystrophies in which there
is defective muscle repair.

Introduction
Duchenne muscular dystrophy (DMD) is one of the most
common X-linked neuromuscular diseases, with an incidence
of 1 in 5000, leading to premature death of affected children (1).

DMD is characterized by the loss of dystrophin, a 427 kDa protein
found at the sarcolemma of skeletal, cardiac and vascular
smooth muscle (2,3). Structurally, dystrophin is essential to
anchor intracellular actin filaments and sarcolemmal proteins
to promote myofiber stability (4,5). The loss of dystrophin in
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DMD leads to the absence of dystrophin-associated proteins
that results in altered muscle cell signaling, contraction-induced
muscle degeneration and replacement with fibrotic and fatty
tissue (6–8). Clinical features of DMD include gross motor
delays, loss of ambulation leading to wheelchair confinement,
respiratory insufficiency requiring ventilator assistance and
dilated cardiomyopathy beginning during the second decade
of life and premature death (1,9).

Currently, there are limited treatment options available
for DMD patients. Therapeutic options include corticosteroids
(Prednisone) and glucocorticoids (Deflazacort), both used to
decrease inflammation and suppress the immune response
(10,11). Recently, the exon skipping drug Eteplirsen (Exondys
51) was given Food and Drug Administration (FDA) approval
(12). Although showing promising results, eteplirsen is only
applicable to 14% of the DMD population with specific exon 51
mutations. Therefore, it is still essential to develop therapies
targeting pathways viable to all DMD patients, regardless
of mutation.

One of the hallmarks of DMD pathology is cycles of muscle
degeneration and failed muscle regeneration that occur in the
absence of dystrophin (6). This faulty regeneration has been
attributed to a number of factors, one of them being decreased
satellite cell (SC) capacity. SCs are the essential precursors to
myogenesis and in DMD; while increased in number, they have
been shown to be impaired due to faulty asymmetric division
and interrupted SC niches, leading to improper muscle regener-
ation (13–16). The signal transducer and activator of transcrip-
tion 3 (STAT3) activation via the interleukin-6 (IL-6) cytokine is
important for SC proliferation and self-renewal in response to
resistance exercise and muscle injury (17–22). Activated STAT3
can directly affect the expression of the myogenic regulatory
marker MyoD1 and promote myoblast differentiation (23–26).
Additionally, STAT3 inhibition promotes enhanced symmetric
SC proliferation and increased SC engraftment into injured mus-
cle (27,28), suggesting that transient STAT3 activation is impor-
tant for both proliferation of SCs and differentiation into mature
myofibers.

Several studies have identified the α7β1 integrin as a positive
modifier of DMD disease pathology in different mouse models
utilizing transgenic and AAV delivery techniques (29–39). More
recently, our laboratory demonstrated that treatment with an
α7β1 integrin enhancing small molecule, SU9516, increased mus-
cle force generation and decreased disease pathology in mdx
mice (40).

Sunitinib is structurally related to SU9516 and is currently
used as an FDA-approved, multi receptor tyrosine kinase (RTK)
inhibitor for the treatment of renal cell carcinoma (RCC; 41,42).
Sunitinib has also been implicated in modulating the STAT3
pathway in cancer (43). Treatment with Sunitinib promotes SC
activation and myogenic regeneration, leading to significantly
improved muscle disease pathology and functional skeletal
muscle force production. Together, our results provide evidence
that Sunitinib can be repurposed into the first small molecule
therapy targeting muscle regeneration for the treatment
of DMD.

Results
Sunitinib treatment increases α7β1 levels via MyoD1
and Myog transcription factors

A previous study demonstrated the beneficial effects of
treatment with the small molecule SU9516 on DMD pathology

via enhanced α7B integrin expression (40). Unfortunately,
during study progression, SU9516 was determined to have
toxicity levels that would prevent its use in patients. Suni-
tinib is an FDA-approved, structurally related compound of
SU9516 (Fig. 1A) expected to have similar effects on DMD
disease progression. Optimal Sunitinib treatment dose was
determined by performing a dosing curve consisting of
5 day treatment in mdx mice followed by assessment of α7B
integrin levels in diaphragm muscle (Fig. 1B). A maximum
∼1.5-fold increase in α7B integrin expression was observed
at 1 mg/kg Sunitinib (Fig. 1B) when compared to vehicle-
treated muscle. This effective concentration was significantly
lower than its structurally related compound SU9516 (effec-
tive at 5 mg/kg; 40). To determine the effect of Sunitinib
on disease pathology, the treatment schedule developed
consisted of 3 days on 1 mg/kg Sunitinib and 4 days off,
weekly treatments, beginning at 4 weeks of age and ending
at 12 weeks in the mdx mouse model of DMD (Fig. 1C). This
treatment schedule was developed based on the robust and
rapid increase in α7B integrin protein expression (Fig. 1B)
and on potential downstream targets. Post 8 week treatment
assessment shows the 1 mg/kg Sunitinib treatment produced
a significant increase in α7B integrin protein expression in
mdx diaphragm muscle compared to vehicle-treated muscle
(Fig. 1D and E). Additionally, transcript levels of α7B integrin and
two α7B integrin regulating transcription factors, MyoD1 and
Myog (44,45), were also significantly up-regulated in the tibialis
anterior (TA) muscle of Sunitinib-treated mdx mice (Fig. 1G
and H). The TA muscle was used for transcript analysis as
the diaphragm muscle was required for protein expression
and histological analysis as well as muscle ex vivo contractility
studies.

