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Quantitative Proteomic Analysis Reveals
Metabolic Alterations, Calcium Dysregulation,
and Increased Expression of Extracellular Matrix
Proteins in Laminin a2 Chain-deficient Muscle*s

Bruno Menezes de Oliveirat§, Cintia Y. Matsumurat§q], Cibely C. Fontes-Oliveira§,
Kinga |. Gawlik§, Helena Acostal,, Patrik Wernhoff§, and Madeleine Durbeej§**

Congenital muscular dystrophy with laminin a2 chain de-
ficiency (MDC1A) is one of the most severe forms of mus-
cular disease and is characterized by severe muscle
weakness and delayed motor milestones. The genetic ba-
sis of MDC1A is well known, yet the secondary mecha-
nisms ultimately leading to muscle degeneration and
subsequent connective tissue infiltration are not fully under-
stood. In order to obtain new insights into the molecular
mechanisms underlying MDC1A, we performed a compara-
tive proteomic analysis of affected muscles (diaphragm and
gastrocnemius) from laminin o2 chain-deficient dy®</dy®¥
mice, using multidimensional protein identification technol-
ogy combined with tandem mass tags. Out of the approxi-
mately 700 identified proteins, 113 and 101 proteins, respec-
tively, were differentially expressed in the diseased
gastrocnemius and diaphragm muscles compared with nor-
mal muscles. A large portion of these proteins are involved in
different metabolic processes, bind calcium, or are ex-
pressed in the extracellular matrix. Our findings suggest that
metabolic alterations and calcium dysregulation could be
novel mechanisms that underlie MDC1A and might be targets
that should be explored for therapy. Also, detailed knowledge
of the composition of fibrotic tissue, rich in extracellular ma-
trix proteins, in laminin o2 chain-deficient muscle might help
in the design of future anti-fibrotic treatments. All MS data
have been deposited in the ProteomeXchange with identi-
fier PXD000978 (http://proteomecentral.proteomexchange.
org/dataset/PXD000978). Molecular & Cellular Proteomics
13: 10.1074/mcp.M113.032276, 3001-3013, 2014.
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Congenital muscular dystrophy with laminin «2 chain defi-
ciency, also known as MDC1A," is a severe muscle wasting
disease for which there is no cure. MDC1A is caused by
mutations in the LAMAZ2 gene that lead to complete or partial
deficiency of laminin a2 chain (1-3). Although the primary
defect in MDC1A is known, the secondary molecular mecha-
nisms eventually leading to muscle degeneration are not fully
understood. In normal muscle, laminin «2 chain binds to the
cell surface receptors dystroglycan and integrin «781, which
both indirectly bind the cytoskeleton (4-7). Both of these
adhesion complexes are important for normal skeletal muscle
function, and laminin «2 chain binding to dystroglycan con-
tributes to the maintenance of sarcolemmal integrity and pro-
tects muscles from damage (8), whereas laminin «2 chain
binding to integrin «7B1 promotes myofiber survival (9, 10). In
MDCH1A, laminin «2 chain is absent or severely reduced, and
the expression of dystroglycan and «731 is also dysregulated in
MDCH1A (9, 11, 12). Thus, the structural link is broken, and the
yet to be determined downstream intracellular signaling path-
ways are also interrupted. Consequently, laminin «2 chain-
deficient muscle fibers undergo degeneration-regeneration cy-
cles, but rather quickly regeneration fails and muscle fibers
die by apoptosis/necrosis followed by a major replacement of
muscle tissue with connective tissue (3, 7). In order to unravel
novel secondary molecular mechanisms, which could indicate
new therapeutic targets, we decided to evaluate the protein
expression profile in laminin «2 chain—deficient dy*</dy*¥
muscle. Several proteomic profiling studies of dystrophin-
deficient muscles (Duchenne muscular dystrophy) have been
performed (13-20), as well as some with dysferlin-deficient
muscles (Limb-girdle muscular dystrophy type 2B, Miyoshi
myopathy) (21, 22). They all showed a great number of pro-
teins that were differentially expressed in different dystrophic
muscles and at different ages (13-22). However, proteomic
analyses of laminin «2 chain-deficient muscle have not yet
been performed. We here used multidimensional protein iden-
tification technology with tandem mass tags (TMT), a powerful

" The abbreviations used are: MDC1A, merosin congenital muscu-
lar dystrophy type 1A; TMT, tandem mass tags.
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TABLE |
Experimental setup for gastrocnemius (GAST) and diaphragm (DIA)
muscles under two conditions (dy®</dy®* and wild-type (WT)) and with
three biological replicates (pools 1, 2, and 3). The internal standard
was a mixture of all samples

Groups TMT label

Pool 1 (n=5) GAST WT 127

DIA WT

GAST dy**/dy™* 129

DIA dy**/ay*® 130

Internal standard 126
Pool 2 (n=5) GAST WT 130

DIA WT 129

GAST ay™*/ay™*

DIA dy**/dy** 127

Internal standard 126
Pool 3 (n=5) GAST WT 129

DIA WT 130

GAST dy**/dy™* 127

DIA dy**/ay*®

Internal standard 126

shotgun label-based proteomic method that separates peptides
in two-dimensional liquid chromatography (23, 24). We identi-
fied around 100 proteins that were differentially expressed in
laminin a2 chain—deficient gastrocnemius and diaphragm mus-
cles relative to the corresponding wild-type muscles, and the
differential expression of selected proteins was verified with
Western blot analysis or immunofluorescence.

EXPERIMENTAL PROCEDURES

Animals—Four-week-old laminin a2 chain—deficient dy®</dy
mice and wild-type littermates (n = 15 each) were used (25). Mice
were maintained in the animal facilities of BMC (Lund) according to
the animal care guidelines. All mouse experimentation was approved
by the Malmé/Lund (Sweden) ethical committee for animal research
(permit number M62-09).

