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Fia. 6. Mitochondrial dysfunction in dystrophic muscle. Gastro-
cnemius muscle lysates from C57BL/6 and mdx mice (n = 3/group)
were analyzed for lactate dehydrogenase activity as an indicator of
mitochondrial function in dystrophic and normal muscle. Enzyme
activity was assayed biochemically and is represented as the mean =
S.E. ("p < 0.05).

mdx-52

efficiency in the liver, muscle, and brain was =96% by the F2
generation, which is in agreement with earlier reports (18, 22,
23).

Comparison of the proteomes of skeletal muscle of the mdx
and control mice using the differential SILAC strategy identi-
fied previously known, as well as novel, pathways associated
with dystrophin deficiency. Approximately 750 o 850 proteins
were identified and quantified in the gastrocnemius muscle.
These numbers are similar to those previously reported in
other skeletal muscle proteome studies (29, 30). However,
these numbers are lower than those from a recent study in
which a highly sensitive mass spectrometer was used on
samples that were subjected to extensive fractionation (31).
The identification of a low number of proteins in skeletal
muscle can be attributed to the huge dynamic range between
high and low abundant proteins in the skeletal muscle tissue
(32). Indeed, skeletal muscle is mainly composed of structural
proteins such as myosin and actin, which account for more
than 40% of the total proteins and thus mask the detection of
low-abundant proteins.

Initial SILAC proteome profiling was performed on pairs of
labeled-normal and unlabeled-normal mice and of labeled-
normal and unlabeled-mdx mice. As expected, we observed a
complete absence of dystrophin expression and the down-
regulation of dystroglycan complex in the mdx muscle. Fur-
thermore, greater differential protein expression was ob-
served when comparing dystrophin-deficient to normal
gastrocnemius muscle, whereas only a few proteins were
altered between labeled and unlabeled normal gastrocnemius
muscle. To statistically validate the initial findings, we per-
formed spike-in SILAC using an independent set of normal
and mdx mice. Of the total number of proteins identified and
quantified, ~73 were found to be significantly altered in their
levels between dystrophin-deficient and normal (p < 0.05)
mice. The top candidate proteins included vimentin, desmin,
annexin-il, ribosomal proteins, GRP78, and actinins whose
levels were increased in dystrophin-deficient muscle. The en-
hanced expression of these proteins in dystrophic muscle
indicates the perturbation of various signaling mechanisms.

The high levels of vimentin and other extracellular matrix
proteins were maintained in the diaphragm of a 22-month-old
mdx mouse (33). These data suggest that vimentin is in-
creased very early and stays up-regulated during disease
progression. In addition, our results indicate a significant up-
regulation of GRP78 (a stress-related protein; chaperone) in
dystrophic muscle, suggesting the activation of stress re-
sponses early in the disease process. Our profiling results
also identified significant down-regulation of the contractile
apparatus (e.g. myosin and tropomyosin) and significant
down-regulation of proteins involved in mitochondrial energy
metabolism such as L-lactate dehydrogenase B chain, 3,2-
trans-enoyl-CoA isomerase, and trifunctional enzyme subunit
alpha. These results might suggest that the perturbed mito-
chondrial energy metabolism and the underlying muscle
weakness occur very early in the pathogenesis of dystrophin
deficiency.

Some earlier studies examined protein changes in dystro-
phic hind limb muscles, diaphragm, heart, and extraocular
muscles of mdx mice at different ages; however, few studies
involved dystrophic gastrocnemius muscle (912, 34-37). A
study using a 2-DE approach reported a 4-fold decrease in
adenylate kinase levels in the hind limb muscles of 3-month-
old mdx mice relative to C57BL/10 muscles (9). Our proteomic
analyses identified adenylate kinase in the gastrocnemius
muscle (with at least 12 peptides and 50% sequence cover-
age); however, no significant difference was observed in the
relative abundance of adenylate kinase between mdx and
C57BL/6. The disparity in the proteomic alterations observed
between these studies can be attributed to the differences in
the strain, age, and type of muscles tested. Doran et al.
conducted a series of proteomic profiling studies in dystro-
phin-deficient skeletal muscle and diaphragm (10, 11) and
reported a significant decrease in calsequestrin levels in the
skeletal muscle of 9-week-old mdx mice relative to controls
(11). Those authors also reported the reduced expression of
regucalcin and sarcalumenin (an intracellular Ca™*? signaling
protein) in both young and aged mdx diaphragm, indicating
abnormal cytosolic calcium handling in dystrophin-deficient
muscle. Even though our proteomic analyses identified calse-
questrin (with at least 10 peptides and 20% sequence cover-
age), no significant difference was observed in its relative
abundance between mdx and C57BL/6. We did not detect
regucalcin, but we did detect sarcalumenin with good peptide
numbers and sequence coverage; however, no significant
alteration was noted in the relative abundance of these pro-
teins. The current study used isolated gastrocnemius muscle
from perfused mice for the analyses, whereas other studies
used either diaphragm or hind limb muscles (a mixture of
several muscle groups). It is unclear whether the tissues in
other studies were collected from perfused or non-perfused
mice. The differences in the tissues and techniques used
might be responsible for the discrepant results of these stud-
ies. Another study reported an increase in cardiovascular heat
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Fic. 7. Pathways involved in the
pathogenesis of dystrophic muscle.
An absence of dystrophin leads to the
compensatory up-regulation of actin cy-
toskeletal signaling and ILK pathway ac-
tivation to reduce contraction-induced
injury in skeletal muscle. In parallel, re-
duced mitochondrial function, along with
disturbances in calcium homeostasis,
exacerbate the disease phenotype.

shock protein in dystrophin-deficient diaphragm (12). Our pro-
teomic profiling did not identify cardiovascular heat shock
protein, but several other heat shock proteins were identified.
We did not observe significant differences in heat shock pro-
teins between mdx and C57BL/6. However, additional com-
parative evaluations are needed in order to sort out whether
these differences between studies are technical or biological
in nature.

