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’ INTRODUCTION

Duchenne muscular dystrophy (DMD) is a recessive X-linked
neuromuscular disorder affecting one newborn boy in 3500.1

DMD is caused by mutations in the dystrophin gene,2�4 and is
characterized by severe degeneration of muscle fibers, progres-
sive paralysis, and ultimately, death. The dystrophin protein is
localized under the sarcolemma of muscle fibers and is integrated
within a large multiprotein complex (the dystrophin�glycopro-
tein complex, DGC), which provides a strong physical link
between the actin cytoskeleton network and the extracellular
matrix.5�8 The absence of dystrophin in dystrophic muscles,
which is associated with the subsequent loss of the DGC at the
sarcolemma, leads to altered myofiber integrity, perturbed cal-
cium homeostasis, activation of the calcium-dependent calpain
proteases, and necrosis.9,10

In addition to the increased structural fragility of DMD
myofibers, accumulating evidence suggests that nonmechanical
processes also contribute to pathology progression. First, the
DGC is associated with several signalingmolecules.11�13 Second,
studies performed in the mdx mouse, the murine model of
DMD,14 revealed changes in the MAPK and PI3K/Akt signaling
cascades in dystrophic muscles.15�18 More recently, the phosphor-
ylation status of Akt was also shown to be altered in human
dystrophic biopsies,17 and we revealed that the PTEN phosphatase

was differentially activated in dystrophic dog muscle, leading to
the deregulation of the PI3K/Akt signaling pathway.19 Collec-
tively, these studies suggest that alterations in signal transduction
pathways are significant contributing factors to the progression of
DMD. Importantly, some recent studies have also suggested that
the modulation of signaling molecules could affect the disease
outcome.20,21

However, despite the compelling evidence demonstrating the
alteration of individual signaling proteins in dystrophic muscle,
little is known regarding the involvement of the corresponding
signaling pathways in the development of the disease. In addition,
only limited knowledge is available regarding the impact of
dystrophin loss on the muscle proteome. Interestingly, proteo-
mic profiling studies of the mdx mouse model revealed that the
expression level of numerous proteins involved in the mainte-
nance of sarcolemmal integrity (i.e., Fbxo11, adenylate kinase,
the Ca2þ binding protein regucalin, and cvHSP) was altered in
dystrophin�deficient fibers.22�24 One of the most interesting
aspects of the mdx mouse is that it contains subtypes of skeletal
muscle that exhibit very different degrees of fiber wasting despite the
fact that they all contain the same disease-associated mutation in
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exon 23.25 In mature limb muscle, the murine model is characterized
by successive degeneration/regeneration processes and does not
exhibit the progressive muscle wasting and accumulation of connec-
tive tissue observed during development of the human disease.26�28

However, aged mdx muscles and the mdx diaphragm show a severe
dystrophic phenotype and histological alterations closely resembling
those of the DMD phenotype.25,29�31 Another animal model of
DMD, the canine Golden Retriever Muscular Dystrophy (GRMD),
reflects both the genotype and phenotype of DMD. Affected dogs
represents an accurate clinical phenocopy of DMD patients, as they
are characterized by rapid progressive clinical dysfunction, severe
muscle weakness, and abundant fiber necrosis.32,33

We have recently shown that the perturbations detected within
the PI3K/Akt and MAPK signaling pathways in dystrophic dog
muscle could differ from the observations made in the mdx mouse
model, which supports the importance of studying cell signaling
events and secondary changes in the clinically relevant animal
model.19 Since there is an urgent need for the establishment of
reliable biomarkers of secondary changes in muscular dystrophy, the
proteomic study on GRMDmuscle is crucial to completed previous
proteomic profiling from the dystrophin-deficient mdx mouse. We
studied the proteome variations between vastus lateralis muscle of
4-month oldGRMDand healthy dogs. At this stage, skeletal muscles
are severely dystrophic and are characterized by high fiber-size
variation, individual necrotic fibers, centrally nucleated fibers and
fibrosis.32,33 We used isotope-coded affinity tag (ICAT) labeling
followed by LC�MS/MS to analyzed the quantitative variations of
the proteome in both a cytoplasmic fraction and a phospho-enriched
fraction prepared from total extracts.34 We chose to analyze the
phospho-enriched fraction since protein phosphorylation plays a key
role in regulating most cellular processes including proliferation,
migration, apoptosis, and metabolic pathways. ICAT experiments
revealed a significant alteration of the abundance of 85 proteins.
Functional annotation of these proteins indicated a dysregulation in
glycolytic and oxidativemetabolism. In addition, we discovered that a
significant number of proteins expressed at lower levels in the
dystrophic samples are coded by genes whose expression is respon-
sive to the peroxisome proliferator-activated receptor-gamma co-
activator 1 alpha (PGC-R) a master switch for the transcriptional
control of energy metabolism.35 Accordingly, we showed that PGC-
1R level is substantially reduced in GRMDmuscle. Taken together,
our results provide compelling new evidence that defects in energy
metabolism are a hallmark of the disease in the canine model, and
that in turn, these defects may contribute to the disease progression.

’EXPERIMENTAL PROCEDURES

Products
Ammonium bicarbonate (NH4HCO3), dibasic sodium phos-

phate (Na2HPO4), monobasic sodium phosphate (NaH2PO4),
sodium chloride (NaCl), Tris, Triton X-100, and bicinchoninic
acid (BCA) protein assay reagents were purchased from Sigma-
Aldrich (St. Louis, MO). Trifluoroacetic acid and formic acid
were obtained from Fluka (Milwaukee, WI). High-performance
liquid chromatography grade acetonitrile (ACN: CH3CN) and
methanol (CH3OH) were obtained from Fisher Scientific (Fair
Lawn, NJ). Cleavable ICAT reagents, monomeric avidin, and
SCX cartridges were purchased from Applied Biosystems, Inc.
(Foster City, CA).

