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Preface

The muscular dystrophies are a group of neuromuscular disorders characterized by progres-
sive muscle weakness and wasting. In the past two decades, the genetic causes of individual 
muscular dystrophies have been elucidated, which increased successful diagnosis and sub-
sequent classification of the various muscular dystrophies. Although the underlying genetic 
defects of a large number of muscular dystrophies are now known, the molecular mechanisms 
resulting in the devastating effects of the disease are not yet clear. Furthermore, the muscular 
dystrophies differ in clinical presentation and severity. The processes responsible for this di-
vergence are largely unknown as well.

In this thesis, gene expression profiling has been applied to study the molecular and cellular 
mechanisms and subsequent biological processes that play a role in muscular dystrophy. To 
this extent, we have determined gene expression levels in muscle tissue from different mouse 
models for muscular dystrophy. To characterize the processes associated with regeneration, 
we have compared gene expression levels in hindlimb muscle tissue of mdx and control mice 
in a temporal study. Additionally, we have determined the gene expression profiles of dif-
ferentiating human myoblasts in vitro, since regeneration processes recapitulate myogenesis. 
We also set out to compare gene expression levels of different mouse models for muscular 
dystrophy to find common and distinct molecular mechanisms that underlie different forms of 
muscular dystrophy. Accordingly, we first had to determine the effects of genetic background 
variation between inbred mouse strains, and to study the feasibility of alternative experimental 
designs.

The studies described above form the core of this thesis. The introduction gives an overview 
of myogenesis, muscle structure, muscular dystrophy, and gene expression profiling. The dis-
cussion describes the experimental outcome of the studies in a broader perspective.
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1 Muscle

According to the Oxford dictionary, muscle is an elastic substance in the body that can be 
tightened or loosened to produce movement. More specifically, muscle tissue has the ability to 
contract and relax in order to produce motion. Muscle comes in three forms, namely skeletal, 
cardiac, and smooth muscle. The research in this thesis will mainly focus on skeletal muscle 
tissue. The function of skeletal muscle tissue concerns the ability to contract and extend in or-
der to position bones or skin. This function is accomplished by the building blocks of muscle, 
the myofibers. Myofibers are long, cylindrical, multinucleated cells that are packed with con-
tractable filaments. These filaments, or myofibrils, are primarily made of thin actin and thick 
myosin molecules, which are aligned precisely. Successively ordered contractile units, or sar-
comeres, result in the banded, or striated, appearance of skeletal muscle tissue.

Each myofiber is wrapped in a sheet of connective tissue, also known as the endomysium. 
A bundle of myofibers forms a fascicle, which is surrounded by the perimysium. Finally, an 
individual muscle consists of multiple fascicles, is surrounded by the epimysium, and is con-
nected to skeletal or skin-like structures via tendons (Figure 1). Thus, the anatomy of muscle 
tissue reflects an highly organized structure.

Muscle tissue does not consist of myofibers alone. Muscle action is controlled by the stimula-
tion of a motor neuron via the neuromuscular junction. The axonal ending of the motor neuron 
transfers an action potential, which results in the contraction of the myofiber. Each myofiber 
is activated via a single neuromuscular junction. Furthermore, muscle tissue is perfused by 
the vascular system, which is responsible for both the delivery of oxygen and nutrients, and 
the disposal of metabolic waste. Within the muscle tissue, the internal innate defense is pres-
ent, which helps to protect the muscle from pathogens, and helps tissue repair processes. The 
effector cells of the innate defense system are mainly represented by macrophages, dendritic 
cells, and B-cells148.

Muscle tissue has a high regeneration potential. Subsequent to muscle injury by trauma or 
exercise, muscle precursor cells can proliferate and differentiate to form new myofibers, or 
to fuse with existing ones. This process demonstrates large similarities with embryonic myo-
genesis42.

In this thesis the muscular dystrophies play a central role. Muscular dystrophies are character-
ized by progressive wasting of muscle tissue, which is replaced by adipose and fibrotic tissue. 
As a result, the affected muscle is not able to function properly due to weakness with often 
dramatic results. In Duchenne Muscular Dystrophy (DMD), the most severe muscular dystro-
phy, patients die in their twenties due to respiratory or cardiac failure.

Introduction Muscle
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Figure 1	 The anatomy of muscle tissue

The anatomy of muscle reflects a highly ordered sturcture, where separate muscle stuctures of 
different levels are packed in specific connective tissue layers. 

(from Human Anatomy & Physiology, 6th Edition, Elaine N. Marieb, Pearson Education, Inc.) 
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1.1 Myogenesis

As with the formation of tissues in general, the development of muscle tissue is highly coor-
dinated during the development of the embryo. In the adult, muscle is present throughout the 
entire body. Muscle derives from the mesoderm, which is a single embryonic layer. The meso-
derm is the primary embryonic tissue for many tissues, such as the heart, blood, the vascular 
system, skin, and bone. During development, the paraxial mesoderm segments into somites, 
which are located on either side of the neural tube (Figure 2)44. The newly formed somites 
harbour specific cell populations, which function as progenitor cells for the development of 
specialized tissues. The specific cell populations are formed as the somites expand. A layer 
of pseudo-stratified columnar cells form the dermomyotome, which grows dorsomedially and 
ventrolaterally, thereby forming the epaxial and hypaxial myotome, respectively217. The ep-
axial myotome will, eventually, form the intrinsic musculature of the back, which surrounds 
and attaches to the vertebrae. The hypaxial myotome will provide the myogenic cells that will 
make up the musculature of the body wall, limbs, diaphragm, and neck242. The musculature 
of the head is formed by two separate systems. The tongue and laryngeal muscles are formed 
by the most anterior somites, whereas the rest of the head musculature is derived from unseg-
mented mesoderm present in the region that will develop into brain69.

Muscle development from progenitor cell populations depends on specific temporal and spa-
tial cell signalling, which is initiated and regulated by the expression of specific transcription 
factors. This cell signalling originates from surrounding embryonal tissues69, and is called 
embryonal induction. Cell signalling is responsible for the delamination (or detachment), de-
termination, migration, proliferation and differentiation of muscle progenitor cells (reviewed 
in Buckingham et al.31 and Parker et al.176). One of the earliest transcription factors playing 
a role in myogenesis is Pax3, which is characterized by homeo- and paired-domain motifs75. 
Pax3 is already expressed in the presomitic mesoderm, but plays a critical role in the delami-
nation of muscle precursor cells from the hypaxial myotome prior to migration. Interaction of 
c-met, a tyrosine kinase receptor, and its ligand hepatocyte growth factor (HGF) is necessary 
to determine the migratory route. HGF is produced by non-somitic mesodermal cells, which 
therefore direct the migration63.

A specific group of transcription factors, which eventually determine the myogenic lineage, 
are the myogenic regulatory factors (MRFs). MRFs contain a basic-helix-loop-helix (bHLH) 
domain to which E-proteins can bind and form hetero-dimers. Subsequently, the heterodimers 
can bind to specific DNA sequences, called E-boxes, which are present in promoter and en-
hancer regions of skeletal muscle specific genes29. During development, the first MRF to be 
expressed is Myf5. The expression of Myf5 in the epaxial myotome is thought to be regulated 
by expression of Sonic hedgehog (Shh) from the notochord and the neural tube25,87. Determi-
nation towards the myogenic lineage requires the expression of MyoD, which belongs to the 
muscle regulatory factors. MyoD expression in the hypaxial myotome is stimulated by Wnt-
signalling from the dorsal ectoderm, whereas MyoD expression is inhibited by transforming 
growth factor β like (TGF β like) signalling from the lateral-plate mesoderm176. Both Myf5 
and MyoD, or ‘primary’ MRFs, are thought to function in the first step towards muscle forma-
tion, namely the determination which turns muscle precursor cells into myoblasts188.

Introduction Myogenesis
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Figure 2	 Embryonic development of muscle tissue

The paraxial mesoderm develops into somites, which initially consists of the sclerotome and 
the lateral mesoderm. The lateral mesoderm expands dorsomedially and ventrolaterally, thereby 
forming the epaxial and hypaxial dermomyotome, respectively. The epaxial dermomyotome 
curls inside to form the dorsomedial lip (DML), whereas the hypaxial dermomyotome curls 
inside to form the ventrolateral lip (VLL). Migrating hypaxial cells or myoblasts eventually 
develop into functional skeletal muscle tissue.

(from Buckingham et al., J Anat (2003), 202, pp59-68.)

The second step concerns the differentiation of myoblasts, and the subsequent fusion to form 
myotubes and eventually myofibers. The molecular details of myoblast fusion are reviewed by 
Abmayr et al.1. Differentiation of myoblasts is coupled to withdrawal from the cell cycle, and 
thereby from the proliferative state. Differentiation is specified by the activation of contractile, 
scaffolding, and control protein genes of the myofibril169. Transcription of these proteins is 
carefully regulated by muscle specific transcription factors. Two of these transcription fac-
tors are the ‘secondary’ MRFs, Myogenin and Mrf4. Other important transcription factors for 
myogenesis are Mef2-isoforms and members of the Six-family of nuclear factors.

During limb formation, individual muscles are formed from single populations of myogenic 
cells, and are divided by connective tissue, which also ensures the attachment to the skel-
eton20,28. Muscle fiber formation is instigated by the fusion of myoblasts. The production of 
myofibers is biphasic; two waves of myoblast fusion can be determined170,243. The first wave 
produces the primary myofibers, which then play a critical role in the formation of a ‘second 
wave’ of secondary myofibers. Between 5 and 20 secondary myofibers are positioned around 
the primary myofiber, although the number can vary and can be higher in large animals241. At 
this stage, no additional muscle fibers are formed. Further growth (both lateral and longitu-
dinal) of muscles is realized by the proliferation and subsequent fusion of myogenic cells to 
existing fibers242.

Chapter 1	
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1.2 Muscle Structure

Adult skeletal muscle tissue consists of a number of different cell types and structures, which 
contribute to the muscle structure and function, and are discussed below.

1.2.1 Myofiber type

Skeletal muscle is a versatile tissue, since it is able to perform multiple functions ranging from 
short bursts of activity to long lasting activity as seen in posture support or chewing. To make 
this broad range possible as well as efficient, muscles are built from specialized myofibers. 
Basically, there are two types of myofibers: slow contracting fibers with resistance to fatigue, 
and fast contracting fibers which are susceptible to fatigue. The localization and function 
of the muscle determines the presence of certain myofiber types, and therefore whether the 
muscle is slow, fast, or a mixture of both.

Both slow and fast myofibers are made from the same building blocks, but differ in the expres-
sion of specific protein isoforms. A well-characterized example is displayed by the Myosin 
heavy chain (MyHC) isoforms, which confer contractive force to the muscle.

The myofiber type of a muscle is determined by a number of factors. Fiber type specification 
might be initiated in the myoblast population from which a specific muscle is formed. Within 
a single muscle, different myofiber types may exist. In general, slow myofibers are localized 
in the interior of the muscle, whereas fast myofibers are located at the periphery. Neuronal 
activity by functional demands can also determine the fiber type. This effect is clearly shown 
by the application of exercise on muscle. Endurance training will transform muscle to a slow 
fiber type, whereas short bursts of activity (seen in sprinting, weight-lifting etc.) will produce 
a fast fiber type musculature. There is no evidence so far, that the innervation during develop-
ment plays a role in the determination of the fiber types242.

1.2.2 Muscle Precursor Cells

Muscle tissue has a high regenerative potential after injury, thereby preventing the loss of 
muscle mass. Muscle regeneration is achieved by the activation, proliferation, and differentia-
tion of muscle precursor cell (satellite cells), and the subsequent fusion to existing or newly 
formed myofibers200. The population of satellite cells (SC) is maintained by the capability 
of self-renewal. Satellite cells were first described by Mauro et al.142. Satellite cells are a 
distinct population of mononuclear cells, different from embryonic and fetal myoblasts. The 
population as such is formed at the ‘last’ wave of myoblast fusion during the 10-14th week in 
human development, or from around E17.5 in murine embryos50. Approximately 30% of the 
sublaminar nuclei in postnatal muscle tissue belong to satellite cells. The cytoplasm of SC is 
sparse, but contains most of the organelles. The nucleus is oval, and consists of a large amount 
of heterochromatin. However, this does not indicate that the SC is inactive, since ribosomes 
are present, as well as rough endoplasmic reticulum and Golgi apparatus18. Satellite cells are 
generally localized near the neuromuscular junction244.
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Upon activation, SC migrate across the myofiber to the place of injury198. Furthermore, SC can 
also migrate between individual myofibers and fuse to them121. Satellite cells are able to es-
cape from quiescence by re-entering the cell cycle due to a wide variety of conditions (injury, 
overwork, denervation, exercise, and stretch)18. Satellite cell activation is a dual process. First, 
the SC needs to abandon the G0-phase and enter the G1-phase by passing a certain restriction 
point. This process is mediated by so-called competence factors. Subsequently, progression 
factors are needed to keep the SC in a proliferative state174. Candidates for compentence and 
progression factors are fibroblast growth factor (FGF) and insulin-like growth factor (IGF), 
respectively18.

Currently, a large number of SC activating factors from different origin are known (reviewed 
in Hawke et al.95). Examples of autocrine factors are IGF, FGF, HGF, and TGF-β like factors. 
These factors can also be released via the vascular system. Immune-related cells (macro-
phages, neutrophils, T-cells, etc.) can modulate activation of SC by releasing above factors, 
as well as platelet derived growth factor (PDGF), cytokines, or interleukines. Neurotrophic 
factors via motor neuron stimulation might activate SC. Furthermore, hormones (testosteron) 
or small metabolites can mediate the same effect.

1.2.3 Extra- and Intracellular structure

1.2.3.1 Sarcomere

The sarcomere is the basic contractile element in muscle. Successive sarcomeres, serially, 
form a myofibril, and multiple myofibrils, in parallel, constitute the contractile machinery of 
a myofiber (Figure 3). The sarcomere is a rodlike structure and contains specific structural 
elements. On the outsides of the sarcomere, a disc-like structure is present in a cross-sectional 
plane, which is called the Z-disk. The Z-disk contains a large number of structural molecules 
with a variety of functions. The major constituent of the Z-disk is the actin-binding α-actinin, 
which has a number of different functions. The periphery of the Z-disk contains intermediate 
filaments, which align the Z-disks of surrounding sarcomeres. Furthermore, these intermedi-
ate filaments bind the myofibrils indirectly to the sarcolemma. Actin filaments are positioned 
at a right angle to the Z-disk. Myosin filaments are positioned parallel to the actin filaments, 
and are set out from another plane situated between two successive Z-disks. This plane is 
called the M-line. 

Chapter 1	

Figure 3	  Myofiber composition

(a) Staining of a lateral section demonstrates the striated appearance of the myofiber. (b) The 
myofiber consists of a large number of myfibrils, which are the contractile elements. (c) Myo-
fibrils are made of consecutively ordered sarcomeres. (d) Sarcomeres are flanked by Z-disks to 
which the thin (actin) filaments are bound. The thick (myosin) filaments are connected to the M-
line. The striated appearance originates from the composition of the thin and thick filaments.

(Adapted from Human Anatomy & Physiology, 6th Edition, Elaine N. Marieb, Pearson Education, Inc.) 
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An action potential generated from the axon of a motor neuron results in releasing of the neu-
rotransmitter acetylcholine (ACh) in the neuromuscular junction, which subsequently binds 
to the acetylcholine-receptor (AChR). Activation of the AChR leads to the opening of ion 
channels, allowing a flux of Na+ and K+. As a result, a change in membrane potential occurs, 
since more Na+ flows in than K+ flows out of the myofiber. The generated local current spreads 
throughout the sarcolemma, down the T tubules, and eventually results in the extracellular 
release of calcium from the sarcoplasmic reticulum via the terminal cisternae throughout the 
myofiber. A calcium-dependent interaction between actin- and myosin filaments results in a 
contraction between the two Z-disks of each sarcomere in the myofiber. The ‘sliding filament’ 
theory, regarding the interaction between actin and myosin, has been proposed by Huxley et 
al.107,108, and will not be discussed in further detail. After contraction, the cytosolic Ca2+ is re-
located in the sarcoplasmic reticulum by continuously active Ca2+ pumps, which leads to the 
relaxation of the sarcomere. Altogether, the generated force of the contraction is distributed 
from the Z-disks to the sarcolemma via a mesh of interacting proteins, called the costameres.

1.2.3.2 Costameres

Costameres are macromolecular protein structures localized between the sarcolemma and the 
sarcomeres, and function as positioned focal adhesion complexes to transmit the contractile 
force generated by the sarcomeres to the sarcolemma (Figure 4)175. Due to their position at 
both the M-line and Z-disk, and their indirect interaction with the extracellular matrix, the 
sarcomeres of individual myofibers are aligned127. This arrangement facilitates the uniform 
transmission of lateral forces between neighboring myofibers, which is necessary to maintain 
the consistency of the sarcolemmal lipid bilayer 76,61. 
When approached from the sarcolemmal side, the costameres are attached to the cell membrane 
via two separate systems; the vinculin-talin-integrin system, and the dystrophin-glycoprotein-
complex. A common property of the two systems is the binding of filamentous actin (F-actin) 
to a membrane-associated complex5. F-actin is part of the subsarcolemmal cytoskeleton. The 
intermediate filaments present in the costamere, such as desmin98, synemin98, and vimentin82, 
are extensively interconnected to F-actin by the linker protein plectin81,45. Correspondingly, 
the intermediate filaments connect to the  α-actinin network of the Z-disk, completing the link 
from the sarcolemma.

1.2.3.3 DGC

The dystrophin-glycoprotein complex (DGC) is positioned at the sarcolemma, where it func-
tions as a bridging structure between the extracellular matrix and the intracellular cytoskeleton 
of the myofiber. The core of the DGC is formed by the structural trinity dystrophin-dystrogly-
can-laminin2 (Figure 5) (reviewed in Dalkilic et al.58).
Dystrophin is a 427 kD cytoskeletal protein, and belongs to the family of β-spectrin/α-actinin 
proteins123. Dystrophin has four distinct structural domains. The amino terminal domain has 
high homology to actin binding regions in proteins such as β-spectrin and α-actinin, and 
binds F-actin (reviewed in Rybakova et al.187). The rod domain consists of an array of 24 re-
peats, which form a nested helix, and has similarities to spectrin56,116. The cystein rich domain
contains a number of binding sites to proteins belonging to the DGC. One of these domains is 
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the WW domain, which recognizes the proline-containing motifs present in the PPXY motif of 
β-dystroglycan105. Furthermore, the binding to β-dystroglycan is mediated by a ZZ domain114. 
The carboxy terminal domain also contains binding sites for DGC-related proteins.
Dystroglycan consists of two subunits, which arise from a single gene-transcript109,110. This 
precursor protein is split into the two subunits in the endoplasmic reticulum209,103,165. α-Dys-
troglycan is localized at the extracellular side of the sarcolemma, is heavily glycosylated, 
and binds to laminin243,130. α- and β-dystroglycan are bound via multiple covalent bonds201. 
β-dystroglycan is a single-pass transmembrane protein with its carboxy terminal present at 
the cytosolic site of the sarcolemma. The COOH-terminal contains a PPXY motif to bind to 
dystrophin, and is capable to alternatively bind caveolin3 via its WW domain213.

Laminin2 is a heterotrimeric extracellular matrix protein, which consists of three chains; α1, 
β1, and γ1. Laminin2 binds to collagen IV, which is the major constituent of the basement 
membrane. The interaction between laminin2 and collagenIV is stabilized by other proteins 
such that a scaffold is formed. Examples of these stabilizing proteins are perlecan, biglycan, 
and nidogen.

The trinary protein core of the DGC is stabilized by the transmembrane sarcoglycan-sarcospan  
complex (SGC), which contains four glycosylated subunits (α-, β-, γ-, and δ- sarcoglycan) 
and sarcospan246,54. The sarcoglycan subunits are all single-pass transmembrane proteins with 
a molecular weight of 50 kD, 43 kD, 35 kD, and 35 kD, respectively92. α-Sarcoglycan is a type 
I transmembrane protein with the aminoterminus on the extracellular side, whereas the other 

Figure 4	 Costameres

The costameric protein network alligns the Z-disks of the individual myofibrils and connects 
them via the sarcolemma to the extracellular matrix. The DGC-related proteins are not shown.

(from Myology, 3rd edition, eds. Engel & Franzini-Armstrong, McGraw-Hill)
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sarcoglycans are type II transmembrane proteins with their aminoterminus at the cytosolic 
side of the sarcolemma226. The sarcoglycan subunits are tightly associated90,40. The sequence 
homology is highest between the γ-, and δ-sarcoglycan subunit115.

1.2.3.4 The integrin-vinculin-talin system

The integrin-vinculin-talin system is a second protein complex involved in the binding of the 
costameres to the sarcolemma, and providing a linkage to the extracellular matrix61. Cytoskel-
etal F-actin binds to a cluster of focal adhesion proteins, in which talin plays a central role. 
Vinculin, focal adhesion kinase, actin, and integrins bind to talin (reviewed in Nayal et al.162). 
The complex is indirectly linked to the extracellular matrix via a transmembrane integrin-di-
mer5.

1.2.3.5 Extracellular matrix

Each myofiber, fascicle, and muscle is surrounded by a layer of connective tissue, which con-
sists of a protein- and carbohydrate-rich extracellular matrix, fibroblasts, macrophages, capil-
laries, and nerve branches. This layer contributes to the mechanical properties of muscle, and 
plays a role in myogenesis and regeneration. The surrounding connective tissue has a distinct 

Figure 5	 The dystrophin-glycoprotein complex

The core of the dystrophin-glycoprotein complex (DGC) is formed by dystrophin, dystroglycan, 
and laminin. The trio is stabilized by the sarcoglycan-sarcospan complex (SGC).

(from Dalkilic et al., Curr Opin Genet Dev (2003) 13(3) 231-238)
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structure, since a number of layers with specific characteristics can be determined. The two 
most important layers are the basal lamina and the reticular lamina, which together form the 
basement membrane. 
The basal lamina is closest to the sarcolemma, and consists of the electron-lucent lamina 
rara which is then covered by the electron-dense lamina densa112. The basal lamina contains 
predominantly collagen IV and laminin191,46. Collagen IV and laminin have the ability to self-
assemble, and their networks are linked by the glycoprotein entacting/nidogen223. These com-
ponents form a structure to which a large number of different proteins can be linked, such as 
other proteoglycans, components of the reticular lamina (collagen VI), and transmembrane 
components (integrins, dystroglycan)191. The reticular lamina is a dense fibrillar structure con-
taining predominantly collagen and other fibrils.

1.2.3.6 Transverse fixation system

The contraction and stretching of skeletal muscle generates a force that is distributed across 
the muscle to the tendons, thereby providing the ability to move. The simultaneous contrac-
tion of the myofibers is closely orchestrated at several levels. Muscle contraction is initiated 
by a neuronal action potential leading to depolarization of the sarcolemma. The depolariza-
tion continues via the transverse tubules to the inner part of each fiber, which results in a 
uniform contraction throughout the myofiber. The myofibrils within a single myofiber are 
aligned along the Z-disks of the sarcomeres via an intricate system of intermediate filaments. 
The aligned myofibrils are linked to the sarcolemma via the costameric network, and are 
subsequently linked to the extracellular matrix. This transverse fixation systems facilitates the 
lateral transmission of force within a myofiber, and maintains the sarcolemmal integrity. Pro-
teins functioning in the transverse fixation system often lead to muscular dystrophies or other 
myopathies when defective (Table 1). 
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1.3 Muscular Dystrophies

1.3.1 General Introduction

Muscular dystrophies are characterized by progressive irreversible degeneration processes, 
which results in weakness and wasting of muscle tissue. The muscular dystrophies share clini-
cal symptoms, but differ largely in severity, age of onset, and distribution of affected muscle 
tissue71. To date, the mechanisms responsible for this divergence in pathology have not yet 
been identified in detail. The genetic defects causative for the majority of muscular dystro-
phies have been largely elucidated (Table 1).