IPA was used to delineate the perturbed molecular net-
works associated with altered protein levels. The significantly
altered canonical networks included actin cytoskeleton sig-
naling, ILK pathways, glycolysis, the citrate cycle, and mito-
chondrial function. These results indicate the usefulness of
the current method for identifying multiple perturbed path-
ways in a single analysis, and suggest that it might be useful
for understanding disease processes at the systems level.
The validation of data by means of immunoblotting and the
complete agreement of these results with the proteomic pro-
filing results indicate the robustness of the SILAC mouse
strategy. Furthermore, the utilization of biochemical assays
also validated the presence of perturbed mitochondrial func-
tion, although no changes in protein levels were detected via
immunoblotting in the dystrophic muscle. This suggests that
subtle differences can also be measured using the SILAC
mouse strategy.

The identification of the involvement of the actin cytoskel-
etal signaling and ILK pathways in dystrophic pathology early
in the disease process is an important finding. Indeed, the
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silencing of ILK expression in skeletal muscles of mice using
a cre/lox system has shown the role of the ILK pathway in
causing muscle pathology (38). The deletion of ILK led to the
development of progressive muscular dystrophy, which was
accompanied by degenerating mycfibers and fibrosis, and
these features were more severe near the myofascial junc-
tions (39). A subsequent report also showed that skeletal
muscle expresses high levels of ILK, predominantly at myo-
tendinous junctions and costameres. Further, it was reported
that ILK binds the cytoplasmic domain of beta-1 integrin and
mediates the phosphorylation of protein kinase B/Akt, which
in turn plays a central role during skeletal muscle regenera-
tion. In addition, an association between beta-1 integrin and
insulin-like growth factor 1 receptor was also shown in mus-
cle, and this association is considered critical for insulin-like
growth factor 1 receptor/insulin receptor substrate signaling
to protein kinase B/Akt during mechanical stress in skeletal
muscle (38). Taken together, these results indicate that the
up-regulation of the ILK and actin cytoskeletal pathways
might be a compensatory mechanism to overcome the loss of
dystrophin protein and help protect the susceptible myofiber
membrane from contraction-induced damage.

The exploitation of integrin-signaling and related pathways
as therapeutic targets for DMD appears promising, as the
enhanced expression of beta-1D integrin in dystrophic muscle
decreases the damaged myofibers and is attributed to the
presence of more functional integrin at the sarcolemma (40).
The modulation of these pathways in dystrophic mdx muscle
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via chemical mediators or drugs should provide valuable in-
sight into their specific role in muscle pathology. Furthermore,
the validation of some of the candidate proteins in human
DMD samples suggests their relevance to human disease.

Our study showed that the levels of several mitochondrial
proteins were affected in dystrophin-deficient muscle. A role
for mitochondria in dystrophic pathology has been observed
previously (41-44). An increase in Ca®'content has been
detected in the sarcoplasmic reticulum and mitochondria of
dystrophic skeletal muscle, along with impaired ATP produc-
tion and metabolic abnormalities (41-44). In addition, we have
recently shown (via 10-nonyl acridine orange staining) that
mitochondrial mass is decreased in the extensor digitorum
longus fibers of mdx mice, indicating that these muscles have
a lower capacity to use oxidative energy. We have also shown
that the mdx muscle is more fatigable than wild-type muscle,
suggesting that dystrophin deficiency leads to significant alter-
ations in mitochondrial function and muscle metabolism (45). In
sum, these findings corroborate a role for mitochondria and
metabolic pathways in dystrophic pathology.

Based on previously published data and the results of our
current study, we propose a model for dystrophic pathology.
The primary functional defect of dystrophin deficiency causes
susceptibility to contraction-induced damage of the myofiber
membranes. The injured fibers cause the compensatory up-
regulation of actin cytoskeletal and ILK pathways in order to
protect from further damage. In parallel, dystrophin-deficient
myofiber might have leaky Ca?* channels, which would en-
hance the Ca®" influx into dystrophic fibers, leading to pro-
tease activation and free radical formation from cytosolic and
mitochondrial sources; this would cause the dysregulation of
mitochondria, energy metabolism, and calcium homeostasis.
The activation of these pathways can potentially lead to myo-
fiber damage and progression of the dystrophic pathology
(Fig. 7). Based on this model, we can speculate that therapies
that simultaneously target multiple perturbed pathways might
be beneficial for DMD patients and have the potential to
ameliorate dystrophic pathology.
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The molecular mechanism of muscle degeneration in a lethal muscle disorder Duchene muscular dystrophy
(DMD) has not been fully elucidated. The dystrophic dog, a model of DMD, shows a high mortality rate with
a marked increase in serum creatine kinase (CK) levels in the neonatal period. By measuring serum CK levels
in cord and venous blood, we found initial pulmonary respiration resulted in massive diaphragm damage in
the neonates and thereby lead to the high serum CK levels. Furthermore, molecular biological techniques
revealed that osteopontin was prominently upregulated in the dystrophic diaphragm prior to the respiration,
and that immediate-early genes (c-fos and egr-I) and inflammation/immune response genes (IL-6, IL-8,
COX-2, and selectin E) were distinctly overexpressed after the damage by the respiration. Hence, we
segregated dystrophic phases at the molecular level before and after mechanical damage. These molecules
could be biomarkers of muscle damage and potential targets in pharmaceutical therapies.

