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Integrin dysregulation as a possible driver
of matrix remodeling in Laminin-deficient
congenital muscular dystrophy (MDC1A)
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Abstract.
Background: Merosin-deficient congenital muscular dystrophy (MDC1A) is caused by a loss of Laminin-�2. Secondary
manifestations include failed regeneration, inflammation, and fibrosis; however, specific pathomechanisms remain unknown.
Objectives: Using the LAMA2DyW (DyW) mouse model of MDC1A, we sought to determine if Integrin-�V and -�5, known
drivers of pathology in other diseases, are dysregulated in dystrophic muscle. Additionally, we investigated whether Losartan,
a drug previously shown to be antifibrotic in dystrophic scenarios, rescues integrin overexpression in DyW mice.
Methods: qRT-PCR, ELISA, and immunohistochemistry were utilized to characterize integrin and matricellular protein dys-
regulation in hind limb muscles from WT and untreated/ Losartan-treated DyW mice.
Results: Integrin-�V and –�5 are significantly upregulated on both gene and protein level in DyW muscle- Losartan treatment
attenuates this dysregulation. Immunohistochemistry showed that Integrin-�V is expressed on both infiltrating cells as well as
on muscle cells- Losartan attenuates expression in both compartments. In addition, transcriptional overexpression of common
matricellular and beta binding partners is rescued close to WT levels with Losartan. Lastly, latent and active TGF-� are upregulated
in the serum of DyW mice, but only active TGF-� levels are attenuated by Losartan treatment.
Conclusions: Our results suggest that overexpression of Integrin-�V and –�5 are likely contributing to secondary pathologies
in MDC1A. We also believe that downregulation of Integrin-�V could be partially responsible for Losartan’s antifibrotic effect
and therefore could serve as a novel therapeutic target in MDC1A and other degenerative fibrotic diseases.
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INTRODUCTION

Congenital Muscular Dystrophy type 1A (MDC1A)
is a devastating neuromuscular disease caused by
defects in the alpha 2 chain of the muscle-specific
extracellular matrix (ECM) protein Laminin-211.
Absence of a functional copy of this protein results
in structural instability as well as severe signaling dys-
regulation across the sarcolemma. MDC1A patients
present with muscle weakness and hypotonia either
at or soon after birth, rarely achieve independent
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ambulation, and often die prematurely from respira-
tory complications or failure to thrive in their teen
years [1–4]. While great progress has been made in the
understanding of this disease, many of the pathomech-
anisms driving this disease still remain unknown.

Using the DyW mouse, we have shown that
Laminin-deficient muscles have massive dysregulation
of the matricellular genes Osteopontin, Fibronectin,
and Periostin. We have also demonstrated increases
in TGF-� and NF-κB signaling via Smad2/3 and
p65 activation, respectively, beginning from a very
young age [5]. Past research has shown that the pro-
duction and activation of each of these extracellular
and signaling proteins converges on Integrin -�V and
-�5 [6–8]. Integrins comprise a family of alpha- and

ISSN 2214-3599/15/$35.00 © 2015 – IOS Press and the authors. All rights reserved

mailto:swetag@bu.edu


52 A. Accorsi et al. / Integrin dysregulation in MDC1A

beta-containing heterodimeric membrane spanning
proteins where the alpha subunit imparts ligand speci-
ficity and the beta subunit is the effector of downstream
signaling. These proteins often serve as receptors for
laminins and other matricellular proteins and partic-
ipate in a wide array of cellular functions including
migration, signal transduction and cell stability [9, 10].
In particular, dysregulation of these two integrins, as
well as their beta dimer partners -�1, -�3, -�5, -�6,
and -�8 have been shown to contribute to the progres-
sion of many diseases including cancer, heart disease,
and the fibrosis of various organs [8, 11–14]. In this
study we report that both Integrin -�V and -�5, along
with previously mentioned beta dimer partners, are
overexpressed in Laminin-deficient muscle. Thus, it is
possible that they are playing a critical role in driving
the secondary pathologies associated with MDC1A.
While we found that these integrins are dysregulated
in Laminin-deficiency, this paper mainly focuses on
Integrin-�V and its proposed role in TGF-� mediated
fibrosis.

