5 Comparative proteomic profiling of soleus, extensor
digitoru m longus , flexor digitorum brevis and interosseus
muscle from the madx mouse model of Duchenne muscular

dystrophy

5.1 Introduction

In the mdx animal model of dystrophinopathy, different skeletal muscle subtypes are
affected to varying degrees resulting from the same single base substitution of the dystrophin
gene. Thus, to establish potential muscle subtype-specific alterations in secondary changes
due to dystrophin-deficiency, we have performed a comparative proteomic survey of multiple
mdx muscles. We included those specific skeletal muscles that are frequently used for
studying the muscular dystrophy pathomechanism, soleus, extensor digitorum longus, flexor

digitorum brevis and interosseus muscle.

5.1.1 Duchenne muscular dystrophy and skeletal muscle subtypes

In humans, the corresponding mouse muscle tissue subtypes examined relate to (i) soleus
(SOL), a muscle of the lower back part of the leg located just below the gastrocnemius that
contains predominantly oxidative type 1 fibers, (i) extensor digitorum longus (EDL), a
muscle lying in the lateral front part of the leg that contains a high number of glycolytic type
2B and 2X fibers, (iii) flexor digitorum brevis (FDB), muscles of the foot located in the middle
part of the sole and contains a large portion of oxidative-glycolytic type 2A fibers, and (iv)
interosseus (INT), a muscle of the hand positioned near the metacarpal bones that contains

almost exclusively type 2 fibers (Jarmey, 2006; Lieber, 2010; Stal et al., 1987; Staron et al.,
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1997). All four muscles have been extensively used to investigate changes of mdx muscle

structure, physiology, function and biochemistry.

However, each of these different muscle subtypes has strengths and weaknesses with
respect to routine biological analyses. While SOL and EDL are ideal to study the
biochemistry, force and fatigue in muscle, FDB and INT are suited to study muscles on the
single fiber level, as they can be readily enzymatically dissociated into single fibers. Thus,
numerous observations on subsarcolemmal Ca?* levels, Ca*" influx and the function of
cation channels have been made with FDB (Boittin et al., 2010; Mallouk et al., 2000;
Teichmann et al., 2008) and INT (Mallouk et al., 2000; Pritschow et al., 2011; Tutdibi et al.,
1999) without knowing whether these results can be generalised. Thus, we included FDB
and INT muscle preparations in this proteomic analyses to evaluate whether they exhibit
similar abnormalities as compared to other mdx mice limb muscles. While different skeletal
muscle subtypes are affected to varying degrees resulting from the same single base
substitution of the dystrophin gene these distinct differences in the level of protein
perturbation of different muscle subtypes from mdx mice are perhaps a result of

dissimilar secondary processes in the molecular pathogenesis.

5.1.2 Experimental design

Comparative gel-based proteomic analysis of normal versus mdx soleus, extensor
digitorum longus, flexor digitorum brevis and interosseus muscle, the urea-soluble protein
complement was prepared from these four muscles from control and dystrophic mice.
Muscle protein extracts were separated by two-dimensional gel electrophoresis and labelled
with the fluorescent dye ruthenium Il tris bathophenanthroline disulfonate. Then proteins
with a significant change in their abundance were identified by mass spectrometry. Key
proteomic findings were verified by immunoblot analysis. This report describes the analysis
of RuBPs labelled normal and dystrophic SOL, EDL, FDB and INT tissue of 3-month-old
dystrophin-deficient versus aged-matched wild type (WT) mice across 3-10 pH range.
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Proteomic profiling established a change in abundance of 24, 17, 19 and 5 protein species
in SOL, EDL FDB and INT muscle, respectively. Identified proteins were involved in various
processes form the contraction-relaxation cycle, muscle metabolism, metabolite transport

and the cellular stress response.

5.2 Results
5.2.1 Comparative proteomic analysis of mdx versus normal muscle

High-resolution two-dimensional gel electrophoresis was carried out to separate the
proteome from normal versus dystrophic mdx SOL, EDL, FDB and INT muscle
tissues. A pH-range of 3-10 in the first dimension was employed to establish a global
proteomic pattern. Followed by post-electrophoretic labelling of the protein spots with
fluorescent dye RuBPs, a Typhoon Trio variable imager and Progenesis 2-D analysis
software were used to analyse the mdx skeletal muscle proteomes. An altered
concentration was revealed for 24, 17, 19 and 5 protein species, with 19, 15, 8 and 1
proteins being increased and 5, 2, 9 and 4 proteins showing decreased expression in
SOL, EDL, FDB and INT mdx tissue, respectively. Mass spectrometry was then used
to identify these significant muscle-associated proteins of interest and listed in Tables
(5-1to 5-4).