1.3.2 Dystrophinopathies

Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) are caused by 
defects in the DMD gene, which encodes the subsarcolemmal protein dystrophin101. Since the 
DMD gene is located on the X-chromosome, primarily males are affected. Generally, DMD is 
caused by mutations that disturb the genetic reading frame, whereas BMD is caused by muta-
tions that leave the reading frame intact124,99,17,157.  DMD is the most common form of muscular 
dystrophy which occurs during childhood. The incidence is approximately 1 in 300070.
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Clinical phenotype

DMD was first described by Meryon (1852), and Duchenne (1868)151,66. The first symptoms 
of DMD are characterized by frequent falling, difficulty of getting up from a standing or 
lying posistion (demonstrating Gower’s manoeuvre), and a waddling gait. Furthermore, the 
calf musculature is significantly enlarged by hypertrophy, fat infiltration, and accumulation of 
connective tissue. Approximately 20% of the patients has a mental impairment, which trans-
lates in an IQ of less than 70. Affected skeletal musculature is mainly proximal, and results 
in wheelchair dependence during the early teens. Patients often die of cardiac failure as an 
adolescent. Furthermore, infections, leading to pneumonia as a result of lack of ventilation, 
are often the cause of death, while respiratory care by assisted ventilation may increase the 
survival208. A major characteristic of DMD and other muscular dystrophies is displayed by 
muscle necrosis, which results in high serum levels of the isoenzyme creatine kinase (CK). 
CK ‘leaks’ from affected degenerating myofibers to the bloodstream in addition to other en-
zymes such as pyruvate kinase211.

BMD was first described by Becker (1953) and Walton (1955)16,237. In general, BMD can be 
seen as a milder form of DMD with a later age of onset, loss of ambulation at an older age, 
and a later age of death (reviewed in Engel et al.73). However, the clinical phenotypes vary 
distinctly, and may in some cases be indistinguishable from DMD163,33.

Pathological cause and effect

The widely accepted pathological model for DMD/BMD postulates that the absence (DMD) 
or instability (BMD) of the DGC results in membrane instability, making the sarcolemma 
vulnerable to rupture156,196,37,239. Plasma membrane defects are early and basic pathologic al-
terations, and are represented by lesions of various size156. The regions near small lesions 
contain dilated endocytotic vesicles, whereas large lesions harbour dilated SR vesicles, ir-
regularly positioned sarcotubular components, degenerating mitochondria, and small clusters 
of glycogen73. As a result, extracellular calcium can enter the myofiber and cause an imbalance 
of the calcium homeostasis, which results in myofiber degeneration. Controversial evidence 
questions that an imbalance of calcium homeostasis leads to degeneration. It might be that 
degeneration preludes the extracellular calcium influx85. Hence, the degeneration leading to 
myofiber necrosis would be initiated via other mechanisms. The detection of apoptotic nuclei 
demonstrating DNA fragmentation in muscle biopsies from DMD patients led to another hy-
pothesis190,222,140; absence of the DGC leads to sarcolemmal rupture and subsequent leaking of 
intracellular proteins, which are unknown to the immune system. This attracts and activates 
cytotoxic lymphocytes and helper T-cells, which initiate the apoptotic program in ruptured 
myofibers214.

Myofiber necrosis

Dystrophin deficiency leads to irreversible myofiber cell death, or necrosis. The first necrotic 
myofibers can be demonstrated in the neonatal period, and are generally single27. With in-
creasing age of the patient, necrotic myofibers appear in groups of 2-15 myofibers. Myofiber 
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necrosis is often segmental, which means that not the entire myofiber is affected by necrosis, 
but only part of it. The basal lamina surrounding the necrotic myofiber is not affected, remain-
ing like an empty shell26.

The early stage of necrosis is characterized by partially lysed and highly contracted myofi-
brils. Later stages demonstrate granular and filamentous debris and clumps of degenerating 
membranous organelles. Myofibrillar structures, as well as sarcotubular components can not 
be recognized72. Furthermore, the affected myofibers contain membrane attack complexes 
(MAC), which are the result of complement activation. The insertion of MAC in the sarco-
lemma creates holes, and causes cell-lysis.

1.3.3 Limb-Girdle Muscular Dystrophies

1.3.3.1 Sarcoglycanopathies

A distinct group of muscular dystrophies is classified as the Limb-Girdle Muscular Dystro-
phies (LGMD). Diagnosis of these muscular dystrophies is often difficult, because the differ-
ent forms demonstrate a high heterogeneity within and  between the diseases34. As a result, 
LGMD requires a more complex classification using clinical appearance, protein analysis, and 
genetic studies35. Both autosomal dominant (LGMD1) and autosomal recessive (LGMD2) 
forms exist (Table 1). Although the monogenetic causes for most of these disorders have been 
elucidated, more LGMD are found due to a higer level of specification in clinical determina-
tion, and subsequent finding of defective genes. LGMD differ from DMD/BMD in severity, 
age of onset, and distribution of affected muscle tissue.

A particular group within the autosomal recessive LGMDs is formed by the sarcoglycanopa-
thies. Sarcoglycanopathies are characterized by deficiency of one of the sarcoglycan proteins 
(α-, β-, γ-, δ-sarcoglycan). These four isoforms form together with sarcospan the sarcoglycan-
sarcospan protein complex (SGC). The transmembrane SGC stabilizes the dystrophin-dystro-
glycan-laminin bolt, which forms the core of the DGC. Deficiency of one of the sarcoglycans 
inhibits the proper formation of the SGC, and can lead to its marked reduction in the sarco-
lemma102,165,206. The loss of the entire complex is commonly seen in β- and δ-sarcoglycan defi-
ciency. However, α- and γ-sarcoglycan deficiency show a more restricted loss of the SGC227. 
Rare cases of mutations in the γ-sarcoglycan gene have been reported that leave the SGC 
intact, but with probable dysfunction of the SGC, which therefore leads to muscular dystro-
phy23,235. In conclusion, defective expression (or absence) of the entire SGC might explain the 
large similarity in the pathological phenotypes of the sarcoglycanopathies173.

Recently, two other sarcoglycans (ε- and ζ-sarcoglycan) have recently been reported77,240.
 ε-Sarcoglycan deficiency results in myoclonus-dystronia, which is a movement disorder with 
involuntary jerks and dystonic contractions64. Thus far, ζ-sarcoglycan has not been found to 
relate to a human disease. These two sarcoglycans will not be discussed in further detail.
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Clinical phenotype

In sarcoglycanopathies, the proximal limb-girdle musculature is mainly affected. The age of 
onset is highly variable, but with a bias toward childhood around the age of 6 to 8 years24. A 
characteristic clinical feature is the presence of scapular winging due to affected periscapular 
musculature. The diseases are progressive by nature, but progression is again highly vari-
able. Early age of onset does not necessarily indicates a rapid progression of the disease. The 
patients eventually present a loss of ambulation resulting in wheelchair dependence. As with 
DMD, sarcoglycan deficiency can lead to cardiomyopathy. This clinical feature is more com-
mon in β-, and δ-sarcoglycan deficiency14.

Pathological cause and effect

On a histopathological level, a large similarity between the sarcoglycanopathies and dystro-
phinopathies is demonstrated, since muscle degeneration is demonstrated in both diseases. 
Loss of the SGC leads to a moderate reduction of dystrophin, and of the dystrophin-dystrogly-
can-laminin bolt subsequently228. Furthermore, physiological studies showed that sarcoglycan 
deficiency is not accompanied by aberrant force generation, thereby demonstrating that the 
remaining DGC is functional90. Thus, the mechanical role of the DGC, which is considered to 
provide stabilization of force transmission over the sarcolemma, does not have to be affected 
in sarcoglycan deficiency. Indeed, it has been argued that, since sarcoglycan deficiency does 
lead to muscular dystrophy, alternative or additional mechanisms are required to explain the 
mechanical defects in DMD91. Notably, dystrophin deficiency results in the absence of the en-
tire DGC, including the SGC. The absence of the SGC can therefore contribute as secondary 
mechanism to the pathology of dystrophin deficiency.

The subunits of the sarcoglycan complex, and especially γ-sarcoglycan, have cystein-rich do-
mains which demonstrate a homology to EGF-like cystein-rich domains. Since the EGF-like 
domain is located at the extracellular side of the sarcolemma, ligand-binding and signalling 
properties of the SGC are not excluded144. The possibility that the DGC has signalling func-
tion next to its mechanical function was further highlighted by demonstrating analogy to other 
signalling complexes182.

1.3.3.2 Dysferlinopathies

Mutations leading to dysferlin deficiency cause the autosomal recessive Limb-Girdle mus-
cular dystrophy (LGMD2B) or Miyoshi Myopathy (MM)15,132. Dysferlin is a transmembrane 
protein with a distibution similar to that of dystrophin6. Dysferlin deficiency does not lead to 
altered expression of the DGC6.

Dysferlin shows a significant homology to FER-1, a Caenorhabditis elegans gene that plays 
a role in vesicle fusion to the plasma membrane3. In normal muscle, sarcolemmal injury is 
followed by the accumulation of vesicles at the ruptured site, which subsequently fuse with 
eachother and the ruptured plasma membrane to close the gap, leaving a ‘patch’ 146,147. Dysfer-
lin plays a critical role in the efficient docking and fusion of vesicles to the plasmamembrane in 
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a Ca2+-dependent manner, and therefore in the repair process of membrane rupture12. Dysferlin 
deficiency leads to accumulation of subsarcolemmal vesicles at the site of rupture, which do 
not fuse with the membrane, leaving the ruptured site unrepaired12. As a consequence, the af-
fected muscle fiber is prone to degeneration, characteristic of muscular dystrophy, but follows 
a different etiological pathway.

Clinical phenotype

The age of onset in dysferlinopathy is highly variable, but shows a slight tendency towards the 
age of 20 years131,135,7. A characteristic feature of the slowly progressive disease is the absence 
of symptoms prior to the onset. Muscular weakness in the LGMD variant usually starts in the 
pelvifemoral region with particular involvement of the quadriceps10. Scapular winging as seen 
in sarcoglycanopathy is not demonstrated. Miyoshi Myopathy shows a more distal presenta-
tion. The gastrocnemius and the soleus muscle are mainly affected during the onset of the 
disease. As a result, the patients are not able to walk on their toes155,131. Highly elevated CK 
levels mark the onset and the active phase of the disease. Cardiac involvement is not seen in 
dysferlinopathies24. This is consistent with the monocellular nature of heart muscle, in which 
the rupture/repair process is unlikely to play a role.

Pathological cause and effect

Rupture of the sarcolemma is common in normal muscle tissue. Small lesions are inflicted by 
exercise, growth, etc. Inability of membrane repair after rupture leads to a disturbance of the 
myofiber homeostasis. Dysferlin deficiency results in defects of the membrane repair system13. 
Ultrastructural analysis of dysferlin deficient muscle demonstrates a thickened basal lamina 
over –probably unrepairable- membrane lesions, as well as small vacuolar proliferations and 
degenerative papillary projections202.

1.3.3.4 Autosomal dominant limb-girdle muscular dystrophies

LGMD1A is an autosomal dominant (AD) muscular dystrophy caused by genetic mutations in 
the myotilin gene94. Myotilin is localized to the Z-disk, where it presumably binds to filamin 
C230. Myotilin deficiency is characterized by an adult onset of proximal muscular weakness, 
which starts at the hip-region and progresses to the shoulder region84.

Genetic mutations in caveolin 3 (Cav3) cause AD-LGMD1C153. Cav3 is the muscle specific 
isoform of the caveolin protein family219. Cav3 is localized at the sarcolemma, where it can 
interact with a large number of proteins, like DGC-components145,213,55, dysferlin139, neuronal 
nitric oxide synthase (nNOS)232, and phosphofructokinase212. Currently, it is postulated that 
Cav3 functions as a molecular facilitator, bringing receptors and second messengers in close 
proximity to facilitate the assembly of signaling complexes24. Cav3 deficiency leads to moder-
ate proximal muscle weakness with an average age of onset of 5 years. Furthermore, the pa-
tients showed calf hypertrophy, Gower’s sign at adult life, and elevated serum CK-levels153.
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1.3.3.5 Autosomal recessive limb-girdle muscular dystrophies

Genetic mutations in the calcium-activated proteolytic enzyme Calpain 3 (Capn3) lead to au-
tosomal recessive (AR) LGMD2A184. LGMD2A patients show an initial distribution of scapu-
lar-humeral-pelvic distribution of muscle weakness, which is sometimes followed by weak-
ness of the distal muscles in the lower extremities78. Capn3 functions as an indirect regulator 
of anti-apoptotic processes, which might explain the apoptotic cell death of myofibers in pa-
tients with calpainopathy11. Furthermore, Capn3 might interfere with the interaction between 
filamin C and γ-, and δ-sarcoglycan, although this mechanism is not yet fully understood88.

AR-LGMD2G is caused by genetic mutations in the telethonin gene, which translates into a 
sarcomeric protein localized at the Z-disk160.  Telethonin is also known as titin-cap (TCAP), 
since one of its functions is to cap titin161. Furthermore, telethonin binds to myozenin, which 
interacts with α-actinin, calsarcin, and filamin C218,79,80. Likely, telethonin plays a role in the 
maintenance of the integrity of the sarcomere, as well as during its assembly138. The clinical 
presentation of telethonin deficiency is not precise, since only a limited number of families are 
described160,159,247. The muscular weakness in the studied families is predominantly proximal 
with an age of onset from 9-15 years. A number of patients displayed loss of ambulation24.

1.3.3.6 Congenital muscular dystrophy

Laminin α2 deficiency is the cause of the autosomal recessive congenital muscular dystrophy 
1A (MDC1A)97. Laminin α2 (Lama2) is an extracellular glycoprotein that forms a link between 
the basal lamina and the sarcolemma by binding to dystroglycan. Lama2 deficiency leads to 
progressive muscle degeneration (reviewed in Voit et al.234). Shortly after birth, patients show 
profound hypotonia, which are frequently accompanied by contractures. The weakness affects 
the facial, proximal, and distal musculature.
Ullrich Syndrome is classified as a congenital muscular dystrophy, and is a result of collagen 
VI deficiency113,150. The clinical phenotype is characterized by generalized muscle weakness, 
spine rigidity, and respiratory insufficiency. Collagen VI is present in microfibrillar structures 
in many tissues. Collagen VI might play a role in cell migration, differentiation, and embry-
onic development74.

1.3.4 Animal models for muscular dystrophy

Animal models for human disease have greatly facilitated the study of human disease through-
out the last decades. One of the largest achievements has been the ability to generate trans-
genic mice. This applies as well for the study of muscular dystrophies. It has been more than 
20 years ago, that the first mouse model for muscular dystrophy (mdx) was discovered32. This 
mouse model occurred due to a spontaneous mutation; the technique to generate transgenic 
mice was not available yet. Since the mouse has been the major organism for studying muscu-
lar dystrophies, the different mouse models will be discussed below. Furthermore, a number 
of alternative animal models will be discusses as well.
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1.3.4.1 Mouse models for dystrophinopathy

The mdx mouse model for DMD contains a point mutation in exon 23 of the murine homo-
logue of the DMD gene resulting in a premature stop codon207. This mutation leads to the 
absence of dystrophin at the sarcolemma22. Similar to DMD, absence of dystrophin leads to 
a great reduction of the dystrophin-glycoprotein complex168. The histopathology of the mdx 
mouse is well described. The first clue of a mutant phenotype was obtained as a result of 
elevated levels of the muscle isoenzyme pyruvate kinase. Following histological characteriza-
tion of muscle tissue, a temporal myopathy was revealed, which was characterized by exces-
sive atrophy with loss of muscle fibers. Furthermore, a variation in fiber size, degeneration of 
fibers, and marked concentration of densely stained, proliferating, sarcolemmal nuclei with 
phagocytic cells in place of lost fibers was found32. 

Although the mdx mouse was presented at the moment of the discovery as a potential model 
for DMD, a remarkable feature doubted its authenticity59. After a period of extensive degener-
ation, the mdx mouse shows the ability to recover; a feature not seen in the lethal human DMD 
pathology. The elucidation of the DMD gene in both human and mice, however, confirmed the 
involvement of a homologous gene30,100. This led to a change in the view on dystrophin-defi-
ciency. What mechanisms does the mdx mouse apply to circumvent the deficiency of dystro-
phin, and to generate functional muscle tissue? The first studies concentrated on histological 
examination of the pathological stages of the mdx mouse.

The pathology of the mdx mouse commences at approximately 2-4 weeks of age, when a 
widespread necrosis of myofibers occurs. This age corresponds with an increase of mechani-
cal demands due to growth. The lack of dystrophin is likely to become critical at this stage57. 
As a result, the plasma membrane of myofibers becomes instable and has an elevated tendency 
to membrane rupture186. Due to a high extracellular concentration, an influx of of free Ca2+ ions 
disturbes the intracellular calcium homeostasis, which eventually leads to myofiber necrosis 
(for details see Chapter 1.3.6.1). Muscle fiber necrosis induces an inflammatory response, 
which is characterized by the influx of inflammatory cells at the periphery of necrotic regions. 
Necrotic myofibers are cleared via phagocytosis by macrophages.

As stated above, the mdx mouse has a successful regenerative response to the degeneration 
resulting from dystrophin deficiency. Muscle regeneration is hallmarked by the activation of 
normally quiescent satellite cells, their proliferation, fusion, and eventual replacement of af-
fected myofibers. Regeneration is dependent on the successful completion of these separate 
processes. Regeneration is a consequence of degeneration, and commences as soon as degen-
eration occurs. In the mdx mouse, a temporal shift is displayed from degeneration towards 
regeneration. During this phase both processes occur, but in different proportions. From 2-
4 weeks of age, degeneration prevails over regeneration. From approximately 8 weeks of 
age, regenerative processes overcome degeneration, which results in a stabilized condition at 
around 12 weeks of age. The eventual prevailing of regeneration might be due to a decrease 
in degenerative processes. However, a number of alternative hypotheses have been proposed. 
The replicative potential of murine satellite cells may exceed those of humans, although this 
difference as well as a change in the number of satellite cells during aging is still under de-
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bate167. Furthermore, murine satellite cells may act more responsive to external signalling such 
as growth factors. It may also be possible, that the small caliber of murine muscle fibers makes 
them less susceptible to mechanical stress117,118. Fibertype alterations can also lead to a de-
crease in the probability of sarcolemmal rupture, and thereby the severity of the disease179,136.

Alternative mouse models for dystrophinopathy

Since the original mdx mouse did not show progressive muscle weakness and wasting, al-
ternative mouse models for muscular dystrophy were generated using chemical mutagen-
esis with N-ethylnitrosourea (ENU)41. Screening for variant alleles in the dystrophin locus 
combined with elevated levels of muscle enzymes in the blood, resulted in additional mouse 
models which were named mdx2-5cv. The mutations of these mouse models were determined, 
and found to be point mutations in the Dmd gene leading to aberrant, non-functional tran-
scripts52,111. These alternative mouse models displayed a dystrophic phenotype similar to the 
original mdx mouse41,60,52. Furthermore, two transgenic mice were generated by targeting exon 
52 (mdx52)9, and the first exon of the Dp71 isoform (Dp71-/-)193. The mdx52 showed a similar 
phenotype compared with the mdx mouse. On the other hand, the Dp71-/- mouse model did 
not show any dystrophic characteristics193, which can be explained by the fact that the targeted 
isoform is not expressed in muscle197. In conclusion, alternative mouse models for dystrophi-
nopathy, which affect several or all dystrophin isoforms, do not seem to differ in dystrophic 
phenotype (except for Dp71-/-). This feature was recently confirmed by another mouse model 
for dystrophinopathy. Kudoh et al. generated a mouse model for DMD by deleting the entire 
Dmd gene using Cre-lox-P recombination system126. The pathology of these mdx-null mice 
was virtually identical to the mdx mouse in both skeletal muscle and diaphragm.

Utrophin-deficient mice

A genetic sequence with a high homology to dystrophin was found to be ubiquitously ex-
pressed, particularly in several fetal tissues such as heart, placenta and intestine133,134. The 80 
kDa protein product of the 4.8 kbp transcript was called utrophin21. Utrophin forms a protein 
complex with similar proteins as found in the DGC and is located at the neuromuscular junc-
tion (NMJ)141. Utrophin has a high similarity to dystrophin based on the primary structure224. 

In adult mdx mice, utrophin is localized across the sarcolemma, a phenomenon not seen in 
DMD patients. This might explain the milder phenotype of the mdx mouse; utrophin might 
replace the missing dystrophin. Utrophin-deficient mice do not show a severe phenotype62. 
However, mice lacking both utrophin and dystrophin have a very severe muscular dystrophy, 
indicating the complementary role of utrophin in the mdx mouse62. Furthermore, the likely 
complementary role of utrophin in the mouse might explain the severe phenotype of genetic 
defects in other components of the DGC compared to dystrophin-deficiency. These findings 
resulted in using utrophin as a target for therapeutic approaches (reviewed in177,122).
 
1.3.4.2 Mouse models for sarcoglycanopathy

Defective expression of any single sarcoglycan results in muscular dystrophy. To study this 
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group of diseases in more detail, mouse models have been generated, which are transgenic for 
one of the four sarcoglycan subunits.

α-Sarcoglycan deficient mice

Duclos et al. generated transgenic mice for α-sarcoglycan (Sgca) as a model for LGMD2D67. 
Both Sgca alleles were affected, resulting in a null-model. Sgca is only expressed in striated 
muscle tissue. The Sgca-null mice developed progressive muscular dystrophy which increased 
with age. Although the Sgca-null mice did not show any overt signs of muscular dystrophy, 
the first features of muscular dystrophy could be determined on histological level shortly af-
ter birth. Histological stainings demonstrated ongoing degeneration of skeletal muscle tissue 
(diapragm) with age. Typical features for human muscular dystrophy were detected, such as 
necrosis, inflammation, centrally located nuclei, fibrosis, atrophy, hypertrophy, fiber splitting, 
and dystrophic calcification67.

Immunohistochemical analysis of both cardiac and skeletal muscle tissue of Sgca-null mice 
showed absence of Sgca, and a marked reduction of the other (β, γ, and δ) sarcoglycan sub-
units. Furthermore, immunohistochemical staining of dystrophin was patchy and reduced. 
Detection of α-dystroglycan by western blot demonstrated normal levels, although it was not 
tightly associated with the sarcolemma. These results corroborate the necessity of the SGC for 
the formation and stabilization of the DGC.

β-Sarcoglycan deficient mice

Two groups independently generated transgenic mice for β-sarcoglycan (Sgcb) as a model 
for LGMD2E8,68. Araishi et al. targeted exon 2 of Sgcb to disrupt the reading frame, whereas 
Durbeej et al. targeted exon 3-6. Both mouse models developed a severe, progressive muscu-
lar dystrophy.

Araishi et al. detected the first symptoms of muscular dystrophy in the β-sarcoglycan deficient 
mouse from 2 weeks of age. Histological analysis showed muscle degeneration and infiltration 
of mononuclear cells. The degenerative changes were most prominent between 4 and 8 weeks 
of age. At 8 weeks of age, an increase in the mass of connective tissue was seen. At 14 weeks 
of age the regenerative changes were predominant, and were associated with hypertrophy. At 
20 weeks almost all muscle fibers (>95%) in the quadriceps femoris muscle showed centrally 
located nuclei, as well as variability in fiber size. The heart musculature was affected at 56 
weeks of age, showing fibrotic patches on the heart wall. Cardiac pathology could not be de-
tected at 6 weeks of age. Arashi et al. found no differences in SGC gene expression between 
Sgcb deficient mice and healthy wildtype mice. However, SGC protein expression could be 
scarcely detected in affected skeletal muscle tissue. Other components of the DGC than SGC 
components were expressed and could be detected in skeletal muscle tissue.

Durbeej et al. demonstrated that their Sgcb-null mouse presented similar dystrophic symp-
toms. Furthermore, additional dystrophic features like fiber splitting, extensive dystrophic 
calcification, endomysial fibrosis, and massive fatty infiltration were detected. The pathology 

Chapter 1	



35

of the Sgcb-null mouse is more severe compared to mice lacking α-sarcoglycan, since larger 
areas of necrosis and fatty infiltration were detected. Durbeej et al. found small necrotic areas 
in the heart of Sgcb-null mice at 9 weeks of age. At 20 weeks of age, ischemic-like regions 
were detected. Further investigation showed that Sgcb-null mice lack expression of Sgcb in 
smooth muscle tissue. As a result, perturbations in smooth muscle tissue due to this lack lead 
to vascular irregularities. In the heart vasculature, these perturbations led to constrictions as-
sociated with pre- en poststenotic aneurisms, and preceeded the onset of ischemic-like lesions. 
Durbeej et al. concluded at that time that the effects of muscular dystrophy in striated muscle 
are exaggerated by vascular irregularities due to smooth muscle perturbations.

γ-Sarcoglycan deficient mice

Hack et al. generated transgenic mice deficient in γ-sarcoglycan (Sgcg), and found a mouse 
model for LGMD2C90. Exon 2 was targeted to disrupt the reading frame of Sgcg. The Sgcg-
null mice developed a muscular dystrophy, which preferentially affected the proximal mus-
cles. Sgcg-null mice displayed a stunted growth, an abnormal gait, and a relative slowness 
and inactivity. Furthermore, 50% of the Sgcg-null mice died before the age of 20 weeks. 
The Sgcg-null mice showed typical muscular dystrophy symptoms, such as necrosis, infiltra-
tion of inflammatory cells, centrally located nuclei, calcification, replacement of muscle by 
adipose and connective tissue, and regeneration. Sgcg-null mice developed cardiomyopathy, 
which was detected at 20 weeks of age. The affected heart showed ventricular fibrosis, and an 
increased right and left ventricular wall. Immunohistochemical staining showed the absence 
of SGC components in the sarcolemma of skeletal muscle. Sgcg-null mice demonstrated a 
muscular dystrophy, which is most progressive from 3-8 weeks of age.