uchenne muscular dystrophy (DMD) is characterized by a progressive muscular atrophy and weakness
resulting from a mutation in the DMD gene, which encodes the structural protein dystrophin. Dystrophin
maintains the stability of the cell membrane of the muscle fibers, during muscle contraction and relaxation
and regulates intracellular calcium homeostasis'. Dystrophin-deficient muscles are thought to be vulnerable
during muscle contraction, and resultant breaks in the sarcolemma increase the intracellular free calcium
concentration and thereby trigger calcium-activated proteases and fiber necrosis®. However, the precise molecu-
lar mechanism of muscle degeneration in dystrophic muscle has not been fully elucidated since muscle regen-
eration is very active in the conventional mdx mouse model’. For the development of a pathology-based therapy
and the prevention of disease progression, a better understanding of dystrophic pathology is needed.

The dystrophic dog, one of the animal models of DMD, shows a high mortality rate with a prominent increase
in serum level of creatine kinase (CK) in the neonatal period*”. This is of interest because DMD human newborns
also show high serum or plasma CK levels®®, but the molecular nature of increase in the CK levels in newborns has
not yet been fully elucidated. Because of this similarity in CK levels, our research has focused on understanding
the molecular mechanism underlying this distinct event in neonatal dystrophic dogs.

Here, we for the first time presented that the initial respiration causes massive diaphragm damage and that
osteopontin was prominently upregulated in the dystrophic diaphragm prior to the initial respiration and that the
immediate-early genes c-fos and egr-1 and interleukin-6 and -8 were immediately overexpressed after the damage
from the initial respiration. Our results segregate dystrophic phases at the molecular level before and after
mechanical damage, and the gene and molecules may not only be new biomarkers of muscle damage, but also
molecular targets of pharmaceutical therapies.

Results
Initial pulmonary respiration caused diaphragm damage in neonatal dystrophic dogs. Physical stresses (e.g.,
compression in the birth canal) have been postulated to be causative factors of the increased serum CK levels in

MFC BEPGRYS | 3:2183 | DOI: 10.1038/srep02183 1

-127 -



normal human infants®*°. Thus, we compared the serum CK levels in
normal, carrier, and dystrophic pups after natural or Caesarean
deliveries to examine the effect of reduced birth stress on CK
levels. In normal and carrier neonates, serum CK levels were signifi-
cantly lower after Caesarean sections relative to levels following
natural delivery, while no difference was observed for dystrophic
neonates (Figure 1A). These observations suggest that the stress of
natural delivery is not a major causative factor in the increased CK
levels of dystrophic dog neonates.

To determine whether the cause of neonatal increased CK levels
could be related to initial pulmonary respiration, we obtained blood
from the umbilical cords after the Caesarean sections, which reflect
the condition before the initial respiration, and blood from the jug-
ular vein 1 hour after initial respiration to compare the serum CK
levels among the different groups of dogs. No differences in the
serum CK levels were observed between the venous blood and cord
blood of normal and carrier dogs (Figure 1B). However, the CK levels
were 5 times higher in the cord blood of the dystrophic dogs than in
that of the normal dogs and 35 times higher in the dystrophic venous
blood than in the dystrophic cord blood. Serum CK values had
increased rapidly 30 min after the initial respiration and peaked
between 4 and 8 hours after it (Figure 1C). The histopathology of
the dystrophic diaphragm before respiration revealed a slight

A B

increase in the number of calcium-positive opaque fibers, which
showed a slight infiltration of CD18-positive neutrophils, but cleaved
caspase 3-positive apoptotic fibers were not observed (Figure 1D and
Supplementary Figure 1). Further, we found larger interstitial spaces,
massive opaque fibers indicating hyaline degeneration, and a slight
increase in neutrophils after the beginning of respiration, but cas-
pase-3 apoptotic-positive fibers, C5b-9-positive necrotic fibers and
LC3-positive autophagic fibers were not overt (Supplementary
Figure 1).