Animals
Animals were part of a GRMD dog breeding colony estab-

lished in Nantes (France). They were housed and cared for at the

Boisbonne Center for Gene Therapy of the National Veterinary
School of Nantes, following protocols compliant with the
principles outlined in the French National Institute for Agro-
nomic Research (INRA) Guide for the care and use of laboratory
animals in biological experimentation. Affected dogs were iden-
tified during the first days of life by polymerase chain reaction
genotyping using appropriate oligonucleotide primers and im-
munohistochemical localization of dystrophin. Four-month old
GRMD dogs from Nantes colony are less active than normal
littermates. They are defined by a decreased mobility and appear
tired during minimal exercise.32,36 Their body weight is lower
than that of unaffected littermates. While normal littermates
display coordinated gait, GRMD dogs are characterized by an
abnormal, stiff-limbed, shuffling gait and a marked weight
transfer. Another prominent sign characteristic of muscular
dystrophy is palmigrade/plantigrade stances.

Muscles
GRMD and healthy littermates (GRMD dog#1, #2, #3;

healthy dog#1, #2, #3) from 4-month old dogs were sacrificed
by intravenous sodium pentobarbital administration after general
anesthesia and small 1 cm3 pieces of vastus lateralis muscle were
cut and immediately frozen in liquid nitrogen during 2 min.
Then, tissues were stored at�80 �Cuntil processing. For protein
extraction, the adipose portions of biopsies were carefully
removed manually under a binocular microscope. Muscles were
then powdered in liquid nitrogen, and homogenized in modified
RIPA lysis buffer containing 150 mM NaCl, 50 mM Tris-HCl,
pH 7.4, 1% (v/v) Nonidet-P40, 1% (v/v) glycerol, 1 mM EDTA,
protease inhibitors cocktail (Sigma-Aldrich), and 10 mM of the
tyrosine phosphatase inhibitor sodium orthovanadate. Homo-
genates were centrifuged at 1000g to pellet debris, and super-
natants were centrifuged at 37 000g for 20 min at 4 �C to
fractionate cytosolic proteins. Protein concentration was deter-
mined using a BCA protein assay. For ICAT/MS/MS analysis, a
total of 80 μg of cytosolic proteins (GRMD dog#1; healthy
dog#1) was subjected to buffer-exchange in TE pH 8.3 contain-
ing 50 mM NaCl. For the histopathological analysis, the sec-
tioned blocks were embedded in Tissue-Tek 0.C.T. compound
(Sakura Finetek, Torrance, CA), and frozen in isopentane cooled
with liquid nitrogen. Transverse vastus lateralis muscle cryosec-
tions (8 μm) were prepared using a Leica CM 3050S cryostat.
Hematoxylin & eosin (H&E) was performed as per standard
histological protocols.37

Phosphoprotein Enrichment
Phosphoprotein enriched fractions were prepared from

healthy and dystrophic muscles (GRMD dog#2; healthy dog#2)
using a commercially available PhosphoProtein Purification Kit
(Qiagen; Missisauga, CA).38 The eluate was precipitated with
TCA/acetone and the pellet was dissolved in ICAT labeling
buffer (0.05% (w/v) SDS, 20 mM Tris-HCl, pH 8.3, 5 mM
EDTA, 6 M urea). Protein concentration was measured using a
BCA assay and a total of 30 μg of proteins was used for the
ICAT/MS/MS analysis.

cICAT Labeling and Mass Spectrometry
Healthy and dystrophic cytosolic and phospho-enriched pro-

teins (80 and 30 μg, respectively, n = 1 for each fraction) were
labeled with the acid-cleavable ICAT reagent (cICAT) (Applied
Biosystems, Framingham, MA) and analyzed by mass spectro-
metry as previously described,39 with the following modifica-
tions. Proteins from the healthy and dystrophic muscle were
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labeled with the isotopically light form of cICAT [12C9] and the
isotopically heavy form of cICAT [13 C9], respectively. Labeled
proteins were combined and proteolyzed with trypsin (Promega,
Madison, WI). Resulting peptides were separated into 4 fractions
by cation-exchange chromatography, and cICAT-labeled pep-
tides were purified from each fraction by avidin-affinity
chromatography.39 Labeled peptides from the 4 fractions were
analyzed by microcapillary reverse phase liquid chromatography
electrospray ionization, followed by tandem mass spectrometry
(μLC�ESI�MS/MS) using an ion trap mass spectrometer
(LTQ, Thermofinnigan). Briefly, peptides were dried under
vacuum, dissolved in a buffer containing 10% (v/v) ACN and
0.1% (v/v) trifluoroacetic acid (TFA), and pressure loaded onto
an in-house prepared 10-cm� 75 μm fused silica microcapillary
column packed with 5 μm Magic C18 beads. Peptides were
resolved using an 80 min separation gradient from 2 to 50%
HPLC Buffer (100% (v/v) ACN, 0.1% (v/v) HCOOH) at a 300
nL/min flow rate. The mass spectrometer was set to scan from
400 to 1800 m/z followed by two data-dependent MS/MS scans
on the two most abundant ions. Dynamic exclusion was set to
exclude ions that have been selected for MS/MS analysis for
2 min with a mass window of 2 Da.

ICAT Data Analysis
Raw data was converted to mzXML using ReAdW. MS/MS

spectra were then exported as data files and searched against the
ENSEMBL49 dog database, which contains 25 559 protein
entries. The search was performed using SEQUEST (v 3.3.1
SP1), a data analysis program used for protein identification.40

The mass of cysteine was statically modified by 227.13 Da (light
cICAT) and differentially modified by 9.03 Da (heavy cICAT).
Methionine was differentially modified as well with 16 Da to
account for its oxidized form. Peptides identified by SEQUEST
were analyzed using the Trans Proteomics Pipeline (TPP)
(version 3.4) mirroring the TPP at the Seattle Proteome Center.
This pipeline uses the PeptideProphet41 and ProteinProphet42

algorithms to, respectively, validate the peptide and protein
assignments to the MS/MS spectra made by SEQUEST, and
to compute the probability that the assignments are correct. For
the peptides database searches, we used a probability cutoff of 0.9
that corresponds to an overall false positive error rate below 0.6%
for the cytoplasmic proteins, and 0.8% for the phospho-enriched
proteins.43

Relative quantification of proteins (Light-labeled vs Heavy-
labeled) was performed within the TPP using the ASAP ratio
program,44 an algorithm evaluating protein abundance ratios
(i.e., ICAT ratios). For quantification of cytoplasmic proteins,
90% of the proteins with 2 or more quantified peptide ions have a
relative error smaller than 22%. For quantification of phospho-
enriched proteins, 62% of the proteins with 2 or more quantified
peptide ions have a relative error smaller than 22%. The quality of
each spectrum used for identification and quantification was
verified manually. A value of (0.5 for the log2 transformed and
centered ASAP ratios was chosen as the cutoff threshold for
significantly over/under represented proteins. We considered
the proteins with a relative level between healthy and dystrophic
muscles comprised outside the interval [0.7-fold; 1.42-fold] as
significantly over/under represented.