Sasaoka et al. generated an alternative Sgcg deficient mouse model for LGMD2C,  by target-
ing exon 3 of the Sgcg gene194. This model differed from the one Hack et al. had generated, by 
showing high survival rates (>1 year), and remarkable muscle hypertrophy and muscle weak-
ness after 12 weeks of age. The observed hypertrophy is, according to Sasaoka et al., due to an 
increase in the number of regenerating myofibers and not due to fat infiltration or proliferation 
of connective tissue.

δ-Sarcoglycan deficient mice

A mouse model for LGMD2F was generated by Coral-Vazquez et al. by targeting exon 2 of δ-
sarcoglycan (Sgcd), thereby disrupting the reading frame49. The first dystrophic features were 
detected at 2 weeks of age, and pathological alterations increased with age, showing a progres-
sive course of the disease. Similar to the other mouse models for sarcoglycanopathy, Sgcd-null 
mice demonstrated necrosis, infiltration of inflammatory cells etc. Furthermore, the Sgcd-null 
mice developed cardiomyopathy and vascular irregularities similar to those of Sgcb-null mice. 
Coral-Vazquez et al. postulated the hypothesis that disruption of the SGC in vascular smooth 
muscle perturbs vascular function and induces ischemic-like lesions in the heart and exagger-
ates the dystrophic phenotype (see β-Sarcoglycan deficient mice).
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1.3.4.3 Mouse models for dysferlinopathy

The first report of dysferlin deficiency in the mouse described a 171 bp in frame deletion 
in the dysferlin gene of the SJL wild type strain, resulting in a highly unstable molecule, 
which subsequently leads to a low abundance of the mutant protein19. The SJL mouse shows 
a progressive muscular dystrophy, which increases in severity at later stages of life. The first 
symptoms appear after approximately 3-4 weeks, and are marked by small myopathic lesions 
like small-calibre myofibers with centrally located nuclei. At 10 months of age skeletal muscle 
demonstrates typical dystrophic characteristics, like degeneration, inflammation and regenera-
tion. At 15 months of age the pathology shows an advanced muscular dystrophy with fibrosis 
and fat infiltration in skeletal muscle tissue19.

A transgenic mouse model for dysferlinopathy was generated by targeting the last three exons 
of dysferlin, which resulted in the complete loss of protein expression12. This dysferlin-null 
mouse also developed a slowly progressing muscular dystrophy with the first symptoms at 2 
months of age. At 8 months of age the dysferlin-null mouse displayed the characteristics of 
muscular dystrophy, showing degeneration, inflammation, regeneration, fat infiltration, and 
fibrosis12.

1.3.4.4 Other animal models for muscular dystrophy

Since mouse models for muscular dystrophy have been primarily used to study the patho-
logical mechanisms as described in this thesis, these models have been described in detail. 
However, a number of other animal models have been used to study the muscular dystrophies, 
and will be discussed briefly. Canine and feline models for muscular dystrophy were recently 
reviewed in detail by Shelton and Engvall205. Compared to rodent animals for muscular dys-
trophy, large animal models provide a higher clinical relevance to study the research and test-
ing of therapies due to a higher similarity towards humans104.

Canine models for muscular dystrophy

Clinical observations of a myopathy in the Golden Retriever led to the finding of a canine 
model for muscular dystrophy149,125,229. The pathology of the canine model, also known as 
Golden Retriever Muscular Dystrophy (GRMD), is caused by a genetic mutation leading in 
the DMD gene, which leads to a lack in dystrophin expression48. The GRMD dog displays the 
characteristic clinical pathology of muscular dystrophy; progressive muscular weakness and 
wasting, muscle hypertrophy, elevated CK levels, and degeneration and regeneration cycles 
of affected muscle fibers. A number of other canine models for muscular dystrophy have 
been found recently. Next to canine models for dystrophinopathy, canine models for sarcogly-
canopathy have also been found (reviewed in Shelton et al.205).

Feline models for muscular dystrophy

A number of muscular dystrophy-like disorders have been reported in cats236,36,83. The clinical 
phenotype is characterized by generalized skeletal muscle hypertrophy, excessive salivation, 
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reduced exercise tolerance, stiff gait and bunny-hopping when running, difficulty in jumping, 
vomiting/regurgitation, cardiomyopathy (reviewed in Vite233). The pathological manifesta-
tions are characterized by myofiber degeneration and regeneration, myofiber splitting, calcific 
deposists, and centrally located nuclei205.

Rodent models for muscular dystrophy

The BIO14.6 hamster is an animal model for LGMD2F, since it has a genetic mutation in the 
δ-sarcoglycan gene164. Before the genetic cause was known, the hamster was widely used as a 
model for hypertrophic cardiomyopathy. The animals develop widespread muscle degenera-
tion in both the myocardium and the skeletal musculature. The primary cause of death in the 
BIO14.6 hamster is heart failure.

Laminin2-deficiency leads to congenital muscular dystrophy type 1A (Chapter 1.3.5.3). A 
spontaneous genetic mutation in the murine laminin2 gene resulted in the dy mouse model for 
MDC1A. This mouse model was described as early as 1955, and was therefore the first mouse 
model for muscular dystrophy152 (reviewed in Nonaka et al.166).

1.3.5 Secondary pathological processes

The pathological effects on cellular level show a high similarity between the muscular dys-
trophies. As a result of abberations in a variety of genes, which lead to muscular dystrophy, 
myofiber necrosis is the first secondary process to occur. Currently, the effects of apoptosis 
as a possibility for cell death are under investigation as well. Myofiber necrosis instigates an 
inflammatory reaction, and attracts inflammatory cells. Due to the activation of satellite cells, 
regenerative processes are started to repair or replace affected myofibers. These effects are 
reflected in the mouse models, and will be discussed in more detail in this chapter.

1.3.5.1 Necrosis / Apoptosis

The hallmark of muscular dystrophy is the propensity to cause myofiber cell death, accord-
ing to Rando182. Muscular dystrophy seems to be a conditional disease, since not all muscles 
are affected, and the age of onset is highly variable. Although the genetic defect is generally 
present in all body cells, the pathology is only initiated by the degenerative necrosis of myo-
fibers.
A common theme in muscular dystrophy is that the disease causing genes are involved in the 
structural maintenance of the myofiber, as well as the alignment with neighboring myofibers. 
As a consequence of the dysfunction of these proteins by genetic aberrations, the sarcolemma 
becomes unstable and prone to rupture. The myofiber can respond to the lesions in different 
ways (reviewed in McNeil et al.147). First, the lesions can be repaired by spontaneous reseal-
ing. This process, however, is incomplete, since it leaves a hole in the membrane129. Second, 
ruptures can be repaired by a process called exocytotic resealing. Membraneous vesicles are 
actively fused to the plasma-membrane nearby the rupture site, and thereby lower the ten-
sion of the membrane, making resealing possible183. Third, the rupture in the membrane can 
be filled with individual vesicles, which subsequently fuse, and form a ‘patch’146. However, 
it might be possible that the myofiber is not capable of repairing the membrane lesions. As a 
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result, a continuous inward flow of extracellular cations   disturbs the intracellular homeosta-
sis (mainly Ca2+), and initiates necrosis or apoptosis by activating Ca2+-dependent proteolytic 
enzymes. Thus, myofiber degeneration is a result of an imbalanced homeostasis caused by 
membrane instability-induced sarcolemmal rupture.

An alternative hypothesis regarding the sequence of the above mentioned processes was pos-
tulated by Gillis85. This hypothesis questions the results of previous experiments concerning 
the increase of intracellular Ca2+ due to membrane rupture, and the effect it has on proteolytic 
activity. The experimental evidence concerning elevated intracellular Ca2+ is highly controver-
sial (see85). Therefore, the degenerative effects might preceed the membrane rupture and the 
influx of Ca2+. These degenerative effects may concern the activation of apoptotic processes, 
which might trigger the dystrophic processes (reviewed in Tews et al.220).

The study of apoptotic markers, such as DNA fragmentation and morphological criteria, in 
mdx mice revealed a peak at 2 weeks of age, prior to the massive necrosis seen during the 
degenerative phase189,210. Furthermore, apoptotic processes were detected in skeletal muscle 
from sarcoglycan-deficient and laminin2-deficient mice90,154. The molecular mechanisms be-
hind apoptosis have become more clear recently (reviewed in Hay et al.96). Important apop-
topic factors are represented by the bcl-2 family, with both pro-apoptotic members (bax) and 
anti-apoptotic members (bcl-2)225, and the caspase protein family53. Interestingly, apoptotic 
events also play a role in the formation of multi-nuclear (syncytial) cells by fusion (reviewed 
in Huppertz et al.106). Therefore, it is not surprising that apoptosis has solely been found in 
regenerating myofibers in dystrophic muscle tissue221.

Calcium plays a major role in the activation of apoptotic processes. Cellular overload of Ca2+, 
or the perturbation of intracellular Ca2+ compertimentalization can cause cytotoxicity and trig-
ger apoptotic cell death (reviewed in Orrenius et al.172). Autolysis of myofibers can be initiated 
by the activation of Ca2+-dependent proteolytic enzymes (proteases), known as calpains. Cal-
pains cleave myofibrillar and cytoskeletal proteins (reviewed in Goll et al.86). Therefore, the 
initiation of apoptotic processes, as a result of a disturbance of the intracellular calcium levels, 
is likely to occur in dystrophic myofibers.

In conclusion, the initiating mechanisms leading to necrosis or apoptosis during degeneration 
in muscular dystrophy remain to be further investigated.
 
1.3.5.2 Inflammation

The primary function of the immune system is to protect the organism from pathogens via an 
intricate system of highly specialized cells. Except for eliminating the pathogenic effects of 
infectious agens (bacterial, viral, fungal, and parasitic), the immune system is employed to 
repair injured tissue. By starting an inflammatory response, damaging agents can be confined 
to the the site of injury, affected tissue can be removed, and reparation can be initiated.

The degeneration of myofibers in muscular dystrophies is followed by a localized inflamma-
tory response. The inflammatory response is initiated by the release of a chemical signal at 
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the site of injury. This signal originates from local immune cells, which are attracted by intra-
cellular components leaking into the interstitium due to a ruptered sarcolemma. The first im-
mune cells at the site of injury are polymorphonuclear leucocytes (i.e neutrophils), and a few 
macrophages. The number of macrophages increases significantly during the first 48 hours 
after injury171,143. The objective of macrophage presence is dual: macrophages remove necrotic 
myofibers by phagocytosis, and macrophages activate and attract satellite cells for regenera-
tive purposes185. Depletion of the macrophage population by irradiation impairs the regenera-
tion of muscle, whereas reconstitution of bone marrow restores the regenerative potential128.

Necrosis of the myofiber leaves the endomysial surroundings intact, as well as the satellite 
cells at the site of degeneration. Although the necrotic myofiber is broken down by proteo-
lytic activity, the remnants are cleared by phagocytosis of attracted macrophages. Since endo
genous macrophages are relatively rare in normal adult muscle, preservation of the vascular 
supply is essential for the supply of blood-borne macrophages18,2.

In conclusion, inflammation facilitates regenerative processes by clearance of degenerative 
myofibers, and subsequent activation of satellite cells.

1.3.5.3 Regeneration

Satellite cells (SC) are capable of restoring injured myofibers by activation, proliferation, dif-
ferentiation and fusion to existing or new myofibers (reviewed in Charge et al.42). Activation 
of satellite cells from their normally quiescent state relies on the release of growth factors, also 
known as competence factors. The origin of these growth factors is thought to be plural. It 
ranges from autocrine release to vasculature, or immune related release (see Chapter 1.2.2).

Upon activation, satellite cells start to migrate to the site of injury. However, this migration 
depends on the vascularization of the necrotic area. Satellite cells at the site of injury first 
migrate to the periphery of the necrotic area199, before remigrating towards the necrotic site 
during revascularization180. Just then, the satellite cells will start to proliferate. Therefore, it 
may be concluded that vascular presence is necessary, or at least facilitates, regeneration.

During proliferation, the number of satellite cells increases. A part of the proliferating satellite 
cell pool is used to repopulate the quiescent satellite cell population (self-renewal)95. The other 
part is used for regenerative purposes. The satellite cells are kept in a proliferative state due to 
the presence of proliferation-stimulating (or differentation-inhibiting) ligands, or progression 
factors. Well-studied progression factors are the insulin-like growth factors I and II (Igf-I and 
Igf-II), which are secreted by skeletal muscle. Overexpression of Igf-I results in enhanced 
satellite cell proliferation39. Igf-I participates in multiple signalling pathways, like the calci-
neurin/NFAT, MAP kinase and PI-3K pathways38,47,203. Different isoforms of fibroblast growth 
factor (FGF) are known to stimulate the proliferation of satellite cells204. Furthermore, an 
increase of FGF receptor expression enhances proliferation195. Members of the transforming 
growth factor β (Tgf-β) protein family are known to inhibit differentiation by inhibiting the 
expression of muscle regulatory factors as MyoD and myogenin4,137,119. However, the role of 
the above mentioned growth factors is not solely in proliferation. It has been shown that some 
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of these factors can initiate differentiation as well4,39,248. What causes the switch from prolifera-
tion to differentiation of satellite cells is not known in detail. Since growth factors play a role 
in both processes, the switch from proliferation to differentiation can probably not be seen as 
an on/off situation. The activity of growth factors may be changed in a more subtle manner.

Differentiation of satellite cells is marked by the expression of genes which code for con-
tractile proteins of the sarcomere (i.e. MHC, desmin, actin-isoforms). This process is called 
terminal differentiation. The expression of contractile proteins is regulated by transcription 
factors of the MRF family. During proliferation, MyoD and Myf5 are expressed, which are 
markers for the early phase of myogenesis (reviewed in Sabourin et al.188). Terminal differ-
entiation is marked by the expression of ‘late phase’ MRFs like myogenin and Mrf4. The 
contractile elements are eventually generated in a process called myofibrillogenesis (reviewed 
in Sanger et al.192). The myofibrils in the myofiber are gradually built by the maturation and 
elongation of sarcomere stretches to form a functional contractile myofiber. Before maturation 
of the myofiber, the differentiating satellite cells (or myoblasts) fuse to become a syncytial 
myofiber. Although the molecular mechanisms of myoblast fusion are not known in detail, a 
number of proteins essential for fusion are known. For instance, the muscle specific Ca2+-de-
pendent adhesion molecule m-cadherin is a satellite cell marker, and its expression is induced 
during myotube formation during myogenesis65 and regeneration158. M-cadherin is present 
in a protein complex, and interacts with the cytoskeleton via microtubules, which function 
in the alignment of the fusing myoblasts120. Myoblast fusion is characterized by a number of 
processes; myoblasts have to (1) acquire fusion competence, (2) require the ability for rec-
ognition and adhesion, and (3) fuse by combining two lipid-bilayers into one1. Furthermore, 
when new myofibers are formed, innervation of these myofibers is required as well as proper 
vascularization18. Therefore, muscle regeneration is not limited to myofiber formation alone. 
In conclusion, successful regeneration requires optimal collaboration between different cell- 
and tissue types.



41

2 Gene expression profiling

The genome within each cell-type of an individual organism is initially identical, although 
dozens of point mutations occur as a result of cell duplication or growth of the organism. The 
combination of the manufactered proteins within each individual cell determines the func-
tion of the specific cell-type. The manufacture of proteins is regulated on a number of levels. 
First, the deoxyribonucleic acid (DNA) sequence which encodes the information for a certain 
protein needs to be physically accessible. Non-active DNA sequences are normally packaged 
tightly by histone structures. Furthermore, DNA methylation is an epigenetic mechanism to 
determine the activity of genes; methylated genes are not (or less) active. Secondly, the DNA 
sequence needs to be transcribed. Therefore, transcription factors bind to special binding sites, 
where a transcription complex is formed. An exact copy is produced in the form a ribonucleic 
acid (RNA). Subsequently the pre-messenger RNA molecule is processed, in a process called 
splicing, to remove non-coding sequence in order to remain only protein coding information. 
This messenger RNA (mRNA) is then stabilized by processing the ends of the molecules by 
capping the beginning of the molecule, and by addition of a polyA tail. The mRNA molecule 
is ready to be translated into the protein molecule by ribosomes and additional complexes.

The collection of mRNA molecules in a cell predominantly determines which proteins are 
expressed. Since the function of the cell is determined by the collection of proteins, this func-
tion can be determined indirectly via knowledge of available mRNA molecules. However, one 
must keep in mind that the correlation between mRNA and protein levels is not absolute, but 
can be influenced by factors such as protein translation rates, post-translational modifications, 
and half-lives of mRNA and proteins89,181,238,51.

2.1 Introduction

In 1975, Ed Southern developed a technique in which double-stranded DNA fragments, sepa
rated by gel electrophoresis and denatured in situ, are transferred to a solid nitro-cellulose sup-
port by lateral diffusion. This technique was called the Southern blot. Soluble single-stranded 
DNA fragments, or probes, are able to hybridize to their complementary sequences on the blot. 
Hence, specific DNA sequences can be detected by labeling of the probes using radioactivity. 
The first descendent of the Southern blot was characterized by replacing DNA with cellular 
RNA as transferred material, and was called the Northern blot. As a result, the presence of 
specific mRNA molecules could be detected in a sample and, for the first time, gene expres-
sion could be measured.

The detection and quantification of specific RNA sequences is limited using the Northern 
blot. The technique is inefficient for determining the expression of a large number of genes, 
because the expression of genes needs to be determined one by one. Recently, this limitation 
is circumvented by two techniques, namely serial analysis of gene expression (SAGE) and the 
use of microarrays.

The SAGE method determines the abundancy of mRNA molecules by counting gene specific 
sequences231. In short, mRNA molecules are converted into double-stranded DNA molecules 
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by reverse transcription, and cleaved using a restriction enzyme. After the linking of a dock-
ing module to the cleaved site, a short piece of DNA is cut off using a restriction enzyme that 
leaves a specific overhang. This short piece, or tag, is approximately 10-14 basepairs long. 
Within the sample under study, thousands of tags are generated, which can be ligated to long 
concatemers using the specific overhang. Subsequently, the concatemers are cloned into plas-
mids, which are transfected to bacteria, and eventually sequenced. Using a computer program, 
the tags are linked to their gene of origin and the number of hits determines the abundance in 
the sample under study. This method can be used to compare the specific mRNA abundances 
in different samples on a large scale.

The microarray is basically a reverse Northern blot. The specific nucleotide sequences are 
bound to a solid support, while cellular RNA (or DNA complement thereof) is, generated, 
labeled and hybridized to detect gene expression. The microarray technique is the main tech-
nique used in this thesis and will, therefore, be explained in detail in the following chapter.

2.2 The technique 

2.2.1 Target handling

Total RNA derived from a biological sample of interest functions as template material for the 
microarray technique. To acquire labeled target material, the mRNA molecules are reverse 
transcribed into complementary DNA strands, incorporating fluorescently labelled nucleo-
tides. Alternatively, mRNA molecules can be amplified using an in vitro transcription (IVT) 
assay. mRNA is reverse transcribed into double-stranded cDNA molecules, which function as 
template for transcribing cRNA molecules, thereby amplifying the amount of starting mate-
rial. During the transcription, fluorescently labelled nucleotides are incorporated. Fluorescent 
labels can also be linked indirectly to the cRNA via the formation of cis-platin complexes93, or 
by chemical coupling216. The amplification technique can be used when the amount of starting 
material is limited.

Fluorescent labeled probes can be detected by laser excitation of the incorporated fluoro-
chromes. Laser excitation yields an emission with a characteristic spectrum, which is mea-
sured using a scanning confocal laser microscope. Multiple differently labelled probes can be 
detected, because each fluorochrome emits its own spectrum. This allows the hybridization of 
differently labeled samples on a single microarray, thereby facilitating direct comparisons of 
gene expression levels between different samples. The technique is summarized in figure 6.

2.2.2 Platforms

Gene expression profiling can be performed on different experimental platforms. The platform 
is determined by the type of DNA sequence and the material on which these sequences are 
bound. In general, microarrays contain thousands of specific nucleotide sequences, which are 
localized in a known, ordered position. Hybridization of labeled probes is based on tempera-
ture and salt conditions. Proper adjustment of the hybridization condition provides a stringen-
cy, which allows specific complementary hybridization and concurrently prevents a-specific 
binding.
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Figure 6	 Overview of the microarray technique

Total RNA samples from healthy and affected origin are reverse transcribed, amplified, and 
labeled with a fluorescent dye into two separate probes. The probes are then combined and 
hybridized to a microarray. The microarray consists of thousands of different oligonucleotide 
sequences spotted in a ordered array on a coated microscope slide. The hybridization is followed 
by stringent washes and subsequent scanning using a confocal laser scanner. 

(Adapted from Jakubowski (http://employees.csbsju.edu/hjakubowski/classes/ch331/bind/oldrugdevel.
html))
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2.2.2.1 cDNA  microarrays

cDNA microarrays were the first type of microarrays available. The probes are based on cDNA 
sequences derived from bacterial clones harbouring a plasmid with a specific cDNA insert. 
The cDNA is amplified using the Polymerase Chain Reaction (PCR) using specific flanking 
sequences as priming sites. The length of the cDNA ranges between approximately 500 and 
1500 basepairs. Following purification steps of the PCR product, the double stranded cDNA is 
spotted in a specific order onto coated microscope slides. The manufacture of cDNA microar-
rays is laborious, since PCR and subsequent purification on such a large scale is time-consum-
ing. Furthermore, the required amount of cDNA to be spotted demands a highly efficient PCR. 
Although labor-intensive, the cDNA library provides a hypothetically inexhaustible source to 
generate amplicons.

The quality of the microarray is determined by the quality of the cDNA library. The qual-
ity control is arduous, because a subset of the PCR products need to be sequenced to check 
whether the cDNA sequence correlates with the given gene information. In addition, the PCR 
products need to checked using gel electrophoresis to determine contamination of the cDNA 
library by neighboring wells.

2.2.2.2 Spotted oligonucleotide microarrays

As an alternative for the use of cDNA, synthetic oligonucleotides can be used as probe. The 
specificity of the oligonucleotide is determined by both the sequence and the length of the 
oligomer. With the completion of genomic sequence information, and the engineering of soft-
ware tools, gene-specific stretches of DNA sequence can be determined. Furthermore, this 
method is independent of the availabilty of full-length cDNA clones. As a result, region spe-
cific (i.e. 5’, 3’, exonic, intronic) oligonucleotides can be synthesized. Sets of oligonucleotide 
probes for manufacturing microarrays are commercially available in desired quantities. This 
circumvents the arduous amplification of cDNA probes, where the yield of the PCR and loss 
during purification restricts a high quality consistency. Furthermore, the quality control does 
not require as much effort as the cDNA microarrays. The commercially available oligonucle-
otide library is, in contrast to the cDNA library, a finite source for generating microarrays. As 
a result, the costs of generating oligonucleotide microarrays is relatively high.

2.2.2.3 In situ lithographic microarrays

The GeneChip microarrays developed by Affymetrix are manufactured by chemical synthesis 
of DNA fragments using in situ photolithography. The chemical synthesis starts with the coat-
ing of a quartz surface with a light-sensitive chemical compound that prevents the coupling 
of nucleotides to the wafer. Lithographic masks are then used to either block or transmit light 
onto specific locations on the quartz surface. As a result, active sites are generated to which a 
specific nucleotide (adenine, thymine, cytosine, or guanine) can bind. Each bound nucleotide 
contains a light sensitive protective group, so that only a single nucleotide can bind. After the 
binding of the first type of nucleotide, the process is repeated by using another lithographic 
mask and the next nucleotide. To generate the first nucleotide for each probe, a total of four 
masks need to be used. Subsequently, the other nucleotides are chemically coupled to generate 
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probes with a length of 65 nucleotides by using similar lithographic masks.

As a quality control, for each probe that represents a specific gene (perfect match), a so-called 
mismatch probe is generated. This mismatch probe contains a single mismatch at the middle 
of the sequence. Hence, the binding efficiency can be monitored and subsequently the fluores-
cence of the perfect-match can be corrected. The Affymetrix system has a one-color approach. 
Due to the large number of internal quality controls, the technical variability is monitored 
stringently. Furthermore, due to the one-color approach, the experimental design differs from 
two-color microarrays. In this thesis, Affymetrix GeneChips have not been used. Therefore, 
the technique will not be discussed in further detail.