Protein Extraction, Digestion, TMT Labeling, and Strong Cation
Exchange Fractionation— Animals were sacrificed by means of cervi-
cal dislocation, and the diaphragm and gastrocnemius muscles were
collected, frozen in liquid nitrogen, and pulverized using a mortar and
pestle. Subsequently, we used the same experimental setup as pre-
viously described (18). Three different pools for each group (dy*¥/dy®<
and wild-type mice) were made, each composed of muscles from five
animals (Table ). Protein was extracted in lysis buffer (10 mm
NaHCOg, 5% SDS containing freshly added protease and phospha-
tase inhibitors (Roche)) via ultrasonication (3 X 5 s at 4 °C). Samples
were centrifuged for 5 min (15,000 X g), and supernatant was col-
lected. The protein concentration was determined using a BCA Pro-
tein Assay Kit (Pierce). Subsequently, samples were processed ac-
cording to the instructions for the TMT isobaric mass tagging kits and
reagents (Pierce). Briefly, 100 ng of proteins per condition were
placed in an Eppendorf tube. Forty-five microliters of 100 mm triethyl
ammonium bicarbonate were added to the sample, and the sample
was adjusted to a final volume of 100 ul with ultrapure water. Five
microliters of 200 mm TCEP (reducing agent) were added and incu-

bated at 55 °C for 1 h. Five microliters of 375 mm iodoacetamide was
added, and samples were incubated for 30 min while protected from
light. After this, samples were precipitated overnight with six volumes
of prechilled (—20 °C) acetone. Finally, protein pellets were resus-
pended in 100 ul of 100 mm triethyl ammonium bicarbonate. At this
point trypsin was added, and proteolytic digestion was allowed over-
night at 37 °C. Label reagents were prepared at room temperature,
and 41 ul of each reagent were used to label 100 ng of protein.
Besides our four samples to be analyzed, a standard one, composed
of equal fractions of the four others, was labeled. This standard
sample was our reference, used to define the relative protein amounts
for each analyzed sample. Our labeling design allowed a label swap,
in order to avoid possible bias due to technical errors (Table I). The
label reaction proceeded for 1 h at room temperature, and subse-
quently reactions were quenched with 8 ul of 5% hydroxylamine for
15 min, mixed, and stored at —80 °C. Pooled TMT-labeled samples
were fractionated by strong cation exchange (Applied Biosystems,
Foster City, CA) using 500 ul of elution buffer (KH,PO,, 25 mm
acetonitrile, pH 2.9) containing increasing concentrations of KCI (30,
60, 90, 120, 240, 300, 420, and 500 mm KCI) and collected as
fractions 1-8, respectively. The fractions were cleaned on Ultra Mi-
crospin C18 columns (The Nest Group, Southborough, MA), dried,
and resuspended in 30 ul of 0.1% formic acid.

LC-MS/MS Analysis on LTQ-OrbitrapXL —Samples were analyzed
at the Gothenburg Proteomics Core, Gothenburg University, following
the protocol described below. Desalted and dried fractions were
reconstituted into 0.1% formic acid and analyzed on an LTQ-
OrbitrapXL (Thermo Fisher Scientific) interfaced with an in-house-
constructed nano-LC column. Two-microliter sample injections were
made with an HTC-PAL autosampler (CTC Analytics AG, Zwingen,
Switzerland) connected to an Agilent 1200 binary pump (Agilent Tech-
nologies, Santa Clara, CA). The peptides were trapped on a pre-
column (40 X 0.075 mm inner diameter) and separated on a reversed
phase column (200 X 0.050 mm). Both columns were packed in-
house with 3-um Reprosil-Pur C18-AQ particles. The flow through the
analytical column was reduced by a split to ~100 nl/min, and the
gradient was as follows; 0—6 min, 0.1% formic acid; 6-76 min, 7% to
35% acetonitrile, 0.1% formic acid; 7679 min, 40% to 80% aceto-
nitrile, 0.1% formic acid. LTQ-OrbitrapXL settings were as follows:
spray voltage, 1.4 kV; 1 microscan for MS1 scans at 60,000 resolution
(m/z 400); full MS mass range, m/z 400-2000. The LTQ-OrbitrapXL
was operated in a data-dependent mode with one MS1 Fourier trans-
form MS scan of precursor ions followed by collision-induced disso-
ciation and high-energy collision dissociation MS2 scans of the three
most abundant doubly, triply, and quadruply protonated ions in each
Fourier transform MS scan. The settings for the MS2 were as follows:
1 microscan for high-energy collision dissociation MS2 at 7500 res-
olution (at m/z 400), mass range of m/z 100-2000 with a collision
energy of 50%, and 1 microscan for collision-induced dissociation
MS2 with a collision energy of 30%. Dynamic exclusion of a precursor
selected for MS2 was used for 120 s after one repeat, allowing most
of the co-eluting precursors to be selected for MS2. All samples were
analyzed a second time as described above, and also a third time
using an exclusion list of all m/z within a 3-min retention window,
already passing the identification criteria within the TMT set (eight
fractions) in the database search.

Database Search and TMT Quantification—MS raw data files from
all eight strong cation exchange fractions per one TMT set and three
MS runs were merged for relative quantification and identification
using Proteome Discoverer version 1.3 (Thermo Fisher Scientific). The
database search was performed with the Mascot search engine using
the following criteria: Mus musculus in Swiss-Prot protein database
from April 2012 (535,698 entries); MS peptide tolerance of 10 ppm;
MS/MS tolerance of 0.5 Da; trypsin digestion allowing one missed
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cleavage with variable modifications (methionine oxidation, cysteine
methylthiol) and fixed modifications (N-terminal TMT6-plex label, ly-
sine TMT6-plex label). The detected protein threshold in the software
was set to a confidence using the 1% false discovery rate method,
and identified proteins were grouped by shared sequence to minimize
redundancy. For quantification, the ratios of TMT reporter ion inten-
sities in MS/MS spectra (m/z 126.12, 127.13, 128.13, 129.14, 130.14)
from raw datasets were used to calculate fold changes between
samples via the relative ratio to the reference pool. Only peptides
unique for a given protein were considered for relative quantitation,
excluding those common to other isoforms or proteins of the same
family. Only peptides with a score of >10 and below the Mascot
significance threshold filter of p = 0.05 were included. Single peptide
identifications required a score equal to or above the Mascot identity
threshold. Normalization of protein median was used, and the median of
peptides was used for determining protein ratio; the resulting ratios
were exported into Excel for manual data interpretation. The mass
spectrometry proteomics data have been deposited to the Proteome-
Xchange Consortium (http://proteomecentral.proteomexchange.org)
via the PRIDE partner repository (26) with the dataset identifier
PXD000978. Please see the supplemental material for annotated
spectra and Table | for the experimental setup.