5.2.2 Proteomic analysis of dystrophic skeletal muscle subtypes

Following optimisation, fluorescence high-resolution two-dimensional gel
electrophoresis was performed to determine potential differences in protein
expression patterns in mdx skeletal muscle proteomes. Figure 5-1 shows the total
extracts from 3 month old normal wild-type vs dystrophic mdx (A) SOL, (B) EDL, (C)
FDB and (D) INT muscles. The 32 RuBPs-stained gel images contain four biological

repeats of each group of normal wild-type (WT 1-4) versus dystrophic (MDX 1-4)
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muscle. Fluorescent images are shown along a pH 3-10 range. The overall 2D spot
patterns of normal versus dystrophic skeletal muscle subtypes were relatively
comparable as a result a detailed denitometric analysis was performed in order to
determine potential differences in individual protein species. Densitometric analysis
was carried out using a Typhoon Trio variable imager scanner and Samespot
Progenesis 2-D analysis software was performed to establish differential expression
patterns with the dystrophic muscles. The detailed proteomic profiling of dystrophic
subtypes showed distinct changes in 24, 17, 19 and 5 muscle protein species in SOL,
EDL FDB and INT tissue respectively, suggesting the INT to be a much milder affected
phenotype.
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Figure 5-1 Overview of two-dimensional gel electrophoretic analysis of the mdx

mice skeletal muscles for x-linked muscular dystrophy

Shown are RuBPs stained gels from 3-month-old normal wild type (WT) vs dystrophic
(MDX) (A) soleus (SOL), (B) extensor digitorum longus (EDL), (C) flexor digitorum brevis
(FDB) and (D) interosseus (INT) muscle extracts. The 32 gel images comprise of four
biological repeats of each set of normal (wild-type; WT 1-4) vs diseased (MDX 1-4) muscles.

Fluorescent images are shown across the pH 3-10 range.
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5.2.3 RuBPs analysis of dystrophic soleus muscle

Proteins with significant changes in expression levels are numbered 1 to 24 and
marked by circles in the master gel Fig 5-2. The mass spectrometric identification of
these altered muscle proteins is listed in Table 5-1. This table contains the identified
muscle-associated proteins names, international accession number, relative
molecular masses, pl-values, number of matched peptide sequences, Mascot scores,
percentage sequence coverage, and fold-change of individual muscle proteins

affected in the dystrophic mdx SOL tissue.

Protein species with an altered concentration in mdx SOL muscle ranged from a
molecular mass of 17 kDa (myoglobin) to 127 kDa (myosin binding protein) and with a
pl-range from 4.7 pl (myosin light chain) to 8.9 pl (malate dehydrogenase). The
expression levels showed an increased abundance for various myosin light chains
consisting of MLC1/3, MLC2 and MLC3 (spots 1, 5, 11,17 and 19), cadherin 13 (spot
2), aldolase (spot 3), the molecular chaperone UB-crystallin (spots 4, 9 and 14),
troponin TnC (spot 6), glutathione transferase (spot 7), different subunits of 14-3-3
protein (spots 8 and 15), collagen (spot 10) phosphatase (spot 12), iron transporter
ferritin (spot 13), myosin binding slow protein MyBP-C (spot 16) and peroxiredoxin
(spot 18). A decreased abundance was established in the tumor metastatic
process-associated protein NM23 (spot 20), oxygen carrier myoglobin (spot 21), ATP
synthase Atp5b protein (spot 22), creatine kinase (spot 23) and for malate

dehydrogenase (spot 24).
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Figure 5-2 Fluorescence two-dimensional gel electrophoretic analysis of mdx

soleus muscle

Shown is a representative RuBPs-stained master gel of crude muscle extracts from
mdx soleus muscle. Protein spots with age-related alterations in abundance are
numbered 1 to 24 and marked by circles. See Table 5-1 for the mass spectrometric
identification of individual muscle-associated protein spots. The pH-values of the first
dimension and molecular mass standards of the second dimension are shown on the

top and on the left of the panels, respectively.
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Table 5.1 List of muscle-associated proteins with changes in abundance in the

soleus muscle from mdx mice
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1 Myosin light chain 2 AAA39796 471 | 18870 9 60 401 5.0
(MLC2)