Immunoblot Assays
To validate the protein changes detected by proteomic

analyses, immunoblotting experiments were performed on a
representative range of protein types. Cytosolic protein extracts

(GRMD dog#1, #2, #3; healthy dog#1, #2, #3) were resolved by
sodium dodecyl sulfate�polyacrylamide gel electrophoresis
(SDS�PAGE) on 10% polyacrylamide gels and electroblotted
onto immobilon-P membranes (Millipore Corp., Bedford, MA).
Blots were blocked with PBS containing 0.1% (v/v) Tween-20,
2.5% (w/v) BSA at room temperature for 1 h, and then incubated
with sufficiently diluted primary antibodies against DJ-1, protein
phosphatase 1 (PP1), alpha tubulin, lactate dehydrogenase
(LDHA), cofilin 2, and pyruvate kinase type M2 (PKM2).
Anti-DJ-1, anti-PP1, anti-LDHA, and anti-PKM2 were obtained
from Cell Signaling Technology (Beverly, MA). Anti-cofilin 2
was obtained from Abcam (Cambridge, MA). The incubation
was performed for 2 h at room temperature in PBS containing
0.1%Tween-20 and 1%BSA. Immunoreactivity was visualized by
peroxidase-conjugated secondary antibodies and by SuperSignal
West Pico chemiluminescence substrate (Pierce, Rockford, IL).
Equal protein loading was verified through a Ponceau red
staining of the membranes. The Western blot analyses were
conducted using biopsies removed from three different dogs and
the average value was calculated.

PGC-1r Immunohistological Analysis
To determine the location of PGC-1R, a double labeling

directed against PGC-1R and β-dystroglycan (β-DG), which is
expressed in the plasma membrane of healthy muscles (while it is
highly reduced in the dystrophic ones45) was performed, in
association with nuclei staining. Transverse vastus lateralismuscle
cryosections (GRMD dog#1, #2, #3; healthy dog#1, #2) (8 μm)
were prepared using a Leica CM 3050S cryostat. Sections were
fixed withmethanol and acetone at�20 �C and permeabilized by
an incubation in PBS containing 0.3% TX-100 at room tempera-
ture for 5 min. They were then blocked with 10% goat serum in
PBS containing 0.3% TX-100 for 30 min, and finally incubated in
blocking solution at 4 �C with a rabbit polyclonal antibody
against PGC-1R (1:50; Santa Cruz Biotechnology, Santa Cruz,
CA). After washing with PBS, the sections were incubated 1 h at
room temperature with a goat anti-rabbit secondary antibody
labeled with Alexa fluor 488 (1:400; Invitrogen Life Technolo-
gies, CA). After washing, the samples were incubated for 1 h at
37 �Cwith a mouse monoclonal antibody against β-dystroglycan
(1/50, Novocastra), a plasma membrane component. Sections
were then washed and incubated for 1 h at room temperature
with an Alexa fluor 555 goat anti-mouse antibody (1/400,
Invitrogen Life Technologies, CA). Nuclei were stained with
Topro-3 (1/1000, Invitrogen Life Technologies). Slides were
finally coverslipped and mounted with Mowiol Medium
(Calbiochem EMD Biosciences, San Diego, CA). The immuno-
labeled sections were serially scanned with a confocal microscope
(Nikon C1, Champigny-sur-Marne, France) using the argon ion
laser (488 nm) to observe PGC-1R immunolabeling, a 543 nm
helium neon laser to observe β-dystroglycan immunolabeling,
and a 633 nm helium neon laser to observe nuclei stained.

Real-Time Reverse Transcription PCR
The genes coding for the PGC-1alpha protein (PPARGC1alpha)

and its putative altered downstream targets (ACADS, FABP3,
CYC1 and PFKM), chosen in the list presented in Figure 3A
were analyzed by real-time RT-PCR. The LDHA gene was used
as an internal reference gene, owing to its poor variation (based
on our proteomic and transcriptional analysis) among different
replicates and conditions. Primers were generated by the oligo
4.0 S software (National Biosciences, Plymouth, MN) and then
submitted to BLASTn analysis (NCBI) to confirm their specificity.
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All primers were synthesized by Eurofins MWG GmBh (Ger-
many) with the following sequences: for PPARGC1alpha, for-
ward, 50-ATGTGCTGCTCTGGTTGGTG-30; reverse, 50-AG-
CAAGTTCGCCTCGTTCTC-30; for ACADS, forward,
50-TGAACCAGGGAACGGCAG-30; reverse, 50-CTTCCTTCT-
TCCCCAGCGT-30; for FABP3, forward, 50-ATCAGCTT-
CAAGTTAGGGGTGG-30; reverse, 50-CCATCAACTAGCT-
CCCGCA-30; for CYC1, forward, 50-AGTGATGCTGTCGG-
CGTTG-30; reverse, 50-CCGTCCTGAACCTCCACCT-30;
for PFKM, forward, 50-GTGGGGCTGACTGGGTTTT-30;
reverse, 50-ATCACTGCTTCCACACCCATC-30; for LDHA,
forward, 50-GCTGGTTATTATCACGGC-30; reverse, 50-TCC-
CAACCTTTCCCCCA-30.