Data Analysis—To determine which proteins were differentially ex-
pressed, only proteins quantified in all three runs (see Table | for the
experimental setup) were used; average values were compared, and
Student’s t test was performed to validate differences (p < 0.05)
(supplemental Tables S1-S3). Still, compared proteins should present
a variation coefficient of less than 25% and a protein ratio less than
1.25 or greater than 1.25. In order to avoid multiple hypothesis test
error, g-values were estimated (27, 28). Also, to ensure the reproduc-
ibility of our findings, the retrospective statistical power was calcu-
lated using the free statistical software package R, according to Ref.
29. Only results for B = 0.8 were validated as true.

Western Blot Analysis—Muscles were collected and proteins were
extracted as described above, but from a different animal cohort (n =
4 for each genotype). Thirty micrograms of total protein were applied
per well. SDS-PAGE was performed according to Laemmli’s protocol
using 12% pre-casted gels in a Mini Protean Tetracell Electrophoresis
System (Bio-Rad), followed by electrophoretic transfer. PVDF mem-
branes were blocked in 5% non-fat dry milk in TBS with 0.05%
Tween-20 overnight at 4 °C. Membranes were incubated with primary
antibodies (rabbit anti-isocitrate dehydrogenase, 1:1000, NBP1-
31599, Novus (Littleton, CO); mouse anti-SERCA1 ATPase, 1:4000,
ab2819, Abcam; mouse anti-calsequestrin 1 and 2, 1:1000, ab3516,
Abcam (Cambridge, UK); goat anti-annexin A1, 1:1000, NBP1-18842)
for 1 h at room temperature and subsequently washed three times for
10 min in TBS with 5% Tween-20. Membranes were once again
blocked in 5% non-fat dry milk for 1 h and then incubated with
secondary antibodies (1 h at room temperature). After three 10-min
washes with TBS with 5% Tween-20, membranes were incubated in
ECL chemiluminiscence solution (Amersham Biosciences), exposed
to Hyperfilm (Amersham Biosciences), and developed (Curix 60,
AGFA, Mortsel, Belgium). We applied the Mann-Whitney U test to
assess whether the difference in protein expression was statistically
significant. Statistical significance was accepted for p < 0.05.

Immunofluorescence— Skeletal muscle (quadriceps and dia-
phragm) sections of 7 um were processed for immunofluorescence
analyses following standard procedures (30) with rabbit polyclonal
antibodies directed against periostin (1:200, NBP1-30042, Novus)
and galectin-1 (1:100, NBP1-89791, Novus). Sections were analyzed
using a Zeiss Axioplan fluorescence microscope. Images were cap-
tured using an ORCA 1394 ER digital camera with the Openlab 3
software.

RESULTS

Shotgun Proteomic Analysis of Laminin «2 Chain—deficient
Gastrocnemius and Diaphragm—Two-dimensional polyacryl-
amide gel electrophoresis has mainly been used as the pro-
teomic approach to analyze dystrophic muscle (13-17). To
overcome several drawbacks associated with this technique,
we decided to use a label-based proteomic approach com-
bining TMT labels and the multidimensional protein identifi-
cation technology method. In this kind of analysis, whole
samples are digested with a protease prior to identification
and quantification of proteins in the sample. In our case we
used trypsin, and peptides were labeled with an isobaric tag
(TMT) for quantification (24). Subsequently, samples were
fractionated using biphasic capillary columns packed with
strong cation exchange and reversed phase material to sep-
arate digested and TMT-labeled whole protein mixtures. La-
beled peptides were thus separated based on their charge
and hydrophobicity, and the identification and quantification
of peptides in eluted fractions was achieved using a mass
spectrometer (peptides were identified through database
searching and quantified by evaluation of reporter ion inten-
sities from labels) (31, 32).

We analyzed gastrocnemius and diaphragm muscles from
4-week-old laminin «2 chain-deficient dy*/dy** and age-
matched wild-type littermates. At this age, dy**/dy®* muscles
display typical pathological hallmarks such as small or
rounded fibers (which indicate de-/regeneration), variation in
muscle fiber diameter, centralized nuclei (indicative of regen-
eration), and the presence of inflammatory cells or adipose
and fibrotic tissue (25, 33). With the multidimensional protein
identification technology approach, we identified around 700
proteins in gastrocnemius and diaphragm muscles (sup-
plemetal Table S4). Among these, 113 and 101 proteins,
respectively, were found to be differentially altered in their
levels by at least a factor of +1.25 in dy®*/dy>* gastrocnemius
and diaphragm muscle relative to corresponding wild-type
muscles. In laminin a2 chain-deficient gastrocnemius mus-
cle, there were 82 down-regulated and 31 up-regulated pro-
teins, and in diaphragm muscle, 77 proteins were down-
regulated and 24 were up-regulated. Around 62% of the
down-regulated proteins and ~67% of the up-regulated pro-
teins in the two muscles were identical (Tables II-V). Overall,
a vast majority of the differentially expressed proteins were
intracellular proteins, but also several extracellular and
plasma membrane proteins were identified. We used the
PANTHER classification system to group the proteins with
differential expression into different biological processes.
Among the down-regulated proteins were proteins involved in
metabolic processes, generation of precursor metabolites
and energy, cellular processes, system processes, transport
processes, and developmental processes. Among the up-
regulated proteins were proteins involved in cellular pro-
cesses, metabolic processes, cellular component organiza-
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TABLE Il
Underrepresented proteins in laminin «2 chain-deficient gastrocnemius versus wild-type gastrocnemius

> Number of Fold

Accession Description > Coverage  p value peptides change
P32848 Parvalbumin « 66.36 6.13E-01 11 —3.59
088990 a-Actinin-3 45.33 7.11E-01 33 —2.98
Q5XKEOQ Myosin-binding protein C, fast-type 33.19 9.80E-01 32 —2.97
Q5SX39 Myosin-4 61.84 9.50E-01 140 —2.96
Q3TJD7 PDZ and LIM domain protein 7 4.16 8.09E-01 2 —2.65
P07310 Creatine kinase M-type 61.42 4.90E-01 25 —2.56
P05064 Fructose-bisphosphate aldolase A 43.96 8.75E-01 18 —-2.40
Q9WUBS3  Glycogen phosphorylase, muscle form 42.87 9.41E-01 35 -2.35
070250 Phosphoglycerate mutase 2 34.39 7.39E-01 9 —2.33
P58771 Tropomyosin a-1 chain 74.30 6.96E-01 31 —-2.21

P21550 B-Enolase 40.09 8.30E-01 18 -2.10
Q9D6R2 Isocitrate dehydrogenase [NAD] subunit «, mitochondrial 11.20 5.59E-01 3 —2.06
P06151 L-lactate dehydrogenase A chain 37.35 7.17E-01 16 -2.03
Q8R429 Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 32.39 6.11E-01 34 —2.01