Sunitinib improves mdx diaphragm muscle function

Loss of dystrophin in DMD renders muscles fragile and unable
to exert normal amounts of force. Regeneration of muscle fibers
is expected to yield an increase in muscle force production. To
test whether Sunitinib treatment improved muscle contractility,
ex vivo isolated muscle isometric contraction studies were
performed on mdx diaphragm muscle. Isolated, isometric twitch
(1 Hz) force production in vehicle-treated mdx diaphragm muscle
(2.722 ± 0.75 mN/mg) is considerably lower than that of wild-type
muscle (6.014 ± 0.93 mN/mg; Fig. 2A). Sunitinib treatment pro-
duced a significant increase in twitch force (3.689 ± 0.29 mN/mg)
compared to vehicle (Fig. 2A). Specific tetanic force, measured
at peak 150 Hz stimulation, was also increased with Sunitinib
(13.02 ± 1.38 mN/mg) compared to vehicle-treated diaphragm
(10.47 ± 2.31 mN/mg; Fig. 2B). Sunitinib enhanced specific force
production at increasing stimulations ranging from 50 to 150 Hz
when compared to vehicle-treated muscle (Fig. 2C). To assess
overall muscle strength, forelimb grip strength was performed
post 8 week Sunitinib or vehicle treatment. Results show that
mdx forelimb muscle force significantly decreased from wild-
type in the last two grip strength trials, whereas none of the
trials shows significant difference in force between wild-type
and Sunitinib-treated mice (Fig. 2D). Sunitinib-treated mdx
forelimb strength was significantly increased compared to mdx
forelimb strength in the last three grip strength trials (Fig. 2D).
These results suggest Sunitinib treatment shows significant
improvements in muscle strength and function shown by
isolated muscle force contraction studies and ameliorates
forelimb muscle fatigue observed in mdx mice.
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Figure 1. Sunitinib treatment increases α1;7B integrin via activation of Myod1 and Myog transcription factors. (A) Structural similarities between the known integrin

α7 enhancing molecule SU9516 and Sunitinib. (B) Western blot dose response curve performed on N = 4 mdx mice with daily 1 mg/kg–10 mg/kg Sunitinib treatment

for a total of 5 days showing optimal α7B integrin enhancing dose at 1 mg/kg. (C) Schematic representation of the 8 week Sunitinib treatment plan and final muscle

assessments. (D and E) Western blot analysis and quantification of diaphragm α7B integrin levels showing a 1.5-fold increase in α7B expression with Sunitinib treatment.

(F) RT-qPCR analysis of α7B integrin transcript levels showing ∼1.4-fold increase with Sunitinib treatment. (G and H) RT-qPCR analysis of α7B upstream transcription

factors and differentiation markers MyoD1 and Myog showing a ∼1.8-fold and ∼5.8-fold transcript increase, respectively, with Sunitinib treatment. Statistical significance

of mean ± SEM; ∗P < 0.05, ∗∗P < 0.01.
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Figure 2. Sunitinib improves specific muscle contractile function and overall muscle strength. Muscle isometric contractility and strength assessments performed on

12-week-old mdx mice. (A) Single 1 Hz pulses generated isometric twitch force outputs showing the severe decline in diaphragm muscle twitch between WT (N = 5)

and mdx vehicle-treated muscle (N = 11); Sunitinib-treated muscle (N = 11) twitch is significantly increased compared to vehicle treated. (B) Isometric tetanic stimuli

performed at 100 Hz on diaphragm muscle showing a significant decline in tetanic force output between WT (N = 5) and vehicle-treated muscle (N = 11), Sunitinib

treatment (N = 11) increased isometric tetanic force compared to vehicle treatment. (C) Isometric force performed at increasing stimulation frequencies; Sunitinib

treatment increased force production in the 50–150 Hz frequency stimulations when compared to vehicle-treated muscle. (D) Muscle exhaustion depicted as decreased

forelimb grip strength is apparent in vehicle-treated mdx mice compared to WT mice at trials 5 and 6. No significant change in forelimb force is observed between WT

and Sunitinib-treated mdx mice during the six trials; Sunitinib-treated mdx mice are stronger than the vehicle treated in trials 4–6 suggesting less muscle exhaustion.