Total RNA extraction was performed from muscular biopsies
of GRMD and healthy dogs (GRMD dog#1, #2, #3; healthy
dog#2, #3) by using the RNeasy Fibrous Tissue Mini Kit
(Qiagen) according to manufacturer’s instructions. For the
real-time PCR, 0.5 μg of total RNA was first reverse-transcribed
using the Superscript II reverse transcriptase (Invitrogen) ac-
cording the manufacturer’s recommendations. Then, cDNA
targets were amplified in triplicate wells using theMESABlue qPCR
MasterMix Plus for SYBR Assay w/fluorescein kit (Eurogentec)
according to the manufacturer’s protocol and run on the iCycler iQ
detection system (Bio-Rad SA, Marnes-la-Coquette, France) with
the following thermal profile: an initial step of 3 min at 95 �C,
followed by 40 cycles each consisting of 15 s at 95 �C and 1 min at
60 �C in a volume of 25 μL. PCR products were checked by
monitoring melting curves. For data analysis, the fluorescent signals
were normalized using the reference gene, LDHA. Relative quanti-
fication, following the ΔΔCt method46 was applied to compare
amounts of mRNA in healthy and dystrophic muscles. The average
of gene level ratios in healthy conditions was normalized to 1. The
average of gene level ratios in dystrophic muscles was expressed
relatively to healthy conditions. Then, for each target gene, a
statistical analysis was performed using Student’s t test between
healthy and dystrophic conditions.

Gene Ontology Annotation
Proteins identified as deregulated by the ICAT analyses were

annotated using terms from the Gene Ontology (GO).47 EN-
SEMBL protein identifiers, validated output from SEQUEST,
were mapped to NCBI RefSeq identifiers and then to their
corresponding Entrez Gene identifiers.48 Because of the lack of
systematic functional annotation for dog proteins, the annota-
tions were transferred from the corresponding human orthologs,
as determined by using the Homologene database.49

’RESULTS

In this study, the GRMD dog model was used to profile
changes in protein abundance associated with DMD. Histologi-
cal analysis of a 4-month old GRMD dog based on H&E staining
revealed classical pathological changes of DMD including fiber
size variation, fiber splitting, and central nucleation (Figure 1).
Given the importance of protein phosphorylation in signaling
pathways, it is not surprising that dysregulation of protein kinases
and phosphatases had been linked to a vast number of pathol-
ogies, including neuromuscular disorders. To eliminate the
structural and contractile proteins that are overabundant in crude
protein extracts prepared from skeletal muscle, and to enrich the
samples for signaling proteins,19,50 we restricted our analysis to
the cytosolic and phospho-enriched proteins. A proteomic study,

consisting of isotope-coded affinity tagging, was conducted
separately on these two fractions.

Quantitative Analysis of Dystrophic Muscle Protein Profile
Using cICAT Technology

To identify global protein perturbations present in GRMD
dog muscle, cytosolic and phosphoprotein-enriched protein
extracts from dystrophic and healthy muscles were prepared,
labeled with cICAT reagents (12C9 and

13C9), and submitted to
cICAT-MS/MS analysis. From the cytosolic extracts, 337 unique
cICAT-labeled peptides were identified. After database searching
(SEQUEST40), validation (PeptideProphet & ProteinProphet51),
and quantification (ASAP44) followed by manual correction, a
total of 88 cytosolic proteins were identified with a probability
higher than 0.9 of being true positives (Supplementary Tables 1a
and 2). Among these, 61 appeared to be differentially expressed
in dystrophic muscle, with 30 proteins being overrepresented
(Table 1a) and 31 underrepresented (Table 2a). The experiment
with the phosphoprotein-enriched fractions led to the identifica-
tion of a total of 122 unique peptides, corresponding to 63
different proteins, of which 40 had not been identified in the
cytosolic extract (see Supplementary Tables 1b and 3 for
additional details). Among these 63 proteins, 36 display quanti-
tative changes in the dystrophic muscle, with 18 being over-
represented (Table 1b) and 18 being underrepresented
(Table 2b) compared to healthy muscle. The PhosphoProtein
Purification Kit enables a separation of the phosphorylated from
the nonphosphorylated protein fraction. The affinity chroma-
tography procedure reduces sample complexity and greatly
facilitates analyses of low-abundance proteins. The experiment
performed with the phospho-enriched samples led to the identi-
fication of 36 proteins differentially regulated between healthy
and GRMD muscles (Tables 1b and 2b). Among these proteins,
31 had been previously described as phosphoproteins (Swiss-
Prot and PhosphoSite databases), giving a good indication of the
efficiency and the reliability of the purification method applied.
For the other five, CSRP3, MYBPH, MYL6B, CYC1, CA3, no
information relative to phosphorylation have been reported to
date. It should be noted that a quantitative changes in the
phospho-enriched fractions can result either from a difference
in the amount of a protein or in its phosphorylation status.

Interestingly, 5 proteins identified by ICATwere also detected
by 2-D/MS approach (Supplemental Figure 1). Moreover,
among the proteins identified in the ICAT experiment, 6 were
chosen for an analysis by Western immunoblot: LDHA, COF-2,
DJ-1 (PARK7), PKM2, TUB and PP1 (Figure 2A,B). These six
proteins displayed expression patterns similar to the ICAT ratios

Figure 1. H&E (hematoxylin and eosin) staining showing classical
pathological changes of DMD, including fiber size variation, fiber
splitting, and central nucleation in skeletal muscle.
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Table 1. Overrepresented Proteins in Dystrophic versus Healthy Dog Muscle Protein Extracta