Q9Qz47 Troponin T, fast skeletal muscle 30.15 5.16E-01 9 —-2.00
P13707 Glycerol-3-phosphate dehydrogenase [NAD+], cytoplasmic 25.50 9.96E-01 7 -1.97
P47857 6-phosphofructokinase, muscle type 22.69 7.64E-01 14 —-1.93
008532 Voltage-dependent calcium channel subunit «-2/8-1 3.81 5.37E-01 2 —1.92
P13412 Troponin |, fast skeletal muscle 28.57 7.49E-01 6 —1.89
P17751 Triosephosphate isomerase 34.78 7.51E-01 8 —1.89
P20801 Troponin C, skeletal muscle 47.50 6.61E-01 6 —-1.89
P28650 Adenylosuccinate synthetase isozyme 1 17.94 7.11E-01 6 —1.89
P09411 Phosphoglycerate kinase 1 27.34 9.91E-01 11 —1.89
Q9DOF9 Phosphoglucomutase-1 15.48 9.27E-01 8 —1.89
009165 Calsequestrin-1 23.21 7.28E-01 10 -1.87
P16858 Glyceraldehyde-3-phosphate dehydrogenase 46.25 8.51E-01 12 —1.84
Q9R0OY5 Adenylate kinase isoenzyme 1 57.73 6.36E-01 12 —1.82
P62631 Elongation factor 1-a 2 31.97 9.43E-01 11 —1.76
P52480 Pyruvate kinase isozymes M1/M2 36.35 9.38E-01 15 —1.75
P56392 Cytochrome c oxidase subunit 7A1, mitochondrial 16.25 6.95E-01 1 —-1.75
Q9JK37 Myozenin-1 39.19 6.91E-01 8 —-1.72
Q6P8J7 Creatine kinase S-type, mitochondrial 33.65 5.68E-01 14 -1.72
Q60932 Voltage-dependent anion-selective channel protein 1 47.97 6.69E-01 11 -1.71

P06745 Glucose-6-phosphate isomerase 17.38 8.76E-01 9 -1.71

Q91YES8 Synaptopodin-2 2.58 6.30E-01 3 -1.70
A2ASS6 Titin 19.75 6.91E-01 550 -1.70
P63038 60 kDa heat shock protein, mitochondrial 17.63 7.56E-01 9 -1.68
QICR68 Cytochrome b-c1 complex subunit Rieske, mitochondrial 46.35 5.81E-01 7 —1.67
QIWUMS5  Succinyl-CoA ligase [GDP-forming] subunit «, mitochondrial 14.74 4.92E-01 5 —1.67
Q9D855 Cytochrome b-c1 complex subunit 7 20.72 6.22E-01 2 —1.66
P97457 Myosin regulatory light chain 2, skeletal muscle isoform 71.60 9.22E-01 16 —1.66
P05977 Myosin light chain 1/3, skeletal muscle isoform 76.06 8.05E-01 18 —1.66
P68134 Actin, o skeletal muscle 58.62 5.40E-01 23 —1.66
P08249 Malate dehydrogenase, mitochondrial 46.45 4.87E-01 13 —-1.65
Q61425 Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial 17.83 5.72E-01 4 —1.63
Q9CQC7 NADH dehydrogenase [ubiquinone] 1 8 subcomplex subunit 4 27.13 6.62E-01 2 —-1.59
Q62234 Myomesin-1 16.08 6.80E-01 22 -1.59
Q06185 ATP synthase subunit e, mitochondrial 35.21 7.80E-01 2 —1.59
Q9Z1E4 Glycogen [starch] synthase, muscle 1.08 5.65E-01 1 —-1.59
P14152 Malate dehydrogenase, cytoplasmic 25.75 6.77E-01 6 —1.56
Q97219 Succinyl-CoA ligase [ADP-forming] subunit 8, mitochondrial 11.23 6.86E-01 6 —1.58
Q9D051 Pyruvate dehydrogenase E1 component subunit 8, mitochondrial 29.53 6.87E-01 8 -1.53
Q9D3D9 ATP synthase subunit §, mitochondrial 41.07 4.95E-01 4 —-1.52
008749 Dihydrolipoyl dehydrogenase, mitochondrial 14.93 6.08E-01 5 —1.51

QICPQ1 Cytochrome ¢ oxidase subunit 6C 21.05 9.04E-01 2 -1.50
P01942 Hemoglobin subunit « 71.13 7.73E-01 9 -1.50
Q99KIO Aconitate hydratase, mitochondrial 31.79 4.90E-01 21 —1.49
P58774 Tropomyosin 3 chain 79.23 5.15E-01 34 —1.48
P12787 Cytochrome ¢ oxidase subunit 5A, mitochondrial 39.04 6.12E-01 8 —1.48
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TaBLE ll—continued

. - > Number of Fold
Accession Description > Coverage  p value peptides change
Q9CzU6 Citrate synthase, mitochondrial 34.70 5.37E-01 11 —1.46
QIDCX2 ATP synthase subunit d, mitochondrial 69.57 9.78E-01 9 —1.45
P54071 Isocitrate dehydrogenase [NADP], mitochondrial 28.32 6.62E-01 11 —1.45
Q9DCW4  Electron transfer flavoprotein subunit g 42.35 6.38E-01 11 —1.44
Q8VEMS8 Phosphate carrier protein, mitochondrial 14.57 6.39E-01 6 —1.44
P56480 ATP synthase subunit 8, mitochondrial 64.46 5.28E-01 22 —1.43
Q91WD5 NADH dehydrogenase [ubiquinone] iron-sulfur protein 2, 12.31 6.08E-01 4 —1.43