Data assessed for significance using one-way ANOVA and statistical significance of mean ± SEM; WT versus mdx vehicle treatment #P < 0.05, ##P < 0.01, ###P < 0.001;

WT versus mdx-Sunitinib treatment ++P < 0.01, +++P < 0.001; mdx vehicle treatment versus mdx-Sunitinib treatment ∗P < 0.05, ∗∗P < 0.01.

Sunitinib promotes myogenesis in the mdx mouse

We next determined whether the increase in α7B integrin
observed with Sunitinib treatment translated into improved
DMD disease pathology. Diaphragm muscle sections from
8 week, Sunitinib-treated and vehicle-treated mdx mice were
analyzed for expression of a developmental form of myosin
heavy chain (MyHC). Embryonic myosin heavy chain (eMyHC)
is transiently expressed in developing fetal muscle fibers and
after muscle injury, in newly regenerated, adult fibers (46). Our
results show that vehicle-treated mdx diaphragm contained ∼4%
eMyHC expressing fibers (Fig. 3A and B) due to the hallmark
bouts of degeneration/regeneration in DMD muscle. Expression
of eMyHC was increased to 12% in Sunitinib-treated diaphragm
muscle, indicating that Sunitinib treatment is capable of
promoting regeneration of muscle fibers in vivo. Diaphragm
muscle was also assessed for centrally located nuclei (CLN) as
further evidence of muscle regeneration. Sunitinib treatment
significantly increased CLNs by ∼5% (Fig. 3C and D). Minimum
Feret’s diameter showed a shift in fiber size. Diaphragms from
vehicle-treated mice show a distribution consisting of a higher
percentage of smaller fibers in the 20–25 μm range compared
to Sunitinib fiber diameters that show a higher percentage of

larger fibers in the 30–50 μm range (Fig. 3E). Newly incorporated
fibers would expectedly decrease the amount of total muscle
damage. To assess the amount of leakiness in a whole mdx
muscle, an Evans blue dye (EBD) assay was performed. Results
from the EBD assay show that Sunitinib treatment decreased
the amount of muscle damage as represented by decreased
numbers of positive EBD fibers in a diaphragm muscle section
and quantified in whole gastrocnemius (GA) muscle of treated
mdx mice (Fig. 3F). Muscle damage allows for robust infiltration
of fibrotic and fatty tissues that become indicators of DMD
disease progression (7,47). The amount of fibrotic infiltration in
whole muscle, quantified via hydroxyproline colorimetric assay,
was also shown to be decreased in GA muscle with Sunitinib
treatment (Fig. 3G).

To elucidate the pathway by which Sunitinib promoted
muscle regeneration, we next performed protein analysis on
diaphragm tissue 1 h post-treatment on pathways postulated to
be regulated by Sunitinib. Our results indicated that Sunitinib
promoted the activation of the STAT3 pathway, in vivo, in
the diaphragm muscle of mdx-treated mice (Fig. 3H). Taken
together these results show that Sunitinib treatment promotes
muscle regeneration in vivo through STAT3 activation, thus
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Figure 3. Sunitinib promotes muscle repair and improves markers of DMD disease progression. (A) Representative section of immunohistochemistry performed

on 10 μm diaphragm muscle sections showing increased number of eMyHC (green) positive fibers in Sunitinib-treated muscle. WGA (red); scale bar, 100 μm.

(B) Quantification of eMyHC positive (+) muscle fibers normalized to total fiber numbers of a whole mdx diaphragm muscle section (N = 4); Sunitinib treatment causes

∼8% increase in eMyHC+ fibers compared to vehicle treatment. (C and D) CLN counts performed on WGA (grey) and DAPI (blue) immunolabeled 10 μm diaphragm

muscle sections (N = 6); Sunitinib treatment increased CLNs by ∼5% compared to vehicle treated. (E) Myofiber size distribution of Sunitinib- and vehicle-treated whole

10 μm sections diaphragm sections, measured using minimum Feret’s diameter (N = 4); Sunitinib-treated muscle shows a shift toward higher percentage of large fiber

sizes compared to vehicle treated. (F) Representative sections of EBD (red) infiltration in Sunitinib-treated diaphragm muscle. EBD quantification performed on total GA

muscle shows decreased EBD infiltration compared to vehicle treated (N = 4). (G) Hydroxyproline assay was performed to quantify the amount of fibrotic infiltration in

whole GA muscle (N = 4); Sunitinib treatment decreases fibrosis as shown by a 2-fold decrease in collagen content in the mdx GA muscle, compared to vehicle treated.

(H) Western blot analysis showing the STAT3 pathway is activated in response to Sunitinib treatment 1 h post final dose (6 week total dosing) in mdx diaphragm muscle.