2.2.3 Applications
Microarrays are based on deoxyribonucleic acid sequences, and the intrinsic property to hy-
bridize with complementary sequences. As a result, microarrays can be employed on several 
levels. The most widely used application is gene expression profiling, where mRNA mol-
ecules (or cDNA derivates) are used as template. Furthermore, the technique can be used to 
detect changes in genomic DNA. To achieve this, genomic DNA is enzymatically fragemented 
and labelled with fluorochromes for detection.

Many applications exist for gene expression profiling using a two-color platform. The most 
basic application makes a direct comparison between two biological samples, for instance a 
diseased versus a healthy sample, or a treated versus an untreated sample. Determination of 
gene expression differences between more than two samples can easily be applied using a ref-
erence sample to which all samples are hybridized. Furthermore, it is possible to monitor gene 
expression levels over time by determining gene expression levels at different timepoints. 
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3 Aim and scope of the study

The genes, which cause muscular dystrophy when genetic aberrations are present, are current-
ly known for most muscular dystrophy types (Table 1). In order to understand the pathological 
mechanisms, the first line of investigation was concentrated on the function of the protein 
product of the disease causing gene. A large number of muscular dystrophies are caused by 
defects in the costameric protein network, which facilitates the transverse fixation system76. In 
general, these proteins have a structural function by supporting the connection between the in-
tracellular cytoskeleton and the extracellular matrix (such as members of the DGC). The lack 
of sarcolemmal stability and subsequent rupture when the DGC is not present, has become 
a paradigm for muscular dystrophy37. In other words, muscular dystrophy occurs, when the 
intracellular myofiber homeostasis is irreversibly altered by continuous or unrepaired ruptures 
of the sarcolemma. For instance, defects in genes involved in membrane repair (i.e. dysferlin) 
can also cause muscular dystrophy, because naturally occuring ruptures of the sarcolemma can 
not be repaired. However, this paradigm does not explain the occurrence of muscular dystro-
phies which do not demonstrate sarcolemmal rupture (i.e. laminin-α2 deficiency)215.

Another argument against the paradigm comes from contraction induced injury during ex-
ercise. The dystrophin-deficient mdx mouse model shows an aggravation of the pathology 
during exercise, because the subsequent mechanical defect induces sarcolemmal rupture178. 
Hack et al. demonstrated that this feature could not be seen in γ-sarcoglycan deficient mice91.  
The authors suggested that there was no mechanical defect in γ-sarcoglycan deficient mice, 
since the core of the DGC was still functional. Therefore, they suggested that muscular dys-
trophy is induced by an alternative mechanism, likely to be involved in cell signalling91. This 
evolved from the notion that members of the DGC have potential signalling functions245. The 
hypothesis that muscular dystrophy is caused by alterations in cell signalling is supported by 
the similarities between the DGC and other sarcolemmal complexes involved in signalling 
(reviewed in Rando182).

Although the paradigm concerning the cause of muscular dystrophy has broadened, the effect 
of muscular dystrophy has undoubtedly remained. Muscular dystrophy results in the degen-
eration of muscle tissue. As pointed out by Rando182, degeneration does not occur in all muscle 
tissues (or even myofibers) of affected individuals. Therefore, muscular dystrophy has to be 
seen as the ‘propensity to cause muscle cell death […] rather than requisite cell death’182. As 
a result of degeneration, secondary processes are activated, which include inflammation, re-
generation, fat infiltration, and fibrosis. Although degeneration initiates muscular dystrophy, 
these secondary processes eventually determine the severity of the pathology. Whereas normal 
muscle tissue has the ability to regenerate injured myofibers successfully, dystrophic muscle 
tissue demonstrates a replacement of affected myofibers by fat and fibrotic tissue, which indi-
cates an unsuccessful regeneration. The underlying molecular mechanisms of these pathologi-
cal processes in muscular dystrophy are not well understood.

Differences between muscular dystrophies are generally related to the genetic mutation un-
derlying the disease. As a result, the muscular dystrophies differ in clinical presentation, age 
of onset, and severity. These differences are thought to be associated with the function of the 
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mutated gene. However, on the histological level affected muscle tissue demonstrates a high 
degree of similarity between the muscular dystrophies. As it is not fully understood why some 
muscles (or myofibers) within a single muscular dystrophy are affected and some or not, it 
is not fully understood why the muscular dystrophies differ as they do. The further study of 
muscular dystrophies is highly relevant as the alteration of the severity holds important thera-
peutic potential.

Aim of the study

This thesis describes the application of gene expression profiling to determine the molecular 
details of the processes leading to muscular dystrophy. The results of gene expression profiling 
of muscular dystrophies can be applied at two different levels. First, distinct gene expression 
profiles of each muscular dystrophy can be used as a diagnostic tool. This approach is based 
on pattern recognition by finding biomarkers for the individual muscular dystrophies. Second, 
studying the differentially expressed genes in muscular dystrophy can increase the under-
standing of the molecular details underlying the pathological processes in muscular dystrophy. 
The research which has been done to acomplish these goals will be outlined in the following 
chapters, and will be introduced here briefly.

To facilitate the biomedical research, a large number of wildtype mouse strains have been 
bred to obtain genetic homogeneity within each strain. These so-called inbred mouse strains 
have been used to generate animal models for human disease. We have implemented gene 
expression profiling to determine the effect of genetic background on gene expression levels. 
Therefore, we have compared the gene expression levels in skeletal muscle tissue of five 
wildtype mouse strains. Although the effects are limited compared to the number of differen-
tially expressed genes between tissue affected by disease and healthy tissue, these results may 
facilitate the later, direct, comparison of mouse models with different genetic background by 
subtracting the genes, which expression deviates between mouse inbred strains. The results of 
this study are described in chapter 2.

To study the molecular details of the pathological processes in Duchenne muscular dystrophy, 
we have determined temporal gene expression changes in the mdx mouse compared to wild-
type mice from the ages of 1 to 20 weeks, thereby comprising the most prominent stages of 
the pathology. Since the manifestation of dystrophin-deficiency in the mdx mouse, in contrast 
to the human pathology, does not result in lethality, we have focussed on the regenerative pro-
cesses. The results of this study are described in chapter 3.

As discussed above, the various muscular dystrophies differ in genetic cause and clinical pre-
sentation. We have compared the gene expression profiles of several different mouse models 
for muscular dystrophies to determine the shared and distinct pathological processes. With this 
study, we have attempted to find biomarkers for the individual muscular dystrophies in order 
to facilitate the complicated diagnosis. The results of this study are described in chapter 4.

Since the regenerative processes in muscular dystrophy recapitulate myogenesis, we have 
determined gene expression profiles of primary myoblast cultures, which are forced into dif-
ferentiation. The results of this study are described in chapter 5.
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After the development and first implementations of the microarray technique, a large effort has 
been made to refine and optimize the application of microarrays. Due to an increased demand 
in the number of variables used in a typical microarray experiment, we set out to investigate a 
more flexible experimental design and subsequent method for data analysis. The experiments 
leading to this are discussed in chapter 6.

This thesis is concluded by a general discussion in which the obtained knowledge from the 
gene expression profiling studies is placed in a broader perspective. Furthermore, the advan-
tages and limitations of the gene expression profiling technique are discussed. This discussion 
is the topic of chapter 7.
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Abstract
Background: In this study, we investigated the effect of genetic background on expression
profiles. We analysed the transcriptome of mouse hindlimb muscle of five frequently used mouse
inbred strains using spotted oligonucleotide microarrays.

Results: Through ANOVA analysis with a false discovery rate of 10%, we show that 1.4% of the
analysed genes is significantly differentially expressed between these mouse strains. Differential
expression of several of these genes has been confirmed by quantitative RT-PCR. The number of
genes affected by genetic background is approximately ten-fold lower than the number of
differentially expressed genes caused by a dystrophic genetic defect.

Conclusions: We conclude that evaluation of the effect of background on gene expression
profiles in the tissue under study is an effective and sensible approach when comparing expression
patterns in animal models with heterogeneous genetic backgrounds. Genes affected by the genetic
background can be excluded in subsequent analyses of the disease-related changes in expression
profiles. This is often a more effective strategy than backcrossing and inbreeding to obtain isogenic
backgrounds.

Background
Due to their isogenicity, inbred mouse strains demon-
strate low biological variability within each strain[1,2].
Genetic variation between inbred strains is considerable
and has recently been characterized in detail using single
nucleotide polymorphisms[3]. Differences in genetic
background between strains affect the gene expression lev-
els of a subset of genes, which probably explains pheno-
typic differences. Indeed, several reports have been
published in which gene expression profiles have been

used as QTLs in genetic mapping studies to identify com-
plex traits [4-6].

From literature [7-9], it appears that the subset of genes
for which expression is significantly affected by genetic
background is small. However, this has never been related
to the extent of gene expression changes observed due to
disease-causing mutations. We are studying differential
gene expression between affected and healthy muscle in a
range of murine models for neuromuscular disorders with
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different genetic backgrounds (Turk et al., manuscript in
preparation). We, therefore, determined gene expression
levels in hindlimb muscles from five frequently used
wildtype mouse inbred strains, and compared these to the
differential gene expression levels in affected muscle tis-
sue from a mouse model (mdx) for Duchenne muscular
dystrophy with healthy muscle tissue. Both the number of
differentially expressed genes between strains as well as
the fold-change levels are lower when compared to the
differences found in affected versus healthy muscle tissue.

Results
Gene expression levels in hindlimb muscle tissue from
five different inbred strains (CBA, BALB, BL6, DBA, and
BL10) were determined. Total RNA from two individuals
per strain was isolated, reversed transcribed, and subse-
quently labelled according to a recently developed proto-
col (adapted from Xiang et al., 2002), which requires an
input of only 1 g total RNA. Labelled cDNA was hybrid-
ised to murine microarrays containing 7,776 65-mer oli-
gonucleotides spotted in duplicate.

Significance levels (p-values) between the five mouse
inbred strains were calculated using analysis of vari-
ance[10]. Significance levels among two individual mice
within each strain were determined using a hierarchical t-
test providing higher statistical power than conservative
methods for low (2–4) replicate numbers[11]. The higher
power is yielded by borrowing information across genes
to produce a better expression variance estimator. The
gain in power is reported via an increase in the degrees of
freedom associated with the t-test. Differentially expressed
genes for both computations were selected by controlling
the false discovery rate (FDR), as suggested by Benjamini
and Hochberg (1995), rather than using pre-defined cut-
offs for p-values or corrections for multiple testing. The
FDR represents an expectation of the proportion of false
positives among the selected differentially expressed
genes, which increases dramatically during multiple test-
ing, inherent in microarray experiments[12].

Using an FDR of 10% we selected 88 out of 6144 (1.4%)
expressed genes that are differentially expressed between
strains (Fig. 1). A lower number of differentially expressed
genes was found in the analysis of variation within strains
with identical FDRs of 10% (Table 1). Results with other
FDR levels are available online as additional file. Correla-
tion between gene expression levels of the two samples
from each strain was high (Pearson correlation coefficient
ranging from 0.87 to 0.95), also indicating low internal
variation (Table 1). A considerable amount of differen-
tially expressed genes (718 genes) were selected when pre-
defined cut-off values (p < 0.05) were used to determine
the differential gene expression between strains. However,
adjusted FDR levels indicated a proportion of false posi-

tives equal to 42%. On the other hand, adjusting for mul-
tiple testing using Bonferroni correction proved to be too
stringent, leaving no or few differentially expressed genes.
Controlling the FDR, therefore, appears to be an optimal
method for both selecting differential gene expression and
simultaneously determining the validity of the experi-
mental outcome.

To put the influence of differential gene expression due to
genetic background in perspective, we studied gene
expression between affected and healthy tissue from hind-
limb muscle derived from mdx mice, and from control
mice with identical genetic backgrounds. Selection with
an FDR of 10% resulted in 1298 differentially expressed
genes. Differential gene expression between the two most
divergent mouse inbred strains (BL6 and CBA, data not
shown) was determined to allow a direct comparison with
identical statistical methods. Selection with an FDR of
10% showed an approximately ten-fold decrease in the
number of differentially expressed genes (126). Absolute
fold changes were calculated and subsequently a compar-
ison of the distribution was made (Fig. 2). Median gene
expression levels are equal between affected/control and
inbred/inbred. However, the number of large fold
changes (>3) between affected/healthy (221) is much
higher than between inbred/inbred (7), consistent with
low contribution of differential expression due to genetic
background.

Although overall expression levels are similar between
strains, a relatively high number of differentially
expressed genes was due to deviating gene expression lev-
els in BL6. We performed quantitative real-time RT-PCR
(qPCR) on five genes to verify our microarray data. Two
genes myomesin 1 and tropomodulin 1, which were 2.2-
fold and 1.8-fold lower expressed in BL6 compared to the
other strains on our microarrays, were also found to be
lower expressed (2.0-fold and 2.2-fold respectively) in our
qPCR assay (Fig. 3). Three other genes (dysferlin, cystatin
B, and thrombospondin 4) showed no differential expres-
sion between any strains.

Discussion
This study shows that variation in overall gene expression
levels between mouse inbred strains is relatively low in
hindlimb muscle tissue. This is particularly evident when
the number of differentially expressed genes between two
mouse inbred strains (C57 vs. Bl6, 126 genes with 7 genes
having a fold-change > 3) is compared to that between
diseased and healthy muscle tissue (mdx vs. wild-type,
1298 genes with 221 genes having a fold-change >3).
Therefore, the use of mice with deviating genetic back-
ground may be justified in disease-related studies. Alter-
natively, strain-dependent gene expression differences
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Differentially expressed genes between mouse inbred strainsFigure 1
Differentially expressed genes between mouse inbred strains Relative expression levels of differentially expressed genes 
between mouse inbred strains are depicted in colour as relative intensity levels. Shown for each gene are GenBank accession 
number, description, functional annotation according to Gene Ontology, and UniGene cluster IDs. Relative expression levels 
are calculated by subtracting the average intensity value per gene from the strain-dependent intensity values. Differential 
expression was determined by selecting p-values from analysis of variance based on a false discovery rate of 10%.
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Table 1: Number of differentially expressed genes using several cut-off strategies

Between strains Within strains
MA-ANOVA Hierarchical t-test

CBA BL10 BL6 DBA BALB

Correlation 0.95 0.95 0.87 0.87 0.92

Naive (p < 0.05) 718 737 610 963 1043 483
Bonferroni 0 2 4 1 0 3
FDR 10% 88 2 4 14 0 16

Correlation between two individuals per strain was calculated using Pearson's correlation coefficient. Significance levels (p-values) between strains 
were calculated with MA-ANOVA, and within strains using the hierarchical t-test. Differential gene expression was determined by selecting genes 
with p-values lower than a specified threshold. Thresholds were selected using three different strategies; naive, Bonferroni corrected, and False 
Discovery Rate (10%), and resulted in different numbers of significantly differentially expressed genes.

Effect of different genetic background on differential gene expressionFigure 2
Effect of different genetic background on differential gene expression The distribution of absolute fold changes of differentially 
expressed genes (n = 1298) between affected (mdx) and healthy (WT) muscle were compared to the distribution of absolute 
fold changes of differentially expressed genes (n = 126) between two mouse inbred strains (CBA and BL6). Selections were 
based on a FDR of 10%.
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may be evaluated in the initial study phase of gene target-
ing experiments, although the effect of hybrid back-
grounds is difficult to assess.

Gene expression studies in the brain revealed that approx-
imately 1% of expressed genes differ between two mouse
strains[8]. Application of alternative statistical methods,
similar to those used in our study, on this dataset resulted
in an increase in the number of differentially expressed
genes (approx. 3%) between the two mouse strains[7],
demonstrating that the number of differentially expressed
genes is highly dependent on the statistical criteria used. A
similar number of differentially expressed genes was
found in a comparison of hippocampal gene expression
between 8 different mouse strains[9]. The results of our
study in muscle tissue demonstrated that approximately
1.4% of the expressed genes show differential expression

between mouse strains. Based on these results, strain dif-
ferences in gene expression seem to have a similar magni-
tude across different tissues.

Genomic variability could be correlated with high levels
of single nucleotide polymorphisms (SNPs) occurring in
specific blocks between mouse inbred strains. The pres-
ence of cis-acting (single nucleotide) polymorphisms may
be associated with regulatory variation affecting gene
expression levels. It was estimated that probably a consist-
ent amount (up to 6%) of the roughly estimated 35,000
mouse genes contain such functional regulatory vari-
ants[13]. We investigated if differentially expressed genes
were localized in blocks with high genomic variability,
but our number of differentially expressed genes was too
low to obtain statistically significant answers (data not
shown).

Validation of BL6-dependent gene expression with qPCRFigure 3
Validation of BL6-dependent gene expression with qPCR Relative gene expression levels between mouse inbred strains of tro-
pomodulin 1 (Tmod1) and myomesin 1 (Myom1) as determined by quantitative RT-PCR. Significantly lower expression (p < 
0.01, marked by *) for both genes was shown in BL6 compared to other strains.
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This study suggests an additional method for phenotyping
mouse inbred strains and provides a list of genes with sig-
nificant differential expression based upon false discovery
rate selection. Although overall gene expression profiles
are highly similar, most significant differences are deter-
mined by low gene expression levels of BL6 compared to
the other strains. A large proportion of these BL6-specific
genes function as structural muscle proteins (i.e. nebulin,
alpha-actinin 2, myomesin 1 and radixin). To date, how-
ever, no major differences in muscle physiology in BL6-
mice have been described which can be attributed to these
reduced gene expression levels.

Perfectly isogenic backgrounds are sometimes difficult to
obtain. This explorative study demonstrates that the effect
of genetic background on muscle expression profiles is
significant but rather limited compared to other effects,
e.g. the dystrophic genetic defect (mdx) we study. As such,
the genetic background will only marginally interfere with
data analysis. Determination of gene expression profiles
between mouse strains enables flagging a modest number
of differentially expressed genes, and is an efficient and
sensible approach to circumvent tedious backcrossings,
necessary to obtain isogenic animals.

Methods
Mouse breeding, tissue preparation and total RNA 
isolation
We obtained CBA/CaOlaHsd (CBA), BALB/cOlaHsd
(BALB), C57Bl/6JOlaHsd (BL6), DBA/2OlaHsd (DBA),
and C57Bl/10ScSnOlaHsd (BL10) mice from Harland
Laboratories, and C57Bl/10ScSn-Dmdmdx/J (mdx) mice
from Jackson Laboratory at the age of 6 weeks. Mice were
kept under standard conditions and were sacrificed by cer-
vical dislocation when 8 weeks old. Hindlimb muscles
(m. quadriceps femoris) were dissected and promptly
snap-frozen in isopentane at -80°C. Total RNA was pre-
pared by disrupting tissue using mortar and pestle and
subsequent homogenisation by a rotor-stator homogeni-
zor (Ultra-Turrax T25, Janke & Kunkel IKA-Labortechnik)
in RNA-Bee (Campro Scientific) until uniformly
homogenous (15–45 sec). Total RNA was isolated accord-
ing to manufacturer's instructions followed by purifica-
tion using RN-easy columns (Qiagen). Quality and yield
was determined using Lab-on-a-chip (BioAnalyzer,
Agilent).

Target preparation and hybridisation
Aminoallyl labelled cDNA (aa-cDNA) was prepared based
on a previously described protocol[14]. Aliquots of 1 g
of total RNA in the presence of 2 g amino-TN6 primer (5'-
NH2-(CH2)6-TN6, Eurogentec) were adjusted to a volume
of 21 l with DEPC-treated H2O (diethyl pyrocarbonate,
Sigma), heated for 10 minutes at 70°C and chilled on ice
for 10 minutes. Reverse transcription mastermix (1.8 l

RevertAid RNaseH-M-MuLV reverse transcriptase (200 U/
l, MBI Fermentas), 6 l 5x first-strand buffer (MBI Fer-

mentas), and 1.2 l 25x aa-dUTP / dNTP solution (2 l 50
mM dATP, 2 l 50 mM dCTP, 2 l 50 mM dGTP, 1.2 l 50
mM dTTP, 0.8 l 50 mM aminoallyl-dUTP (Ambion))
was added per reaction and incubated at room tempera-
ture for 10 minutes followed by 2 hours at 42°C. RNA was
hydrolysed by addition of 10 l 0.5 M EDTA and 10 l 1
M NaOH and incubation at 65°C for 30 minutes followed
by neutralization by addition of 10 l 1 M HCl. Ami-
noallyl labelled cDNA was then purified by combining
300 l of PB-buffer (Qiagen) to 60 l of the neutralized
sample and centrifuged through a Qiaquick column (Qia-
gen) at 13000 rpm for 1 minute. Two washing steps were
performed by spinning 500 l of 75% EtOH at 13000 rpm
for 1 minute while discarding the flow-through. To
remove ethanol-traces the columns were centrifuged for
an additional minute. cDNA was recovered by eluting
three times using 30 l basic H2O (3.3 mM NaHCO3
buffer, pH 9.0) and concentrated to a volume of 6.66 l
using a speedvac. Aliquots of Cy3 and Cy5 reactive dyes
(PA23001, PA25001, Amersham) were prepared by dis-
solving each vial of monoreactive dye in 40 l fresh anhy-
drous DMSO (Sigma) and dividing into aliquots of 2 l
followed by vaccuumdrying until dry and subsequent
storage at 4°C in the presence of silica. Fluorescent dyes
were coupled by adding 3.33 l of bicarbonate buffer (1
M NaHCO3 buffer, pH 9.0) to the aa-cDNA sample and
dissolving the dried aliquot of reactive dye, followed by
incubation at room temperature for 1 hour in the dark. To
the samples 4.5 l 4 M hydroxylamine (Sigma) was added
and incubated at room temperature in the dark for 15
minutes, followed by addition of 186 l TE-3-buffer.
Hybridisation mixtures were prepared by combining a
Cy3-labeled cDNA sample with a Cy5-labeled cDNA sam-
ple and 10 l Mouse-Hybloc (1 g/ l, Applied Genetics
Laboratories) followed by removing uncoupled dyes by
spinning through a pre-wetted Microcon column (YM30,
Amicon) for 8 minutes at 13000 rpm. Hybridisation mix-
ture was washed by spinning 500 l TE-3-buffer through
the column and discarding the flow-through. This step
was repeated two times as 2 l yeast-tRNA (10 g/ l,
Sigma) and 2 l polyA-RNA (10 g/ l, Sigma) were added
during the last step. Mixture was collected by inverting the
column and spinning for 1 minute at 13000 rpm. Hybrid-
isation mixture was finalized by adding TE-3-buffer to 84

l together with 17 l 20x SSC and 3 l 10% SDS followed
by denaturing at 100°C for 2 minutes, renaturing at room
temperature for 15 minutes and spinning at 13000 rpm
for 10 minutes. Labelled target was hybridised overnight
on murine oligonucleotide microarrays (65-mer with 5'-
hexylaminolinker, Sigma-Genosys mouse 7.5 K oligonu-
cleotide library, spotted in duplicate). Hybridisation
occurred in a automatic hybridisation station (GeneTac,
Perkin Elmer) and was followed by washing with 5x
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2xSSC + 0.1% SDS at 30°C, 5x 1xSSC at 30°C, 3x 0.2xSSC
at 30°C, 1x 0.2xSSC at 65°C, 2x 0.2xSSC at 30°C, and
subsequently scanned as described previously[15].

Experimental design, data extraction and analysis
Gene expression profiles from hindlimb muscle derived
from 2 male animals of each strain were generated using
dye-swap experiments. Subsequent duplicate spots on
each array resulted in 8 replicate measurements per gene.
Targets were assigned at random to the arrays, while
avoiding co-hybridisation of samples from the same
strain. GenePix Pro 3.0 (Axon) was used for feature extrac-
tion and quantification. Genes were considered as being
expressed when the corresponding feature was not flagged
by the algorithm provided by GenePix. Local background
corrected spot intensities were normalized using Variance
Stabilization and Normalization (VSN) in R [16]. Array
data has been made available through the GEO data
repository of the National Center for Biotechnology Infor-
mation under series GSE662. Correlation between indi-
viduals was calculated using Pearson's correlation
coefficient. Significantly differential expression levels
were determined using MA-ANOVA (MAANOVA2.0 The
Jackson Laboratory http://www.jax.org/staff/churchill/
labsite/software/anova/), hierarchical t-test [11] and the
False Discovery Rate [17] selection procedure.