Tibialis cranialis (TC) muscle in dystrophic dogs before and after
the respiration showed some opaque fibers, but no hyaline degen-
eration likely to diaphragm (Supplementary Figure 2). Whilst heart
(left ventricle) muscle in dystrophic dogs both before and after the
respiration did not present any pathological changes. Thus, we have
considered that the dramatic increase in serum CK levels after the
respiration is due to the specific damage of diaphragm, but not of
skeletal or heart muscle. We also have examined the histopathology
of 1,2, and 3 weeks post-natal diaphragm. Serum CK levels have been
drastically decreased in these dystrophic dogs and the histopathology
of dystrophic diaphragm at 1 week of age was less severe compared
to that at birth. Each histopathology at 2 or 3 weeks of age was not
much different from at 1 week of age (Supplementary Figure 3). We,
however, could not declare these findings are definitely due to a
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Figure 1| A marked increase in serum creatine (CK) levels and hyaline degeneration in the diaphragm of neonatal dystrophic dogs after initial
pulmonary respiration. (A) The serum CK levels in neonatal normal (n = 71), carrier (n = 37), and dystrophic (n = 41) dogs were compared after
natural and elective Cesarean deliveries. ** p < 0.01; ¥** p < 0.001. (B) Serum CK levels in the cord and venous blood after initial respiration in normal

(n = 5), carrier (n = 3), and dystrophic (n = 6) dogs. * p < 0.05; ** p < 0.01;

*#% p < 0.001. (C) Time course of changes in serum CK levels in cord and

venous blood after initial respiration in normal (black; n = 5), carrier (red; n = 3), and dystrophic (blue; n = 6) dogs. * p < 0.05 dystrophic vs. normal,
** p < 0.01 dystrophic vs. normal or dystrophic vs. carrier; * p < 0.01: dystrophic vs. carrier. (D) Hematoxylin-eosin (H&E) and alizarin red staining of
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remakable capacity to self-recover, since the phenotypic severity is
different among the dogs®. Moreover, we noticed the degeneration of
affected diaphragm was not diffuse and resulted in white streaks®.
Number of examined affected dogs is limited at early period after
birth. Therefore, we concluded that the findings of 1, 2, and 3 weeks
post-natal diaphragm suggested recovery of diaphragm at certain
extents, which was also indicated by the change of serum CK levels
after birth.

Differentially upregulated genes in dystrophic diaphragm before
and after initial respiration. Next, we carried out cDNA microarray
experiments to determine the genes differentially upregulated genes
before and after initial respiration in the dystrophic diaphragm, to
identify genes and molecules participating in the dystrophic
pathology. Many more genes were differentially upregulated (> 3-
fold change) in the dystrophic diaphragm compared to normal
before and after initial respiration (Figure 2A and B, respectively).
In the comparison, the increase in number of upregulated genes was
related to membrane and inflammation/immune response before the
respiration (Table 1 and Supplementary Table 1), and to the memb-
rane and transcription/signal transduction after the respiration
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(Table 2 and Supplementary Table 1). After the respiration com-
pared to before, the pattern of differentially upregulated genes
were generally consistent between dystrophic and normal dia-
phragm (Table 3, 4, and Supplementary Table 1); however, some
particular transcription/signal transduction and inflammation/
immune response genes were distinctly increased in dystrophic
diaphragm (Figure 2B, 2D, and Supplementary Table 1).

Upregulated genes in the dystrophic dog diaphragm before the
initial respiration. We selected genes on the microarrays that were
increased over 10-fold change before and after the initial respiration
in the dystrophic diaphragm relative to the normal (Figure 2 and
Supplementary Table 1). Prior to the initial respiration, osteopontin
mRNA was most prominently upregulated in the dystrophic
diaphragm (Fig 2A and Supplementary Table 1). We confirmed its
upregulation with real-time polymerase chain reaction (PCR)
(Figure 3A). Western blotting showed a main band of osteopontin
at 69 kDa in both normal and dystrophic dogs before and after the
respiration (Figure 3B and 3C). The main band sizes were roughly
comparable to data in other reports’*?. The 69 kDa osteopontin
level before and after the respiration in dystrophic dogs was
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Figure 2 | Differential expressed genes in dystrophic diaphragm before and after initial respiration. (A) A scatter plot of differentially expressed genes
on microarrays before respiration in normal and dystrophic diaphragms (n = 4, each). (B) A scatter plot of differentially expressed genes in normal

and dystrophic diaphragms (n = 4, each) after initial respiration. (C) A scatter plot of differentially expressed genes in the normal diaphragm before and
after respiration (n = 4, each) in the normal diaphragm. (D) A scatter plot of differentially expressed genes before and after respiration (n = 4, each) in the

dystrophic diaphragm (cutoff: 3.0-fold).
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Category No.ofgenes % of fotal Category No. of genes % of total
Transcription/signal transduction 2 4.1 Transcription/signal transduction 12 20.3
Inflammation/immune response 11 22.4 Inflammation/immune response 6 10.2
Proteolysis 2 4.1 Proteolysis 1 1.7
Growth 0] 0 Growth 4 6.8
Development 0 0 Development 5 8.5
Metabolism 4 8.2 Metabolism 3 5.1
Extracellular matrix 8 16.3 Extracellular matrix 4 6.8
Membrane 14 28.6 Membrane 12 20.3
Apoptosis 0 0 Apoptosis 2 34
Muscle structure 1 2 Muscle structure 0 0
Others 7 143 Others 10 16.9
Total 49 100 Total 59 100

significantly increased compared to that in normal dogs, although
the difference was not outstanding compared to mRNA levels
(Figure 3D). Immunohistochemistry revealed that osteopontin was
localized in infiltrated mononuclear cells expressing CD11b, but not
CD3, and the nearby muscle surfaces (Figure 3E). Moreover, over-
expression of osteopontin mRNA and protein were detected not only
before but also after the respiration (Figure 2B, Figure 3, and Supple-
mentary Table 1).