2 Cadherin 13 AAH21628 4.9 78474 2 4 104 4.4

3 | Aldolase A, isoform 2 NP031464 8.31 | 39795 17 40 136 4.3

4 U Berystallin NP034094 6.76 | 20056 3 28 121 4.2

5 Myosin light chain 3 EDL09001 5.03 | 22523 6 38 268 3.3
(MLC3)

6 Troponin C, skeletal NP033420 4.07 | 18156 2 20 190 3.1
muscle

7 Glutathione NP034488 7.71 | 26069 9 42 415 2.8

S-transferase

8 14-3-3 Pr ot e NP036611 4.8 28519 4 9 145 2.8

9 U Berystallin NP034094 6.76 | 20056 1 14 58 2.8

10| Co | | a-G @Ihchdih | NP034063 5.2 | 109582 13 16 224 2.6

11 | Myosin light chain 2 NP058034 4.82 | 19059 4 31 272 2.5

(MLC2)
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12 Mg-dependent NP075886 6.29 | 18629 3 29 98 2.4
phosphatase 1
13 | Ferritin light chain 1 P29391 5.66 | 20848 6 44 372 23
14 U Berystallin NP034094 6.76 | 20056 13 60 141 23
15 14-3-3 Pr ot el BAA13421 4.7 27911 4 18 258 2.2
16 | Myosin binding protein | HQ848554 5.74 | 127046 9 10 411 2.1
C, slow
17 | Myosin light chain 2 NP058034.1 | 4.82 | 19059 5 44 161 2.1
(MLC2)
18 Peroxiredoxin-1 NP035164 8.26 | 22394 5 24 170 2.0
19 | Myosin light chain 1/3 | NP0672605 | 4.98 | 20697 11 53 514 2.0
(MLC1/3)
20 Tumor metastatic AAA39826 8.44 | 18846 4 40 141 -2.0
process-associated
protein NM23
21 Myoglobin NP038621 7.07 17117 2 21 161 21
22 Atp5b protein BC037127 5.24 | 56632 7 20 488 29
23 Creatine kinase NP031736 6.58 | 43250 2 7 97 -2.3
M-type
24 | Malate dehydrogenase | AAA39509 8.93 | 36052 5 22 132 -4.2
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5.2.4 RuBPs analysis of dystrophic EDL muscle

Proteins with significant changes in expression levels are numbered 1 to 17 and
marked by circles in the master gel Fig 5-3. The mass spectrometric identification of
these altered muscle proteins is listed in Table 5-2. This table contains the identified
muscle-associated proteins names, international accession number, relative
molecular masses, pl-values, number of matched peptide sequences, Mascot
scores, percentage sequence coverage, and fold-change of individual muscle

proteins affected in the dystrophic mdx EDL tissue.

Protein species with an altered concentration in mdx EDL muscle ranged from a
molecular mass of 17 kDa (myoglobin) to 224 kDa (myosin) and with a pl-range from
5.2 pl (actin) to 9.0 pl (Troponin TnT). Mass spectrometric analyses revealed an
increased concentration in fast troponin TnT (spots 1 and 9), oxygen carrier
myoglobin  (spot 2), phosphoglycerate mutase 2 (spots 3 and 15),
glyceraldehyde-3-phosphate dehydrogenase (spot 4), triosephosphate isomerase
(spot 5), myosin protein (spot 6), lactate dehydrogenase B chain (spot 7),
phosphoglycerate kinase (spot 8), creatine kinase (spot 10), the malate
dehydrogenase (spot 11), , actin (spot 12), glycogen phosphorylase (spot 13) and for
phosphoglycerate kinase (spot 14). In contrast, decreased concentrations were found

for glycogen phosphorylase (spot 16) and actinin (spot 17).
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Figure 5-3 Fluorescence two-dimensional gel electrophoretic analysis of mdx

extensor digitorum longus muscle

Shown is a representative RuBPs-stained master gel of crude muscle extracts from
mdx extensor digitorum longus muscle. Protein spots with age-related alterations in
abundance are numbered 1 to 17 and marked by circles. See Table 5-2 for the mass
spectrometric identification of individual muscle-associated protein spots. The
pH-values of the first dimension and molecular mass standards of the second

dimension are shown on the top and on the left of the panels, respectively.
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Table 5.2 List of muscle-associated proteins with changes in abundance in the

extensor digitorum longus muscle from mdx mice
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1 Troponin T, fast skeletal | AAB39743 9.01 29358 2 11 66 3.8
muscle

2 Myoglobin NP038621 7.07 17117 11 68 | 547 3.7

3 Phosphoglycerate NP061358 8.65 28983 11 49 | 484 3.4
mutase 2

4 | Glyceraldehyde-3-phosph | AAH85315 7.59 36099 7 30 | 347 3.0

ate dehydrogenase

5 Triosephosphate AAB48543 5.62 22724 4 22 90 2.6
isomerase

6 Myosin-1 NP109604 5.60 | 224131 19 11 | 774 2.6

7 | Lactate dehydrogmenase | NP032518 5.70 36839 15 49 | 775 2.5
B chain

8 | Phosphoglycerate kinase | AAA70267 7.53 44914 6 21 | 299 2.3

9 Troponin T, fast skeletal AAB39743 9.01 29358 6 31 | 131 2.3
muscle
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10 Creatine kinase M-type NP031736 6.58 43250 5 16 114 2.2
11 Malate dehydrogenase AAA39509 8.93 36052 11 41 313 2.1
12 Acti n, U s kg NP001091 5.23 42372 10 31 136 2.1
13 | Glycogen phosphorylase | NP035354 6.65 97689 25 35 | 1047 | 2.0
14 | Phosphoglycerate kinase | AAA70267 7.53 44914 7 22 109 2.0
15 Phosphoglycerate NP061358 8.65 28983 14 51 637 2.0
mutase 2
16 | Glycogen phosphorylase | NP035354 6.65 97689 2 4 54 | -2.6
17 U-actinin-3 NP038484 5.31 103616 7 9 374 | -2.8
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5.2.5 RuBPs analysis of dystrophic FDB muscle

Proteins with significant changes in expression levels are numbered 1 to 19 and
marked by circles in the master gel Fig 5-4. The mass spectrometric identification of
these altered muscle proteins is listed in Table 5-3. This table contains the identified
muscle-associated proteins names, international accession number, relative
molecular masses, pl-values, number of matched peptide sequences, Mascot
scores, percentage sequence coverage, and fold-change of individual muscle

proteins affected in the dystrophic mdx FDB tissue.