Quantitative Reverse Transcription Polymerase Chain 
Reaction
qPCR was performed in duplicate for each individual
resulting in four measurements per strain per gene. cDNA
was prepared by reverse transcription using 1 g total RNA
as template. Random hexamers (40 ng) were used to
prime the transcription after heating 10 minutes at 70°C
followed by chilling on ice for 10 minutes. cDNA was syn-
thesized by RevertAid RNaseH- MuLV reverse transcriptase
and accompanying buffer (MBI-Fermentas) using 1 mM
dNTPs. The mixture was incubated at room temperature
for 10 minutes before a 2 hour incubation step at 42°C,
followed by 10 minutes at 70°C. Quantitative PCR was
performed using the Lightcycler (Roche). PCR mixture
was prepared by combining cDNA dilution, 10 pmol for-
ward and reverse primer, MgCl2 (4 mM) with 4x home-
made LC mastermix (0.9 mM dNTPs, BSA (1 l/ l, Phar-
macia Biotech), Taq polymerase (0.8 U/ l), 4x SYBR
Green I (Molecular Probes), 4x AmpliTaq Reaction Buffer
(Perkin Elmer)) to a total volume of 20 l. Amplicons
were generated during 45 cycles with annealing tempera-
ture set at 55°C. Optimal cDNA dilutions and relative
concentrations were determined using a dilution series
per gene. Replicate experiments (n = 4) were normalized
to 1 and relative expression values were determined by
calculating the ratio per gene over the average relative
expression of genes, which show no differential expres-
sion on both microarray and qPCR (dysferlin, cystatin B,

and thrombospondin 4). Significance levels were calcu-
lated with a one-sample t-test. PCR primer pairs were
designed using the Primer3 search engine, available at:
Primer3 Software Distribution http://frodo.wi.mit.edu/
primer3/primer3_code.html. The screened genes and the
oligonucleotide primer pairs used for each of the genes in
this study correspond to the following nucleotides:
myomesin1, 4761–4780 and 4865–4884 (NM_010867);
tropomodulin1, 670–689 and 878–897 (NM_021883);
dysferlin, 4218–4237 and 4353–4372 (AF188290);
cystatinB, 3–22 and 151–170 (NM_007793);
thrombospondin4, 2167–2186 and 2289–2308
(NM_011582).
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Abstract
Background: Duchenne muscular dystrophy (DMD), caused by mutations in the dystrophin gene,
is lethal. In contrast, dystrophin-deficient mdx mice recover due to effective regeneration of
affected muscle tissue. To characterize the molecular processes associated with regeneration, we
compared gene expression levels in hindlimb muscle tissue of mdx and control mice at 9 timepoints,
ranging from 1–20 weeks of age.

Results: Out of 7776 genes, 1735 were differentially expressed between mdx and control muscle
at at least one timepoint (p < 0.05 after Bonferroni correction). We found that genes coding for
components of the dystrophin-associated glycoprotein complex are generally downregulated in the
mdx mouse. Based on functional characteristics such as membrane localization, signal transduction,
and transcriptional activation, 166 differentially expressed genes with possible functions in
regeneration were analyzed in more detail. The majority of these genes peak at the age of 8 weeks,
where the regeneration activity is maximal. The following pathways are activated, as shown by
upregulation of multiple members per signalling pathway: the Notch-Delta pathway that plays a role
in the activation of satellite cells, and the Bmp15 and Neuregulin 3 signalling pathways that may
regulate proliferation and differentiation of satellite cells. In DMD patients, only few of the identified
regeneration-associated genes were found activated, indicating less efficient regeneration
processes in humans.

Conclusion: Based on the observed expression profiles, we describe a model for muscle
regeneration in mdx mice, which may provide new leads for development of DMD therapies based
on the improvement of muscle regeneration efficacy.

Background
Duchenne muscular dystrophy (DMD) is caused by muta-
tions in the gene encoding dystrophin, a subsarcolemmal
protein functioning within the dystrophin-associated

glycoprotein complex (DGC)[1,2]. This complex connects
the intracellular cytoskeleton to the extracellular matrix.
The DGC is concentrated at the Z-lines of the sarcomere
and confers the transmission of force across the muscle
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fibre[3]. Disruption of this link results in membrane
instability, which eventually leads to sarcolemmal rup-
tures[4,5]. Influx of extracellular calcium alters molecular
processes like muscle contraction and activates proteolytic
activity. Affected muscle fibres become necrotic or apop-
totic, and release mitogenic chemoattractants, which initi-
ate inflammatory processes [6-8]. Cycles of degeneration
and regeneration eventually lead to irreversible muscle
wasting and replacement by fibrotic and adipose tissue.

Muscle has the potential to regenerate by activation of
undifferentiated myogenic precursor cells (satellite cells),
which are normally quiescent and situated between the
basal membrane and the myofibers[9,10]. Upon activa-
tion, satellite cells proliferate and divide asymmetrically,
with the daughter cells having divergent cell fates[11].
Only one of the daughter cells differentiates, progresses
towards the myoblast-stadium, and subsequently fuses
with other myoblasts or with damaged muscle fibres to
induce muscle fibre repair. The other daughter cell
remains in a proliferating state or returns to quies-
cence[12]. Genetic mutations responsible for DMD are
also present in satellite cells. Hence, the ability to restore
normal muscle function remains obstructed. A small
number of muscle fibres are able to produce functional
dystrophin, mostly due to secondary mutations in myo-
genic precursor cells which restore the reading frame[13].
However, these so-called revertant fibres are in a too small
minority to alleviate the pathology of the dystrophin-defi-
ciency. Exhaustion of the satellite cell pool due to degen-
eration and regeneration cycles is thought to critically
contribute to the disease[14].

The mdx mouse model for DMD has a spontaneous muta-
tion in exon 23 of the Dmd gene, introducing a premature
stopcodon[15,16]. The pathology of the mdx mouse is
characterized by histologically well-defined stages with
similarity to the human pathology. Neonatal muscle tis-
sue appears to be unaffected. Necrotic or apoptotic proc-
esses in combination with inflammation emerge at
approximately 3 weeks of age[15]. Regeneration processes
are initiated around the age of 6 weeks and continue while
alternating with ongoing degeneration until 12 weeks of
age [17-19]. Contrary to the lethal human pathology, the
mdx mouse somehow recovers from the progressive mus-
cle wasting, and does not show the accumulation of con-
nective and adipose tissue[17,20]. However, mdx mice do
show a decline in their regeneration capacity at advanced
age (>65 weeks), while necrotic processes persist[21].
Since the degeneration processes are similar to those seen
in human pathology, the regenerational differences may
hold one of the clues of restoration of proper muscle
function.

Although previous studies have studied gene expression
levels in the mdx mouse [22-27], regeneration processes
were not studied in full detail. We studied the regenera-
tion process through genome-wide monitoring of gene
expression levels[28] in healthy control and mdx mice at 9
time points from 1 to 20 weeks of age, while putting
emphasis on time points where regenerative activity is
maximal (6–12 weeks), a period which was not analysed
in detail in a previous time course study[23]. According to
the temporal gene expression profiles, we determined
which pathways are active during regeneration with
respect to normal muscle aging. The majority of identified
genes presented in this study have not been described
before and provide a substantial addition to the elucida-
tion of the temporal phasing of degeneration and regener-
ation. By careful annotation based on existing literature,
new light is shed on the pathology and subsequent recov-
ery in the mdx mouse. Furthermore, we compared gene
expression profiles to those of human DMD patients and
found only modest overlap in regeneration-associated
genes. This confirms that regeneration is no longer an
active process at the age at which the patients were pro-
filed (5–12 years old).

Results and discussion
Global comparison of mdx and control mice
Gene expression levels were determined in hindlimb mus-
cle tissue from mdx and control mice at 9 time points,
ranging from 1 to 20 weeks. Differential gene expression
levels were calculated per time point by subtraction of the
average normalized intensities of control samples from
those of the mdx samples to correct for normal aging proc-
esses. The effects of the normal aging processes on gene
expression are relatively minor, and are discussed below.
Statistical significance was calculated per time point by
performing a Student's t-test. Differential gene expression
was considered significant when p-values were lower than
0.05 after applying a Bonferroni correction for multiple
testing (p ≤ 6.43 × 10-6). Out of 7,776 temporal gene
expression profiles 1,735 were selected, which satisfied
the significance criterion at one or more time points [see
Additional file 1].

The number of differentially expressed genes per time
point changes considerably during the time course, an
effect also shown in a previous study by Porter et al.[27]
(Figure 1). The number of differentially expressed genes
peaks at the age of 8–12 weeks, coinciding with the period
of maximal muscle regeneration. Interestingly, also at the
first two time points (1 and 2.5 weeks of age), where the
histology of the mdx muscle is not different from that of
control mice, a large number of genes was differentially
expressed, indicating differences in muscle development
in dystrophin-deficient animals. The majority of these
genes (553/677 and 355/407, respectively) also show
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statistically significant differences in expression at later
time points. This overlap can be explained by the assump-
tion that the repertoire of gene products used for muscle
growth and development also functions in muscle
regeneration.

In this report we will describe the expression changes of
two main categories in more detail: genes coding for pro-
teins within the costamer and the dystrophin-associated
glycoprotein complex (DGC), and genes involved in
regeneration.

The Dystrophin-Glycoprotein Complex
The effect of dystrophin-deficiency on expression levels of
dystrophin-glycoprotein complex (DGC)-related genes,
or genes with associated functional relevance within the
costamer has not been reported in previous gene expres-
sion profiling studies [22-26], with the exception of the
study of Porter and co-workers[27]. In the Porter study, a
downregulation of dystrophin was reported, but no
changes in gene expression of other components of the

DGC. A selection of 52 genes was made based on an over-
view by Ervasti et al. of members of the costameric protein
network[29] (Additional file 4). According to the statisti-
cal selection criteria, 4 genes were upregulated (Figure 2A)
and 12 were downregulated (Figure 2B) in the mdx
mouse. Although a decrease in dystrophin expression was
found in our study, the stringent statistical criteria were
not met.

Upregulated DGC related genes
We find that the retina-specific isoform of dystrophin
(Dp260) is expressed in skeletal muscle of mdx mice,
whereas Dp260 cannot be detected in hindlimb muscle of
control mice. Expression of Dp260 was detected by an oli-
gonucleotide probe within the unique first exon of this
transcript. The promoter of the Dp260 isoform resides in
intron 29, downstream of the mdx mutation (exon23).
Transgenic mdx mice, which overexpress Dp260 via an
alpha-actin promoter, show a restoration of a stable asso-
ciation between costameric actin and the sarcolemma, a
re-assembly of the DGC, and an overall alleviation of the

Amount of differentially expressed genesFigure 1
Amount of differentially expressed genes. The number of statistically significantly differentially expressed genes between 
mdx and control mice measured across 9 consecutive timepoints from 1 to 20 weeks in this study (continuous line) are com-
pared to the number of differentially expressed genes found in the study of Porter et al.[27] (dashed line).
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Costameric and DGC related gene expressionFigure 2
Costameric and DGC related gene expression. Fold change in gene expression levels between mdx and control muscle 
tissue measured across 9 consecutive timepoints from 1 to 20 weeks of costameric and DGC related genes. Figure 2A shows 
the fold changes of the statistically significantly upregulated genes over time; Figure 2B shows the downregulated genes.
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pathology[30]. Increased transcription initiation of
Dp260 might therefore be a natural adaptation for the
lack of the muscle specific isoform of dystrophin. How-
ever, in contrast to the artificially raised expression by the
alpha-actin promoter, the expression of Dp260 in the mdx
mouse through the original promoter does not seem to be
strong enough to compensate for loss of the full-length
muscle specific isoform.

We found a continuous upregulation of alpha-dystrobre-
vin (Dtna) gene expression with maximum differential
expression at 4 weeks in mdx mice. Dystrobrevin is a phos-
photyrosine-containing protein localized at both the sar-
colemma and the postsynaptic side of the neuromuscular
junction (NMJ), where it binds to either dystrophin or
utrophin [31-34]. Dtna has been described to function as
a signalling mediator within the DGC[34]. Transcription
of Dtna is activated when myoblasts differentiate into
multinucleated myotubes[35]. Newey et al. reported that
Dtna-protein levels are significantly reduced in the mdx
mouse at the sarcolemma, whereas the protein level was
unchanged at the NMJ. This would be consistent with a
stabilizing action of Dtna upon binding to dystrophin or
utrophin, since dystrophin is not present at the sarco-
lemma, whereas utrophin is expressed at the NMJ. They
proposed a model, where localized translation of Dtna
transcripts contributes to synapse formation[36]. Upregu-
lation of Dtna in the mdx mouse might indicate an
attempt to compensate for the increased turnover of the
protein, in order to stabilize the post-synaptic side of
neuromuscular junctions of affected muscle fibres, and
retain neuronal connection.

Our results show a continuous upregulation of LIM
domain protein 3 (Ldb3, Cypher/ZASP). Studies in Ldb3
knock-out mice demonstrated that ablation of Ldb3 erad-
icates the structural integrity of the Z-line in contracting
striated muscle and causes a severe form of congenital
myopathy[37]. Upregulation of Ldb3 indicates the neces-
sity for stabilization of the Z-line in mdx mice, compensat-
ing the undermining effect of dystrophin-deficiency.

Downregulated DGC related genes
It can be seen that gene expression levels of several core-
proteins of the DGC, e.g. the transmembrane proteins
dystroglycan (Dag1), sarcospan (Sspn), and two members
of the sarcoglycan-complex (Sgcd, Sgcg), are lower in mdx
mice, over the whole time course. Lower expression levels
were also detected in other members of the sarcoglycan
complex (Sgca, Sgcb, Sgce) and in dystrophin (Dmd, oli-
gonucleotide at the 3' end), but these were not statistically
significant. The decrease in expression of DGC-related
genes was most prominent during regeneration (8–12
weeks).

Interestingly, DGC related gene expression levels restore
to pre-regeneration levels subsequent to the regeneration
period, but remain lower than normal (control) level.
Similarly, protein levels of core-proteins of the DGC have
been shown to be severely reduced in dystrophin-defi-
cient mdx mice[38]. It is suggested that the secondary dis-
placement of DGC core-proteins is due to a decrease in
protein synthesis and/or assembly, or due to an increase
in protein degradation. Similarly, in sarcoglycan-deficien-
cies the absence of a single subunit causes the loss or
strong reduction of the entire sarcoglycan protein com-
plex [39-43]. Since our study reveals a downregulation of
mRNA levels of the DGC core-proteins, we conclude that
alterations in transcriptional activity also contribute to the
decrease in protein levels. As transcription of members of
the DGC is likely to be co-ordinately regulated[44], down-
regulation of these members as seen in mdx mice can
occur via inhibition or downregulation of shared tran-
scriptional activators.

Regeneration
In the mdx mouse, regeneration of affected muscle tissue
is most prominent at the age of 6–12 weeks, after which a
stabilized condition is reached. To identify pathways
active in regeneration, we studied five categories of differ-
entially expressed genes covering major functional charac-
teristics of regenerative tissues (trophic factors, proteases,
membrane associated proteins, signal transduction, and
transcription, Additional file 5). This selection of 166
genes was typed for temporal effects during regeneration,
and the pathways to which they belong. Since signal trans-
duction pathways are still poorly annotated in current
genomic databases, these pathways were constructed from
the literature. In our study, a pathway is only considered
activated or repressed, when multiple members show dif-
ferential gene expression.

Temporal effects during regeneration
Differential gene expression profiles, based on the ratio
between mdx and control mice, were scaled to the first
time point. Differential expression profiles can therefore
be compared independent of the ratio level, which ena-
bles the detection of temporal effects. Using k-means clus-
tering (k = 6), differential gene expression profiles were
classified according to their temporal similarity. The
unscaled temporal effects of mdx and control gene expres-
sion profiles are shown per cluster for the up- and down-
regulated genes separately (Figure 3). Genes, which show
an upregulation in gene expression during the regenera-
tive phase, are present in clusters 1 (n = 27), cluster 2 (n =
36), and cluster 4 (n = 21). The temporal effect is deter-
mined by the gene expression profile of the mdx mouse,
since gene expression is continuously low without tempo-
ral changes in the control mouse. Downregulation of gene
expression in the mdx mouse during regeneration is
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primarily seen in cluster 3 (n = 23). During normal aging,
which can be seen in the control mouse, gene expression
increases until the age of 10 weeks, followed by a slow
decrease. During the regenerative phase in the mdx mouse,
however, the expression of these genes is downregulated
markedly.

Notch-Delta pathway
Gene expression levels of a number of genes functioning
in the Notch-Delta pathway are upregulated (Notch1,
Notch2, Hr), whereas others (Dxd26, Dvl, Dvl2) are

downregulated in the mdx mouse at 8 weeks of age (Figure
4A). The gene expression of Dll3 and Numb are switched
on in the mdx mouse, while no gene expression can be
detected in the control mouse (Supplemental Table 1 [see
Additional file 4]). The differential expression of the
upregulated genes is mostly increased during the regener-
ation period (6 to 12 weeks) (Figure 4A). For several genes
in the Notch-Delta pathway, quantitative RT-PCR experi-
ments were performed to confirm the temporal expres-
sion profiles found on the microarray. In accordance with

Temporal effects during regenerationFigure 3
Temporal effects during regeneration. K-means clustering (k = 6) classifies gene expression profiles according to similar-
ity in temporal patterns based on the scaled differential gene expression levels (grey line). For each cluster the up- and down-
regulated genes are shown separately. Unscaled differential gene expression levels are shown (black line), which are 
representative for the ratio between the mdx gene expression levels (dashed line) and control gene expression levels (small 
dashed line). Relative gene expression levels are obtained after normalization and coincide with the natural logarithm.
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the microarray results, quantitative RT-PCR experiments
demonstrated higher expression of Notch2, Numb and
myogenin in mdx than in control mice at all ages (Figure
5).

Previous work by Conboy et al.[11] indicates the role of
the Notch-Delta signalling pathway in the regulation of
proliferation versus differentiation of asymmetrically
dividing satellite cells by Notch or Numb, respectively.
According to Delfini et al.[45], Notch is expressed in
immature myoblasts, while Delta (Dll) expressing cells
are more advanced in myogenesis (post-mitotic myob-
lasts and muscle fibres). Notch activation is thought to
inhibit transcription factors containing a basic helix loop
helix domain (bHLH) [46-50], via the induction of Hairy
and Enhancer of Split 1 (Hes1)[51], thereby inhibiting
myogenic differentiation. Numb-expressing cells are able
to undergo myogenic differentiation, because the Notch-
Delta pathway is inhibited (Figure 4A). Based on our
results, the Notch-Delta signalling pathway, notably the
expression of Notch or Numb, is responsible for the deter-
mination towards proliferation or differentiation of acti-
vated satellite cells in the mdx mouse. Since gene

expression profiling detects proliferation and differentia-
tion processes simultaneously, satellite cell activation and
commitment are ongoing, parallel processes.

Bmp pathway
Various members of a Bmp-associated pathway (Bmp15,
Gdf9, Bmpr1a, Madh4, Inhbc, Inhbe, Inhba, and Idb2)
are differentially expressed in the mdx mouse (Figure 4B).
The gene expression of Bmp15, Bmpr1a, Inhbc, Inhbe,
and Idb2 is switched on in the mdx mouse, while expres-
sion cannot be detected in the control mouse. Bone Mor-
phogenetic Protein 15 (Bmp15) is a member of the
transforming growth factor-β (TGF-β) family. Bmp15
induces transcription of Inhibitors of DNA Binding pro-
teins (Idb1-3) via binding to Bone Morphogenetic Protein
Receptor type I (Bmpr1a), and the downstream transpor-
tation of Smad-complex (Madh8-Madh4) to the
nucleus[52,53]. Idb-proteins function as positive regula-
tors of cell growth by binding to Retinoblastoma 1 (Rb1).
This leads to the activation of the E2f transcription factor,
which plays a role in cell-cycle regulation. Furthermore,
Idb-proteins inhibit myogenic differentiation through
binding to MRFs[54]. The activation of Idb2 in the pre-

Reconstruction of active regeneration pathwaysFigure 4
Reconstruction of active regeneration pathways. Regeneration-associated pathways were constructed based on differ-
entially expressed genes, literature study and gene ontology. Expression levels of genes in the Notch-Delta pathway (Panel A), 
the Bmp15 pathway (Panel B), and the Neuregulin3 pathway (Panel C) are plotted as fold-changes between mdx and control 
mice, as a function of age. In the pathway diagrams, filled boxes refer to upregulation (red) and downregulation (green) at 8 
weeks. Outlined boxes refer to upregulation (red) and downregulation (green) at other timepoints than 8 weeks. Shaded grey 
boxes represent genes which are not detected, or are not represented on the microarray. White boxes represent genes that 
show no differential expression between mdx and control mice.
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Confirmation of microarray data for genes in the Notch-Delta pathway by quantitative RT-PCRFigure 5
Confirmation of microarray data for genes in the Notch-Delta pathway by quantitative RT-PCR. Expression lev-
els of Notch2 (Panel A and B), Numb (Panel C and D), and Myogenin (Panel E and F) in mdx (grey circles) and wild-type (black 
squares) mice at 1 to 20 weeks of age were measured by quantitative RT-PCR (Panel A, C, E) and expression microarrays 
(Panel B, D, F). Expression levels relative to those in 1 week-old wild-type mice are plotted on a logarithmic scale (natural 
logarithm).
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regeneration period is indicative of an inhibition of the
myogenic differentiation. This inhibition seems to be
alleviated during the regeneration period by a decrease in
differential expression of Idb2. Although most of the dif-
ferentially expressed genes in the Bmp pathway are con-
tinuously upregulated, the expression of a number of
genes peaks during regeneration (Inhbc, Inhbe, Bmp15,
and Gdf9)(Figure 4B). The Inhibin proteins (Inhbc/e),
likely to be antagonists of Bone Morphogenetic Pro-
teins[55], are also upregulated. Altogether, this points to a
positively and negatively controlled regulation of the
Bmp15 pathway. Our data suggests that the Bmp15 path-
way has an important function in the balancing of prolif-
eration and differentiation of myoblasts, necessary for
effective upscaling of muscle-mass.

Neuregulin pathway
In our study we found that several members of the Epider-
mal Growth Factor-like (EGF-like) Neuregulin pathway
are differentially expressed (Figure 4C). The signalling cas-
cade is activated by the binding of Neuregulin3 (Nrg3) to
the extracellular domain of the upregulated protein
tyrosine kinase v-erb-a erythroblastic leukemia viral onco-
gene homolog 4 (ErbB4)[56]. Both Nrg3 and ErbB4 are
expressed in the mdx mouse and cannot be detected in the
control mouse. The interaction between Nrg3 and ErbB4
activates epidermal growth factor-like signal transduction
via binding of the adaptor protein Growth factor receptor
bound protein 2 (Grb2), which peaks at the initiation of
regeneration (Figure 4C). Grb2 can activate Mitogen acti-
vated kinase kinase 1 (Map3k1)[57], whose differential
gene expression is increased at 2.5 weeks as well as during
regeneration. The activation of the MAP kinase pathways
eventually leads to transcriptional induction (reviewed
in[58]) through members of Activating protein complex 1
(Ap1), like Jund1 and Jun.

Depending on the protein complexes formed, specific
transcription activation will lead to different biological
processes ranging from proliferation to differentiation.
Furthermore, we find that other Grb-interacting proteins
like Vav 1 oncogene (Vav1)[59], and p21-activated kinase
1 (Pak1)[60] are switched on and upregulated, respec-
tively. The differential gene expression of Vav1 increases
during the initiation of regeneration, and might play a
role in the clustering of integrins for cell adhesion[61].
Pak1 differential gene expression is increased during
regeneration. Downstream genes activated by Pak1 regu-
late cytoskeletal dynamics, proliferation and cell survival
signalling[60]. Furthermore, our results show that the Erk
pathway is downregulated in the mdx mouse as well as the
p38 pathway.

Comparisons with other studies
In contrast to previously published studies of temporal
gene expression profiling in the mdx mouse [25-27], we
primarily focus on regeneration. The majority of differen-
tially expressed genes in regeneration (148 out of 166) in
our study have not been reported as differentially
expressed in the mdx mouse in other studies. Apart from
important differences in gene coverage (the Affymetrix
U74v2 GeneChips used in the other studies lack probe
sets for 22/166 genes), we explain the limited overlap by
differences in cut-off levels: as we applied very stringent
statistical tests, we could avoid setting a cut-off level for
the fold change, thereby picking up genes with small but
consistent fold changes, which can be biologically very
relevant, especially in the case of transcription factors.
This may also explain the large difference between the
study of Porter et al. and our study in the number of genes
found differentially expressed at the early timepoints (Fig-
ure 1), where mainly subtle expression changes are
expected.