mitochondrial
Q9JKS4 LIM domain-binding protein 3 17.01 5.78E-01 9 —1.42
P19783 Cytochrome c oxidase subunit 4 isoform 1, mitochondrial 20.71 7.65E-01 5 —1.41
Q07417 Short-chain specific acyl-CoA dehydrogenase, mitochondrial 7.77 5.59E-01 3 —-1.40
P56391 Cytochrome c oxidase subunit 6B1 20.93 5.00E-01 3 —1.40
Q9DB20 ATP synthase subunit O, mitochondrial 41.31 4.98E-01 9 —1.39
P35486 Pyruvate dehydrogenase E1 component subunit «, somatic form, 19.74 9.28E-01 6 -1.39
mitochondrial
Q9Cz13 Cytochrome b-c1 complex subunit 1, mitochondrial 19.17 8.11E-01 9 —1.38
P05202 Aspartate aminotransferase, mitochondrial 26.98 6.77E-01 10 —-1.37
Q8R1I1 Cytochrome b-c1 complex subunit 9 39.06 5.25E-01 3 -1.37
Q03265 ATP synthase subunit «, mitochondrial 54.97 5.37E-01 27 —-1.33
Q91YTO NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial 19.61 7.55E-01 7 -1.32
QID2G2 Dihydrolipoyllysine-residue succinyltransferase component of 12.33 5.87E-01 5 -1.31
2-oxoglutarate dehydrogenase complex, mitochondrial
P70670 Nascent polypeptide-associated complex subunit a, muscle- 1.19 7.92E-01 3 -1.28
specific form
P97807 Fumarate hydratase, mitochondrial 25.44 5.55E-01 12 —-1.27
Q7TQ48 Sarcalumenin 21.76 7.18E-01 12 -1.27
P11404 Fatty acid-binding protein, heart 54.14 5.67E-01 7 —-1.26

tion, cell communication, developmental processes, and
system processes (Figs. 1A-1D). Oxidoreductases, trans-
ferases, cytoskeletal proteins, and calcium-binding proteins
were among the most underrepresented proteins in dy®</dy®*
muscles, whereas receptors, calcium-binding proteins, cyto-
skeletal proteins, and extracellular matrix proteins were
among the most overrepresented proteins (Tables II-V).
Altered Metabolism in Laminin «2 Chain-deficient Mus-
cle—A clear majority of the down-regulated proteins be-
longed to the class of metabolic processes/generation of
precursor metabolites and energy, such as glycolysis, fatty
acid B-oxidation, acyl CoA metabolic processes, pyrimidine
and purin base metabolic processes, tricarboxylic acid cycle,
oxidative phosphorylation, and respiratory electron transport
chain (Tables Il and IV). Each of these pathways is complex,
involving numerous proteins. For example, the following pro-
teins were down-regulated in laminin a2 chain—deficient mus-
cles: fructose-biphosphate aldolase A, 6-phosphofrucoki-
nase, L-lactate dehydrogenase, and glucose-6-phosphate
isomerase (glycolysis-related); short-chain specific acyl-CoA
dehydrogenase, medium-chain specific acyl-CoA dehydro-
genase, and 2,4-dienoyl-CoA reductase (involved in fatty acid
B-oxidation and acyl coA metabolic processes); adenylate
kinase isoenzyme 1, phosphoglutamase-1, and various sub-
units of ATP synthase (pyrimidine and purin base metabolic
processes); isocitrate dehydrogenase, succinyl-CoA ligase,

malate dehydrogenase, and citrate synthase (tricarboxylic
acid cycle-related); and various subunits of cytochrome c
oxidase, electron transfer flavoprotein, and various subunits
of ATP synthase (involved in oxidative phosphorylation and
respiratory electron transport chain). Also, in a previous gene
expression profiling study we noted that several down-regu-
lated genes were assigned to metabolic themes (34). We next
performed Western blot analysis to validate the proteomic
findings, and indeed isocitrate dehydrogenase was signifi-
cantly down-regulated in laminin «2 chain—deficient muscle
(Fig. 2).

Impaired Calcium Homeostasis in Laminin «2 Chain-
deficient Muscle—An increase in cytosolic calcium concen-
tration has been connected to the pathomechanism of mus-
cular dystrophy (35), but it is not yet clear whether impaired
calcium homeostasis is pathogenic in MDC1A. In some mus-
cular dystrophies (e.g. Duchenne muscular dystrophy), the
muscle cell membrane is easily damaged, and this could lead
to an influx of calcium in the cell; alternatively, enhanced
calcium entry may occur through a class of stretch-activated
channels. The increased calcium leads to necrosis and/or
apoptosis of the muscle fiber through distinct mechanisms
(36-38). Also, the expression levels of proteins involved in the
regulation of intracellular calcium concentration could be al-
tered in muscular dystrophy (39). In MDC1A, there is little
evidence of sarcolemmal disruption (40, 41), but we noted

Molecular & Cellular Proteomics 13.11

3005



Proteomic Profiling of MDC1A Muscle

TaBLE Il
Overrepresented proteins in laminin a2 chain—-deficient gastrocnemius versus wild-type gastrocnemius

Accession Description > Coverage p value = Numper of Fold
peptides change
Q62009 Periostin 4.30 1.96E-05 2 4.95
Q9Z1T2 Thrombospondin-4 3.63 2.84E-02 2 3.75
P10107 Annexin A1 10.40 1.87E-03 3 3.18
P62962 Profilin-1 27.14 4.90E-04 3 2.82
P62806 Histone H4 52.43 1.25E-02 7 2.38
P04117 Fatty acid-binding protein, adipocyte 29.55 8.51E-03 5 2.31
P16045 Galectin-1 17.78 5.24E-04 2 2.27
P20152 Vimentin 53.86 2.25E-02 26 2.20
P51885 Lumican 25.15 1.40E-02 7 2.18
P28653 Biglycan 28.18 1.56E-02 8 2.12
P15864 Histone H1.2 33.02 1.45E-04 9 2.05
P48036 Annexin A5 22.88 7.68E-04 7 1.98
P48678 Prelamin-A/C 26.32 2.03E-03 14 1.97
Q9D0J8 Parathymosin 11.88 1.30E-03 1 1.87
P43276 Histone H1.5 8.97 2.17E-03 2 1.79
P97447 Four and a half LIM domains protein 1 11.07 1.65E-02 3 1.78
088569 Heterogeneous nuclear ribonucleoproteins A2/B1 9.63 9.16E-03 3 1.75
P10854 Histone H2B type 1-M 47.62 3.04E-03 7 1.73
P13542 Myosin-8 48.89 1.57E-02 111 1.66
P68433 Histone H3.1 16.91 1.834E-02 3 1.64
pP23927 a-Crystalline B chain 20.00 2.58E-02 3 1.60
Q8VHX6 Filamin-C 9.98 5.25E-03 18 1.55
Q9Czm2 60S ribosomal protein L15 16.18 1.69E-02 3 1.54
Q8CGP6 Histone H2A type 1-H 32.08 8.67E-03 4 1.53
P17742 Peptidyl-prolyl cis-trans isomerase A 27.44 8.84E-04 5 1.51
P62301 40S ribosomal protein S13 23.18 8.58E-04 3 1.44
Q8BH64 EH domain-containing protein 2 15.47 2.39E-02 6 1.39
Q04857 Collagen a-1(VI) chain 12.20 2.79E-02 11 1.38
009161 Calsequestrin-2 9.88 2.14E-02 4 1.37
P10922 Histone H1.0 26.80 1.55E-02 5 1.36
PO7724 Serum albumin 31.09 1.44E-02 22 1.35