Besides osteopontin, matrix metalloproteinase-12 (MMP-12)
mRNA level prominently upregulated in dystrophic diaphragm
before the respiration (Figure 2A and Supplementary Table 1), and
their upregulation were confirmed by real-time PCR (Supplementary
Figure 4A). Myotuburalin related protein 10 (MTMR10) mRNA
level was about 18-fold higher in dystrophic dog diaphragm com-
pared to that of normal dog before respiration, and its level dropped
rapidly to 1% of the pre-respiration level in dystrophic dog after
respiration (Figure 2A and Supplementary Table 1). Real-time
PCR analysis was compatible to the data of microarray (Supple-
mentary Figure 4B).

Transcription/signal transduction and inflammation/immune
response genes prominently overexpressed after diaphragm
damage in neonatal dystrophic dogs. When compared the upre-
gulated genes on microarrays between before and after the initial
respiration in dystrophic diaphragm, we found that transcription/
signal transduction genes (c-fos and Egr-I), and inflammatory/
immune response cytokine genes (IL6, IL8, COX-2, and selectin E)
were over 10-fold increased after the respiration (Figure 2D and
Supplementary Table 1). Then, we examined their expression and
localization of c-fos, Egr-1, IL6 and IL8. The levels of mRNA and
protein of these molecules were significantly increased after the

damaged dystrophic diaphragm (Figure 4A-B). c-Fos and EGR-1
localized either in the nuclei or cytoplasm of muscle fibers, and IL6
and IL8 were expressed in the muscle cytoplasm, especially in the
damaged dystrophic diaphragm (Figure 4C). We also confirmed the
increased mRNA levels of COX-2 and selectin E in dystrophic
diaphragm after the respiration using real-time PCR (Supple-
mentary Figure 4).

Discussion

Our study demonstrated for the first time that the acute mechanical
load of the initial respiration caused severe diaphragm damage in
neonatal dystrophic dogs, and subsequently led to high serum CK
levels and to respiratory distress. The muscle maturation in both
normal and dystrophic dogs is considerably delayed compared to
that in other animals and humans'. Respiratory overload in the
immature respiratory muscles of dystrophic dogs may explain the
respiratory distress following their birth. We found slight dystrophic
changes in the absence of dynamic activity of dystrophic dog dia-
phragm prior to initial respiration. While, it was reported that fetal
respiratory movements occurred before the delivery and are consid-
ered to be regular muscular contraction preparing initial respiratory
movement of neonatal period'; therefore, the fetal respiratory move-
ments might affect the diaphragm changes.

Before the initial respiration, the differentially upregulated genes
detected by cDNA microarrays were related to inflammatory/
immune response such as interleukins, cytokines or chemokines.
This implies that the upregulation of these genes might affect the
slight dystrophic change. Among the genes, osteopontin mRNA was
mostly prominently upregulated in the dystrophic diaphragm.
Osteopontin is an extracellular matrix protein with cytokine, che-
mobkine, and cell signaling properties, can recruit neutrophils and

erenhcl[y; upregulc:ted (> 3 Fo|d)

i , dystrophic di m
Category Cafegory No of genes % oF ‘rofal
Transcription/signal transduction 20 Transcription/signal transduction 21 24.7
Inflammation/immune response 17 Inflammation/immune response 10 11.8
Proteolysis 4 Proteolysis 3 3.5
Growth 2 Growth 4 4.7
Development 1 Development 4 47
Metabolism 3 Metabolism 5 5.9
Extracellular matrix 4 Exiracellular matrix 7 8.2
Membrane 19 Membrane 14 16.5
Apoptosis 3 Apoptosis 4 4.7
Muscle structure 0 Muscle structure 2 2.4
Others 9 Others 11 12.9
Total 82 1 OO Total 85 100
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(E) Hematoxylin-eosin (H&E) staining of diaphragms of normal and dystrophic dogs before respiration and 1 hour after respiration.
Immunohistochemistry of osteopontin, CD11b, CD3 (all green), and DAPI (blue) in normal and dystrophic dogs before and after respiration. Bar
indicates 100 pm.
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macrophages®. It has already been reported that osteopontin was
produced by dystrophic muscle itself and inflammatory cells such as
CD68-positive macrophages or CD3-positive T-cells'. Our results
showed that osteopontin was expressed in CD11b-positive mono-
cytes/macrophages and nearby muscle surfaces. Here, we have raised
a question why monocytes/macrophages were recruited in the
dystrophic diaphragm even before the initial respiration. Our micro-
array analyses revealed that monocyte/macrophage recruiting che-
mokine CCL-2 (monocyte chemotactic protein-1: MCP-1) and
CCL-4 (macrophage inhibitory protein-1p: MIP-1B), which are
designated as muscle-produced cytokines (myokines)'”'%, were sig-
nificantly upregulated even before the initial respiration (Supple-
mentary Table 1). Indeed, osteopontin has been reported to be
induced by CCL-2 and CCL-4 in synovial fluid of rheumatoid
arthritis®. Thus, we have proposed that these myokines may recruit
monocytes/macrophages and subsequently lead to induction of
osteopontin.