Angiotensin II Type 1 Receptor Blockers, like
Losartan, have been shown to cause a robust recovery
in fibrotic phenotype via attenuation of dysregulated
TGF-� signaling although the specific mechanism
by which this occurs remains to be elucidated [15,
16]. Interestingly, Integrin-�V-containing dimers have
been shown to play a critical role in the activa-
tion of TGF-� via its release from the Large Latent
Complex (LLC). Specifically, the Latency Associated
Peptide (LAP) of the LLC contains an Arginine-
Glycine-Aspartate (RGD) domain that binds to the
RGD binding motif on Integrin-�V causing a con-
formational change that leads to activation of TGF-�
by either mechanical or proteolytic release from the
LLC. This mechanism plays such an important role
in TGF-� activation that Integrin-�V KO mice have a
phenotype similar to TGF-� KO models [17, 18]. In
this study, we present data that suggests the decrease in
TGF-�-mediated fibrosis in dystrophic skeletal muscle
in response to Losartan could be potentially linked to
downregulation of Integrin-�V.

To our knowledge, the role of Integrin-�V has never
been explored in the context of degenerative muscle
disease even though it can have a major impact on
extracellular remodeling, fibrosis, and inflammation.
Because all of these pathologies are major hallmarks
of dystrophies including Laminin-deficiency, the find-
ings presented in this paper open up new avenues for
investigation into Integrin-�V as a novel therapeutic
target in MDC1A and other fibrotic, degenerative mus-
cle diseases.

RESULTS

Losartan leads to decreased gene and protein
levels of Integrin-αV and -α5 in
Laminin-deficiency

Using qRT-PCR, we show that Laminin-deficient
mice have an increase in the transcription of Integrin-
�V and -�5 at 7 weeks of age (p < 0.05, n = 6 one-way
ANOVA) (Fig. 1A, B). Treatment with Losartan res-
cued Integrin-�V and -�5 gene expression almost
completely back to WT levels. These results were
also substantiated on the protein level using ELISA
(specificity of the antibody used and its sensitivity
to quantitative change was also confirmed by west-
ern blot, see supplemental figure 1). DyW mice had
significantly higher levels of Integrin-�V and -�5 at
7 weeks of age (p < 0.05, n = 6 one-way ANOVA)
compared to wild type, which was reverted almost
completely back to WT levels in the case of Integrin-
�V and close to, but still significantly greater than,
WT levels for -�5 following treatment with Losartan
(Fig. 1C, D).

Immunohistochemistry reveals that Integrin-αV
is expressed by infiltrating cells as well as muscle
cells

Immunostaining with CD-51 (Integrin-�V) antibod-
ies shows a large increase in Integrin-�V expression in
7-week DyW mice as compared to age-matched WT
mice (Fig. 2). While much of the Integrin-�V expres-
sion in DyW muscle can be seen in the interstitial space,
costaining with Desmin reveals that the muscle fibers
themselves are also expressing Integrin-�V by seven
weeks. This was verified by isolating single fibers
from both WT and DyW hind limb muscle. Figure 3
shows distinct Integrin-�V staining at the sarcolemma
of DyW myofibers (Fig. 3A) that is completely absent
on WT fibers (Fig. 3B). Upon Losartan treatment,
there is a marked decrease in Integrin-�V staining
on muscle fibers as well as in the interstitial space
(Fig. 2). Treatment with Losartan has been previously
shown to reduce the number of macrophages in tri-
ceps and diaphragm of DyW mice [15]. Using CD11b
gene expression (Fig. 4B) as well as Mac-1 staining
(Fig. 4A) we see a similar decrease in DyW hind
limb muscle. While interstitial Integrin-�V expression
decreases in the treated muscles, this decrease is a func-
tion of a reduced presence of infiltrating macrophages
(Fig. 4A).
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Fig. 1. Gene and protein expression of Integrin-�V and -�5 are upregulated in DyW mice and are rescued by Losartan. (A, B) Gene
expression measured by qRT-PCR of Integrin-�V and -�5 show upregulation in 7 week DyW mice compared to wild type (p < 0.05, n = 6, one-
way ANOVA) that is rescued by Losartan. (C, D) Protein expression quantified by ELISA show significantly greater expression of Integrin-�V
and -�5 in DyW mice (p < 0.05, n = 6, one-way ANOVA) that is rescued by Losartan (p < 0.05, n = 6, one-way ANOVA) but is still greater than
the wild type in the case of Integrin-�5 (p < 0.05, n = 6, one-way ANOVA). (* is used to denote significance between WT and DyW; # is used
to denote significance between DyW and DyW Losartan-treated; *=p < 0.05, **=p < 0.01, ***=p < 0.001, ****=p < 0.0001, this also applies to
the other symbols).