Protein species with an altered concentration in mdx FDB muscle ranged from a
molecular mass of 12 kDa (parvalbumin) to 130 kDa (collagen) and with a pl-range
from 4.9 pl (vimentin) to 9.2 pl (collagen). MS-based proteomics revealed an
increase in expression levels for fast troponin | (spot 1), serpina 1d protein (spots 2, 6
and 9), the molecular chaperone U Bcrystallin (spot 3), vimentin (spot 4),
phosphoglycerate mutase 2 (spot 5), desmin (spot 7), the leukocyte elastase inhibitor
A (spot 8) and tropomyosin (spot 10). Decreased protein abundance was established
in FBD muscle for the glycolytic enzyme aldolase (spots 11, 12, 15, 17 and 18),
cytosolic Ca®*-binding protein parvalbumin (spots 13 and 16), the 14-3-3 protein (spot
14) and for collagen (spot 19).
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Figure 5-4 Fluorescence two-dimensional gel electrophoretic analysis of mdx

flexor digitorum brevis muscle

Shown is a representative RuBPs-stained master gel of crude muscle extracts from
mdx flexor digitorum brevis muscle. Protein spots with age-related alterations in
abundance are numbered 1 to 19 and marked by circles. See Table 5-3 for the mass
spectrometric identification of individual muscle-associated protein spots. The
pH-values of the first dimension and molecular mass standards of the second

dimension are shown on the top and on the left of the panels, respectively.
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Table 5.3 List of muscle-associated proteins with changes in abundance in the

flexor digitorum brevis muscle from mdx mice
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1 Troponin I, fast NP033431 8.65 | 21518 5 30 57 3.1
skeletal muscle
2 Serpina 1d protein AAH21850 5.18 | 46140 9 24 104 2.7
3 U Berystallin NP034094 6.76 | 20056 8 45 324 2.4
4 Vimentin CAA69019 496 | 51591 21 50 261 2.4
5 Phosphoglycerate NP061358 8.65 | 28983 2 8 75 2.3
mutase 2
6 Serpina 1d protein AAH21850 5.18 | 46140 5 11 136 2.3
7 Desmin NP034173 5.21 | 53523 10 32 206 2.2
8 | Leukocyte elastase NPO79705 5.85 | 42722 9 30 178 2.1
inhibitor A
9 Serpina 1d protein AAH21850 5.18 | 46140 7 17 131 2.0
10 Tr opomyos| NP033442 4.66 | 32933 17 47 176 2.0
chain
11 | Aldolase A, isoform 2 | NP001170778 | 8.31 | 39795 15 48 202 -2.2
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12 | Aldolase A, isoform 2 | NP001170778 | 8.31 | 39795 13 40 249 -2.2
13 Par val bun NP038673 5.02 | 11923 8 65 228 -2.3
14 14-3-3 Pr ot ¢ AAC14345 4.80 | 28519 8 38 116 -2.3
15 | Aldolase A, isoform 2 | NP001170778 | 8.31 | 39795 13 40 163 -2.7
16 Parval bung NP038673 5.02 | 11923 8 65 219 -3.0
17 | Aldolase A, isoform 2 | NP001170778 | 8.31 | 39795 9 27 139 -3.1
18 | Aldolase A, isoform 2 | NP001170778 | 8.31 | 39795 20 55 215 -3.3
19 | Pro-U-2(l) collagen CAA41205 9.23 | 130046 2 2 51 -3.4
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5.2.6 RuBPs analysis of dystrophic INT muscle

In contrast to the above listed results of extensive alterations in the
proteomes from the mdx dystrophic SOL, EDL and FDB muscle, the
MS-based proteomic analyse of INT muscle exhibited only a limited number of
changed proteins. Proteins with significant changes in expression levels are
numbered 1 to 5 and marked by circles in the master gel Fig 5-5. The mass
spectrometric identification of these altered muscle proteins is listed in Table 5-4. This
table contains the identified muscle-associated proteins names, international
accession number, relative molecular masses, pl-values, number of matched peptide
sequences, Mascot scores, percentage sequence coverage, and fold-change of

individual muscle proteins affected in the dystrophic mdx INT tissue.