Data assessed for significance using unpaired t-test and statistical significance of mean ± SEM; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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Figure 4. Sunitinib treatment promotes SC proliferation and myoblast fusion. (A) Immunohistochemistry performed on diaphragm muscle sections of mdx mice treated

with vehicle or Sunitinib. Higher numbers of SCs are present in Sunitinib-treated diaphragm; SCs are identified (arrows) by their location around myofibers [α7B integrin

(red)], Pax7+ cells (green) and co-localization with nuclear DAPI (blue) stain. Middle panels without DAPI staining for easier identification of SCs. Panels to the right

were taken at 60× magnification, also to better identify SCs. (B) Increased Pax7 transcript levels observed in Sunitinib-treated TA whole muscle. (C) Quantification of

SC numbers, determined by counting Pax7+ cells per total fiber counts (10 panels per tissue, magnification 40×, N = 3); Sunitinib treatment significantly increased

SC numbers in diaphragm and TA muscles. (D) C2C12 myoblasts under differentiating conditions 48 h post DMSO or Sunitinib treatment at varying concentrations

immunolabeled for MHC (red) and nuclear DAPI (blue). (E) Fusion index determined by counting the number of nuclei within MHC+ fibers and normalizing to total

nuclei counts per 10× panel (N = 3); Increased myofiber fusion observed at all three Sunitinib concentrations with 500 nm showing the highest fusion index compared

to DMSO-vehicle-treated cells. Data assessed for significance using one-way ANOVA and statistical significance of mean ± SEM; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001

decreasing muscle fiber damage and replacement of muscle
with fibrotic/fatty tissue.

Sunitinib promotes SC proliferation and
myofiber fusion

To determine the mechanism by which Sunitinib promotes
muscle fiber regeneration, we next analyzed SC populations
in dystrophic muscle. Pax7 is a transcription factor expressed
in quiescent and activated SCs (48,49). Pax7 transcript was sig-
nificantly increased in Sunitinib-treated TA muscles compared
to vehicle-treated animals (Fig. 4B). Accordingly, Pax7 labeling

in diaphragm muscle sections showed Sunitinib-treated mice
exhibit increased numbers of SCs compared to muscle treated
with vehicle (Fig. 4A and C). Due to the lack of availability
of diaphragm muscle, as it has been used for several other
experiments, transcript levels were not assessed in this muscle.
Together, increased Pax7 transcript in the TA and protein in the
diaphragm muscle suggests Sunitinib treatment is promoting
the proliferation of SCs required for myogenic regeneration.

Next we determined whether Sunitinib treatment promoted
myofiber fusion. To measure fusion, C2C12 myoblasts were
treated under differentiating conditions with increasing doses
of Sunitinib. Treatment with Sunitinib results in larger fibers
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Figure 5. Sunitinib inhibits SHP-2–ERK1/2 and activates the STAT3 pathway in C2C12 cell line. C2C12 myoblasts treated with 500 nm Sunitinib in triplicate (N = 3)

and taken at different time points to assess SHP-2–ERK1/2 inhibition and STAT3 activation. (A) Quantification of SHP-2 phosphorylation shows significant inhibition

at 5 min lasting up to 15 min. (B) Quantification of SHP-2 phosphorylation shows significant inhibition continuing from 30 min to 1 h. (C) Quantification of ERK1/2

phosphorylation shows significant inhibition starting at 15 min post-treatment and lasting up to 1 h. (D) Quantification of ERK1/2 phosphorylation showing continued

inhibition at 1.5 h with recuperating phosphorylation after 2 h of treatment. (E) Quantification of STAT3 phosphorylation showing activation after 1.5 h of treatment.

(F) Quantification of α7B integrin shows a 1.5-fold increase in expression 48 h post-treatment. Data assessed for significance using one-way ANOVA and statistical

significance of mean ± SEM; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

containing increased numbers of nuclei (Fig. 4D). Sunitinib doses
as low as 200 nm are capable of promoting ∼1.7-fold increase
in the myofiber fusion with maximum increase observed at
500 nm (Fig. 4E). Together these results show that Sunitinib
treatment promotes terminal differentiation of myotubes
without depleting the SC pool.