Overexpression of beta dimer partners of
Integrin-αV and -α5 is rescued following Losartan
treatment

Gene expression of several beta integrins that pref-
erentially partner with Integrin-�V and -�5 was also
measured using qRT-PCR. We found that at 7 weeks of
age, DyW mice have significantly higher expression of
Integrin-�1, -�3, -�5, -�6, and -�8 compared to age-
matched WT littermates (Fig. 5A–E) (p < 0.05, n = 6,
one-way ANOVA). Similar to -�V and -�5, treatment
with Losartan returned expression close to WT levels
(p < 0.05, n = 6, one-way ANOVA).

Treatment with Losartan leads to decreased
expression of Integrin-αV matricellular binding
partners

We have previously reported dysregulation of matri-
celluar proteins that are known to bind and activate
Integrin-�V [5]. At seven weeks post-natal, DyW

animals show increased transcription of Fibronectin,
Osteopontin, and Periostin (p < 0.001, n = 6, one-way
ANOVA) (Fig. 6A–C). Treatment with Losartan led
to a significant decrease in all three genes close to
WT levels. These results confirm past publications that
have shown Losartan treatment leads to a decrease in
Periostin on the protein level, as well as an overall
improved fibrotic phenotype [15, 16].

Serum levels of TIMP1 are also rescued in
response to Losartan treatment

TIMP1 is known to promote ECM stability in
fibrotic diseases [19, 20]. Since Integrin-�V has been
shown to modulate its expression [21], we looked at
serum levels of TIMP1 which we have previously
shown to be upregulated in DyW muscle [5]. Protein
levels quantified by ELISA show that TIMP1 is over-
expressed in the serum of 7 week DyW mice compared
to age-matched WT littermates (Fig. 7) (p < 0.05, n = 5,
one-way ANOVA). In response to Losartan treatment,
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Fig. 2. Immunohistochemistry shows overexpression of Integrin-�V in DyW mice that is rescued by Losartan. Immunostaining with
CD51 and Desmin antibodies show overexpression of Integrin-�V in 7 week DyW mice compared to WT which can be seen located on both
infiltrating cells in the interstitium as well as on muscle fibers themselves. In response to Losartan treatment, DyW expression returns close to
WT levels in both compartments.

A B

Fig. 3. Single fiber immunohistochemistry shows expression of Integrin-�V on the sarcolemma of DyW myofibers. (A, B) Staining of
single DyW and WT myofibers with anti-CD51 antibodies shows expression of Integrin-�V on the sarcolemma of DyW mice that is not seen
on WT fibers thus demonstrating a novel shift in adult muscle phenotype. Insets at bottom left are of the merged channels (FITC, DAPI and
bright field). Note: DyW inset is at 40x magnification while WT inset is 20x.
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Fig. 4. Immunohistochemistry shows overexpression of Integrin-�V in interstitial space is due to infiltrating macrophages which are
reduced in response to Losartan. (A) Costaining of CD51 and CD11b show that much of the interstitial expression of Integrin-�V is due to
the presence of infiltrating macrophages. Following treatment with Losartan, interstitial expression of Integrin-�V is decreased as a result of
a reduced number of infiltrating macrophages. (B) Gene expression of CD11b quantified by qRT-PCR shows significant upregulation in DyW
mice that is decreased close to WT levels in response to Losartan treatment.

TIMP1 expression returned to WT levels (p < 0.05,
n = 6, one-way ANOVA).