Protein species with an altered concentration in mdx INT muscle ranged from a
molecular mass of 12 kDa (parvalbumin) to 33 kDa (40 kDa protein) and with a
pl-range from 4.8 pl (40 kDa protein) to 8.65 pl (Toponin I). MS-based proteomics
revealed an increase in expression levels for fast Toponin | (spots 1 and 2), the heat
shock pr-orysmlinnspdd B) and the 40 kDa protein (spot 4). In contrast,
decreased protein abundance was found in the cytosolic Ca®*-binding protein

parvalbumin in the INT muscle.
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Figure 5-5 Fluorescence two-dimensional gel electrophoretic analysis of mdx

interosseus muscle

Shown is a representative RuBPs-stained master gel of crude muscle extracts from
mdx interosseus muscle. Protein spots with age-related alterations in abundance are
numbered 1 to 5 and marked by circles. See Table 5-4 for the mass spectrometric
identification of individual muscle-associated protein spots. The pH-values of the first
dimension and molecular mass standards of the second dimension are shown on the

top and on the left of the panels, respectively.
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Table 5.4 List of muscle-associated proteins with changes in abundance in the

interosseus muscle from mdx mice
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1 | Troponin |, fast skeletal | NP033431 8.65 | 21518 8 29 301 4.1
muscle
2 | Troponin |, fast skeletal | NP033431 8.65 | 21518 5 21 245 3.4
muscle
3 U Berystallin NP034094 6.76 | 20056 9 56 421 2.2
4 40 kDa Protein 1405340A 4.80 | 32848 3 15 164 2.1
5 Par val bum NP038673 5.02 | 11923 7 63 400 -2.2
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5.2.7 Immunoblot analysis of dystrophic skeletal muscle subtypes

In order to further characterise the various skeletal muscles, comparative immunoblotting
was carried out following the mass spectrometric establishment of the subtype specific
changes in the urea-soluble mdx muscle proteomes. Lanes 1 and 2, 3 and 4,5 and 6
and 7 and 8 shown in figure 5-6A were labelled with a laminin antibody for control
purposes. The extracellular matrix protein presented relatively comparable quantities in
normal versus dystrophic samples, with the exception of SOL muscle which exhibited an

increased concentration in mdx preparations.

As shown in Figure 5-6B to 5-61, antibody labelling was performed to verify the altered
abundance of 2 marker proteins from each of the mdx muscle subtypes analysed. The
reduced expression of myoglobin and increased concentration of collagen in the SOL
muscle in figure 5-6B and 5-6C, respectively. The lower levels of actinin and higher levels
of phosphoglycerate kinase in the EDL muscle in figure 5-6D and 5-6E, respectively. The
reduced expression of parvalbumin and increased concentration of serpina in the FDB
muscle in figure 5-6F and 5-6G, respectively and the reduced levels of parvalbumin and
higher levels of UB-crystallin in the INT muscle in figure 5-6H and 5-6l, respectively were

all confirmed by immunoblot analysis.

115



SOL EDL FDB INT
A Lominin Laminin Laminin Laminin
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Figure 5-6A Immunoblotting analysis of the extracellular matrix protein laminin in

normal versus mdx skeletal muscle subtypes

Shown are representative blots with expanded views of immuno-decorated protein
bands indicated by the arrowhead, with graphical presentation of the statistical evaluation.
Immunoblots were labelled with the Laminin antibody. Lanes 1 and 2, 3 and 4, 5 and 6
and 7 and 8 represent 3-month-old normal wild-type vs dystrophic mdx preparations
from soleus (SOL), extensor digitorum longus (EDL), flexor digitorium brevis (FDB) and
interosseus (INT) muscles, respectively. The comparative blotting was statistically

verified using an unpaired t-$est k4 repliéates). Standard deviation
represented by Error bars, (*p<0.05).
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Figure 5-6B Immunoblotting analysis of myoglobin in soleus muscle

Shown are representative blots with expanded views of immuno-decorated protein
bands indicated by the arrowhead, with graphical presentation of the statistical evaluation.
Immunoblots were labelled with the myoglobin antibody. Lanes 1 and 2 represent
3-month-old normal wild type vs dystrophic mdx soleus (SOL), respectively. The
comparative bl otting was stati st ttesa(h=4 vy

replicates). Standard deviation represented by Error bars, (*p<0.05).
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C Collagen
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Figure 5-6C Immunoblotting analysis of extracellular matrix protein collagen in

soleus muscle

Shown are representative blots with expanded views of immuno-decorated protein
bands indicated by the arrowhead, with graphical presentation of the statistical evaluation.
Immunoblots were labelled with the collagen antibody. Lanes 1 and 2 represent
3-month-old normal wild type vs dystrophic mdx soleus (SOL), respectively. The
comparati ve bl otting was stati st ttesa(n=4 vy

replicates). Standard deviation represented by Error bars, (**p<0.005).
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Figure 5-6D Immunoblotting analysis of U-actinin-3 in extensor digitorum longus

muscle

Shown are representative blots with expanded views of immuno-decorated protein
bands indicated by the arrowhead, with graphical presentation of the statistical evaluation.
Immunoblots were labelled with the U-actinin-3 antibody. Lanes 1 and 2 represent
3-month-old normal wild type vs dystrophic mdx extensor digitorum longus (EDL),
respectively. The comparative blotting was statistically verified using an unpaired