Goetsch et al. reported results from a gene expression pro-
filing studies during muscle regeneration induced by car-
diotoxin injection in wildtype mice[62]. The authors
concluded that muscle regeneration is a complex process
that requires the coordinated modulation of the inflam-
matory response, myogenic precursor cells, growth fac-
tors, and the extracellular matrix for complete
regeneration of muscle architecture. A similar study of car-
diotoxin-induced muscle regeneration, recently published
by Zhao and Hoffman, reported that embryonic posi-
tional cues (Wnt, Shh, and Bmp) were not induced,
whereas expression of factors involved in satellite cell pro-
liferation and differentiation (MRFs, Pax, Notch1, and
FGFR4) was recapitulated[63]. Our study, which also
asserts satellite cell activation, proliferation, and differen-
tiation, shows differences in muscle regeneration between
mdx and wildtype mice. Bmp and EGF-like signalling
pathways are activated during regeneration in the mdx
mouse, as well as upregulation of members of the Notch-
Delta pathway. In contrast to the upregulation of Pax7 in
wildtype mice, we have found upregulation of Pax3.

Altogether, these findings suggest that dystrophin-defi-
ciency might lead to enhanced regeneration processes in
hindlimb muscles over and above those found in
wildtype mice. It is likely that the regeneration pathways
identified in our study are also active in the mdx dia-
phragm, given that the expression of their downstream
targets, the muscle regulatory factors myf-5, myoD, and
myogenin, are even more elevated in mdx diaphragm than
in hindlimb[64]. As demonstrated in another recent
study[65], the regeneration capacity per se is high and
does not explain why the muscle wasting in the mdx dia-
phragm is more severe than in the hindlimb. Other factors
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such as higher workload and different involvement of the
immune system are likely to contribute.

To discern active processes between the lethal human and
regenerative murine dystrophin-deficiency, the selected
murine gene expression profiles at 8 weeks of age were
compared to those of DMD patients[66]. Out of 166
regeneration-associated transcripts, 19 genes could be
detected that are differentially expressed in both the
human and murine muscular dystrophy (Additional file
5). Seven of these overlapping genes showed an opposite
differential expression between human DMD and mdx, of
which Platelet derived growth factor beta (Pdgfb) and
Paired box 3 (Pax3) are discussed below.

Gene expression of Pdgfb is upregulated in the mdx mouse
(18.6 fold), where it is downregulated (-1.7-fold) in DMD
patients. In the mdx mouse, Pdgfb shows an increase in
gene expression during regeneration (present in cluster 4,
Figure 3). Pdgfb was immunolocalized in infiltrating mac-
rophages, regenerating muscle fibres, and myofibre nuclei
of affected dystrophic muscle tissue[67]. The mitogen
Pdgfb stimulates myoblast proliferation, while inhibiting
myoblast differentiation[68]. It seems to have a similar
role during regeneration. Paired box 3 (Pax3) gene expres-
sion is activated in the mdx mouse relative to the control.
Its gene expression increases during regeneration, peaking
at 12 weeks of age, while hPax3 is downregulated in DMD
patients (-1.6-fold). Pax3 is capable of activating the
expression of the muscle regulatory factors Myod1, Myf5
or Myogenin, and thereby activating the myogenic
program[69].

The limited amount of overlapping genes between mdx
mice and human DMD patients, as well as a number of
genes showing opposite expression (i.e. Pdgfb and Pax3),
suggests that processes active in regenerating mouse mus-
cle are not active in human patients at the time gene
expression was profiled (Age: 5–12 years old). This corre-
sponds with clinical findings that patients older than 5
years have surpassed active regeneration processes[70].
The discovery of genes showing opposite regulation may
partly explain the differences in regeneration efficiency
and lethal manifestation of the pathology between dys-
trophin-deficient human and murine muscles.

Conclusion
Mdx mice lack a functional DGC at the sarcolemma. As a
consequence, gene expression of most DGC members is
downregulated. Mdx mice suffer from massive muscle
fibre necrosis starting at the age of 3 weeks. Regenerative
processes, starting approximately at the age of 6 weeks,
largely restore muscle tissue architecture, although muscle
fibres remain centrally nucleated. Recovered muscles of
mdx mice have slightly diminished strength and higher

fatigability. By analysing temporal expression profiles in
mdx and control mice, we have identified genes and path-
ways involved in regeneration. The expression of these
genes peaks between the ages of 6–12 weeks. Based on the
observation that several of these genes are not expressed
in control muscle and based on gene ontology classifica-
tion and further literature annotation, we suggest a role
for these genes in activation, proliferation, or differentia-
tion of satellite cells and myoblasts. We propose the fol-
lowing model (Figure 6). Muscular dystrophy leads to
muscle fibre necrosis, which attracts inflammatory cells,
and release of trophic factors. These factors activate quies-
cent satellite cells, which as a consequence start to prolif-
erate and differentiate. This divergent cell-fate is
controlled by the Notch-Delta pathway. Activated satellite
cells differentiate to myoblasts, which proliferate and dif-
ferentiate as well. The balance between these cell-fates
may be regulated by the level of Numb and the activation
of Bmp15 and Nrg3 signalling pathways. Differentiation
of myoblasts eventually leads to fusion with affected mus-
cle fibres or to the formation of new muscle fibres. The
genes and pathways active in regeneration are reminiscent
of embryonic myogenesis. We hypothesize that the newly
formed or repaired muscle fibres are similar to those in
the pre-necrotic phase, but are more able to adapt to dys-
trophin-deficiency through remodelling of muscle struc-
ture and fibre composition. Since many regeneration-
related genes remain higher expressed in mdx than in con-
trol muscle, it seems that regeneration processes are active
throughout the life span of the animal. Regenerative proc-
esses appear to be most effective when mice reach adult-
hood, and normal growth processes cease. Regeneration
and muscle development are both dependent on the
availability of satellite cells, and these processes will there-
fore compete for the satellite cell availability when acti-
vated simultaneously. In the human situation,
regeneration processes seem to be exhausted before
growth is finished. Together with the accumulation of
fibrotic and adipose tissue, exhaustion is thought to be the
reason of the lethal manifestation of the disease in human
patients. Prolongation of the regenerative capacity by acti-
vating the described pathways and/or replenishment with
a pool of 'regeneration-primed' cells may therefore pro-
vide an attractive strategy in the treatment of muscular
dystrophy.

Methods
Target preparation and hybridisation
Hindlimb muscle tissue was isolated from mdx (C57Bl/
10ScSnmdx/J (Jackson) × C57Bl/6NCrl (Charles River) ×
CBA/JCrl (Charles River)) and control (C57Bl/
10ScSnOlaHsd, Harland) at the ages of 1, 2 1/2, 4, 6, 8,
10, 12, 14, and 20 weeks (2 individuals per time point per
strain). Total RNA was isolated as described previously
(Turk et al., submitted). cRNA was prepared by linear
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amplification and concurrent incorporation of amino-
allyl UTP, followed by chemical coupling to monoreactive
Cy3 or Cy5 dyes[71]. Labelled targets (1.5 µg cRNA per
target) were hybridised overnight on prehybridised
murine oligonucleotide microarrays (65-mer with 5'-hex-
ylaminolinker, Sigma-Genosys mouse 7.5K oligonucle-
otide library, printed in duplicate) using an automatic
hybridisation station (GeneTac, Genomic Solutions).
Posthybridisation washes were performed as described
previously[71].

Data analysis
Hybridisations were performed in a dye-swap fashion
using temporal loop-designs [72-74], enabling optimal
detection of gene expression differences between adjacent
time points for both mdx and control targets [see Addi-
tional file 2] Microarrays were analysed by GenePix Pro 3
feature extraction software (Axon). Local background-cor-
rected, median spot intensities were normalized simulta-
neously for all microarray experiments using Variance
Stabilization and Normalization (VSN) in R[75]. This
transformation coincides with the natural logarithm for
the high intensities. Array data has been made available
through the GEO data repository of the National Centre
for Biotechnology Information under series GSE1574.
Averaged (arithmetic mean) normalized intensities were
calculated per gene per time point for mdx and control

samples based upon 8 data points (2 biological replicates
with 4 technical replicates each). This method is more effi-
cient than ratio-based calculations for each hybridisa-
tion[76]. Genes were considered expressed when the
average normalized intensity was higher than the back-
ground level. The background level was determined by
calculating the averaged normalized intensity of 157
empty spots in all experiments plus 3 standard deviations.

Fold-changes in gene expression were calculated on a lin-
ear scale by subtraction of averaged normalized intensities
of control samples from mdx samples at each time point,
followed by returning e raised to the power of the differ-
ence. Maximum fold-changes per gene were determined
according to the highest fold-change within the time
course. Statistically significant differential gene expression
per gene per time point was calculated between mdx and
control samples by performing a two-tailed Student's t-
test assuming equal distributions. Significance levels were
set at 0.05 after applying a Bonferroni correction for mul-
tiple testing. Gene expression profiles were taken in con-
sideration when at least one time point showed
statistically significant differential gene expression
between mdx and control samples.

Schematic model of processes in regenerationFigure 6
Schematic model of processes in regeneration.
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Comparisons with other gene expression studies were
facilitated by the program GeneHopper[77] that links
annotations for different platforms.

Clustering
Temporal differential gene expression profiles were scaled
to time point t = 1 week. Selected profiles were grouped
using k-means clustering into a predetermined number of
clusters according to the correlation similarity measure
(Spotfire DecisionSite 7.1.1, Functional Genomics pack-
age). Clustering was initiated using evenly spaced profiles
as algorithm. This method generates profiles to be used as
centroids that are evenly distributed between the mini-
mum and maximum value for each variable in the
selected profiles (from Spotfire DecisionSite User's Guide
and Reference Manual).

Comparison with data from Duchenne patients
In a previous study, gene expression levels in 2 pools of
muscle RNA from 5 Duchenne patients (aged 5–6 years
and aged 10–12 years, respectively) and 2 pools of muscle
RNA from non-dystrophic controls (aged 5–12 years and
aged 4–13 years, respectively), were evaluated on Affyme-
trix U95A and U95Av2 GeneChips® [78]. We re-analysed
the gene expression data to obtain expression levels for all
genes, as well as the most recent annotation. To this end,
publicly available cel-files http://pepr.cnmcresearch.org
were loaded in Rosetta Resolver® Gene Expression Analy-
sis System v4.0 (Rosetta Biosoftware Inc., Seattle, WA).
Data were processed and normalized with the Rosetta
error model for Affymetrix U95A Genechips. Genes that
showed differential expression (p < 0.001 and absolute
fold-change >1.5) between the pools of dystrophic
patients and non-dystrophic controls were exported and
linked to mouse UniGene clusters with GeneHopper,
based on HomoloGene annotation.

Functional annotation
Gene Ontology annotation was developed by Compugen,
using nomenclature obtained from the Gene Ontology
consortium http://pepr.cnmcresearch.org. Additional
information was retrieved via OMIM and LocusLink http:/
/www.ncbi.nlm.nih.gov.

Quantitative RT-PCR
cDNA was synthesized by adding 40 ng of random hex-
amer primers to 1 µg of total RNA in a total volume of 11
µl. After denaturation for 10 min at 70°C and cooling for
10 min on ice, 4 µl of 5× first-strand buffer (MBI-Fermen-
tas), 2 µl of 10 mM dNTPs and 2 µl (200 U/µl) RevertAid
RNase H- (MBI-Fermentas) was added. The mixture was
incubated for 10 min at room temperature 2 hours at
42°C. The cDNA synthesis was halted by heating at
70°>C for 10 min. Quantitative PCR assays, using 10 µl of
20× diluted cDNA, were run on a MyIQ real-time PCR

detection system (BioRad), applying 36 cycles of 10 sec-
onds denaturation (95°C), 20 seconds annealing (60°C),
and 25 seconds extension (72°C). PCR mixtures con-
tained 1× PCR Buffer (Roche), 3 mM MgCl2, 225 µM of
each dNTP, 250 µg/ml BSA, 1× SYBR-Green (diluted from
10,000× stock, Molecular Probes), 10 nM fluorescein
(BioRad), 2.5 U homemade Taq polymerase, 0.25 U
AmpliTaq (Roche), and 10 pmol of forward and reverse
primers (for sequences see Additional file 3). The PCR effi-
ciencies, determined by analysis of a dilution series of a
mixture of all cDNA samples over 5 orders of magnitude,
ranged from 94.5% to 98% for the different primer pairs.
Melting curves were analyzed to confirm single product
formation. Gene expression levels were calculated using
the gene expression macro provided by BioRad and nor-
malized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, stable expression in all samples) expression
levels.

Abbreviations
DMD Duchenne muscular dystrophy

DGC Dystrophin-associated glycoprotein complex

NMJ Neuromuscular junction

VSN Variance stabilization and normalization

RT-PCR Reverse transcription followed by polymerase
chain reaction
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SPECIFIC AIMS

The aims of this study are to 1) find common and
distinct molecular mechanisms that underlie different
forms of Duchenne/Becker (DMD/BMD) and limb-
girdle muscular dystrophies (LGMD) and 2) explore
the feasibility of the use of microarrays for differential
diagnosis of muscular dystrophies by establishing ex-
pression signatures in a large number of mouse models
for muscular dystrophy.

PRINCIPAL FINDINGS

1. Expression profiling distinguishes severely affected
dystrophin- and sarcoglyan-deficient mice from mildly
affected dysferlin-deficient mice and control mice

We have carried out a comparative gene expression
profiling of hind limb muscles of the following mouse
models: dystrophin-deficient (mdx, mdx3cv, models for
DMD), sarcoglycan-deficient (Sgca null, Sgcb null, Sgcg
null, Sgcd null; models for LGMD-2C-F), dysferlin-
deficient (Dysf null, SJLDysf; models for LGMD-2B), and
sarcospan-deficient (Sspn null; no human disease
known) mice. Two wild-type strains (C57Bl/6, C57Bl/
10) were included as controls. All mice were 8 wk of
age. A total of 2171 genes demonstrated differential
expression between the 11 models (P�0.05, Benjamini
and Hochberg correction for multiple testing). Hierar-
chical clustering of the expression profiles clearly sep-
arates two groups of mice. The first group contains the
models for dystrophinopathy and sarcoglycanopathy,
which have a severe dystrophic phenotype at the age of
8 wk and whose expression profiles are remarkably
similar. The second group consists of models with a
mild or unaffected phenotype.

2. Muscular dystrophies share many molecular and
cellular responses

Analysis of the lists of 535 up-regulated and 493 down-
regulated genes most discriminative for severely af-
fected mice identified several major biological pro-
cesses that are commonly altered in these muscular
dystrophies (Fig. 1): increased cell adhesion (up-regu-
lation of Icam1, P-selectin, and several integrins, lami-
nins, and thrombospondins), inflammation (increased
levels of many chemokines, cytokines, cytokine recep-
tors, lymphocyte antigens), and regulation of muscle
contraction (Atpa2, Calsequestrin 1 and 2, and Tropo-
nin C, I, T1 and T2). Many of the up-regulated genes
localized either in the extracellular matrix (including
12 different collagens) or the lysosome. The most
striking feature of the list of down-regulated genes is
the participation of 53% of the genes (259 genes) in
highly diverse metabolic processes, indicative of an
overall decline in metabolic activity in dystrophic tissue.

3. Inflammation and remodeling of the extracellular
matrix, sarcomere, and cytoskeleton are also evident
in dysferlin-deficient mice, though present at lower
levels, in agreement with the later age of onset and
the earlier stage of the disease analyzed

The majority of up-regulated (101/154) and down-
regulated (88/167) genes in dysferlin-deficient com-
pared with wild-type strains were also differentially
expressed between severely affected and mildly or
nonaffected mouse models. Since the latter group
includes the dysferlin-deficient mice, these are genes
with subtle changes in dysferlin-deficient mice and
higher fold-changes in the more severe models. The

1 Correspondence: Center for Human and Clinical Genet-
ics, Leiden University Medical Center, Wassenaarseweg 72,
Leiden 2333 AL, Nederland. E-mail: p.a.c.hoen@lumc.nl
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major pathogenic mechanisms in which these genes
participate are depicted in the schematic diagram (Fig.
3). It appears that the molecular and cellular details of
the pathological processes secondary to the different
primary defects are highly similar for the muscular
dystrophies analyzed, and are likely to contribute to the
progression of these diseases.

4. Based on the differences in severity of the animal
models analyzed, we identified biomarker genes for
disease progression

Since the pathology is more progressive in sarcoglycan-
and dystrophin-deficient animals than in dysferlin-defi-
cient animals, we statistically identified a set of 33

biomarker genes whose expression levels correlate with
disease progression and severity (Fig. 2).

5. For the first time, we show a molecular phenotype
for sarcospan-deficient animals

Two genes up-regulated in both mildly and severely
affected animal models, S100a9, coding for a phago-
cytic protein known as calgranulin B, and Spp1, coding
for a cytokine known as osteopontin, were also signifi-
cantly up-regulated in sarcospan-deficient mice. This
observation suggests for the first time a subtle molecu-
lar phenotype for these mice. With quantitative RT-
PCR, we confirmed the much higher expression of Spp1
and S100a9 in sarcospan-deficient mice (29- and 14-fold

Figure 1. Functional classification of signifi-
cantly up- and down-regulated genes in se-
verely affected mouse models. Genes up-
regulated in dystrophic muscle from severely
affected mouse models were grouped accord-
ing to biological process, cellular component,
and molecular function based on Gene On-
tology classifications. Only branches of the
GO-tree containing categories that were sig-
nificantly overrepresented (displayed in italics;
P�0.001) in the list of up- and down-regulated
genes are shown. Listed P values are from a
hypergeometric test that compares, for each
category, the number of genes in the set of up-
or down-regulated genes with the total num-
ber of genes present on the array in that
category. Number of genes refers to the num-
ber of genes in the list of up- or down-regu-
lated genes in a specific category
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increase over controls, respectively), as well as in the
other muscular dystrophy models.

6. Based on identified differences in expression
signatures between the muscular dystrophies and on
the correlation with studies in human muscular
dystrophy patients, we think that it would be possible
to build a diagnostic classifier

A comparison was made between sarcoglycan-deficient
and dystrophin-deficient mice, revealing 46 differen-

tially expressed genes. This indicates there are subtle
differences between the different muscular dystrophies.
However, given the observed significant inter-individ-
ual variability in affected mice and the expected even
greater variability in humans, construction of a diagnos-
tic classifier would necessitate the analysis a large
number of samples per disease. The analyzed expres-
sion patterns in mouse models may speed up the
selection of genes relevant for classification.

CONCLUSIONS AND SIGNIFICANCE

We have found remarkable similarity in the expression
patterns of dystrophin-, sarcoglycan-, and dysferlin-
deficient mice. Genes functioning in the inflammatory
response and structural organization are significantly
up-regulated compared with wild-type mice, whereas
metabolism genes are down-regulated. We conclude
that common pathogenic mechanisms underlie the
onset and progression of different forms of muscular
dystrophy in mice (Fig. 3). Given the similarity with
published human studies on specific forms of muscular
dystrophy, these pathogenic mechanisms may also con-
tribute to the different forms of muscular dystrophy in
humans. Moreover, we have identified sets of biomar-
ker genes that can be used to monitor disease progres-
sion in muscular dystrophies. Finally, by recognition of
disease-specific expression signatures, we took the first
step toward the development of expression profiling-
based classification as a powerful diagnostic approach
for muscular dystrophies.

Figure 3. Genes associated with major pathogenic processes
that are already apparent in dysferlin-deficient mice but more
pronounced in dystrophin- and sarcoglycan-deficient mice at
the age of 8 wk. Spp1 and S100a9 expression levels are also
elevated in sarcospan-deficient mice and may be the first
visible markers for muscular dystrophy.

Figure 2. Biomarker genes for disease pro-
gression in muscular dystrophy. Heat map of
averaged expression levels (relative to levels
in wild-type mice) of genes that correlate
with disease progression. The top 4 genes
demonstrate significantly lower expression
(displayed in green) in dysferlin-deficient
mice compared with wild-type and sarco-
span-deficient mice, and even lower expres-
sion levels in the more severely affected
mouse models, whereas the bottom 29 genes
demonstrate significantly higher (displayed
in red) expression in dysferlin-deficient
mice compared with wild-type and sarco-
span-deficient mice, and even higher expres-
sion levels in the more severely affected
mouse models.

129TRANSCRIPTOME COMPARISONS OF DYSTROPHIC MICE
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ABSTRACT 

Duchenne/Becker and limb-girdle muscular dystrophies share clinical symptoms like muscle 
weakness and wasting but differ in clinical presentation and severity. To get a closer view on the 
differentiating molecular events responsible for the muscular dystrophies, we have carried out a 
comparative gene expression profiling of hindlimb muscles of the following mouse models: 
dystrophin-deficient (mdx, mdx3cv), sarcoglycan-deficient (Sgca null, Sgcb null, Sgcg null, Sgcd 
null), dysferlin-deficient (Dysf null, SJLDysf), sarcospan-deficient (Sspn null), and wild-type 
(C57Bl/6, C57Bl/10) mice. The expression profiles clearly discriminated between severely 
affected (dystrophinopathies and sarcoglycanopathies) and mildly or nonaffected models 
(dysferlinopathies, sarcospan-deficiency, wild-type). Dystrophin-deficient and sarcoglycan-
deficient profiles were remarkably similar, sharing inflammatory and structural remodeling 
processes. These processes were also ongoing in dysferlin-deficient animals, albeit at lower 
levels, in agreement with the later age of onset of this muscular dystrophy. The inflammatory 
proteins Spp1 and S100a9 were up-regulated in all models, including sarcospan-deficient mice, 
which points, for the first time, at a subtle phenotype for Sspn null mice. In conclusion, we 
identified biomarker genes for which expression correlates with the severity of the disease, 
which can be used for monitoring disease progression. This comparative study is an integrating 
step toward the development of an expression profiling-based diagnostic approach for muscular 
dystrophies in humans. 

Key words: microarray  dystrophin-glycoprotein complex  inflammation  extracellular matrix 
 biomarker 

uscular dystrophies are a heterogeneous group of inherited neuromuscular disorders 
characterized by progressive muscle wasting and weakness. The genetic defects 
underlying many muscular dystrophies have been elucidated (1, 2). A particular subset M
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of muscular dystrophies is caused by mutations in genes coding for constituents of the 
dystrophin-associated glycoprotein complex (DGC). The DGC is a multimeric protein complex 
composed of integral, peripheral, and cytoplasmic proteins expressed at the sarcolemma of 
muscle fibers. One likely role of the DGC is to maintain the sarcolemma stability by providing a 
physical link between the extracellular matrix and the actin cytoskeleton. This link occurs 
through the trio dystrophin-dystroglycan-laminin-2. Dystrophin binds to cytoskeletal F-actin and 
the transmembrane -subunit of dystroglycan. Dystroglycan binds to laminin-2 in the 
extracellular matrix via its -subunit (3). The trio dystrophin-dystroglycan-laminin-2 is stabilized 
by other DGC components such as the sarcoglycan-sarcospan complex (SGC), which resides in 
the sarcolemma. In skeletal muscle, the SGC contains four glycosylated subunits ( -, -, -, and 
-sarcoglycan) and sarcospan (4). 

Although genetic mutations in one of the DGC components frequently result in destabilization or 
mislocalization of the entire complex, the clinical presentation of the gene defects is variable: 
dystrophin-deficiency (dystrophinopathy) results in either the lethal Duchenne or the milder 
Becker muscular dystrophy (DMD/BMD) (5), dystroglycan-deficiency is likely to be 
embryonically lethal (6), and laminin 2-deficiency results in congenital muscular dystrophy 
(MDC1A) (7). Mutations in sarcoglycan-proteins (sarcoglycanopathies) are responsible for 
several recessive forms of limb-girdle muscular dystrophy (LGMD-2C-F, reviewed in refs 8, 9), 
whereas sarcospan has not been associated with human disease (10). 

Mutations in dysferlin, a muscle membrane protein that plays a role in membrane repair (11), 
cause the non-DGC related muscular dystrophies LGMD-2B and Myoshi myopathy (12). In 
these relatively late-onset diseases, the defective membrane repair system is ultimately unable to 
cope with contraction-induced injuries to the sarcolemma, explaining the observed muscle 
degeneration (11, 13). 

The pathological manifestation of the different muscular dystrophies at the histological level is 
similar. Dystrophic muscle tissue is hallmarked by myofiber degeneration, infiltration of 
inflammatory cells, and subsequent formation of foci of fibrotic and adipose tissue. These 
manifestations are secondary to the primary defect. The decisive secondary factors responsible 
for the variability in the clinical phenotypes are still unknown. 

Muscular dystrophies can be clinically grouped based on several indicators, namely age of onset, 
severity, presentation, affected musculature, and genetic inheritance (14). The clinical variability 
within each muscular dystrophy complicates the diagnosis of muscular dystrophies, particularly 
in young children. Consequently, a large array of molecular diagnostic methods, frequently 
combining analyses at the protein, DNA, and mRNA level, has to be applied to come to a 
specific diagnosis (15). 