Overexpression of active, but not latent TGF-β, is
attenuated by treatment with Losartan

Integrin-�V is known to activate TGF-� by releas-
ing it from the latent complex [18, 22]. To test whether
the decrease in TGF-� signaling and fibrosis in Losar-
tan treated muscle is possibly a function of a lower
availability of active TGF-�, we compared levels of
both active and latent TGF-� in serum samples of
treated and untreated DyW mice as well as WT. Using
ELISA, we found that at 7 weeks of age, DyW mice
have significantly increased levels of both active and

latent TGF-� compared to their age-matched WT litter-
mates (p < 0.05, n = 6, one-way ANOVA) (Fig. 8A, B).
While latent TGF-� remained unchanged in response
to Losartan, active TGF-� was significantly reduced
back to WT levels (p < 0.05, n = 6, one-way ANOVA).

DISCUSSION

As previously mentioned, Laminin-deficient mus-
cles have massive dysregulation of matricellular
proteins, as well as increases in TGF-� and NF-κB
signaling beginning from a very young age [5]. This
paper highlights that not only are these proteins dys-
regulated, but so too are their receptors, specifically
Integrin-�V and -�5. Upon activation by binding to the
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Fig. 5. Upregulation of common beta binding partners of Integrin-�V and -�5 is rescued following treatment with Losartan. (A-E)
Gene expression measured by qRT-PCR shows upregulation of beta dimer partners Integrin-�1, -�3, -�5, -�5, and -�8 (p < 0.05, n = 6, one-way
ANOVA). Following treatment with Losartan, expression of these integrins returns close to WT levels (p < 0.05, n = 6, one-way ANOVA). (*
is used to denote significance between WT and DyW; # is used to denote significance between DyW and DyW Losartan-treated; *=p < 0.05,
**=p < 0.01, ***=p < 0.001, ****=p < 0.0001, this also applies to the other symbols).

Fig. 6. The gene expression of common Integrin-�V and -�5 matricellular binding partners is elevated in DyW mice and rescued in
response to Losartan treatment. (A-C) Using qRT-PCR we found that the gene expression of Osteopontin, Periostin, and Fibronectin (common
binding partners of Integrins-�V and -�5 in the ECM) are elevated in the muscles of 7 week old DyW mice (p < 0.05, n = 6, one-way ANOVA),
and that this expression is almost completely rescued in response to Losartan treatment. (* is used to denote significance between WT and DyW;
# is used to denote significance between DyW and DyW Losartan-treated; *=p < 0.05, **=p < 0.01, ***=p < 0.001, ****=p < 0.0001, this also
applies to the other symbols).

alpha subunit, these integrins facilitate either imme-
diate changes to the ECM or intracellular signaling
through associated kinases and adaptor proteins via the
beta subunit. Integrin-�V activation occurs primarily
upon binding matricellular proteins, such as Osteopon-
tin and Periostin, and has been shown to cause the
downstream activation of NF-κB in macrophages, as

well as serving as a critical component of the mechan-
ical and proteolytic release of TGF-� from its latent
complex in the ECM [23–27]. Integrin-�5, a com-
mon binding partner for Fibronectin, has also been
shown to induce NF-κB activation, as well as pro-
mote macrophage migration and adhesion [28, 29].
As DyW muscles are known to have large numbers
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of infiltrating cell types that are known to express -�V
and -�5, we were not surprised to find that expression
of both of these integrins are elevated in DyW mice
on the gene and protein levels. What was interesting,
however, is that Integrin-�V appears to be expressed
not only on infiltrating cells in the interstitium (mainly
macrophages) but also on the surface of adult muscle
fibers in DyW muscle. Because adult muscle fibers do

****

Fig. 7. Serum levels of TIMP1 are rescued in response to Losar-
tan treatment. Protein levels quantified by ELISA assays show that
TIMP1 in the serum of 7 week DyW mice is significantly upreg-
ulated compared to age-matched WT litter mates (p < 0.05, n = 5,
one-way ANOVA). In response to Losartan treatment, TIMP1 levels
return close to WT levels. (* is used to denote significance between
WT and DyW; # is used to denote significance between DyW
and DyW Losartan-treated; *=p < 0.05, **=p < 0.01, ***=p < 0.001,
****=p < 0.0001, this also applies to the other symbols).

not normally express Integrin-�V ([30] and our own
data presented here), these results demonstrate a novel
shift in adult muscle cell phenotype resulting from a
loss of laminin. While further experimentation needs
to be done in order to determine if integrin upregulation
is a direct consequence of a Laminin-deficiency, it is
clear that the overexpression of Integrins-�V and -�5,
coupled with the overexpression of matricellular pro-
teins, could be acting as a double-edged sword toward
exacerbating inflammatory and fibrotic pathology.