St u d etrest@ns4 replicates). Standard deviation represented by Error bars, (*p<0.05).
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Figure 5-6E Immunoblotting analysis of phosphoglycerate kinase in extensor

digitorum longus muscle

Shown are representative blots with expanded views of immuno-decorated protein
bands indicated by the arrowhead, with graphical presentation of the statistical evaluation.
Immunoblots were labelled with the phosphoglycerate kinase antibody. Lanes 1 and 2
represent 3-month-old normal wild type vs dystrophic mdx extensor digitorum longus
(EDL), respectively. The comparative blotting was statistically verified using an
unpaired t$est (nd4eraplicadtes). Standard deviation represented by Error bars,
(*p<0.05).
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Figure 5-6F Immunoblotting analysis of calcium-binding protein parvalbumin in

flexor digitorium brevis muscle

Shown are representative blots with expanded views of immuno-decorated protein
bands indicated by the arrowhead, with graphical presentation of the statistical evaluation.
Immunoblots were labelled with the parvalbumin antibody. Lanes 1 and 2 represent
3-month-old normal wild type vs dystrophic mdx flexor digitorium brevis (FDB),
respectively. The comparative blotting was statistically verified using an unpaired

St u d e ntitedts(n=4 replicates). Standard deviation represented by Error bars,
(**p<0.005).
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Figure 5-6G Immunoblotting analysis of serpina 1d in flexor digitorium brevis

muscle

Shown are representative blots with expanded views of immuno-decorated protein
bands indicated by the arrowhead, with graphical presentation of the statistical evaluation.
Immunoblots were labelled with the serpina antibody. Lanes 1 and 2 represent
3-month-old normal wild type vs dystrophic mdx flexor digitorium brevis (FDB),
respectively. The comparative blotting was statistically verified using an unpaired

St u d etrest§ns4 replicates). Standard deviation represented by Error bars, (*p<0.05).
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H Parvalbumin

WT  MDX

Figure 5-6H Immunoblotting analysis of calcium-binding protein parvalbumin in

interosseus muscle

Shown are representative blots with expanded views of immuno-decorated protein
bands indicated by the arrowhead, with graphical presentation of the statistical evaluation.
Immunoblots were labelled with the parvalbumin antibody. Lanes 1 and 2 represent
3-month-old normal wild type vs dystrophic mdx interosseus (INT), respectively. The
comparative bl otting was stati st ttesa(n=4 vy

replicates). Standard deviation represented by Error bars, (*p<0.05).
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Figure 5-61 Immunoblotting analysis of UB-crystallin in interosseus muscle

Shown are representative blots with expanded views of immuno-decorated protein
bands indicated by the arrowhead, with graphical presentation of the statistical evaluation.
Immunoblots were labelled with the UB-crystallin antibody. Lanes 1 and 2 represent
3-month-old normal wild type vs dystrophic mdx interosseus (INT), respectively. The
comparati ve bl otting wa s stati st ttesi(n=4y

replicates). Standard deviation represented by Error bars, (*p<0.05).
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5.2.8 Histological profiling of skeletal muscle tissue from mdx mice

In order to further characterise the various skeletal muscles, histological examination
was performed using hematoxylin and eosin-stained muscle cross-sections from
wild-type (WT; A, C, E and G) and mdx mice (B, D, F and H) seen in figure 5-7. The
histological analysis of cross sections from the SOL, EDL, FDB and INT muscles
observed central nucleation in all examined types of skeletal muscle from mdx mice
(Fig 5-7B, D, F and H). In addition, the muscles exhibited variations in fiber size and
the occurrence of small, rounded fibers. As expected, central nuclei were rarely
detected in the muscle fibers from WT mice (Fig 5-7A, C, E and G). Quantitative
evaluation of central nucleation showed a significantly lower degree of nucleation in
the FDB and INT compared with the SOL and EDL muscles.
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Figure 5-7 Histological profiling of skeletal muscles from mdx mice

Shown is a representative hematoxylin and eosin-stained muscle cross-sections
from wild-type (WT; A, C, E and G) and dystrophic mdx mice (B, D, F and H). Note the
lower degree of central nuclei in the flexor digitorum brevis (FDB; E and F) and
interosseus (INT; G and H) muscles, compared with the soleus (SOL; B) and extensor
digitorum longus (EDL; D) muscles from mdx mice. Muscles were prepared from
3-month-old dystrophin-deficient versus aged-matched wild type mice. Scale bar, 20

€ m.
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5.3 Discussion

In this chapter, proteomic profiling of 4 skeletal muscle subtypes, SOL, EDL, FDB and
INT muscle, has revealed considerable changes in the extent of protein perturbations
in different muscles of the mdx dystrophic mouse model of Duchenne muscular
dystrophy. While we observed 24, 17 and 19 altered protein species in mdx SOL, EDL
and FDB muscles, respectively, dystrophin-deficient INT muscle preparations
revealed only changes in fast troponin I, UB-crystallin, the 40 kDa protein and the

cytosolic Ca?*-binding protein parvalbumin.