Gene expression profiling studies have generated more detailed insight in the molecular 
processes underlying DMD (16–19). However, few microarray datasets have been published on 
other muscular dystrophies (13, 20–23). The goal of the present study is to assess whether the 
muscular gene expression patterns in the individual muscular dystrophies are sufficiently 
different to allow for microarray-based classification, which could greatly facilitate diagnosis. In 
addition, comparison of the different gene expression patterns in muscular dystrophies will help 
to understand the molecular mechanisms underlying the specificity of the clinical symptoms. 
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Human muscle biopsies display large inter-individual variation in gene expression due to 
differences in genetic make-up, age, and exposure to environmental factors, necessitating the 
evaluation of large patient groups. To facilitate the delineation of the molecular mechanisms 
underlying the phenotypic characteristics, we decided to perform large-scale gene expression 
profiling of mouse models known to recapitulate different human muscular dystrophies (Fig. 1). 
Mice with early onset/severe phenotypes, represented by dystrophinopathies (mdx and mdx3cv)
and sarcoglycanopathies (Sgca null, Sgcb null, Sgcg null and Sgcd null), and late onset/mild 
phenotypes, represented by dysferlinopathies (SJLDysf and Dysf null), were included in the study 
(Table 1). Sarcospan-deficient (Sspn null) mice, with no apparent muscular phenotype, were also 
included. Two wild-type strains (C57Bl/6 and C57Bl/10) served as controls. Although these 
mouse models have been extensively studied on phenotypic characteristics, like severity, age of 
onset, loss of the DGC, lifespan, and the temporal manifestation of the pathology (reviewed in 
ref 24), a large-scale comparison of gene expression patterns has not yet been performed. As a 
starting point, and to avoid age-dependent differences in gene expression, we evaluated young 
adult male mice (8 wk of age). At this age, mdx mice show most prominent changes in gene 
expression compared with wild-type (25) and sarcoglycan-deficient animals are severely 
dystrophic. On the contrary, the dysferlin-deficient mice are only mildly affected at this age (11, 
26). Our data demonstrate that gene expression patterns classify the animals according to the 
severity of the disease and point at common secondary disease mechanisms. 

MATERIALS AND METHODS 

Target preparation and hybridization 

Hindlimb muscle tissue (m. quadriceps femoris) was isolated from the following mice at the age 
of 8 wk (2 individuals per strain): mdx (mdx) (C57Bl/10ScSn-mdx/J, The Jackson Laboratory x 
C57Bl/6NCrl, Charles River x CBA/JCrl, Charles River), mdx3cv (mdx3cv) (27), Sgca null 
(Sgca / ) (28), Sgcb null (Sgcb / ) (29), Sgcb null-2 (Sgcb / 2) (30), Sgcg null (Sgcg / )
(31), Sgcd null (Sgcd / ) (32), Dysf null (Dysf / ) (11), SJL (SJLDysf) (SJL/J, The Jackson 
Laboratory), Sspn null (Sspn / ) (33), C57Bl/10 (Bl10) (C57Bl/10ScSnOlaHsd, Harland), 
C57Bl/6 (Bl6) (C57Bl/6JOlaHsd, Harland), and hDMD mice, which contain the full-length 2.3 
Mb human dystrophin gene (hDMD, ’t Hoen et al., unpublished observations). Expression 
profiles of the hDMD mice will be discussed in a separate manuscript. The expression profiles of 
the Sgcb null-2 mice were not included in the analysis, for reasons indicated in the Discussion. 
Total RNA was isolated as described previously (34). cRNA was prepared by linear 
amplification and concurrent incorporation of amino-allyl UTP, followed by chemical coupling 
to monoreactive Cy3 or Cy5 dyes (35). Labeled targets (1.5 µg cRNA per target) were 
hybridized overnight on prehybridized murine oligonucleotide microarrays (65-mer with 5 -
hexylaminolinker, Sigma-Genosys mouse 7.5 K oligonucleotide library, printed in duplicate) 
using an automatic hybridization station (GeneTac, Genomic Solutions, Ann Arbor, MI). 
Posthybridization washes were performed as described previously (35). 

Data analysis 

Hybridizations were performed in a dye-swap fashion using a randomized design, while avoiding 
co-hybridization of samples from the same model (Supplemental Table 1). This experimental
design generates eight data points per gene per mouse model (2 biological replicates with 4 
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technical replicates each). The randomized experimental design facilitates an intensity-based 
analysis procedure, since ratio-based analysis procedures become complicated and inefficient in 
multi-class comparisons (36). Spot intensities were evaluated with feature extraction software 
(GenePix Pro 5, Axon, Union City, CA). Local background corrected, median spot intensities 
were normalized simultaneously for all microarray experiments using variance stabilization and 
normalization (VSN) as described previously (37). This transformation coincides with the natural 
logarithm for the high intensities. Two filtering criteria were applied. First, genes that were 
flagged in at least four out of eight observations for a particular genotype were excluded to 
minimize the influence of unreliable spots (specks, high background). Since samples were 
randomly hybridized with each other, and spots were flagged only when signals in both channels 
were below background, it is very unlikely that genes that are expressed only in one or a few 
models were excluded from the analysis. Second, 88 genes previously shown to demonstrate 
variation in expression in the muscle due to differences in the genetic background (34) were 
excluded from the analysis. In the end, 2751 genes were included in the analysis. 

Microarray data have been made available through the GEO data repository of the National 
Center for Biotechnology Information under series GSE2112. 

Evaluation of differential expression between mouse models 

Significance levels of differential gene expression differences between different classes of mouse 
models were calculated in R (38) using linear regression models that take the dye effect into 
account. All fixed-effects model were of this form: 

(1) Y =  +  · class +  · dye 

In all comparisons, the expression levels of Cy3-labeled targets were captured in the intercept 
(dye=0), whereas dye equaled 1 for Cy5-labeled targets. 

In the comparison of the different strains, the expression levels of C57Bl/10 were captured in the 
intercept (class=0), and different  coefficients were estimated for the other strains. 

In the comparison of severely affected (mdx, mdx3cv, Sgca null, Sgcb null, Sgcd null, Sgcg null) 
and non- or mildly affected (C57Bl/10, C57Bl/6, Sspn null, Dysf null, SJLDysf) models, the 
expression levels of non- or mildly affected were captured in the intercept (class=0), and class 
equaled 1 for severely affected mouse models. 

Similary, in the comparison of dystrophin-deficient (mdx, mdx3cv) and sarcoglycan-deficient 
(Sgca null, Sgcb null, Sgcd null, Sgcg null) mouse models, expression levels of dystrophin-
deficient mice were captured in the intercept (class=0), and class equaled 1 for sarcoglycan-
deficient mice. 

Similarly, in the comparison of dysferlin-deficient (Dysf null, SJLDysf) vs. control (C57Bl/10, 
C57Bl/6) mouse models, expression levels of control mice were captured in the intercept 
(class=0), and class equaled 1 for dysferlin-deficient mice. 

P values for class were corrected for multiple testing using the method proposed by Benjamini 
and Hochberg (BH-correction) (39). 
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To find biomarker genes for disease progression, we fitted the following models: 

(2) Y = 2 + 2 · class2 + 2 · dye 

(3) Y = 3 + 3 · class3 + 3 · dye 

In model 2, we compared nonaffected (intercept; C57Bl/10, C57Bl/6, Sspn null) with mildly 
affected (class2=1; Dysf null, SJLDysf), and in model 3, we compared mildly affected (intercept; 
Dysf null, SJLDysf) with severely affected (class3=1; mdx, mdx3cv, Sgca null, Sgcb null, Sgcd 
null, Sgcg null). We selected genes with significant P values (BH-corrected P value<0.05) in 
both comparisons and then identified up-regulated biomarker genes as genes with both 2 and 3
greater than zero, whereas for down-regulated biomarker genes both 2 and 3 were smaller than 
zero.

Clustering

Unsupervised hierarchical clustering was performed using the Functional Genomics package 
within Spotfire DecisionSite 7.3. Expression levels were scaled such that the average expression 
per gene over all conditions was zero. Average linkage was the clustering method applied, and 
Euclidean distance was taken as similarity measure. 

Functional annotation 

Recent functional annotation of genes was obtained from the SOURCE database 
(http://source.stanford.edu) (40). Genes were classified based on gene ontology using the web-
based tool Gene Ontology Tree Machine (GOTM; http://genereg.ornl.gov/gotm) (41). Using this 
tool, we identified the functional processes that were overrepresented in lists of up- and down-
regulated genes compared with the list of all the genes on the array using a hypergeometric test. 
Only categories containing at least three differentially expressed genes and with a P value < 
0.001 were considered. 

Quantitative RT-PCR 

Quantitative RT-PCR was performed as described previously (25). Gene expression levels were 
calculated using the gene expression macro provided by Bio-Rad (Bio-Rad, Hercules, CA) and 
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH, stable expression in all 
samples) expression levels. Primer sequences are available on request. 

RESULTS 

We applied large-scale gene expression profiling to make a global inventory of differences in 
gene expression levels between mouse models for different muscular dystrophies. Nine mouse 
models with different genetic defects (Table 1) and two wild-type mouse strains were compared. 
Total RNA, isolated from hindlimb muscle of two individual mice, was amplified and hybridized 
to murine microarrays containing 7445 gene-specific oligonucleotides, spotted in duplicate. A 
dye-balanced, randomized hybridization design was chosen to avoid potential dye, sample 
processing, and hybridization biases (Supplemental Table 1). Combined with an intensity-based
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analysis procedure, this experimental design is most efficient when comparing large numbers of 
groups (36). 

After being filtered for unreliable spots and for genes the expression of which was known to be 
affected by differences in genetic backgrounds (34), 2171 genes demonstrated differential 
expression in the 11 models (P<0.05, BH-correction). These genes, as well as their expression 
levels in the different models, are listed in Supplemental Table 2. We applied unsupervised
hierarchical clustering on the profiles of the 300 most significantly differentially expressed genes 
to determine the similarity between the mouse models (Fig. 2A). According to the hierarchical 
clustering, two groups can be clearly discerned. The first group (I) contains the models for 
dystrophinopathy and sarcoglycanopathy, which have a severe dystrophic phenotype at the age 
of 8 wk. The second group (II) consists of models with a mild or unaffected phenotype. 

The identity of the genes that contribute most to the distinction between group I and group II was 
determined by calculating per gene the statistical significance between the two groups with a 
linear regression model. After correction for multiple testing, 1028 genes appear to function as 
general markers for dystrophic muscles (Supplemental Table 3). In Table 2, we present the
genes that are at least twofold up-regulated or down-regulated (128 and 46 genes, respectively) 
in the mouse models for dystrophinopathy and sarcoglycanopathy, compared with mildly 
affected or unaffected muscle tissue. 

To determine the biological variation in gene expression between the two individual mice from 
each strain, we performed a hierarchical clustering on the 300 most significant genes using the 
average gene expression levels of all separate individuals (Fig. 2B). Within the group of mildly 
and nonaffected mouse models (group II), both individuals of each strain clustered together, 
demonstrating a high level of similarity in their gene expression profiles. In contrast, within the 
group of severely affected mouse models (group I), the gene expression profiles of the biological 
replicates were located in different clusters, which is indicative of a higher variability in gene 
expression profiles between individuals than between models. 

To assess whether the absence of one DGC component affects the expression of other DGC 
components, we evaluated the expression levels of seven genes involved in the DGC (Dmd,
Sgca, Sgcb, Sgcg, Sgcd, Sspn, and Dysf; Fig. 3). The knockout mouse models demonstrated 
clearly reduced mRNA levels of the targeted gene, with an exception for Sgcd in Sgcd null mice 
and Dysf in dysferlin-deficient mice, in which both only a relatively modest decrease in signal 
intensity is shown. The effect of a point mutation (mdx, mdx3cv, and SJLDysf) seems to have a 
milder influence on the mRNA levels, probably due to less efficient degradation by nonsense-
mediated mRNA decay (NMD), which depends on the location of the mutation (42, 43). In the 
mouse models for sarcoglycanopathy, a decrease in expression levels from other DGC 
components was observed, with largest effects in Sgca null mice. The gene expression of 
dysferlin, on the other hand, was up-regulated in severely dystrophic mouse models, with the 
exception of Sgcb null mice. 

We implemented a recently published bioinformatics tool based on gene ontology (GOTM; ref 
41) to investigate the functional processes active in severely affected dystrophic muscle tissue 
(group I). This tool associates sets of genes (e.g., up-regulated genes) with functional processes 
and determines whether these processes are represented at a higher frequency than can be 
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expected by chance, i.e., as represented in the reference gene list, consisting of all genes on the 
microarray. The results of this analysis are presented in Fig. 4. The most strikingly 
overrepresented biological processes in the list of up-regulated genes are cell adhesion (Icam1,
P-selectin and several integrins, laminins, and thrombospondins), inflammation (many 
chemokines, cytokines, cytokine receptors, lymphocyte antigens), and regulation of muscle 
contraction (Atpa2, Calsequestrin 1 and 2, and Troponin C, I, T1, and T2). Many of the up-
regulated genes localized either in the extracellular matrix (including 12 different collagens) or 
in the lysosome. The most striking feature of the list of down-regulated genes is the participation 
of 53% of these genes (259 genes) in highly diverse metabolic processes, indicative of an overall 
decline in metabolic activity in dystrophic tissue. A large number of the gene products of these 
genes are localized in the mitochondrion (72 genes; P value for overrepresentation: 5.48×10 24).
The individual genes in the listed functional categories are given in Supplemental Table 4. 

Although gene expression profiles of mouse models for dystrophinopathy show high similarity 
with those of mouse models for sarcoglycanopathy, some genes displayed statistically significant 
differential gene expression between these groups. With the linear regression model described in 
Materials and Methods, we found 46 differentially expressed genes (P<0.05 after BH-correction 
for multiple testing, Supplemental Table 5). A selection of four genes with greater than twofold
lower expression and five genes with greater than twofold higher expression in mouse models 
with sarcoglycanopathy compared with mouse models for dystrophinopathy is presented in Table
3.

The clustering diagrams in Fig. 2 suggest that gene expression patterns of mildly affected 
dysferlin-deficient animals can be discerned from those of healthy mice. With a linear regression 
model, 321 genes were identified that displayed statistically significant (P<0.05 after BH-
correction) differences in expression levels between dysferlin-deficient (SJLDysf and Dysf null 
mice) and the two wild-type strains (Supplemental Table 6). Interestingly, the majority of up-
regulated (101/154) and down-regulated (88/167) genes were also differentially expressed 
between group I (severely affected) and group II (mildly or nonaffected). Since the latter group 
includes the dysferlin-deficient mice, these are genes with subtle changes in dysferlin-deficient 
mice and higher fold changes in the more severe models. We statistically evaluated which genes 
show a significant trend in expression level from nonaffected to mildly and to severely affected 
animal models. These genes can be seen as biomarker genes for disease severity. The heat map 
in Fig. 5 illustrates the expression levels of the 33 identified biomarker genes. 

Two genes up-regulated in both mildly and severely affected animal models, S100a9, coding for 
a phagocytic protein known as calgranulin B, and Spp1, coding for a cytokine known as 
osteopontin, were also up-regulated in sarcospan-deficient mice (P<10 7 after correction for 
multiple testing). This observation suggests for the first time a subtle molecular phenotype for 
these mice. With quantitative RT-PCR, we confirmed the much higher expression of Spp1 and 
S100a9 in sarcospan-deficient mice (29- and 14-fold increase over wild-types, respectively), as 
well as in the other muscular dystrophy models (Supplemental Fig. 1). 

DISCUSSION 

In this report, we have classified muscular dystrophies based on gene expression profiles in 
skeletal muscle of 8-wk-old mice. Cluster analysis readily distinguished severely affected mouse 
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models (dystrophinopathies and sarcoglycanopathies) from dysferlin- and sarcospan-deficient 
and wild-type mice. Earlier studies demonstrated a high similarity in the histology of muscles 
from mouse models for dystrophinopathy and sarcoglycanopathies at the age of 8 wk (27–29, 32, 
44, 45). We now show that common denominators in dystrophinopathies and 
sarcoglycanopathies are also apparent at the molecular level. The robustness of this classification 
is further illustrated by the fact that one of the two mouse models for -sarcoglycan deficiency 
(29, 30) that were originally included in the study, clustered with the non- or mildly affected 
mice. Since this was highly unexpected, a detailed analysis was performed using histological 
techniques and RT-PCR, showing that one of the two mice analyzed was incorrectly genotyped 
as a Sgcb null mouse instead of wild-type. As a consequence, we had to exclude the second Sgcb 
null model from further analysis. 

Gene expression levels of DGC components decrease in DGC-related muscular dystrophies 

Although the entire DGC is absent from the sarcolemma in dystrophinopathies, whereas only the 
SGC is lost in sarcoglycanopathies, we observed a general decrease in mRNA levels of the DGC 
components in both dystrophin- and sarcoglycan-deficient mice. The instability of the DGC 
apparently triggers a negative feedback to transcriptional levels of the DGC components. 
Notable is the up-regulation of dysferlin, which is indicative for an increased need for membrane 
repair systems to prevent membrane leaking or rupture, a common feature for muscular 
dystrophies (46, 47). Other important processes secondary to the genetic defect and the loss of a 
functional DGC are induction of an immune response, increased expression of cellular adhesion 
and extracellular matrix proteins, and changes in cytoskeletal organization. These processes were 
also shared between human patients with DMD and LGMD-2D ( -sarcoglycan deficiency) (16). 

The inflammatory response in muscular dystrophy can be divided into multiple 
components 

By looking at markers for different types of immune cells (48), we found evidence for the 
infiltration and accumulation of macrophages [Cd68, Lgals3 (Mac-2), Mpeg1, Clecsf12], B-cells 
(Cd83, Blnk), T-cells (CD8b1, Ly6e), and NK-cells (Ypel1). The recruitment of inflammatory 
cells is probably mediated by CC-class chemokines that are up-regulated (Ccl2, Ccl6, Ccl7, 
Ccl8, and Ccl9), as was reported for mdx mice (25, 49, 50). Furthermore, an activation of 
components of the complement system (C1qa, C1qg, C1qr1, C1qTNF3, and C3ar1) was 
observed, which contributes to the inflammatory response in dystrophic muscle by further 
damaging cell membranes and releasing complement split products that attract macrophages for 
phagocytosis.

Genes involved in sarcomeric organization and extracellular matrix formation are up-
regulated in both sarcoglycan- and dystrophin-deficient muscles 

Among the up-regulated extracellular matrix proteins are 12 different collagens, laminin 4, B1 
and gamma1, and collagen binding proteins such as biglycan. The up-regulated cytoskeletal 
proteins include the intermediate filament vimentin, the microtubular components tubulin -1, -
2, -6, and -5, the actin-interacting protein transgelin2 and the sarcomeric troponins I (skeletal, 
slow), T1 (skeletal, slow), T2 (cardiac), C (cardiac / slow skeletal), most of which having been 
reported before as up-regulated in mdx mice (25, 50–52). Such up-regulation of extracellular and 
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intracellular structural proteins, which is also found in human DMD patients (17–19, 53) might 
compensate for the loss of force-generating capacity due to the instability of the DGC-mediated 
link between the cytoskeleton and the extracellular matrix. 

Dystrophic muscle tissue experiences a metabolic crisis 

The large number of down-regulated genes functioning in diverse metabolic processes reflects 
probably the metabolic crisis also seen in human DMD, LGMD-2D, FSHD, and nemaline 
myopathy patients (16, 22, 23). From our and data of others (51, 52), we conclude that the 
metabolic crisis in mdx mice is less severe than in sarcoglycan-deficient mice. However, a 
reduction in the respiratory rate of mitochondria in skeletal muscle of both mdx mice and DMD 
patients was also found in previous studies using other techniques (54, 55). 

Differential gene expression between dystrophinopathies and sarcoglycanopathies 

Despite the high similarities between dystrophinopathies and sarcoglycanopathies at 8 wk of age, 
46 genes were found significantly differentially expressed between these groups. This may 
indicate that there are some subtle differences between dystrophinopathies and 
sarcoglycanopathies. These differences may become more prominent at higher age, since the 
mdx mice, in contrast to the sarcoglycan-deficient animals, make an almost complete recovery. A 
more extensive temporal gene expression profiling study together with functional analysis of the 
identified proteins is necessary to characterize the differences (work in progress). Cysteine and 
glycine-rich protein 3 (Csrp3), a positive regulator myogenesis (56), was the most prominent, 
higher expressed gene in sarcoglycan-deficient compared with dystrophin-deficient animals. 
Interestingly, it has been found before that Csrp3 is also up-regulated in human FSHD but not 
DMD patients (22). This exemplifies that muscular dystrophies share some aberrations in gene 
expression and differ in others, and that it would be feasible to find a specific disease signature 
based on the measurement of the expression of combinations of genes. 

Vascular irregularities are not likely to contribute to muscular dystrophy 

Mutations in smooth muscle SGC-components (Sgcb, Sgcg, Sgcd) lead to vascular irregularities, 
which are thought to exacerbate the cardiac pathology seen in mice deficient for the individual 
components (29, 57, 58). Alpha-sarcoglycan is not expressed in smooth muscle and therefore the 
Sgca null mouse does not have altered SGC expression in smooth muscle. We show that the gene 
expression profiles of Sgca null mice are highly similar to the gene expression profiles of the 
other sarcoglycan-deficient mouse models, corroborating the suggestion of Durbeej et al. that 
vascular irregularities are not likely to contribute to the skeletal muscle pathology (24). 

Differential gene expression precedes histological changes in dysferlinopathies 

The phenotype of dysferlin-deficient mice is less progressive than that of the dystrophin- and 
sarcoglycan-deficient mice (11, 26). HE staining shows only few necrotic fibers at the age of 8 
wk, corresponding with the higher age of onset of dysferlinopathies, both in mice and humans. 
Still, we observe significant differences in gene expression between wild-type mice and 
dysferlin-deficient mice at the age of 8 wk. Among the up-regulated genes that have also been 
found in an earlier study in SJL mice (13) are: Troponins T1, C, and I, Ccl2, Cd53, Cd68, Cd83,
P lysozyme structural, tissue inhibitor of metalloproteinase 1 and 4. Many of these genes (Fig. 5)
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are more severely changed in the severely affected mouse models. Thus, in dysferlin-deficient 
mice, similar to dystrophin and sarcoglycan-deficient mice, inflammatory and muscle 
remodeling processes play an important role (confirmed by gene ontology analysis with GOTM, 
not shown). Although differences in the expression of these genes are still limited at the age of 8 
wk, they may become more prominent at higher ages. In the mdx mouse, however, the 
expression of these genes is already increased at 4 wk and peaks at 6 wk (25), in agreement with 
the earlier age of onset in dystrophinopathies. Consequently, these genes can be regarded as 
markers for disease progression. 

A molecular phenotype for sarcospan-deficient mice 

Genes, coding for secreted phosphoprotein 1 (Spp1 or Osteopontin), functioning in chemotaxis, 
and the phagocytic S100 calcium binding protein A9 (S100a9 or Calgranulin B), are also up-
regulated in sarcospan-deficient mice. Differential expression of these genes indicates that 
sarcospan-deficiency may induce a subtle immune response in muscle. Spp1 seems to be an 
extremely sensitive marker for muscle pathology, since it was picked up in other gene expression 
profiling studies in dystrophin-deficient humans and mice (18, 51). 

Inter-individual variation in gene expression levels 

Our study shows that the inter-individual differences in expression levels are considerable, even 
in genetically identical mice. Consequently, the subtle differences that discriminate between the 
muscular dystrophies will only become significant when large sample groups are analyzed. We 
suppose that the inter-individual differences in the severely affected mice are related to the 
physical behavior or the amount of exercise. An increase in muscle activity leads to an increase 
in sarcolemmal rupture, which initiates the secondary processes responsible for the severity of 
the disease (59, 60). Recently observed inter-individual variability in satellite cell number (61) 
and possibly regenerative potential in dystrophic mice, may also contribute to the observed 
variability. Due to the interindividual variability, at least 4 animals per group were required for 
meaningful comparisons. This is why classes of genotypes were combined in the performed 
statistical tests (e.g., the class of dysferlin-deficient mice, consisting of the 2 SJLDysf and 2 
dysferlin null individuals). In humans, many more genetic and environmental factors will 
contribute to the inter-individual variation (62), and building of a robust classifier necessary for 
muscular gene expression profiling-based diagnosis of muscular dystrophies would necessitate 
the analysis a large number of samples per group. On the other hand, analysis of disease 
progression using the biomarker set described here, would be more readily achievable, although 
more definitive correlations between expression levels of the identified biomarkers and other 
pathological parameters need to be established. This type of analysis would be useful to monitor 
response to treatment. 