symbol protein name log2 ratio GRMD/Healthy

(a) Cytosolic Protein Sample

MTPN Myotrophin Only detected in GRMD sample

TPM4 Tropomyosin 4 Only detected in GRMD sample

CKMT2 Creatine kinase, mitochondrial 2 3.06

A1AG1 similar to Alpha-1 acid glycoprotein 2.25

CSRP3 Cysteine and glycine-rich protein 3 1.72

CLIC4 Chloride intracellular channel 4 1.66

A1BG Alpha-1-B glycoprotein 1.43

AHSG Alpha-2-HS-glycoprotein 1.33

HSP90AA4P Putative heat shock protein HSP 90-alpha A4 1.28

GSTP1 Glutathione S-transferase PI isozyme YD1-2YD1-2(IV-HB) 1.24

ANP32A Acidic leucine-rich nuclear phosphoprotein 32 family 1.19

ALB Serum albumin (allergen Can f 3) 1.10

CALR Calreticulin 1.06

FETUB Fetuin B 1.06

TUBA2 similar to tubulin, alpha 2 isoform 2 1.06

PDLIM3 PDZ and LIM domain 3 1.02

ANXA1 Annexin I 0.94

HPX Hemopexin 0.90

ACTC Cardiac actin 0.90

TPM2 Tropomyosin beta chain (Tropomyosin-2) 0.83

LGALS1 Lectin, galactoside-binding, soluble, 1 (galectin 1) 0.83

GOT1 aspartate aminotransferase 1 0.76

PLIN4 perilipin 4 0.76

MYL1 Myosin, light chain 1, alkali; skeletal, fast 0.76

ANXA2 Annexin A2 0.66

PFN1 profilin 1 0.63

TTN Cardiac titin 0.63

PP1 Serine/threonine-protein phosphatase PP1-beta catalytic subunit 0.60

PGAM2 Phosphoglycerate mutase 2 (muscle) 0.57

TUBB2C Tubulin, beta 2C 0.54

(b) Phospho-Enriched Protein Sample

TPM4 * Tropomyosin 4 Only detected in GRMD sample

MYL3 Myosin, light chain 3, alkali; ventricular, skeletal, slow 2.82

VIM Vimentin-like protein 2.06

TUBB6 Tubulin, beta 6 1.66

TUBB2C * Tubulin, beta 2C 1.52

LGALS1 * Lectin, galactoside-binding. soluble, 1 (galectin 1) 1.39

ALB * Serum albumin (allergen Can f 3) 1.35

PCYT1A Phosphate cytidylyltransferase 1, choline. alpha 1.12

CSRP3 * Cysteine and glycine-rich protein 3 (cardiac LIM protein) 1.12

MYBPH Myosin binding protein H 0.99

MYH3 Developmental myosin heavy chain embryonic 0.96

TUBA2 * similar to tubulin, alpha 2 isoform 2 0.87

MYPN Myopalladin 0.84

PTGES3 Prostaglandin E synthase 3 (cytosolic) 0.84

TPM2 Tropomyosin beta chain (Tropomyosin-2) 0.76

EEF1B2 Eukaryotic translation elongation factor 1 beta 2 0.68

MYL6B Myosin, light chain 6B 0.66

BIN1 Bridging integrator 1 0.66
a Proteins were identified by ICAT-MS/MS in two experiments using vastus lateralismuscle from 4 month-old healthy and GRMD dogs. Two different
experiments were performed, one with the cytosolic fraction (Healthy dog#1; GRMD dog#1: Table 1a), and the other one with a phospho-enriched
protein sample (Healthy dog#2; GRMD dog#2: Table 1b). Shown here are the centered log2 ASAP ratios (GRMD/Healthy) of the 48 proteins (30 for
the cytosolic protein sample and 18 for the phospho-enriched protein sample) that display changes in their abundance between healthy and dystrophic
muscle. Asterisks (*) denote proteins identified in both experiment (cytosolic and phospho-protein enriched fractions). GRMD, Golden Retriever
Muscular Dystrophy.
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Table 2. Underrepresented Proteins in Dystrophic versus Healthy Dog Musclea

symbol name log2 ratio GRMD/Healthy

(a) Cytosolic Protein Sample

PGK1 Phosphoglycerate kinase 1 �0.61

ACADS Acyl-Coenzyme A dehydrogenase, C-2 to C-3 short chain �0.62

ENO3 Enolase 3 (beta, muscle) �0.70

GAPDH Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (EC 1.2.1.12) �0.70

ACO2 Aconitase 2, mitochondrial �0.72

MYH3 Developmental myosin heavy chain embryonic �0.72

UQCRC1 Ubiquinol-cytochrome c reductase core protein I �0.74

ALDOA Aldolase A �0.74

ACADVL Acyl-Coenzyme A dehydrogenase, very long chain �0.77

MYH2 Myosin-2 (Myosin heavy chain 2) �0.77

MYH7 Myosin-7 (Myosin heavy chain 7) �0.77

MYH8 Myosin-8 (Myosin heavy chain 8) �0.77

PGM1 Phosphoglucomutase 1 �0.79

CA3 Carbonic anhydrase III, muscle specific �0.86

FABP4 Fatty acid binding protein 4, adipocyte �0.88

FABP3 Fatty acid binding protein 3, muscle and heart �0.92

MDH2 Malate dehydrogenase (EC 1.1.1.37) �0,95

AK1 Adenylate kinase 1 �0.97

PRDX3 Peroxiredoxin 3 �1.00

PARK7 Parkinson disease (autosomal recessive, early onset) 7 �1.06

UQCRH Ubiquinol-cytochrome c reductase hinge protein �1.07

HSPB6 Heat shock protein, alpha-Crystallin-related. B6 �1.11

ATP2A2 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 �1.16

ATP5A1 similar to ATP synthase alpha chain, mitochondrial precursor �1.19

MYLPF Myosin regulatory light chain 2, skeletal muscle isoform �1.22

GOT2 aspartate aminotransferase 2 �1.38

VDAC1 voltage-dependent anion channel 1 �1.51

CAMK2D Calcium/calmodulin-dependent protein kinase (CaM kinase) II delta �1.99

CKM Creatine kinase M-type �2.05

HP Haptoglobin �2.76

PFKM 6-phosphofructokinase, muscle type (Phosphofructokinase 1) Only detected in Healthy sample