This is an interesting discovery from a global profile of protein expression patterns in
dystrophinopathy and supports the idea that the loss of dystrophin and resulting
reduction of associated glycoproteins leads in considerably different secondary
alterations and cellular adaptations in specific skeletal muscles, even though all
contractile mdx muscle tissues exhibit the same primary genetic defect. Previous
proteomic reports of mdx muscle tissues agree that the deficiency in the membrane
cytoskeletal protein dystrophin leads to impaired protein expression patterns in
contractile tissues (Lewis et al., 2009). While past studies on mdx muscle proteomics
vary significantly on the listing of distinct proteins involved in the molecular
pathogenesis of muscular dystrophy, the disintegration of sarcolemmal integrity

clearly has severe impact for the overall function of the affected muscle fibers.

Interestingly, as shown in the previous chapter severely dystrophic mdx diaphragm
muscle displays extensive alterations in a large number of muscle proteins (Doran et
al., 2006a; Doran et al., 2006b; Doran et al., 2009b; Carberry., et al 2012a), while
mildly affected phenotypes such as mdx extraocular muscle which exhibit much less
changes in its proteome (Lewis and Ohlendieck, 2010). This establishes a link
between the pathophysiological phenotype of individual mdx muscle tissues and the

level of proteome-wide changes.

127



5.3.1 Moderate expression changes of RuBPs labelled skeletal muscle
proteins

Muscle-associated proteins with an altered abundance in mdx muscle tissues are
predominantly involved in the contraction-relaxation cycle, muscle metabolism,
metabolite transportation, and the cellular stress response. While in the mildly affected
mdx INT muscle phenotype, the most significantly increased protein was fast troponin |
(Swartz et al., 2006) suggesting a certain level of remodeling of the regulatory elements
in the contractile apparatus (Gordon et al., 2000). Other protein alterations in mdx INT

muscle were minimal, as compared to the other skeletal muscles examined.

Two additional observations on the mdx INT muscle support the proteomic analyses.
Firstly, the occurrence of central nucleation in the muscle fibers was lower in the INT
and FDB compared with the SOL and EDL hind limb muscles (Fig 5-7). This is key, as
central nucleation is considered as a reliable sign of recent muscle fiber regeneration
Secondly, there was no observed increase in muscle mass in INT and FDB, in contrast
to that of the SOL and EDL muscles. Hypertrophy has been reported in
dystrophin-deficient muscles in a number of models of DMD, including the mdx mouse
(Kornegay et al., 2012) though the signaling pathways resulting in muscle growth have
not yet been fully revealed (Andres-Mateos et al., 2013) (Gundersen, 2011). However,
both central nucleation and the level of hypertrophy are in agreement with a less
severe impairment of the mdx INT and FDB, compared with the SOL and EDL
muscles (Carberry et al., 2013b).

In mdx SOL muscle, various myosin light chains consisting of MLC1/3, MLC2 and
MLC3 isoforms (Gonzalez et al., 2002), were revealed to be increased in expression in
the dystrophin-deficient fibers. The highly complex myosin molecule forms a hexameric
structure containing 2 MHC heavy chains and various MLC light chains in the contractile
apparatus (Bozzo et al., 2005; Clark et al., 2002). Various arrangements of myosin heavy
and light chains form a wide array of fiber type-specific isoforms and the myosin

complement of contractile fibers is very flexible (Pette and Staron, 2000; Holland and
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Ohlendieck, 2013).

Previous proteomic studies have established that neuromuscular activity has an
intense effect on the myosin isoform expression patterns (Donoghue et al., 2005;
Donoghue et al., 2007). The drastic alterations in mdx SOL muscle suggest that the
dystrophic phenotype is concomitant with considerable remodeling of the contractile
apparatus, together with myosin, myosin binding proteins and troponin. Interestingly, the
unique GPIl-anchored cadherin-13 protein is elevated in mdx SOL muscle and may
promote angiogenesis the process of new blood vessel formation form existing vessels
(Philippova et al., 2006). Altered expression levels of the molecular chaperone
UB-crystallin, ferritin, glutathione S-transferase and peroxiredoxin indicate intensified
demands for cellular stress response, iron storage, detoxification and anti-oxidant

activity in dystrophic fibers, respectively.

Interestingly, specific isoforms of 14-3-3 proteins are altered in muscular dystrophy,
which has been reported for various neurodegeneration processes (Steinacker et al.,
2011). This indicates that interactions of 14-3-3 proteins with signaling receptors,
phosphatases and kinases are disturbed in mdx SOL muscle. Reduced concentrations
of ATP synthase, malate dehydrogenase and myoglobin suggest metabolic disturbances

in mdx SOL muscle.