We also found that many beta dimer partners known
to act as pathological drivers with Integrin-�V and
-�5 are transcriptionally overexpressed in DyW mice.
Specifically, we determined that Integrin-�1, -�3, -�5,
-�6, and -�8 are all upregulated in 7 week old DyW
mice. It has been shown that Integrin-�V�1,-�V�3,
-�V�5, -�V�6, and -�V�8 dimers can all bind the
LAP and release TGF-� from the LLC [27, 31–33].
In addition, Integrin-�6 expression has been shown
to be upregulated in kidney, liver, and lung fibrosis,
and that mice lacking this integrin are protected from
bleomycin-induced lung fibrosis [13, 27, 34]. Further,
Integrin-�1 has been shown to be a driver of hepatic
fibrosis through stimulation of ECM protein synthesis
and protection from degradation [26].

Angiotensin II Type I Receptor (AT1) antago-
nists, such as Losartan and its derivatives, have been
proven to be potent antifibrotic agents. Specifically
in Laminin-deficiency, Elbaz et. al have shown that
Losartan treatment leads to decreased smad phos-
phorylation, MAPK activation, and improved muscle
function in Dy2J mice. Further, Meinen et. al showed
similar functional results in the DyW model using the

Fig. 8. Active, but not latent TGF-� levels are attenuated by treatment with Losartan. ELISA analysis of TGF-� levels in the serum of
DyW animals shows elevated levels of both latent (P < 0.001, n = 6, one-way ANOVA) and active TGF-� (p < 0.05, n = 6, one-way ANOVA).
We also found that while treatment with Losartan led to no reduction in levels of latent TGF-�, activated levels of the cytokine were reduced
back to WT expression levels. (* is used to denote significance between WT and DyW; # is used to denote significance between DyW and DyW
Losartan-treated; *=p < 0.05, **=p < 0.01, ***=p < 0.001, ****=p < 0.0001, this also applies to the other symbols).
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Losartan derivative L-158809, as well as demonstrated
that Angiotensin II Receptor Blockers (ARBs) are
capable of preventing fibrosis and inflammatory cell
infiltration. While it is known that Losartan is able to
inhibit fibrosis by attenuation of TGF-� signaling, the
specific mechanism by which AT1 inhibition affects
fibrotic and inflammatory signaling remains largely
unknown. Here, we show that treatment with Losartan
significantly rescues the gene and protein expression
of -�5 and -�V integrins in DyW mice. Based on
these results, and the known role of Integrin-�V in
the activation of TGF-�, we propose that integrin sig-
naling, specifically by Integrin-�V, could be a nodal
point for TGF-�-mediated fibrosis, and its downregu-
lation serves to drive the reduction in fibrosis caused
by Losartan.

The correlation between the Renin-Angiotensin
system and integrins was demonstrated in rat car-
diac neonatal fibroblasts [35]. Kawano et. al showed
that Angiotensin II promotes increased expression of
Integrin-�V, -�1, -�3, -�5 and that treatment with an
Angiotensin II Type 1 Receptor blocker, like Losartan,
completely blocked this increased expression. Indeed,
we found that Losartan was able to rescue the dys-
regulation of Integrin-�V, -�5, -�1, and -�3 towards
wild type levels. Further, it has also been noted in car-
diac neonatal fibroblasts that AngII caused increased
expression of matricellular proteins Osteopontin and
Fibronectin, which was blocked by treatment with
Losartan. We found similar results in DyW skeletal
muscle, which showed a rescue in the gene expres-
sion of these matricellular proteins in response to
AT1 inhibition. Further, we show here TIMP1 that
is significantly upregulated in the serum of DyW
mice at 7 weeks of age is reduced to WT levels in
response to Losartan treatment. Interestingly, it has
been shown that Integrin-�V antagonists can cause
significant downregulation of TIMP1 [21].