Sunitinib inhibits SHP-2–ERK1/2 activation and
promotes STAT3 phosphorylation

To elucidate the mechanism by which Sunitinib acts to promote

myogenic differentiation, the C2C12 cell line was used. A previ-

ous study showed Sunitinib can modulate the STAT3 pathway in
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Figure 6. Proposed mechanism of SHP2–ERK1/2 inhibition and STAT3 activation by Sunitinib. In response to muscle injury, gp130 mediated by Jak2 can activate both

ERK1/2 and STAT3. (A) Upon gp130 receptor dimerization in response to growth factor binding, constitutively bound Jak2 is activated and trans-phosphorylates gp130

at several tyrosine residues (Y). P-Y759 recruits SHP-2 that is phosphorylated by Jak2 and signals via Grb2-Sos-Ras–Raf and MEK to activate ERK1/2. Once activated,

ERK1/2 has been shown to directly phosphorylate STAT3 at a serine residue, thus preventing phosphorylation at tyrosine residues and nuclear translocation (50). ERK1/2

becomes the predominant signaling pathway promoting the proliferation of myogenic cells. (B) Sunitinib inhibits the activation of ERK1/2, potentially by (1) preventing

the association of SHP-2 with gp130 and (2) preventing the phosphorylation of SHP-2 by Jak2. Non-phosphorylated ERK1/2 no longer phosphorylates STAT3 at its serine

residue, thus allowing tyrosine phosphorylation and activation of STAT3 by Jak2. Dimerized STAT3 translocates into the nucleus where it promotes the transcription

of the transcription factor MyoD1 that can subsequentially promote the transcription of myogenin (Myog). Both MyoD1 and MYOG can then promote the transcription

of integrin α7 (Itga7). Integrin α7 promotes differentiation and fusion of myofibers, enhancing muscle regeneration.

cancer (43). Additionally, studies have shown a direct, inhibitory
interaction between activated ERK1/2 and STAT3 (50,51). ERK1/2
is a downstream target of activation of SHP-2 by Jak2. C2C12
myoblasts were treated with Sunitinib and cells harvested
at varying time points after treatment. Our results show
treatment with 500 nm Sunitinib caused inhibition of SHP-2
activation within 5 min post-treatment, continuing for up to 1 h
(Fig. 5A and B). ERK1/2 activation is decreased starting at 15 min
post Sunitinib treatment and lasting up to 2 h (Fig. 5C and D).
STAT3 activation is observed starting at 1.5 h post Sunitinib
treatment and lasting at least up to 3 h (Fig. 5E). Additionally,
α7B integrin expression was increased in myoblasts treated
with Sunitinib after 48 h (Fig. 5F). Next we assessed whether
an optimal dose of 5 μm SU9516 led to inhibition of ERK1/2
phosphorylation and activation of STAT3 in C2C12 myoblasts.
Contrary to our expectations, we did not observe an alteration
in either pSTAT3 (Supplementary Material, Fig. S1A and B) or
pERK1/2 (Supplementary Material, Fig. S1C and D).

Together, these results further support the idea that Sunitinib
exerts its effects predominately on early myogenic cells such
as SCs and myoblasts by inhibition of SHP-2–ERK1/2 signaling
followed by activation of STAT3.

Discussion
DMD is a progressive neuromuscular disease characterized by
rounds of muscle degeneration and regeneration with even-
tual failure of muscle repair. In the present study, we provide
evidence of halted DMD disease progression in mdx mice that
received long term treatment with Sunitinib. Marketed under

the name SUTENT®, Sunitinib was originally developed for the
treatment of RCC and gastrointestinal stromal tumors. Sunitinib
is a multi-RTK inhibitor with binding affinities for c-KIT, FLT3,
RET, VEGFR and PDGFR (42). The optimal anti-tumor dosing
schedule for Sunitinib during human clinical trials was deter-
mined to be 50 mg/day. These levels are required to reach circu-
lating plasma levels of 50–100 ng/ml for highest RTK inhibition
with manageable side effects; these levels are equivalent to
40 mg/kg/day in mice (41,52,53). Studies have been conducted
on pediatric patients with refractory solid tumors demonstrating
that a 15 mg/day is a more suitable dose for children (54,55).
For the purposes of our study, initial dosing studies with α7B
integrin protein expression as the outcome measure determined
the optimal dose (1 mg/kg) to be 40-fold lower than the anti-
tumor dose. This dose is lower than both the adult and pediatric
recommended doses for cancer; severe toxicity, while not to be
ruled out, is unlikely. These results also suggest the myogenic
effects observed are possibly due to targeting of a novel pathway
not previously described for Sunitinib.

DMD disease pathology presents with lower SC capacity due
to interrupted SC niches, resulting in impaired muscle regenera-
tion (14,16,56,57). Therapeutic interventions aimed at enhancing
the proliferative capacity of endogenous SCs could prove sig-
nificantly beneficial to DMD pathology. Numerous studies have
indicated that STAT3 activation via the IL-6 cytokine is impor-
tant for SC proliferation and self-renewal in response to resis-
tance exercise and muscle injury (17–22,58). Activated STAT3
can directly affect the expression of the myogenic regulatory
marker MyoD1 and promote myoblast differentiation (23–26).
Additionally, STAT3 inhibition was shown to promote enhanced

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz044#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz044#supplementary-data
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symmetric SC proliferation and increased SC engraftment into
injured muscle (27,28). These studies indicate that transient
STAT3 activation might allow controlled cycles of SC prolifera-
tion and differentiation.