that parvalbumin, a protein that acts as a soluble intracel-
lular calcium buffer (and is present in high concentrations in
fast-contracting skeletal muscles), was significantly down-
regulated in laminin a2 chain-deficient muscles (Table I
and 1V, first protein in the lists). Also, SERCA1 (which re-
sides in the sarcoplasmic reticulum and transfers calcium
from cytosol to sarcoplasmic reticulum lumen) was down-
regulated in laminin «2 chain—-deficient muscles, as was
calsequestrin-1 (which also resides in sarcoplasmic reticu-
lum and helps hold calcium in sarcoplasmic reticulum) (Ta-
bles Il and IV; Fig. 2). The expression of calsequestrin-2, in
contrast, was up-regulated, at least in gastrocnemius mus-
cle (Table lll; Fig. 2).

Inflammation and Composition of Fibrotic Tissue in Laminin
a2 Chain-deficient Muscle—We detected increased levels
of annexins A1, A2, and A5 in laminin o2 chain—deficient
muscle (Tables Il and V). The annexins are phospholipid- and
calcium-binding proteins involved in numerous physiological
processes (42). Several members of the annexin family (e.g.
annexins A1, A2, and A5) are differentially expressed in nor-
mal muscle relative to Duchenne muscular dystrophy, and the

three annexins are highly expressed in macrophages and T
cells in dystrophin-deficient muscle (18, 43). The annexins
could therefore have a role in the inflammatory response in
muscular dystrophy, and MDC1A is indeed characterized by
early-onset transient inflammation (44).

Furthermore, several of the up-regulated proteins are ex-
tracellular matrix proteins. Previous gene expression profil-
ing experiments have demonstrated that up-regulation of
genes encoding extracellular matrix components is more
pronounced in congenital muscular dystrophies (including
MDC1A) than in Duchenne muscular dystrophy (45). Yet the
composition and properties of fibrotic lesions in laminin a2
chain—deficient chain muscle have not been extensively
studied. The expression of periostin, galectin-1, collagen VI
a2 chain, biglycan, lumican, and thrombospondin-4 was
significantly increased in laminin «2 chain—deficient skeletal
muscles (Tables Il and V). Immunostaining of selected pro-
teins (periostin and galectin-1) was performed to validate
the proteomics data. Periostin expression was dramatically
increased in laminin @2 chain-deficient muscle (Fig. 3), and
galectin-1 was moderately augmented (Fig. 3).
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TABLE IV

Under-represented proteins in laminin a2 chain deficient-diaphragm versus wild-type diaphragm

Accession Description 3 Coverage p value = Numper of  Fold
peptides change
P32848 Parvalbumin « 66.36 8.62E-03 11 —4.12
P04247 Myoglobin 57.14 6.47E-03 10 -1.99
Q9WUBS3  Glycogen phosphorylase, muscle form 42.87 3.09E-03 35 —1.98
P56392 Cytochrome ¢ oxidase subunit 7A1, mitochondrial 16.25 7.82E-03 1 -1.78
Q5SX40  Myosin-1 61.79 7.96E-03 141 —-1.71
009165  Calsequestrin-1 23.21 8.62E-03 10 —-1.71
P16125 L-lactate dehydrogenase B chain 25.15 6.29E-04 10 —-1.68
P13707 Glycerol-3-phosphate dehydrogenase [NAD+], cytoplasmic 25.50 3.10E-03 7 —1.66
Q9D023  Brain protein 44 22.83 6.95E-03 4 —1.64
P13412 Troponin |, fast skeletal muscle 28.57 8.36E-03 6 —-1.64
P16015 Carbonic anhydrase 3 46.92 4.44E-03 10 —1.63
P07310 Creatine kinase M-type 61.42 5.35E-03 25 —1.62
Q9CQC7 NADH dehydrogenase [ubiquinone] 1 8 subcomplex subunit 4 27.13 1.04E-02 2 —1.61
Q9ROY5  Adenylate kinase isoenzyme 1 57.73 4.19E-03 12 —1.59
Q9CXZ1  NADH dehydrogenase [ubiquinone] iron-sulfur protein 4, mitochondrial 8.57 1.86E-02 1 —1.58
Q60932  Voltage-dependent anion-selective channel protein 1 47.97 2.76E-02 11 —1.56
Q8R429  Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 32.39 1.49E-02 34 —1.55
P21550 B-enolase 40.09 1.56E-02 18 —1.54
P45952 Medium-chain specific acyl-CoA dehydrogenase, mitochondrial 19.48 4.87E-04 8 -1.53
Q9DCS9 NADH dehydrogenase [ubiquinone] 1 B subcomplex subunit 10 14.20 1.63E-02 2 —1.53
Q9D6J6  NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial 12.10 4.23E-03 2 —1.53
Q99JY0  Trifunctional enzyme subunit g, mitochondrial 25.26 6.01E-03 11 -1.53
Q924X2  Carnitine O-palmitoyltransferase 1, muscle isoform 9.59 1.34E-02 6 -1.52
P19783 Cytochrome c oxidase subunit 4 isoform 1, mitochondrial 20.71 1.43E-03 5 —1.52
P97457 Myosin regulatory light chain 2, skeletal muscle isoform 71.60 1.63E-02 16 —-1.51
Q97219 Succinyl-CoA ligase [ADP-forming] subunit 8, mitochondrial 11.23 1.95E-02 6 -1.50
P41216 Long-chain-fatty-acid—-CoA ligase 1 17.31 3.95E-03 11 —1.50
Q6P8J7  Creatine kinase S-type, mitochondrial 33.65 4.52E-03 14 -1.50
P20801 Troponin C, skeletal muscle 47.50 2.44E-02 6 —1.48
Q9DCT2  NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial 20.53 1.07E-02 5 —1.48
P05977 Myosin light chain 1/3, skeletal muscle isoform 76.06 5.77E-03 18 —1.47
Q91VD9  NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial 16.78 2.11E-02 9 —1.47
QIWUMS  Succinyl-CoA ligase [GDP-forming] subunit «, mitochondrial 14.74 8.82E-03 5 —1.47
P48962 ADP/ATP translocase 1 41.28 1.39E-02 14 —1.47
P05201 Aspartate aminotransferase, cytoplasmic 32.20 5.97E-03 11 —1.47
P28650 Adenylosuccinate synthetase isozyme 1 17.94 2.70E-02 6 —1.46
P62897 Cytochrome ¢, somatic 50.48 2.11E-03 6 —1.46
P05064 Fructose-bisphosphate aldolase A 43.96 1.17E-02 18 —1.46
P11404 Fatty acid-binding protein, heart 54.14 1.42E-04 7 —1.46
P54071 Isocitrate dehydrogenase [NADP], mitochondrial 28.32 7.79E-03 11 —1.46
Q8BMS1  Trifunctional enzyme subunit «, mitochondrial 41.28 2.86E-02 23 —1.46
Q9CzU6  Citrate synthase, mitochondrial 34.70 3.01E-02 11 —1.45
P08249 Malate dehydrogenase, mitochondrial 46.45 1.70E-03 13 —1.44
Q9Qz47  Troponin T, fast skeletal muscle 30.15 5.33E-03 9 —1.44
Q3TJD7  PDZ and LIM domain protein 7 4.16 5.81E-03 2 —1.44
P12787 Cytochrome ¢ oxidase subunit 5A, mitochondrial 39.04 2.12E-02 8 —1.42
Q9CQ62 2,4-dienoyl-CoA reductase, mitochondrial 28.06 4.55E-03 7 —1.42
Q60936 Chaperone activity of bc1 complex-like, mitochondrial 9.61 6.42E-03 5 —1.42
P97807 Fumarate hydratase, mitochondrial 25.44 2.82E-03 12 —1.42
Q9DCW4  Electron transfer flavoprotein subunit 8 42.35 1.05E-02 11 —1.41
Q9CPQ1  Cytochrome c oxidase subunit 6C 21.05 2.78E-02 2 —-1.41
P58774 Tropomyosin B chain 79.23 1.19E-02 34 —1.41
P56391 Cytochrome c oxidase subunit 6B1 20.93 4.53E-03 3 —1.40
Q9DCX2  ATP synthase subunit d, mitochondrial 69.57 1.25E-02 9 —1.39
Q91VR2  ATP synthase subunit vy, mitochondrial 25.17 1.51E-02 9 -1.39
Q99LC3  NADH dehydrogenase [ubiquinone] 1 @ subcomplex subunit 10, 14.08 1.38E-02 4 —1.39
mitochondrial
P56480 ATP synthase subunit 8, mitochondrial 64.46 6.68E-03 22 -1.39
Molecular & Cellular Proteomics 13.11 3007
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TaBLE IV—continued