In the role of osteopontin in dystrophic muscle, it has been pro-
posed that osteopontin mediates the early phase of muscle regenera-
tion in injured muscle®® or promotes fibrosis in dystrophic muscle®.
Recently, it has been reported that osteopontin stimulates expression
of MMP-9 resulting in causing cardiomyopathy in the mdx mice*.
We and other researchers have previously reported that MMP-9 can
be associated with the dystrophic muscle degeneration®?*. Indeed,
MMP-9 was upregulated (4.1-fold) dystrophic diaphragms especially
after the respiration (Supplementary Table 1). Taken all, osteopontin
may induce muscle degeneration in dystrophic diaphragms, and
have an essential role from the very early to the late stages of dys-
trophic pathology. Currently, osteopontin is considered to be a
potential target for therapeutic intervention in DMD?*"**. We found
the distinct upregulation of MMP-12 in the dystrophic diaphragms
after the respiration. A recent paper showed that cleavage of osteo-
pontin by MMP-12 modulates experimental autoimmune encepha-
lomyelitis in C57BL/6 mice®. In our result, the cleavage pattern of
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osteopontin was slightly different between normal and dystrophic
diaphragms. Thus, MMP-12 might affect osteopontin processing in
dystrophic diaphragm, and further studies will be needed to examine
the relationship between the molecules.

Myotuburalin related protein 10 (MTMR10) mRNA level was also
distinctly higher in dystrophic dog diaphragm before respiration
compared to that of normal dog. MTMRI10 is one of MTMRs, which
comprise a large family of ubiquitously expressed lipid phospha-
tases”. Among MTMRs, MTMR2 has recently been linked to neu-
rodegenerative disorder Charcot-Marie-Tooth disease type 4B and
myotubralin (MTM1) is mutated in a muscle disorder X-linked myo-
tubular myopathy®’. Although the role and function of MTMR10 and
its related disorder have not been identified, this molecule might have
a certain role in the dystrophic pathology and we would leave it as a
future study.

In damaged dystrophic diaphragms after the respiration, c-fos, egr-
1, IL6, and IL8 were prominently upregulated. The upregulation of c-
fos, egr-1, and IL8 in dystrophic diaphragms has not been observed
prior to this study. Moreover, the overexpression of IL6 has not
evoked much attention since Kurek ef al. reported an increase in
IL6 expression in dystrophic muscle?. c-fos and egr-1 are immediate-
early genes that are regulated by a local increase in Ca®* concentra-
tion* and induce a number of downstream genes, including 1L6*!
and IL8% Both IL6 and IL8 are myokines and upregulated in exer-
cised normal skeletal muscle”. IL6 may maintain metabolic home-
ostasis in normal muscle®, but as a pro-inflammatory cytokine, IL6
may play a role in dystrophic pathology resulting from damage by
mechanical load. IL8 is a major chemokine that recruits neutrophils
after injurious mechanical strain®. Indeed, our results showed that a
neutrophil recruitment related gene selectin E* was strongly upregu-
lated in dystrophic diaphragm after the respiration. It has been
reported that neutrophil accumulation in muscle is evident within
2—6 h after muscle injury**. Thus, we have examined the muscle
pathology 2.5 hours after the initial respiration in dystrophic dia-
phragm. Infiltration of CD-18 positive neutrophil was observed in
the damaged dystrophic muscle (Supplementary Figure 5). A pre-
vious report indicated that neutrophils play a central role in the initial
dystrophic pathology since antibody depletion of host neutrophils
significantly reduces muscle necrosis®. COX-2 was also distinctly
upregulated in dystrophic diaphragm after the respiration compared
to before. In general, COX-2 is lower expressed in every tissue except
for brain and kidney; however, is highly induced in inflammatory
tissues. COX-2 leads to the production of prostaglandins resulted in
the progression of inflammation by promotion of vascular permeab-
ility and vasodilatation”. Recently, it has been reported that anti-
inflammatory drugs inhibiting COX-2 could reduce necrosis in
mdx mouse®®”. Thus, we hypothesize that the dystrophic process
after mechanical load consists initially of sarcolemmal disruption
and afterward, some major genes and molecules such as c-fos, egr-
1, IL6, IL8, selectin E, and COX-2 promote sterile inflammation in
the dystrophic muscle, resulting in the aftermath of a necrotic event.

In this study, we have for the first time revealed the molecular
mechanism of very early stage of damage in dystrophin-deficient
muscle as a result of mechanical load. The mechanism presented here
could also occur in the skeletal muscle of human DMD patients.
However, degeneration and regeneration concurrently operate in the
tissues of these patients®, so that the molecular mechanism associated
with each pathology cannot be identified*'. By studying the neonatal
dystrophic dog diaphragm, we succeeded at segregating the dystrophic
phases into those before and after mechanical injury. In the treatment
of DMD, the promising therapeutic agent corticosteroid improves
muscle function®, but the underlying mechanism of its action is not
fully understood. Corticosteroids strongly reduce the production of
IL6, 1L8*, and COX-2*; therefore, the genes and molecules reported
here may not only be biomarkers of muscle damage but also molecular
targets in pharmaceutical therapies to prevent disease progression.