Finally, in response to Losartan, we see that activated
TGF-� is significantly reduced while latent TGF-�
remains unchanged. This finding is of significance
because as previously mentioned, Integrin-�V contain-
ing dimers facilitate the release of TGF-� from the LLC
[32]. The finding that only activated TGF-� is reduced
in response to Losartan while latent TGF-� remains
unchanged further supports the notion that Integrin-�V
could be a key player in mediating fibrotic pathology
in MDC1A via TGF-� activation.

Overall, our results suggest that the overexpres-
sion of Integrin-�V and -�5 are likely contributing
to fibrotic pathology in MDC1A. Although correl-
ative, our results establish a possible link between

Integrin-�V and TGF-� activation in dystrophic skele-
tal muscle. On a different note, given the chronic nature
of this disease in very young kids, it is important
to identify noninvasive biomarkers. If, in fact, these
results are paralleled in humans, we believe that track-
ing levels of activated TGF-� as well as TIMP1 in
the serum of patients could serve as viable biomark-
ers for longitudinal treatment/survival studies. While
future studies are needed to further elucidate the under-
lying cause of integrin overexpression and its role in
driving fibrotic and inflammatory pathologies, we nev-
ertheless believe these results point to Integrin-�V as
a novel target for therapy in MDC1A as well as other
degenerative fibrotic muscle diseases.

MATERIALS AND METHODS

Animal breeding and care

All animals were housed at the Animal Care Facil-
ity – Charles River Campus (LACF-CRC) of Boston
University on a 12 : 12-hr light-dark cycle. Food and
water were provided ad libitum. We performed all pro-
cedures in accordance to the protocol approved by the
IACUC of Boston University. Heterozygous B6.129
Lama2dy-W/+mice, carrying a targeted mutation in the
Lama2 gene, were kindly provided by Dr. Eva Eng-
vall (Burnham Institute, La Jolla, CA, USA). Losartan
treatment was started at two weeks post-natal and con-
tinued until collection at 7 weeks of age. Losartan was
provided in the drinking water ad libitum (600 mg/L,
Cozaar by Merck pharmaceuticals).

Muscle tissue and serum collection

Mice were first briefly bled from the submandibu-
lar vein to obtain blood samples and left to clot for 15
minutes at room temperature then spun at 2,000 g for
8 minutes to separate serum. Animals were then euth-
anized with isoflurane (Webster Veterinary, Devens,
MA, USA) before isolating the tibialis anterior (TA),
gastrocnemius/soleus complex (GS), and quadriceps
muscles (QD). Tissues were weighed and snap frozen
in liquid nitrogen for RNA and protein extraction.
TA muscles used for histology were embedded in
Tissue-Tek OCT Compound (Sakura Finetek USA,
Inc., Torrance, CA, USA) and frozen in isopentane
(Sigma-Aldrich, St. Louis, MO, USA) chilled in liq-
uid nitrogen. Serial transverse sections (7 � m), were
prepared using the Leica CM 1850 cryostat (Leica
Microsystems, Inc.) and stored at –80◦C.
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Gene expression

RNA from 25 mg liquid nitrogen snap frozen
pooled hind limb muscles was extracted with TRIzol
reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. 1�g RNA was reverse-
transcribed with the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystem, Foster City,
CA, USA). Analysis of gene expression was performed
by TaqMan assays (Applied Biosystems, Foster City,
CA, USA) on ABI 7300 Real Time PCR system. 18 s
ribosomal subunit RNA served as the endogenous con-
trol and gene expression was calculated by using the
��Ct method.