Small molecule therapeutics are ideal for the transient acti-
vation of a specific pathway. In the current study, we provide evi-
dence of STAT3 activation concurrent with Sunitinib treatment
in a myogenic cell line and in skeletal muscle of treated mdx
mice. Phosphorylation of STAT3 allows for its dimerization and
translocation into the nucleus where phospho-STAT3 dimers
directly promote MyoD1 expression (Fig. 6B; 24,25). Analysis of
transcript levels in the TA muscle of treated mdx mice indi-
cated significant up-regulation of MyoD1 and Myog transcripts,
suggesting significant myogenic remodeling is occurring during
Sunitinib treatment. The direct interaction of MyoD1 and myo-
genin with the α7 integrin promotor has been determined to
positively regulate α7 integrin transcription (44,45). Additionally,
α7 integrin has emerged as an important, positive modifier of
DMD disease progression (29–32,34,38,39,59), potentially due to
promoting enhanced myogenic capacity and skeletal muscle
hypertrophy (33,60). This suggests that activation of the STAT3
pathway can directly lead to up-regulation of α7 integrin levels
and myogenic hypertrophy.

To elucidate this pathway in vivo, α7 integrin transcript and
protein expression levels in the mdx mouse skeletal muscle
were analyzed and determined to be significantly up-regulated.
Assessment of protein expression for MyoD and myogenin
was attempted via skeletal muscle tissue western blotting and
immunolabeling. However, antibody recognition of the epitopes
was unsuccessful. To associate the increase in α7 integrin with
enhanced hypertrophy, markers of muscle regeneration were
analyzed. Diaphragm muscle fibers of Sunitinib-treated mice
expressed higher levels of eMyHC, a type of myosin found
both developmentally and during adult myogenesis (46). Fiber
diameters were increased in the diaphragm muscle of mdx
mice treated with Sunitinib, suggesting muscle hypertrophy.
We hypothesized that the observed increase in myogenic
regeneration occupied the interstitial space left behind by
degenerating fibers before the precocious deposition of fibrotic
and fatty tissue. This was supported by a decrease in fibrotic
content in Sunitinib-treated mdx GA and reduced leaky muscle
fibers as evidenced by decreased EBD infiltration. Enhanced
muscle fiber stability supports the increase in force production
of the isolated diaphragm muscle and increased forelimb
strength of treated mdx mice.

The activation of STAT3 in response to muscle injury
and resistance exercise occurs due to the production of
the IL-6 cytokine (17,19,20). The canonical pathway for IL-6
involves binding to gp130 receptors, recruitment and auto-
phosphorylation of JAK2, in turn phosphorylating downstream
targets SHP-2–ERK1/2 and STAT3 (Fig. 6; 61). Due to Sunitinib’s
inherent nature as a kinase inhibitor, a direct interaction
with STAT3 is unlikely. Activated ERK1/2 was shown to
directly interact with STAT3 by promoting phosphorylation
at a STAT3 serine residue, thus preventing the tyrosine
phosphorylation that activates and dimerizes STAT3 (50,51).
We observed STAT3 activation after only 1.5 h of Sunitinib
treatment. This activation of STAT3 can be explained by
the rapid and prolonged SHP-2 and ERK1/2 inhibition that
prevents phospho-ERK1/2’s phosphorylation of STAT3 at its
inhibitory serine residue, thus allowing phosphorylation on
tyrosine residues required for STAT3 activation (Fig. 6B). This
demonstrates the direct effect of Sunitinib on skeletal muscle
cells via STAT3 activation and increased α7β1 integrin.

Studies were performed to determine if Sunitinib and SU9516
share the same mechanism of action. C2C12 myoblasts treated
with 5 μm SU9516 did not show activation of the STAT3 path-
way (Supplementary Material, Fig. S1A and B) and no inhibition
of the ERK1/2 pathway was observed (Supplementary Material,
Fig. S1C and D). These results suggest that while structurally
similar and both capable of α7 integrin enhancement, Suni-
tinib and SU9516 exert their effects via different mechanisms
of action. This experiment also provides strong evidence that
Sunitinib itself promotes the inhibition of SHP-2–ERK1/2 and
activation of STAT3, not its breakdown metabolite SU12662 (42).