Methods

Experimental dogs. For comparisons of serum CK levels and mortality rates, we used
normal (n = 71), carrier (n = 37), and dystrophic (n = 41) pups obtained by 39
natural deliveries, and normal (n = 39), carriers (n = 26), and dystrophic (n = 34)
pups derived from 28 Caesarean sections between December 2001 and April 2008.
The dogs were born in the dystrophic dog (CXMD) breeding colony at the General
Animal Research Facility, National Institute of Neuroscience, National Center of
Neurology and Psychiatry (NCNP) (Tokyo, Japan). Elective Caesarean sections were
performed at the expected delivery date based on the results of an LH surge kit
(Witness® LH, Synbiotics, Kansas City, MO, USA) or when the body temperature of
the pregnant carrier dog decreased acutely. Pregnant dogs were induced and
maintained by inhalation of isoflurane (2.0-3.0%) for general anesthesia, and pups
were surgically delivered by Caesarean sections. After the sections, placental
membranes should be removed from the neonate’s body and head, and the umbilical
cord should be clamped and ligated approximately 2 cm from the body. The
oropharynx should be cleared of respiratory secretions and swinging the neonate to
remove secretions is widely practiced. The chest wall should be vigorously rubbed not
only to remove placental fluids but also to stimulate spontaneous breathing.
Vocalization is a good sign that the lungs are well expanded. Supplemental oxygen
should be provided by face mask or by placing the puppies in an oxygen induction
chamber once spontaneous respiration. Puppies should be immediately dried with a
warm, dry towel and placed under a radiant heat source. We routinely used doxapram
in neonates delivered by Caesarean sections to stimulate spontaneous respiration
because it is extensively used in veterinary neonatal respiration®. For the
histopathological and molecular analyses, we have obtained all samples after the
euthanasia but not naturally died after birth.

To determine the time course of serum CK values, we used normal (n = 5), carrier
(n = 3), and dystrophic (n = 6) dogs derived from three additional Caesarean
sections. We performed the histopathological and molecular biological experiments
on dogs (n = 4) in each group delivered in the Caesarean sections mentioned above.
The experiments were conducted under the guidelines provided by the Ethics
Committee for the Treatment of Laboratory Animals of the National Institute of
Neuroscience (Tokyo, Japan), and were approved by the Ethics Committee for the
Treatment of Laboratory Middle-Sized Animals of the National Institute of
Neuroscience (approval Nos. 13-03, 14-03, 15-03, 16-03, 17-03, 18-03, 19-04, and 20-
04). We performed experiments with consideration for preventing excessive pain.

Determination of serum creatine kinase (CK) level. The blood samples from the
umbilical cord at Caesarean sections and the jugular vein of each dog were taken using
a syringe, and the serum was separated by centrifugation at 1,800 g for 10 min at
room temperature. Among the dogs, we measured serum CK levels in cord blood of
normal (n = 5), carrier (n = 3), and dystrophic (n = 6) dogs at 30 min, 1,2, 4, 8, 24,
and 48 h. Serum CK levels were assayed using an automated colorimetric analyzer
(FDC3500, FujiFilm Medical, Tokyo, Japan).

Histopathology and immnunohistochemistry. After euthanasia, diaphragm, tibialis
cranialis (TC) and heart (left ventricle) muscles were snap-frozen in cooled
isopentane. Cryostat sections 7 pm thick were cut and stained with hematoxylin and
eosin (H&E) or alizarin red, pH 4.1, for 20 min at room temperature to visualize the
cytosolic calcium. Some sections were dried for 15 min and pre-incubated with
phosphate-buffered saline (PBS) containing 5% bovine serum albumin or heat-
inactivated normal goat serum albumin at pH 7.4. The sections were incubated with
primary antibodies for 16 hrs at 4°C, then with fluorescein isothiocyanate (FITC)-
labeled secondary antibodies (10 pg/ml) at room temperature for 1 h before washing
in 5% BSA. The sections were mounted using Fluorescent Mounting Medium with
DAPI (Vector Laboratories, Burlingame, CA, USA) and assessed under fluorescence
microscopes BZ-9000 (Keyence, Osaka, Japan) and Eclipse E600 (Nikon, Tokyo,
Japan). Primary antibodies used were: CD3 (C7930, Sigma-Ardrich, St Louis, MO,
USA), CD11b (MCA1777S, AbD Serotec, Oxford, UK), CD18 (MCA1780, AbD
Serotec), C5b-9 (ab66768, Abcam, Cambridge, UK), cleaved caspase 3 (#9661, Cell
Signaling Technology, Beverly, MA, USA), LC3 (#4108, Cell Signaling Technology),
osteopontin (RB-9097, Thermo Fisher Scientific, Waltham, MA, USA), c-Fos (#2250,
Cell Signaling Technology), EGR-1 (#4153, Cell Signaling Technology), IL6 (sc-
80108, Santa Cruz Biotechnology, Santa Cruz, CA, USA), and IL8 (109-401-311,
Rockland Immunohistochemical, Gilbertsville, PA, USA).