In the mdx EDL muscle, altered protein expression levels were shown for contractile
elements such as myosin, troponin, actin and actinin, and in the actomyosin apparatus.
Proteomic analysis also revealed a striking increase in levels of key glycolytic enzymes.
The affected cytosolic proteins were also identified by mass spectrometry as
glyceraldehyde-3-phosphate dehydrogenase, triosephosphate isomerase,
phosphoglycerate mutase and phosphoglycerate kinase which are involved in the
production of 1,3-bisphosphoglycerate and NADH, the reversible conversion of
dihydroxyacetone phosphate and glyceraldehyde-3-phosphate, the reversible
conversion of 3-phosphoglycerate into 2-phosphoglycerate and the generation of ATP

and 3-phosphoglycerate from ADP and 1,3-bisphosphoglycerate, respectively
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(Ohlendieck, 2010). The increased expression in several glycolytic enzymes indicates a

shift to more anaerobic metabolism.

Interestingly, one of the chief regulatory enzymes for converting glycogen into glucose
for utilisation in muscle, glycogen phosphorylase, was shown to be elevated in
contractile mdx EDL tissue. Previous proteomic profiling of slow-twitching versus
fast-twitching skeletal muscles has established that fast muscles reveal higher levels of
enzymes involved in the glycolytic pathway and exhibit increase concentrations of

glycogen phosphorylase (Gelfi et al., 2006).

In addition, the increased expression of lactate dehydrogenase, an enzyme that
catalyses the interconversion of the final product of glycolysis, pyruvate, and lactate
supports the idea of a glycolytic shift in mdx EDL muscle. During periods of high intensity
such as exercise, skeletal muscles adopt this anaerobic glycolysis (Wells et al., 2009),
thus a sharp increase of glycolytic enzymes suggest an increased demand on the

glycolytic pathway in the bioenergetics of dystrophin-deficient mdx EDL muscle.

While in contrast to the mdx EDL muscle, the dystrophin-deficient mdx FDB muscle
revealed a reduction in a crucial glycolytic enzyme. The skeletal muscle aldolase, an
enzyme that catalyses the reversible biochemical breakdown of
fructose-1,6-biphosphate into glyceraldehyde-3-phosphate and dihydroxyacetone
phosphate (Ohlendieck, 2010). In the gluconeogenic pathway, muscle aldolase has
been shown to form a supramolecular complex with alpha-actinin and
fructose-1,6-biphosphatase on both sides of the Z-line in skeletal muscle fibers. It has
been suggested that the tight association between aldolase and
fructose-1,6-biphosphatase might enable efficient substrate channeling between these

proteins (Rakus et al., 2004).

However, it is thought that many glycolytic enzymes have a multi-functional role in
various cell types motility (Kim and Dang, 2005). Thus, alterations in these glycolytic

enzymes may affect a number of biological systems other than the anaerobic breakdown
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of glucose in skeletal muscles (Ohlendieck, 2010). For instance, enzymes with a key
glycolytic function have also been shown to be involved in transcriptional regulation,
metabolic integration, regulation of apoptosis and stimulation of cell motility (Kim and
Dang, 2005). As a result it is difficult to determine from alterations in one key glycolytic
enzyme whether this relates to distinct metabolic changes in mdx FDB or perhaps
showing adaptations in a separate unrelated glycolysis biological system. Altered
expression levels in tropomyosin and troponin and the cytosolic Ca®*-binding protein
parvalbumin suggest abnormalities in the contractile apparatus and ion homeostasis,

respectively.

In comparison with the mdx SOL muscle, the apparent increased abundance of the
molecular chaperone UB-crystallin in dystrophic FDB muscle agrees with the idea of an
intensified cellular stress response in muscular dystrophy (Doran et al., 2006b).
Interestingly, the cytoskeletal proteins desmin and vimentin were shown to be elevated in
dystrophic mdx muscle suggesting a potential compensatory mechanism for the
structural instabilities in the membrane cytoskeleton of the dystrophin-deficient fibers in

the mdx FDB muscle.

5.4 Conclusion

In conclusion, the comparative proteomic analysis of 4 widely used skeletal muscles of
the mdx mouse model of Duchenne muscular dystrophy, SOL, EDL, FDB and INT
muscles, has revealed that high-resolution two-dimensional gel electrophoretic
separation in combination with electrospray ionization mass spectrometry are highly
suitable techniques for studying muscle subtype-specific changes in the mdx dystrophic
skeletal muscle proteome. The variations in the number and degree of protein changes
in the analysed mdx muscles suggest that the INT muscle is a protected phenotype,
much less affected compared to that of the SOL, EDL and FDB muscles. These

proteomic findings are in agreement with the lack of hypertrophy in FDB and INT
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muscles and the lower levels of central nucleation compared with SOL and EDL muscle
(Carberry et al., 2013b). Thus, the evaluation of experimental gene therapies for treating
dystrophinopathy or future pharmacological studies should note that dystrophin-deficient
skeletal muscle subtypes are not all affected in the same way. The individual
physiological, biochemical and histological properties of specific muscles have to be
taken into account when one wants to determine secondary abnormalities and

adaptations in muscular dystrophy.
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