(b) Phospho-Enriched Protein Sample

PSMA3 Proteasome (prosome, macropain) subunit, alpha type, 3 �0.56

FLNC * Filamin C, gamma (actin binding protein 280) �0.60

CYC1 Cytochrome c-1 �0.61

CA3 * Carbonic anhydrase III, muscle specific �0.62

TOMM70A Translocase of outer mitochondrial membrane 70 homologue �0.63

PRKAR2A Protein kinase, cAMP-dependent. regulatory, type II, alpha �0.79

ATP2A1 ATPase, Caþþ transporting, cardiac muscle, fast twitch 1 �0.80

PFKM * 6-phosphofructokinase, muscle type (Phosphofructokinase 1) �1.02

PRKAR1A Protein kinase, cAMP-dependent, regulatory, type I, alpha �1.15

MYH2 * Myosin-2 �1.21

ENO1 ENO1 enolase 1 �1.36

CKM * Creatine kinase M-type �1.47

PDHB Pyruvate dehydrogenase (lipoamide) beta �1.54

UQCRC1 * Ubiquinol-cytochrome c reductase core protein I �1.59

MYOM3 Myomesin-3 �1.82

MYOT Myotilin (Titin immunoglobulin domain protein) �1.85

CFL2 Cofilin 2 �2.64

AMPD2 adenosine monophosphate deaminase 2 Only detected in Healthy sample
a Proteins were identified by ICAT-MS/MS in two experiments using vastus lateralismuscle from 4-month old healthy and GRMD dogs. Two different
experiments were performed, one with the cytosolic fraction (Healthy dog#1; GRMD dog#1: Table 2a), and the other one with a phospho-enriched
protein sample (Healthy dog#1; GRMD dog#1: Table 2b). Shown here are the centered log2 ASAP ratios (GRMD/Healthy) of the 49 identified
proteins (31 in the cytosolic protein sample and 18 in the phospho-enriched protein sample) that display abundance changes between healthy and
dystrophic muscle. Asterisks (*) denote proteins identified in both experiment (in the cytosolic and in the phopho-protein enriched fractions). GRMD,
Golden Retriever Muscular Dystrophy.
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(Figure 2C). Indeed, we could confirm that PP1 and the tubulin
R are overrepresented in dystrophic muscle, and that cofilin 2
and DJ-1 (PARK7) are underrepresented, while the level of
LDHA remains similar between the two samples. In addition, we
also confirmed by Western blot that PKM2, a protein with a
ICAT log2 ratio (GRMD/Healthy) of �0.33 (ICAT and Wes-
tern blot ratios GRMD/Healthy, respectively, 0.79 and 0.65) is

detected at lower levels in GRDM muscle (Supplemental Table
1a,b, and Figure 2). While we have chosen a stringent cutoff of
log2 ratio (0.5 to identify proteins that are differentially
represented in dystrophic muscle, proteins described in Tables 1
and 2 can be considered as potential candidates for quantitative
changes between healthy and GRMD muscle.

Functional Annotation Analysis of Protein Changes be-
tween Healthy and Dystrophic Muscles

Proteins that are differentially represented between healthy
and dystrophic muscle were grouped in functional classes
according to the Gene Ontology (GO) terms of their human
homologues according to “biological process” categories
(Table 3). A background list of nonchanging proteins is pre-
sented in Supplementary Table 4. Through this functional
annotation, the 84 proteins identified as significantly dysregu-
lated in dystrophic muscle by the ICAT experiments (namely 61
proteins from the cytosolic fraction and 36 proteins from the
phospho-enriched fraction, with an overlap of 13 proteins) were
classified into 7 major categories including: (i) muscle develop-
ment and contraction (31), (ii) glycolytic metabolism (14), (iii)
oxidative metabolism (19), (iv) calcium ion homeostasis (6), (v)
intracellular signaling (12), (vi) regulation of apoptosis (13), and
(vii) other functions (15). GO annotation of the altered pro-
teome led to several key findings which might reflect ongoing
muscle regeneration taking place within dystrophic muscle.
Importantly, our quantitative study using healthy and dystrophic
samples allowed us to reveal important changes in the abundance
of key proteins involved in these major metabolic pathways. The
list of the GO categories obtained was similar to the list found in a
study concerning the characterization of the human skeletal
muscle proteome.52 In this study, the authors identified all
the enzymes participating in the major pathways of glucose
and lipid metabolisms, a large number of proteins involved in
mitochondrial oxidative phosphorylation and calcium home-
ostasis, and isoforms of the proteins that constitute the myofi-
brillar apparatus.

We detected a number of cytoskeletal microtubules compo-
nents as being overrepresented in dystrophic muscle, such as
myosin light chains (MYL6B, MYL1, MYL3). Other muscle
structure and regeneration proteins were also overrepresented
including, tubulin, tropomyosin, filamin, and titin (Table 3). Our
study identified 5 key proteins of the glycolytic metabolic path-
way as being underrepresented in dystrophic muscle: the pyr-
uvate dehydrogenase, the phosphoglycerate kinase, the
phosphoglucomutase, the enolase and the adenylate kinase
(Table 3). Moreover, we identified alterations in the level of
several proteins involved in Ca2þ homeostasis (Table 3). The
ATPase Ca2þ transporting protein (ATP2A2) appeared under
represented in dystrophic muscle, while proteins involved in
Ca2þ translocation from the cytosol to the sarcoplasmic reticu-
lum, and in Ca2þ homeostasis during muscle contraction, were
found to be overrepresented (namely, chloride intracellular
channel, calcium/calmodulin-dependent protein kinase and
calreticulin) (Table 3). In addition, we observed an increased
level of annexins A1 and A2 in healthy muscle (Table 3),
suggesting a possible pathogenic contribution of these calcium-
binding proteins.

Among the 12 proteins that are altered in dystrophic muscle
and involved in intracellular signaling (Table 3), the protein
phosphatase 1 (PP1) and the Parkinson’s disease protein, DJ-1
(PARK7) appear particularly interesting. The PP1 phosphatase,

Figure 2. (A) Western immunoblot analyses. Representative images of
immunoblots have been shown. Cytosolic proteins were separated by
SDS-PAGE and the blotted proteins were revealed with specific anti-
bodies. The results obtained confirm the increased expression level
detected in dystrophic muscle for PP1 and the R-tubulin, and the
decreased expression level detected for cofilin 2 and DJ-1 (no significant
difference for LDHA and a low decreased expression for PKM2,). H,
healthy; GRMD, Golden Retriever Muscular Dystrophy. (B) Graphical
representation of the immunoblot analysis of proteins in dystrophic
tissue. The histogram represents the relative level of LDHA, Cofilin 2,
DJ-1, PKM2, R-tubulin, and PP1 in healthy and GRMD vastus lateralis
muscle. The mean variation (n = 3) was calculated and the GRMD value
was represented as a percentage of the healthy level taken as 100%;
Statistical significance from t test analysis (StatELsoftware ; Excel,
Microsoft): *p < 0.05; **p < 0.02 vs healthy conditions. (C) Quantitative
MS andWestern blot data Comparison of ICAT ratio and quantification
of proteins described by Western blotting experiment.
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present in skeletal muscle, is activated by the glycogen synthase
kinase 3 (GSK3β) and DJ-1 has been recently described as a
regulator of the tumor suppressor PTEN.53,54 The ICAT experi-
ment revealed a higher abundance of PP1 in dystrophic muscle
that could be confirmed by Western immunoblot analysis
(Table 3, Figure 2). The drastic underrepresentation of DJ-1
detected by ICAT was later confirmed by Western immunoblot
analysis (Table 3, Figure 2).