> Number of  Fold

Accession Description > Coverage p value peptides change
P14152 Malate dehydrogenase, cytoplasmic 25.75 2.26E-04 6 —1.39
Q60597  2-oxoglutarate dehydrogenase, mitochondrial 12.71 2.77E-02 11 -1.38
Q8CAQ8 Mitochondrial inner membrane protein 15.59 1.73E-02 10 -1.37
Q9D3D9  ATP synthase subunit 8, mitochondrial 41.07 4.05E-03 4 —-1.37
P47857  6-phosphofructokinase, muscle type 22.69 1.46E-02 14 -1.36
Q9CQQ7 ATP synthase subunit b, mitochondrial 23.05 5.29E-03 5 —1.36
P58771 Tropomyosin a-1 chain 74.30 1.78E-02 31 —1.36
Q99KIO0 Aconitate hydratase, mitochondrial 31.79 1.05E-02 21 -1.35
Q9DB20  ATP synthase subunit O, mitochondrial 41.31 1.26E-02 9 -1.35
Q62234  Myomesin-1 16.08 2.91E-02 22 -1.35
Q9CQ69 Cytochrome b-c1 complex subunit 8 34.15 1.23E-02 3 -1.34
Q9CR68  Cytochrome b-c1 complex subunit Rieske, mitochondrial 46.35 2.41E-02 7 -1.34
Q03265  ATP synthase subunit «, mitochondrial 54.97 1.74E-02 27 —1.33
P35486 Pyruvate dehydrogenase E1 component subunit «, somatic form, 19.74 1.04E-02 6 -1.31
mitochondrial
Q9CZ13  Cytochrome b-c1 complex subunit 1, mitochondrial 19.17 1.58E-02 9 -1.31
P05202 Aspartate aminotransferase, mitochondrial 26.98 6.45E-03 10 —-1.30
Q921G7  Electron transfer flavoprotein-ubiquinone oxidoreductase, mitochondrial 1.14 1.18E-02 1 —1.29
A2ASS6  Titin 19.75 2.43E-02 550 -1.29
Q8BWT1 3-ketoacyl-CoA thiolase, mitochondrial 25.19 9.29E-03 9 -1.28
P56382 ATP synthase subunit €, mitochondrial 28.85 1.16E-02 2 —-1.27
TABLE V
Overrepresented proteins in laminin a2 chain-deficient diaphragm versus wild-type diaphragm
. - > Number of Fold
Accession Description 3 Coverage p value peptides change
P13541 Myosin-3 23.09 2.54E-02 50 4.36
Q62009 Periostin 4.30 1.58E-03 2 3.93
P48678 Prelamin-A/C 26.32 2.18E-03 14 1.87
P51885 Lumican 25.15 2.35E-02 7 1.83
P62962 Profilin-1 27.14 5.01E-03 3 1.83
P16045 Galectin-1 17.78 4.82E-03 2 1.77
P13542 Myosin-8 48.89 6.58E-03 111 1.70
P10107 Annexin A1 10.40 5.55E-03 3 1.65
P19123 Troponin C, slow skeletal and cardiac muscles 23.60 2.21E-02 3 1.60
P68433 Histone H3.1 16.91 1.61E-02 3 1.58
P17742 Peptidyl-prolyl cis-trans isomerase A 27.44 1.71E-02 5 1.54
Q9DBJA Phosphoglycerate mutase 1 15.35 7.96E-03 4 1.52
P20152 Vimentin 53.86 5.22E-04 26 1.49
P43276 Histone H1.5 8.97 3.60E-03 2 1.48
P28653 Biglycan 28.18 1.45E-02 8 1.47
P48036 Annexin A5 22.88 7.78E-03 7 1.43
Q9D0J8 Parathymosin 11.88 2.75E-02 1 1.42
P15864 Histone H1.2 33.02 4.90E-03 9 1.41
P10854 Histone H2B type 1-M 47.62 9.23E-03 7 1.39
P14131 408 ribosomal protein S16 11.64 8.48E-03 2 1.34
P47963 60S ribosomal protein L13 2.84 2.48E-04 1 1.32
P43274 Histone H1.4 31.96 2.36E-02 8 1.31
P07356 Annexin A2 17.99 1.59E-02 6 1.31
P51881 ADP/ATP translocase 2 34.23 1.15E-03 11 1.27