Western blotting. Diaphragm muscles were homogenized in sample buffer

(62.5 mM Tris-HCl, pH 6.8, 2% sodium dodecyle sulfate, 10% glycerol), or T-PER
Tissue Extraction Reagent for osteopontin (Thermo Fisher Scientific, Waltham, MA,
USA). After centrifugation (15,000 g for 10 min), the supernatant was removed and
the protein concentration was assayed using a DC Assay kit (BioRad, Hercules, CA,
USA). Protein homogenates were denatured at 95°C for 5 min or 70°C for 10 min for
osteopontin. Ten or forty micrograms of each muscle extract was separated on 5-15%
XV Pantera Gel (DRC, Tokyo, Japan) or 7% NuPAGE Tris-Acetate Gel (Life
Technologies, Carlsbad, CA, USA) for osteopontin, and either transferred to a
polyvinylidene difluoride membrane or stained with Coomassie Brilliant Blue (CBB).
The membranes were blocked in Tris-buffered or phosphate-buffered saline
containing 0.1% Tween 20 (TBST or PBST) and 2% or 5% skim milk (w/v), and then
incubated with a primary antibody to osteopontin (RB-9097, Thermo Fisher
Scientific), c-Fos (#2250, Cell Signaling Technology), EGR-1 (sc-189, Santa Cruz
Biotechnology), IL6 (AF1609, R&D Systems, Minneapolis, MN, USA), or IL8
(ab34100, Abcam, Cambridge, UK) at 4°C overnight. The membranes were washed in
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TBST and then incubated with a mouse- or rabbit-specific horseradish peroxidase-
conjugated secondary antibody, followed by detection using an enhanced
chemiluminescence ECL-Plus Western Blotting Detection System (GE HealthCare,
Buckinghamshire, UK).

c<DNA microarray. Diaphragm muscles from normal and dystrophic dogs before and
after initial respiration (n = 4, each) were snap-frozen in liquid nitrogen and stored at
—80°C. Total RNA was purified using an RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocols. The RNA concentration was
also determined using a NanoDrop® ND-1000 UV-Vis spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). RNA quality was checked using
an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Total
RNA (500 ng) was extracted from normal and dystrophic dogs, and individually
applied to a whole canine genome oligo microarray 44 K (Agilent Technologies).
Hybridization was performed by Bio Matrix Research Co., Ltd. (Nagareyama, Chiba,
Japan). Briefly, 500 ng of RNA was converted to double-stranded cDNA with an
RNA Spikeln kit (one color) (Agilent Technologies) using a T7 promoter primer,
followed by transcription to generate Cy3-labelled cRNA probes with Quick Amp
Labeling Kit (Agilent Technologies). Fragmented cRNA (1.65 ug) was placed in
110 ul hybridization solvent, and then placed on each chip, which was incubated at
65°C for 17 hrs rotating at 60 rpm. Following hybridization, the arrays were
processed by post-hybridization washes. Fluorescent images were captured using an
Agilent Technologies microarray scanner (Agilent Technologies). Global
normalization was performed to compare genes from chip to chip using GeneSpring
10.0 (Tomy Digital Biology, Denver, CO, USA). Differentially expressed genes were
identified by comparison between normal and dystrophic dogs before and after
respiration. The differentially expressed genes were selected by ANOVA tests. P <
0.01 with correction for multiple testing by the Benjamini and Hochberg method for
the false discovery rate, and a 5% cutoff was used. The array data were deposited in the
Gene Expression Omnibus (GEO) database (Accession number: GSE32460).

Relative gene expression based on real-time RT-PCR. We picked up the genes from
the microarray analyses by using of the cutoff of value as 10-fold. We used the same
RNA that was isolated for the DNA microarrays and prepared cDNA using
SuperScript ITI Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA). Gene-specific
primer sets for the previously published dog 18 s rRNA and newly designed
osteopontin, c-fos, egr-1, IL6, IL8, COX-2, Selectin E, MMP-12, and MTMR10 mRNA
are listed in Supplemental Table 2. The primer specificity was tested by running a
regular PCR for 40 cycles of 95°C for 20 s and 60°C for 1 min, followed by agarose gel
electrophoresis. The mRNA levels were analyzed by real-time quantitative RT-PCR
using a Bio-Rad iCycler system (Bio-Rad) and a SYBR premix Ex Taq II kit (Takara,
Tokyo, Japan), and running for 40 cycles of 95°C for 20 s and 60°C for 1 min. Each
cDNA sample was duplicated, and the corresponding no-RT mRNA sample was
included as a negative control. The mRNA level of each sample for each gene was
normalized to that of the 18 s rRNA. The relative mRNA level was presented as

2 [(C/18 sTRNA — Cy/gene of interest)]). Expression values were normalized to 18 s
rRNA and compared between normal and dystrophic dogs before and after the initial
respiration in (n = 4, each).

Statistics. Direct comparisons between 2 groups of data were performed using the
Student’s unpaired -test. Multiple statistical differences between groups were
compared by one-way analysis of variance (ANOVA) followed by Holm’s post-hoc
test. All data are indicated as mean values * standard error of the mean (SEM). Ap <
0.05 was judged to be a significant difference.
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