Decreased Protein Level and Altered Transcriptional Reg-
ulation of PGC-1r Targets

Interestingly, 30% of the proteins we found underrepresented
in dystrophic muscle are coded by genes reported to be induced
by the peroxisome proliferator-activated receptor-gamma coac-
tivator-1 alpha (PGC-1R) in murine myoblasts55 (data compiled
from the Molecular Signature Database56) (Figure 3A). In the
same study,55 a modest reduction in the expression of PGC-1R in
diabetic muscle was shown to be responsible for the mitochon-
drial deregulation observed in diabetes. Next, our hypothesis of
an altered transcriptional regulation of PGC-1R and its down-
stream putative targets in dystrophic dogmuscle was investigated
by real-time RT-PCR. The expression of PGC-1R gene and of 4
downstream putative targets genes (ACADS, FABP3, CYC1 and
PFKM) randomly chosen in the list of PGC-1R targets down-
regulated at the protein level (Table 2, Figure 3A) were analyzed
in RNA extracts from healthy and dystrophic dog muscles. As
shown in Figure 3B, the down-expression of the PGC-1R gene
(0.54( 0.08, p = 0.010) and its four target genes, ACADS (0.63
( 0.17, p = 0.059), FABP3 (0.42( 0.10, p = 0.004), CYC1 (0.53
( 0.11, p = 0.011) and PFKM (0.48 ( 0.18, p = 0.039) is
significantly validated.

This suggested to us that PGC-1R might as well be down-
regulated in the dystrophic dog muscle. To test this hypothesis,
we chose to perform an immunofluorescence experiment be-
cause of the low basal levels of this protein. In healthy dogmuscle
section, PGC-1R labeling was observed in subsarcolemmal as
well as endomysial nuclei. In dystrophic muscle, the same
expression profile was observed albeit with a lower intensity
(Figure 3C), confirming that the PGC-1R protein is under-
represented in dystrophic muscle. The immunolocalization data
(Figure 3C) show that hypertrophied and large fibers do not
display subsarcolemmal expression for PGC-1R. This label
seems to concern cluster of small fibers.

Taken together, these results strongly indicate that the
decreased protein levels of PGC-1R and of its downstream
targets in dystrophic muscles arise from a transcriptional altera-
tion (Figure 3). This alteration could play an important role in
DMD and, as such, might represent a potential therapeutic
target.35,57,58

’DISCUSSION

The precise molecular mechanisms that define the pathogen-
esis of DMD are not yet fully understood, hampering the
development of palliative treatments and interventions that
may slow down disease progression. In this perspective, high-
throughput technologies, such as microarray-based gene expres-
sion profiling, have been recently applied to human
biopsies.52,59,60 These studies revealed that the expression level
of genes involved in key metabolic pathways differ significantly
between healthy and DMD muscles (105 and 618 genes were,
respectively, identified). On the other hand, proteomic studies
performed during the past few years have demonstrated that

mass-spectrometry-based technologies can be employed to study
skeletal muscle proteins. Recently, 1D-gel electrophoresis and
HPLC�ESI�MS/MS was used to characterize the proteome of
healthy human skeletal muscle.52 This study provides the most
comprehensive proteome coverage of human skeletal muscle.
Protein expression profiling thus appears as an effective approach
to define the biochemical cascades that underlie the progressive
pathophysiology of DMD. The proteomic analysis that we
performed using the clinically relevant GRMD dogmodel indeed
allowed us to gain additional insight into the biochemical basis of
the disease. Of the 127 proteins identified in the present study
using vastus lateralis canine muscle, 101 were also detected in the
Hojlund study.52 Studies using 2D-gel electrophoresis and MS
had already been applied to the proteomic profiling of young and
aged mdx versus healthy skeletal muscle and diaphragm.22,24,31

The proteomics findings resulting from these studies support the
pathobiochemical concept that deficiency in dystrophin results in
abnormalities in glycolysis, fatty acid oxidation and ion home-
ostasis pathways. Many proteins involved in mitochondrial
function and energy metabolism were found to be altered. Of
interest, our data indicated that several proteins such as adenylate
kinase, PP1 phosphatase, annexin, carbonic anhydrase, and
aldolase were also differentially expressed in dystrophic versus
healthy dog muscle, suggesting that generalized mitochondrial
dysfunction andmetabolism crisis are a characteristic common to
dystrophic muscles from different animal model. More recently,
the combination of proteomics, metabolomics, and fluoximics
has confirmed the existence in themdxmouse model of DMD of
perturbations that reflect mitochondrial energetic alterations.61

The broad aim of these studies has been twofold, first the
identification of cofounding factors that promote or limit the
disease progression and second, the identification of new bio-
markers that could be used to more accurately define disease
status. Our study is in keeping with this perspective, and the
results obtained are discussed in details hereafter.

Glycolytic and Oxidative Metabolism
The most striking observation made during this study was the

dramatic alteration of metabolic proteins in dystrophic dog
muscle. Several key enzymes of energy metabolism appeared
underrepresented in dystrophic versus healthy dog muscle,
including proteins that control both glycolytic and oxidative
metabolism. The altered glycolytic enzymes included adenylate
kinase, a change previously noted in themdxmouse model62 and
in human patients.63 Nevertheless, the most profound alterations
were noted for a cohort of mitochondrial proteins, which again
reinforces the concept that basal metabolic function is perturbed
in the dystrophic muscle environment. In an interesting manner,
it has been estimated that 22% of the proteins detected in human
skeletal muscle could be attributed to the mitochondrion52 and
decreased energy production, mitochondrial swelling, and ab-
normalities were described as a secondary feature of muscular
dystrophy in the mdx mouse model.64,65