The effect of Sunitinib treatment on SC populations was
examined. Our results indicate higher numbers of SCs are
present in the diaphragm of Sunitinib-treated mdx mice as well
as increased Pax7 transcript levels in the TA muscle. This can be
explained by the transient nature of the treatment schedule in
this study. The 4 days of off time (no treatment) allowed for the
inhibition of ERK1/2 to be reversed, which in turn blocks STAT3
activation and allows cells to re-enter the proliferative cell cycle.
STAT3 has also been implicated in the proliferation of SCs in
numerous studies; therefore, it is also possible that a threshold
of STAT3 phosphorylation is required to remove SCs from the
cell cycle, allowing symmetric division of SCs to occur prior to
cell cycle withdrawal. We conclude that Sunitinib treatment
not only promotes myogenic differentiation but also allows SC
proliferation and self-renewal. This suggests that the transient
nature of our dosing schedule allows for the re-population of SC
pools, asymmetric cell division and subsequent differentiation
into mature myofibers.

Together our results show that the FDA-approved drug Suni-
tinib is capable of promoting muscle regeneration via transient
activation of STAT3 in the mdx mouse model of DMD. The signifi-
cantly lower, 1 mg/kg tri-weekly Sunitinib dose is not postulated
to produce the same side effects observed with the 40 mg/kg/day
cancer doses and would therefore be deemed sufficiently safer
for pediatric use. In the future, it is important to determine the
exact target of Sunitinib that is causing the inhibition of SHP-2
and consequential activation of STAT3, whether it is a direct inhi-
bition of SHP-2 or an upstream target (62,63). A case study has
determined that a gain of function mutation in PTPN11 (SHP-2
in humans) is sufficient to promote DMD muscle pathology in
an otherwise Becker’s muscular dystrophy patient, suggesting
a detrimental role of constitutive PTPN11 activation (64). Here
we identify Sunitinib as a potent skeletal muscle regenerative
drug capable of mitigating disease progression that could be fast
tracked into clinical trials for DMD as well as other muscular dys-
trophies in which regeneration of muscle would be beneficial.

Materials and Methods
Cell culture

The C2C12 cell line was originally purchased from ATCC and
grown in media containing Dulbecco’s Modified Eagle Medium
(DMEM) (Life Technologies, Carlsbad, CA) supplemented with
20% fetal bovine serum (Atlanta Biologicals, Flowery Branch,
GA), 1% penicillin/streptomycin (GIBCO, Gaithersburg, MD) and
1% L-glutamine (GIBCO, Gaithersburg, MD). Myoblasts were
grown until 70% confluent and differentiated into myotubes
in media containing DMEM (Life Technologies, Carlsbad, CA)
supplemented with 2% horse serum (Atlanta Biologicals, Flowery
Branch, GA) and 1% insulin–transferrin–selenium (GIBCO,
Gaithersburg, MD) with media changed daily for 120 h; cells were
incubated at 37◦C with 5% CO2. Cells were treated with varying

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz044#supplementary-data
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concentrations of Sunitinib (Sigma, St. Louis, MO) diluted in 1%
dimethyl sulfoxide -DMSO (Sigma, St. Louis, MO) or 1% DMSO
alone with a maximum concentration of DMSO at 0.1%.

Animals

Previous studies (43) showed Sunitinib is soluble in a solution
of 0.1% methylcellulose (Sigma, St. Louis, MO) at 25 mm. Initial,
5 day dosing study determined optimal Sunitinib dose for α7B
integrin enhancement to be 1 mg/kg. The 4-week-old male mdx
mice were administered Sunitinib via oral gavage at 1 mg/kg,
three times per week until 12 weeks of age. All animals were
treated according to the rules and regulations specified in the
University of Nevada Reno Institutional Animal Care and Use
Committee. At the end of the study, the mice were euthanized
by cervical dislocation under anesthesia and all skeletal muscles
were harvested; the diaphragms were harvested for contractile
studies. All studies conducted using skeletal muscle tissue were
done so in a blinded fashion including all contraction studies,
grip strength, immunofluorescence and immunoblotting.

Immunoblotting

Protein was extracted from cell pellets or whole tissue using
radioimmunoprecipitation assay buffer containing 1:500 dilu-
tion of protease inhibitor cocktail and 1:100 dilution of NaF
and Na3VO4 phosphatase inhibitors. Protein quantification was
performed via bicinchoninic acid assay (BCA) (Thermo Scien-
tific, Waltham, MA), separated by sodium dodecyl sulfate- poly-
acrylamid gel electrophoresis (SDS-PAGE) and transferred onto
nitrocellulose membrane. Detection of α7B was performed as
previously described (59). pSTAT3 (D3A7; 1:250), STAT3 (79D7;
1:1000), pERK (1:1000), ERK (1:1000), pSHP-2 (3751; 1:250) and SHP-
2 (D50F2; 1:1000) (Cell Signaling, Danvers, MA) were incubated
overnight and followed by Alexa Fluor 680 or 800 conjugated
goat anti-rabbit (Invitrogen, Carlsbad, CA) or horseradish per-
oxidase (HRP) - conjugated anti rabbit (Cell Signaling, Danvers,
MA) detected using pierce enhanced chemiluminescence (ECL)
western blotting substrate (Thermo Scientific, Waltham, MA).
Protein quantity was normalized to GAPDH (1:1000, Cell Signal-
ing, Danvers, MA) or swift stain (G-biosciences, St. Louis, MO) and
imaged using LI-COR imaging system. Protein quantification was
performed using Fiji (ImageJ, image processing software).