Knowledge of the differences between normal and laminin
a2 chain—deficient muscles is crucial for designing future
treatment of MDC1A. Although several different approaches
to combat muscular dystrophy in laminin a2 chain—deficient

DISCUSSION

mouse models have been tested, and although these ap-
proaches include correction of both primary and secondary
manifestations (11, 12, 25, 30, 41, 46-55), the clinical appli-
ance is still years away. Thus, we performed a comparative
proteomic analysis of dy**/dy®* muscles, and we report an
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Fic. 1. Pie charts of differentially ex-
pressed proteins in laminin «2 chain-
deficient muscles grouped according
to different biological processes
using PANTHER classification. A,
down-regulated proteins in laminin a2
chain—deficient gastrocnemius. B, up-
regulated proteins in laminin a2 chain-
deficient gastrocnemius. C, down-regu-
lated proteins in laminin o2 chain-
deficient diaphragm. D, up-regulated
proteins in laminin a2 chain—deficient
diaphragm.
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Fic. 2. Western blot analysis of selected proteins. Quantification of isocitrate dehydrogenase (IDH1), SERCA1, and calsequestrin (CASQ)
by Western blot analysis of extracts of gastrocnemius muscle from wild-type and laminin a2 chain—deficient dy**/dy®** mice. a-actinin
(a-ACTN) was used as a loading control. n = 4 and p < 0.05, Mann-Whitney.

extensive catalogue of differentially expressed proteins in
dystrophic muscle. A majority of the differentially expressed
proteins are involved in metabolic processes (of which a ma-
jority take place in the mitochondria), calcium handling, or
extracellular remodeling, making them valuable candidates
for potential drug targets for MDC1A.

Similar metabolic crises and mitochondrial abnormalities
have been reported in gene and/or proteome expression pro-
filing of different types of muscular dystrophy, including Du-
chenne muscular dystrophy and sarcoglycanopathy (56, 57),
and biochemical studies unveiled limitations in glycolytic and
tricarboxylic acid cycle pathways and defective regulation of
energy metabolism in mdx mice (58, 59). Also, metabolic
defects in B-sarcoglycan-deficient mice have been reported
(60). Thus, the metabolic crisis and mitochondrial abnormali-
ties most likely represent secondary effects of laminin o2
chain deficiency and of muscular dystrophy in general, but we
cannot entirely rule out that these are unique features of
MDCH1A. It will be important to investigate whether metabolic
alterations are present before the dystrophic pathology be-
comes visible and/or in myoblasts that generally are not af-
fected by disease. For example, energy metabolism was
shown to be affected in mdx myoblasts (61). Despite prevalent

metabolic alterations in many muscular dystrophies, it is in-
teresting to note that only few attempts to restore energy
metabolism have been made (62), and future efforts should
therefore be considered.

We further showed that the expression of several calcium-
binding proteins was altered in laminin «2 chain—deficient
muscles, indicating their role as well as a role for calcium in
disease pathology. In line with the hypothesis that calcium
dysregulation could be a primary event in the onset of mus-
cular dystrophy, several treatment approaches aimed at nor-
malizing the calcium homeostasis in dystrophic muscle have
been evaluated in mice, and in particular in the mdx mouse
model for Duchenne muscular dystrophy (63-65). Notably, it
has been demonstrated that overexpression of SERCA1 is
beneficial in the mdx mouse, as well as in a mouse model for
sarcoglycanopathy (65). However, whether SERCA1 overex-
pression attenuates laminin «2 chain—deficient muscular dys-
trophy remains to be demonstrated. Ablation of cyclophilin D
encoding gene (which prevents mitochondrial calcium over-
load) reduced muscular dystrophy in mdx and sarcoglycan-
deficient mice, as well as in laminin «2 chain—deficient ani-
mals, but whether pharmacological inhibition of cyclophilin
diminishes pathology in laminin a2 chain—deficient animals
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Fic. 3. Periostin and galectin-1 are up-regulated in laminin a2
chain-deficient muscle. Cross-sections of gastrocnemius and
diaphragm muscles were stained with antibodies against periostin
and galectin-1. Bar, 50 um.

(like in mdx and sarcoglycan-deficient mice) is not known (37).
Thus, further approaches aimed at modulating calcium regu-
lation in laminin a2 chain—deficient muscles should be tested.

Finally, it was recently demonstrated that anti-fibrotic ther-
apy is beneficial in mouse models for MDC1A. Losartan and
an analog derivative inhibited TGF-B signaling and reduced
fibrosis and inflammation in skeletal muscle of two different
mouse models (54, 55). Yet, TGF-B1 has a very broad spec-
trum of action. Therefore, it becomes important to elucidate
the composition of the inflammatory/fibrotic tissue in laminin
o2 chain—deficient muscle in more detail, as such exhaustive
information might be helpful for the design of more specific
anti-fibrotic treatments. For example, the expression of
periostin, which has been suggested to function upstream but
also downstream of TGF-f3 (66), was significantly increased in
laminin «2 chain—-deficient muscles. Thus, it is tempting to
speculate that the removal of periostin would reduce the
pathogenesis of laminin «2 chain—deficient muscular dystro-
phy by decreasing fibrosis, just like the deletion of periostin
significantly improved sarcoglycan-deficient muscle structure
and function (67).

In summary, we have here mapped alterations in the pro-
teomic signature of laminin «2 chain—deficient mouse muscle.
Although we used a powerful tandem mass spectrometry
methodology with TMT isobaric labels, it also has its weak-
nesses, including the problem of ratio distortion, and we
acknowledge that the expression ratio changes might have
been underestimated (68, 69). Nevertheless, we identified
differences in around 100 proteins, and a major part of these

proteins are involved in metabolic, calcium, and extracellular
matrix homeostasis, indicating that these processes could be
targets for MDC1A therapy.
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