Among the 45 proteins that we identified as underrepresented
in dystrophic dog muscle (4 proteins are identified in both
cytosolic and phospho-enriched protein samples), 13 has been
described as regulated at the transcriptional level by the co-
activator PGC-1R (Figure 3A and ref 56). We were able to show
that PGC-1R itself was present at a lower level in dystrophic dog
muscle, strongly suggesting that the reduction in the PGC-1R-
regulated transcriptome may originate from a reduction in its
expression level (Figure 3C). Of interest, among the PGC-1R
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targets that we identified as underrepresented in dystrophic dog
muscle (Figure 3A), 5 (namely, PFKM, PGM1, ACO2, CYC1,
and FABP3) had already been identified in a transcriptomic study
as expressed at lower level in DMD versus healthy human
biopsies.60 PGC-1R has been described as a potent regulator of
mitochondrial biogenesis and oxidative metabolism in skeletal
muscle.66,67 In addition, activation of the peroxysome proliferator-
activated receptor (PPAR)/PGC-1R pathway has been shown,
by preventing the bioenergetic deficit observed, to efficiently
improve a mitochondrial myopathy phenotype,68 suggesting that
PGC-1R mediated improvement of dystrophic muscle may rely
(in part) on the restoration of PGC-1R mitochondrial targets.69

Interestingly, a recent study has shown that pharmacologic
activation of peroxisome proliferator-activated receptor
(PPAR) β/δ also leads to an upregulation in the expression of
utrophin A, which was concurrent with a partial correction of the
dystrophic phenotype.70 As such, enhancing the expression of
PGC-1R may present a multilevel advantage to improve the
dystrophic muscle phenotype.

Calcium Signaling and Trafficking
We found that a number of proteins involved in Ca2þ

translocation and homeostasis, namely, chloride intracellular
channel, calcium/calmodulin-dependent protein kinase, and

Figure 3. Decrease protein level and altered transcriptional regulation of PGC-1R targets in GRMD dog muscle. (A) Set of proteins underrepresented
in dystrophic muscle identified as PGC-1R targets. (B) Relative level of PGC-1R gene and of selected target genes in healthy and dystrophic dogmuscles
by quantitative RT-PCR. Data are means( SEM of 2 individual healthy and 3 individual GRMD dogs. Statistical significance from t test analysis: *p <
0.05; **p < 0.01 vs healthy conditions. The LDHA gene was used as an internal reference gene. (C) Immunofluorescence analysis of PGC-1R for muscle
sections from healthy and GRMD dogs. β-Dystroglycan, plasma membrane marker (red fluorescence); PGC-1R (green fluorescence); nuclei stained
(blue fluorescence); andmerge. Scale bar: 40 μm. A strong fluorescent labeling is visible in healthy muscle at the periphery of muscle fibers, whereas a fall
in the intensity for PGC-1R staining was observed in the dystrophic dogs sample.
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calreticulin as well as some forms of annexinswere overrepresented in
dystrophic versus healthy dog muscle (Table 3). The increased
expression of calcium-handling proteins is likely to be a compensatory
response to the altered calcium dynamics observed in dystrophic
muscle fibers. Indeed, when dystrophin is absent from muscle, a
natural membrane resealing process occurs; Ca2þ leak channels are
introduced into the sarcolemma, causing an elevation of cytosolic
Ca2þ.23 The elevation of proteins involved in calcium homeostasis
and trafficking observed indystrophic dogmuscle could bepart of this
mechanism. As far as the annexins are concerned, a study performed
in the mouse model of dysferlinopathy, another muscular pathology
that includes the Limb Girdle Muscular Dystrophy type 2B, had
already shown that annexin A1 and A2 interact with dysferlin and the
proteins had been described as potential muscular dystrophy genes.71

Annexins form a diverse family of Ca2þ-dependent phospholipid
binding proteins widely distributed that are involved in a variety of
processes, including membrane scaffolding, trafficking and organiza-
tion of vesicles, exocytosis, endocytosis, and calcium ion channel
formation. The increased level of annexins detected in dystrophic
versus healthy dog muscle may reflect an adaptation to the altered
calcium concentrations and the continual sarcolemmal disruptions
observed in these circumstances.

Intracellular Signaling
Lastly, we identified alterations in a number of key signaling

proteins in dystrophic muscle. Notably, our ICAT analysis
revealed a strong increase in the level of the PP1 protein in
dystrophic dog muscle, which was confirmed by Western im-
munoblot (Table 1 and Figure 2). In skeletal muscle, PP1 is
known to regulate both glycogen and fatty metabolism,72 while
promoting the dephosphorylation of myosin.73 Interestingly, a
constitutive activation of PP1 had been reported previously in
mdx skeletal muscle, and attributed to the enhanced protein
turnover that occurs during ongoing muscle damage,31,54 sug-
gesting that the increased level of PP1 that we also observed in
dystrophic dog muscle may represent a conserved feature in
DMD animal model. We also detected a drastic underrepresen-
tation of the DJ-1 protein in dystrophic versus healthy dog
muscle (also called PARK7). This Parkinson’s disease-associated
protein was recently described as a negative regulator of the
tumor suppressor PTEN, a phosphatase involved in the regula-
tion of the PI3K/Akt pathway.53 In a previous study,19 we
showed that PTEN is overrepresented and more active in
dystrophic versus healthy dog muscle, leading to a decreased
phosphorylation of Akt and the downstream kinases GSK3β and
p70S6K. Other studies performed in the mdx mouse model and
in human biopsies had already described an alteration of the
PI3K/Akt signaling pathway in the dystrophic muscle,17,74,75 and
it has been shown that increasing Akt activity by transgenic
overexpression of the activated kinase itself can reverse the
dystrophic phenotype.20,76 Given the role of DJ-1 in the regula-
tion of the PTEN phosphatase, the results presented here suggest
that PTEN activation in dystrophic dog muscle may originate
from the underexpression of DJ-1. Noteworthy, in addition to its
role in PTEN’s regulation, DJ-1 also promotes the activity of
PGC-1R.77 As such, DJ-1 sensitive signaling pathways may
provide high priority targets for the development of novel drug
therapies for DMD.

Summary
We used the ICAT/MS technology to map and identify

clinically relevant alterations in the proteomic signature of
dystrophic dog muscle. We were able to identify differences in

the representation of key proteins between healthy and GRMD
skeletal muscles, supporting the hypothesis that secondary
changes may play an active role in muscular dystrophy. Our
observations provide the first evidence of a dysregulation of the
co-activator PGC-1R in dystrophic dog muscle, an alteration that
may be at the origin of the general metabolic crisis that
characterizes the disease. Taken together, these results suggest
that the restoration of metabolic control may offer a novel
treatment regime to attenuate dystrophic muscle damage.
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