Immunofluorescence

Cells. C2C12 cells were grown in chamber slides, fixed with
4% paraformaldehyde and blocked in 1% BSA containing 0.1%
Tween and 0.05% TritonX-100 for 1 h at room temperature.
Cells were then incubated overnight with MF20 monoclonal
antibody [1:40, Developmental Studies Hybridoma Bank (DSHB),
Iowa City, IA] against MyHC, followed by a 1 h incubation with
fluorescein isothiocyanate (FITC)-anti mouse secondary (1:200,
BD Biosciences, Billerica, MA). Nuclei DAPI label contained in
Vectashield (Vector Labs, Burlingham, CA) used to mount cham-
ber slides.

Tissue. Post-harvest fresh hemi-diaphragms were embedded
in a 2:3 (v/v) optimum cutting temperature compound to
30% sucrose/PBS and cryosectioned. The 10 μm sections were
immunostained for α7 integrin as previously described (35)
followed by 1 h incubation with FITC-anti rabbit (1:200, BD
Biosciences, Billerica, MA). Sections were labeled with Alexa
Fluor 647 conjugated wheat germ agglutinin (WGA, 1:250) for
20 min and mounted with vectashield containing DAPI for CLN.

Immunostaining for eMyHC (1:40, DSHB) and Pax7 (1:50, DSHB—
30 min permeabilization in 0.2% triton) were performed using
Mouse on Mouse detection kit (Vector Labs, Burlingham, CA),
followed by 1 h incubation with FITC-anti mouse and 20 min
incubation with WGA-647. All tissues were imaged using the
Olympus Fluoview FV 1000 laser confocal microscope.

Ex vivo contractility

Mice were put under anesthesia using isoflurane (1.5% isoflu-
rane and 400 ml O2/min) and placed supine on a temperature-
controlled platform to maintain their body temperature at 37◦C.
Diaphragm muscle strip was dissected in oxygenated physiologi-
cal salt solution (pH 7.6, 30◦C) and strung up with rib cage portion
facing up on computer-controlled dual mode Aurora Scientific,
Inc. 300B servomotor as previously described (65). The following
protocol was performed: (1) determination of optimum length
(L0) following three isometric twitches and three tetani (150 Hz).
(2) Force frequency protocol will follow frequencies of 1, 30, 50, 80,
100, 120 and 150 Hz for 900 ms each with 4 min intervals. After
all protocols are completed muscle was be stripped of rib cage
and tendons and blotted on paper to remove excess moisture
before weighing. Analysis of force contraction was normalized
to weight for consistency as the diaphragm is cut into a strip
and cross-sectional area is variable.

Forelimb grip strength

Forelimb grip strength measurements were obtained using
a computerized grip strength meter (Colombus Instruments,
Colombus, OH) according to Treat-NMD guidelines. Measure-
ments were performed once after the 8 week treatment regime
to prevent adaptation.

Whole muscle EBD assay

The EBD assay was performed as previously described (66).
Briefly, EBD (Sigma, St. Louis, MO) was dissolved in phosphate
buffered saline (PBS) at 10 mg/ml and injected intraperitoneally
at 5 ul/g. Tissue was collected 24 h post-injection, weighed and
incubated for 2 h at 55◦C in 1 ml formamide (Sigma, St. Louis,
MO). Absorbance was read at 620 nm by spectrophotometer.

TaqMan reverse transcription- polymerase chain
reaction (RT-PCR)

TA muscle was homogenized in Trizol reagent (Ambion,
Foster City, CA) and processed for RNA extraction. First-
strand cDNA synthesis was performed using VILO reaction
mix (ThermoFisher, Waltham, MA) and real-time qPCR reac-
tions were performed on a 96 well plate using TaqMan Fast
Advanced Master Mix and TaqMan Gene Expression Assays
for Itga7 (Mm00434400 m1), MyoD1 (Mm00440387 m1), Myog
(Mm00446194 m1) Pax7 (Mm01354484 m1). Levels normalized
to ribosomal RNA 18S transcript. Reactions were run on the
Applied Biosystems 7900HT Fast System in triplicate.

Statistical analysis

GraphPad Prism software was used for statistical calculations.
Student’s t-test was used to compare means between two groups
and one-way ANOVA was used to compare means between three
or more groups. All ANOVA calculations were followed by Tukey’s
post hoc test. Means considered statistically significant when
P < 0.05.
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