Integrin, TIMP1 and TGF-β ELISA

Amount of Integrin-�V and –�5, as well as
free and latent TGF-� and TIMP1 were deter-
mined using ELISA kits (CD51:Biolegend, San Diego,
CA; CD49e:Biolegend, San Diego, CA; LEGEND
MAXTM TGF-� kits:Biolegend, San Diego, CA,
TIMP1:Biolegend, San Diego CA) following manu-
facturer’s instructions. Using lysis buffer containing
protease and phosphatase inhibitor cocktails, protein
was isolated from hind limb and serum samples of
WT, DyW, and Losartan-treated mice. The lysates were
incubated with the capture antibody for 3 hours at room
temperature followed by 5 washes with the wash buffer.
The wells were washed 5 times for 3 minutes each and
then incubated with detection antibodies for 2 hours
at room temperature. The wells were then washed as
described above and then incubated with Avidin-HRP
conjugates. The washing step was repeated again as
above and incubated with the substrate for 15 min-
utes. The reactions were stopped subsequently and the
absorbance was recorded at 450 and 570 nm.

Isolation of single myofibers

Animals were euthanized by overdose of isoflu-
rane. Fur was wetted with 70% ethanol and alcohol
was allowed to evaporate. Extensor Digitorum Longus
(EDL) muscles from both hind limbs were removed
quickly and incubated in 2 mL DMEM containing 0.2
% Collagenase type I (Worthington Biomedical, Lake-
wood NJ, USA). Digestion time of 30 minutes for
WT and 45 minutes for DyW muscle was found opti-
mal to release single myofibers from these animals
respectively. Muscle was triturated gently with a wide
bore glass pipette to release single myofibers. Single
fibers were washed twice with pre-warmed DMEM and

transferred to matrigel-coated culture dish containing
growth medium (DMEM with 20% FCS, 1% chick
embryo extract and 1x penicillin streptomycin). They
were fed with fresh pre-warmed growth medium every
24 hours.

Immunohistochemistry

Frozen tissue sections were incubated in Acetone
for 20 minutes then left to air dry for 15 min-
utes. Protocol for Mouse on Mouse (M.O.M.) serial
immunostaining for frozen sections provided by Vector
Labs (Burlingame, CA) was followed using anti-CD51
(Biolegend, San Diego, CA) anti-Desmin antibod-
ies (Sigma Aldrich, St. Louis, MO). Sections were
mounted with Vectashield with DAPI (Vector Labs,
Burlingame, CA) and imaged with a Nikon DSFi1
camera head attached to a Nikon ECLIPSE 50i light
microscope system. These images were analyzed using
NIS-Elements Basic Research 3.0 software. Single
myofibers were fixed in 4% PFA and stained using
the same protocol as frozen muscle sections with anti-
CD51.

Integrin-αV western blot

Four biological samples per animal group were
pooled for protein extraction. Muscle lysates were
prepared by homogenizing 25 mg of muscle in
radioimmunoprecipitation assay buffer containing a
Complete Protease Inhibitor Cocktail tablet (Roche
Diagnostics GmbH, Mannheim, Germany) and a
PhosSTOP Phosphatase Inhibitor Cocktail tablet
(Roche Diagnostics GmbH). Protein concentration
was estimated by Bio-Rad DC Protein Assay (Bio-
Rad Laboratories, Hercules, CA, USA), and 35 �g
of protein were resolved on a 10% SDS-PAGE gel
and transferred onto a nitrocellulose membrane by
semidry electrophoretic transfer (Trans-Blot SD; Bio-
Rad Laboratories). Membranes were blocked with
Odyssey blocking buffer (LI-COR Biosciences, Lin-
coln, NE, USA) and probed with primary antibodies
for 1 : 2,000 anti-CD51 (BioLegend, San Diego, CA)
and 1 : 5,000 anti-�-tubulin rabbit primary antibod-
ies (Sigma-Aldrich) at 4◦C overnight. The blot was
washed three times for 5 minutes each time with
Tris-buffered saline containing 0.1% Tween 20 and
subsequently stained with 1 : 2,000 goat anti-rabbit
IRDye 800CW IgG2b and IRDye 680LT IgG2b anti-
bodies (LI-COR Biosciences). The blots were then
washed and scanned for analysis using an Odyssey
infrared imaging system (LI-COR Biosciences).
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Statistics

One-way ANOVA tests were performed using
GraphPad Prism 6 software. Data are presented as
mean ± standard deviation.
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