CONCLUSION 

In summary, we have found remarkable similarity in the expression patterns of dystrophin-, 
sarcoglycan-, and dysferlin-deficient mice. Genes functioning in the inflammatory response and 
structural organization are significantly up-regulated compared with wild-type mice, whereas 
metabolism genes are down-regulated. We conclude that common pathogenic mechanisms 
underlay the onset and progression of different forms of muscular dystrophy in mice. Given the 

Page 10 of 29
(page number not for citation purposes)

	 Chapter 4



104

similarity with published human studies on specific forms of muscular dystrophy, these 
pathogenic mechanisms may also contribute to the different forms of muscular dystrophy in 
humans. Furthermore, we have identified sets of biomarker genes that can be used to monitor 
disease progression in muscular dystrophies, thereby taking the first step toward the development 
of a diagnostic approach for muscular dystrophies by expression profiling-based classification. 
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Fig. 1 

Figure 1. Mouse models for muscular dystrophy related to DGC.
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Fig. 2 

Figure 2. Unsupervised hierarchical clustering of gene expression patterns. A) 2-dimensional, unsupervised hierarchical 
clustering was performed on averaged expression levels of each strain for 300 genes that display most significant (BH-
corrected P value < 4.5×10−8) differences in expression between strains. For better visualization of up- and down-
regulation, gene expression levels were scaled to an average value of 0. Euclidean distance was used as a distance measure. 
Based on clustering, 2 major groups can be discerned (I and II). B) Unsupervised hierarchical clustering was performed on 
averaged normalized gene expression levels per individual of 300 genes that display most significant (BH-corrected P
value < 4.1×10−5) differences in expression between severely affected and non- or mildly affected animal models. The 
clustering and visualization method applied was identical to that in A.
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Fig. 3 

Figure 3. DGC-related genes are down-regulated in severely affected mouse models for muscular dystrophy. Differential 
gene expression levels between mouse models and wild-type mice were calculated by subtraction of average gene 
expression level of the 2 wild-type mice (Bl6 and Bl10) from gene expression levels of all models (including wild types). 
Differential expression levels of 7 DGC-related genes are shown (Dmd: dystrophin; Sgca: α-sarcoglycan; Sgcb: β-
sarcoglycan; Sgcg: gamma-sarcoglycan; Sgcd: delta-sarcoglycan; Sspn: sarcospan; Dysf: dysferlin). Gene mutated in 
accompanied model is indicated with �.
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Fig. 4 

Figure 4. Functional classification of significantly up- and down-regulated genes in severely affected mouse models. 
Genes up-regulated in dystrophic muscle from severely affected mouse models were grouped according to biological 
process, cellular component, and molecular function, based on Gene Ontology classifications. Only branches of the GO-
tree containing categories that were significantly overrepresented (displayed in red; P<0.001) in the list of up (upper
panel)- and down-regulated (lower panel) genes are shown. Listed P values are from a hypergeometric test that compares, 
for each category, number of genes in the set of up- or down-regulated genes with total number of genes present on the 
array in that category. Number of genes refers to number of genes in the list of up- or down-regulated genes in a specific 
category. A specification of genes present in overrepresented categories can be found in Supplemental Table 4.

Page 28 of 29
(page number not for citation purposes)

	 Chapter 4



122

Fig. 5 

Figure 5. Biomarker genes for disease progression in muscular dystrophy heat map of averaged expression levels (relative 
to levels in wild-type mice) of genes that correlate with disease progression. The top 4 genes demonstrate significantly 
lower expression (displayed in green) in dysferlin-deficient mice compared with wild-type and sarcospan-deficient mice 
and even lower expression levels in the more severely affected mouse models, whereas the bottom 29 genes demonstrate 
significantly higher (displayed in red) expression in dysferlin-deficient mice compared with wild-type and sarcospan-
deficient mice and even higher expression levels in the more severely affected mouse models.
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Abstract

To study pathways involved in human skeletal myogenesis, we profiled gene expression in human primary myoblast cells derived from

three individuals using both oligonucleotide and cDNA microarrays. Following stringent statistical testing (false-positive rate 0.4%),

we identified 146 genes differentially expressed over time. Interestingly, 86 of these genes have not been reported to be involved in

myogenesis in mouse cell lines. This demonstrates the additional value of human primary cell cultures in the study of muscle differentiation.

Many of the identified genes play a role in muscle regeneration, indicating the close relationship of this process with muscle development.

In addition, we found overlap with expression profiling studies in muscle from Duchenne muscular dystrophy patients, confirming ongoing

muscle regeneration in Duchenne muscular dystrophy. Further study of these genes can bring new insights into the process of muscle

differentiation, and they are candidate genes for neuromuscular disorders with an as yet unidentified cause.

q 2004 Elsevier B.V. All rights reserved.

Keywords: Myogenesis; Muscle differentiation; Gene expression; Microarray

1. Introduction

Skeletal muscle cell differentiation is a multistage

process that has been studied extensively over the years.

Early myogenesis involves the commitment of mesodermal

cells to myogenic progenitors and ultimately myoblasts.

In late myogenesis, myoblasts withdraw from the cell cycle,

become longer and fuse to form multinucleated myotubes

[1]. During muscle regeneration, the second stage of

myogenesis is mimicked when satellite cells, present

between the basal lamina and the connective tissue, become

activated myoblasts and either fuse with existing myotubes

or form new myotubes [1]. The myogenic regulatory factors

(MRFs), including MyoD, Myf5, Myogenin and Mrf4, are

known to be key regulators in the initiation and progression

of myogenesis [2–6]. They contain a helix–loop–helix

motif for heterodimerization with E-proteins. When

heterodimerized, they can bind at sites known as E-boxes

(CANNTG) in the promoter and enhancer regions of most

skeletal muscle-specific genes [7]. Other important genes

and gene families involved in myogenesis are MEF2

transcription factors, the Pax family, Sonic hedgehog and

theWnt genes [8–13]. TGF-b superfamily members and the

Id family of helix–loop–helix proteins negatively regulate

myogenesis [14,15].

The MRFs and other myogenesis factors have

been identified by conventional techniques, often on a

one-by-one basis. Current high throughput genomics

approaches, such as microarray analysis, increasingly

bring a more integrated overview of the control of muscle

differentiation. As we are interested in neuromuscular

disorders and the initial disturbances during myogenesis in

these patients, we first set out to learn how myogenesis is

normally regulated. Previously, gene expression profiling

studies have been performed by inducing myogenic

differentiation in mouse fibroblasts or myoblast cell lines

[16–18]. The present study is the first to use primary

human myoblast cultures in a time course experiment.

This provides a robust and informative model for studying

differential gene expression during late myogenesis in

humans. We used a general 20K human oligonucleotide

microarray as well as a 5K muscle-related cDNA

microarray to obtain a complete representation of the gene

expression changes during muscle cell maturation.

0960-8966/$ - see front matter q 2004 Elsevier B.V. All rights reserved.
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2. Materials and methods

2.1. Cell culture

Healthy primary human myoblasts were isolated from

skeletal muscle biopsies [19] of three healthy individuals

(KM109, KM108 and HPP4 [20,21]). Cell cultures were

grown at 37 8C and 5% CO2 in proliferation medium

(PM) consisting of Nut.Mix F-10 (HAM) with GlutaMax-

1 (Gibco BRL) supplemented with 100 U/ml penicillin,

100 mg/ml streptomycin and 20% heat-inactivated fetal

bovine serum (Gibco BRL) on collagen-coated culture

flasks/dishes [20,21]. When cells were 80% confluent,

they were shifted to differentiation medium (DM)

consisting of DMEM without phenol red, supplemented

with 1% glucose, 2% GlutaMax-1, 100 U/ml penicillin,

100 mg/ml streptomycin and 2% heat-inactivated fetal

bovine serum [20]. All cell cultures used for the

experiments had relatively low passage numbers between

6 and 10.

2.2. Immunohistochemical analysis

Myoblast/myotube cultures were fixed (six replicates)

in 220 8C methanol at day 0, 1, 2, 4, 6, 10, 14, 19 and 22

after serum deprivation. Immunohistochemical staining of

desmin and myosin proteins was performed as described

previously [21]. Myogenicity of the culture was determined

by calculating the percentage of desmin-positive cells at

t ¼ 0: KM109 contained 83%, KM108 32% and HPP4 67%

desmin-positive cells.

2.3. Array fabrication and pre-hybridization

Cleaning of the glass slides (cut edges, 3 £ 1 in.;

Menzel) and coating with poly-L-lysine was performed as

described previously (http://cmgm.stanford.edu/pbrown/)

[22]. In this study two different types of arrays were used.

The first is the Sigma-Genosys human oligonucleotide

library (18.8K, 60mer with 50-hexylaminolinker), which

was printed over two slides at the Leiden Genome

Technology Center. Preparation and printing of the

oligonucleotides was performed as described [23]. The

second are human cDNA microarrays containing 4417

muscle-related genes and ESTs from a human sequence-

verified 40K I.M.A.G.E. cDNA library (Research Gen-

etics) [24]. Clones were selected by combining infor-

mation from other subsets (Telethon, Italy [25] and

Genethon, France) and our own list (GenBank accession

numbers available at http://145.88.211.102/humane

genetica/). cDNAs were PCR amplified and purified as

described [26] and were spotted in triplicate with an

Omnigrid 100w microarrayer (Genemachines). Pre-hybri-

dization was as described for both arrays, except with

cross-linking energy of 250 mJ/cm2 for the oligonucleo-

tide arrays [26].

2.4. Target preparation and hybridization

Total RNA was isolated from myoblasts/myotubes as

described [26] just before serum deprivation (day 0) and at

day 1, 2, 4, 6, 10, 14, 19 and 22 after serum deprivation.

2.4.1. Oligonucleotide arrays

Total RNA of the KM109 culture (0.5 mg/sample, t ¼ 0;

1, 4, 6 and 14) was amplified with the Message Amp kit

(Ambion) and the cRNA was labeled through incorporation

of aa-UTP (ratio aa-UTP:UTP ¼ 2:3) and coupling with

Amershams monoreactive Cy3 and Cy5 dyes before

hybridization to the oligonucleotide array [23]. Each sample

(750 ng) was labeled with Cy5 and hybridized against a

sample of day 0 (labeled with Cy3) and dye-swap

experiments were performed.

2.4.2. cDNA arrays

Total RNA (0.5 mg/sample) of all three cell cultures and

all timepoints was amplified with the Message Amp kit

(Ambion), according to the manufacturer’s protocol. For the

cDNA arrays separate RNA preparations were used.

The three individual cultures were processed separately.

After amplification, the samples were labeled by

incorporation of Cy3 or Cy5-dUTPs (NEN) during first

strand synthesis and hybridized (1.5 mg) to the cDNA array.

The samples were hybridized against a common cDNA

reference sample with the reference sample always labeled

with Cy3 and the target sample with Cy5 [26].

The quality and quantity of the total RNA and cRNA was

checked with the Bioanalyzer Lab-on-a-Chip RNA nano

assay (Agilent Technologies).

2.5. Data analysis

All slides were scanned with an Agilent scanner

(Model 2565BA) and spot intensities were quantified with

the GenePix Pro 3.0 program (Axon).

2.5.1. Oligonucleotide arrays

For the hybridizations to the oligo arrays, raw intensity

files were imported into Rosetta Resolverw v3.2

(RosettaBio, US) and normalized with the Axon/Genepix

error model. Genes that followed two criteria were

analyzed: (1) the normalized signal intensity had to be

higher than the mean þ 2 standard deviations (SDs) of the

negative array controls (antisense oligos) and (2) less than a

2-fold change in two self–self hybridizations (day 0).

The first criterion should be consistent between the

dye-swap hybridizations and on at least one timepoint of

the time series. One-way ANOVA was performed with time

as variable and genes were considered differentially

expressed when the P-value ,5 £ 1026 (Bonferroni

corrected) and at least a 2-fold change between one of the

timepoints and t ¼ 0 was observed. K-means clustering

with K ¼ 8 (cluster initialization: datacentroid based

E. Sterrenburg et al. / Neuromuscular Disorders 14 (2004) 507–518508
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search, similarity measure: euclidean distance) was

performed with the Functional Genomics application of

Spotfire Decision Site 7.1.1 software using normalized

ratios (log 2) of genes that were differentially expressed.

Functional annotation was determined according to

LocusLink and OMIM databases. GenePix data and the

normalized log 10 ratio of the hybridizations were

submitted to the GEO database, accession numbers

GSE908 and GSE909 [27].

2.5.2. cDNA arrays

As the hybridization design of the cDNA arrays did not

allow us to analyze gene expression patterns in

Rosetta Resolverw, analysis was performed as follows.

Local background corrected target intensities of the cDNA

hybridizations were normalized using variance stabilization

and normalization (VSN) [28]. This transformation h

corrects for array-specific spatial deviations and coincides

with the natural logarithmic transformation for the large

intensities. To identify genes differentially expressed in time,

Z-test calculations were performed [17]. In short, three

replicate spots present on the arrays were used and timepoint

0 was compared with all other timepoints. This resulted in

comparing two groups of threemeasurements each (per gene,

per timepoint). An average expression level from the six

experimental measurements ðEavgÞ was calculated for each

gene. The deviation ðDÞ of each individual value ðEindÞ from
the average across all experiments ðEavgÞwas also calculated
ðD ¼ Eind 2 EavgÞ: A Z-score was calculated ðZDÞ by

standardizing the individual Ds relative to all of the other

D values on the array. Features with a lZDl . 1:96 were

considered significantly above or below the

average expression level of that gene and were designated

as Sig þ or Sig 2 , respectively. The Z-score calculation

was repeated, removing the genes already identified as

Sig þ or Sig 2 from the distribution, and the lZDl . 1:96

threshold was applied to the newly calculated Z-scores. This

process was repeated through 20 iterations. Having calcu-

lated ‘Sig’ calls for eachmeasurement, all sixwere combined

and a gene was considered significantly up or downregulated

when there was a Sig designation in at least five out of six

measurements, with three calls in the same direction for one

timepoint and at least two calls in the opposite direction for

the other timepoint. By randomizing the datasets the number

of false-positives was estimated to be 1 in every 230 genes

(0.4%). The Z-test was performed for each cell culture

separately. The results of the differentially expressed genes

in each individual cell culture were combined to obtain a list

of genes that showed a distinct expression pattern in time. To

further minimize the number of false-positives, a gene had to

be significantly up- or downregulated in all three cell cultures

in at least one timepoint to be considered differentially

expressed.

Clustering was performed with the Functional Genomics

application of Spotfire Decision Site 7.1.1 software using

the normalized signal intensities of the genes that were

differentially expressed. Before performing hierarchical

clustering (clustering method: complete linkage, similarity

measure: euclidean distance), genes were scaled to make the

individual cultures comparable. Before performing

K-means clustering with K ¼ 8 (cluster initialization:

datacentroid based search, similarity measure: euclidean

distance) each intensity value was scaled to the average for

timepoint 0, obtaining ratio values ðDhÞ: Functional

annotation was determined according to LocusLink and

OMIM databases. GenePix data and the normalized VSN

values of the hybridizations were submitted to the GEO

database, accession number GSE906 [27].

2.6. Cross-platform comparisons

The results from the cDNA arrayswere comparedwith the

oligonucleotide arrays by linking the UniGene clusters in the

GeneHopper program available at www.lgtc.nl/GeneHopper

[29]. Comparisons between our data and previously

published data were also performed with this program.

2.7. Quantitative reverse transcription polymerase chain

reaction

cDNA was prepared (using the total RNA of the KM109

time course) by reverse transcription using 0.5 mg total RNA
as template. Random hexamers (40 ng) were used to prime

the transcription for 10 min at 70 8C followed by chilling on

ice for 10 min. cDNA was synthesized by RevertAid

RNaseH2 MuLV reverse transcriptase and accompanying

buffer (MBI-Fermentas) using 1 mM dNTPs. The mixture

was incubated at room temperature for 10 min before a 2 h

incubation step at 42 8C, followed by 10 min at 70 8C.
Quantitative PCR was done using the Lightcycler (Roche).

PCR was performed on diluted cDNA, with 10 pmol

forward and reverse primer, 4 mM MgCl2, 0.225 mM

dNTPs, BSA (0.25 mg/ml, Pharmacia Biotech), Taq

polymerase (0.2 U/ml), 1 £ SYBR Green I (Molecular

Probes), 1 £ AmpliTaq Reaction Buffer (Perkin Elmer)) in

a total volume of 20 ml. A 35-cycle reaction was performed

with annealing temperature set at 55 8C. Optimal cDNA

dilutions and relative concentrations were determined using

a dilution series per gene. All PCR experiments were

repeated three times (mean and SD were calculated).

Each gene was normalized to the abundance of glycerald-

hyde-3-phosphate dehydrogenase mRNA (shows

constant expression over time on the arrays). PCR primer

pairs were designed using the Primer3 search engine at http://

www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi/. The

screened genes and the oligonucleotide primer pairs used

for each of the genes in this study corresponded to the

following nucleotides: glyceraldehyde-3-phosphate

dehydrogenase, 510–529 and 625–644 (NM_002046);

myogenic factor 5, 728–747 and 845–864 (NM_005593);

transgelin 2, 866–885 and 967–986 (NM_003564); laminin,

alpha 4, 3400–3419 and 3511–3530 (NM_002290).
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3. Results

Primary human myoblast cultures were forced into

differentiation by serum deprivation. Due to the primary

nature of the cultures, the cell population was a mixture

of mainly myoblasts and fibroblasts. Only myogenic cells

are able to differentiate into myotubes, and immunohis-

tochemical stainings were carried out to follow the

differentiation process morphologically (Fig. 1). In time

it could be seen that myogenic, desmin-positive cells

became longer at day 1 and 2 after serum deprivation,

and from day 4 cell fusion started and multinucleated,

myosin-positive cells became visible. We isolated RNA

at day 0, 1, 2, 4, 6, 10, 14, 19 and 22 after serum

deprivation for global gene expression analysis.

3.1. Analysis of oligonucleotide arrays

As a pilot study, five timepoints (day 0, 1, 4, 6 and 14) of

one of the cell cultures (KM109) were hybridized to a

general human oligonucleotide array (20K). As only one of

the three cell lines was hybridized to the oligonucleotide

arrays, a stringent data selection was performed

(P , 5 £ 1026; at least 2-fold change in one of the

timepoints) to obtain a list of differentially expressed

genes. This selection revealed that 139 genes were

differentially expressed, of which, over time, 67 were up-

and 72 were downregulated (Supplemental Table 2,

available at http://145.88.211.102/humanegenetica/).

K-means clustering with eight clusters (a–h) divided

genes into groups with distinct expression patterns (Fig. 2).

The figure shows one cluster of genes, which were

upregulated shortly after induction of differentiation

(Fig. 2, cluster b), whereas three groups showed a delayed

reaction with upregulation from day 4 (Fig. 2, clusters a, c

and d). All genes that were downregulated show an

immediate effect from day 1, except for the genes in cluster

g (Fig. 2, cluster e–h).

3.2. Analysis of muscle-related cDNA arrays

We hybridized time course samples of all three different

myoblast cell cultures to a muscle-related cDNA array that

contained a selection of 5000 clones with presumed

expression in muscle. To minimize the number of

false-positives, the selection of differentially expressed

genes was such that only genes that were consistently up- or

downregulated in all three cultures were included. Analysis

of the hybridizations on the 5K cDNA array (see Section 2)

shows that, during the time course, 78 genes were

upregulated and 68 genes were downregulated in all three

Fig. 1. Immunohistochemical staining of myoblasts/myotubes. Cells of the

KM109 cell culture in different stages of myogenesis (time in days after

serum deprivation) were stained with DAPI (blue) and antibodies to desmin

(red) and myosin (green). In this culture, 85% of the cells were

desmin-positive, indicating myogenic potential. Multinucleated, myosin-

positive cells can be seen from day 4 (arrow).

Fig. 2. K-means clustering of genes that are differentially expressed in time

according to oligonucleotide arrays hybridized with one primary human

cell culture (KM109). Log 2 ratios are shown. Clusters a–d show

upregulation in time, whereas clusters e–h show downregulation in time

(number of genes for each cluster between brackets).
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cell cultures (Table 1). Highest fold changes were found in

the cell culture that was the most myogenic. This suggests

that differential expression is mainly occurring in myoblasts

and not fibroblasts. To determine the synchronicity in

expression changes during the differentiation of the three

individual cell cultures, we performed hierarchical

clustering on the differentially expressed genes (Fig. 3).

For timepoints 0, 4 and 14, the cell cultures form separate

clusters. However, timepoints 1 and 2 are not separated by

the clustering. This is indicative of differences in

differentiation rate between the individual cultures in the

first stages of differentiation. The observation that the

clusters of timepoints 4 and 14 are close together (can be

seen in the dendrogram of Fig. 3), indicates that only minor

changes in gene expression are found in the later stages of

differentiation. The normalized expression ratios of the

differentially expressed genes were grouped in eight clusters

(a–h) using K-means clustering (Fig. 4). In general, the

cDNA clusters have the same shape as the oligonucleotide

clusters, except for two oligo clusters that do not have

counterparts with similar expression profiles on the cDNA

arrays (Fig. 2, cluster a and e). Cluster a shows a delayed

upregulation starting at days 4–6 and cluster e shows a

temporary downregulation of a group of genes.

Differentially expressed genes were functionally

annotated using Locuslink and OMIM databases (Table 1)

and the majority of the downregulated genes was assigned

to be involved in cell growth and maintenance, metabolism

and cell cycle progression. It also shows that genes

immediately upregulated in the time course belong to the

categories adhesion/matrix, cell cycle/DNA replication and

structural/cytoskeletal (Fig. 4, clusters a, b and e).

The clusters of genes, which are upregulated in a later

stage of myogenesis, belong mainly to the structural/

cytoskeletal category and nuclear regulatory factors

(Fig. 4, clusters c and d). Of the 146 differentially expressed

genes, about 30% had no functional assignment.

3.3. Confirmation by quantitative RT-PCR

To confirm the data obtained by microarray analysis,

quantitative RT-PCR was performed. We picked three genes

that were differentially expressed in time (two with known

function and one with unknown function) and tested their

temporal expression. The results show that the general

expression patterns in time of laminin alpha 4, myogenic

factor 5 and transgelin 2 are comparablewith the array results

(Fig. 5).

4. Discussion

In this study, we have identified genes involved in human

myogenesis by determining gene expression profiles from

three human primary myoblast cell cultures, differentiated

in vitro. To our knowledge, our study is the first to analyze

human skeletal muscle cell differentiation in primary human

myoblasts on a genome-wide scale. Although culturing

primary human myoblast cells and triggering differentiation

is not the easiest way to study the process of myogenesis, it

is probably the best in vitro model system to do so.

Passaging of immortalized cell lines for long periods leads

to cell selection and gives rise to spontaneously transformed

cells that do not represent the original cell population

present in vivo [30,31]. Furthermore, expression of genes in

primary cell cultures may be lost in immortalized cell lines,

giving an incomplete picture of the expression profile [32].

In our study, temporal differential expression was identified

for 146 genes in all three cell cultures, of which 86, mostly

with unknown function, have not been previously reported

to be involved in myogenesis. These genes may be unique

for human myogenesis but it is also possible that they were

missed by previous studies because immortalized cell lines

were used.

4.1. General expression pattern in time

Changes in expression levels take place immediately

following induction of differentiation through serum with-

drawal, demonstrated by the separation of timepoints 0 and

1 and 2 in hierarchical clustering (Fig. 3). Variable

myogenicity of the cell cultures and culture-specific fusion

rates probably lead to dissimilar expression patterns in the

individual cultures at the early time points (Fig. 3,

timepoints 1 and 2). Consequently, timepoint 1 of one

culture can be more similar to timepoint 2 of another

culture. The observation that the three cell cultures were not

fully synchronous provides a possible explanation why

temporarily up- or downregulated genes (at a single

timepoint) were not found. As shown by K-means and

hierarchical clustering, most of the changes in gene

expression are complete after day 4, resulting in an almost

constant state of gene expression in all three cell cultures.

Strikingly, however, at this timepoint still only few

myotubes are visible (Fig. 1) thus fusion is only just

starting. This indicates that alterations in gene expression are

especially critical in early myogenesis, while post-transcrip-

tional remodeling of cells is more important during the later

phase of myoblast differentiation.

4.2. Genes differentially expressed according

to the oligonucleotide arrays

In initial analysis on the oligonucleotide arrays 139 genes

were found to be differentially expressed. About 30% of

these genes are not represented on the cDNA arrays but these

may be equally relevant for humanmyogenesis. For instance,

the strongly downregulated ID1, ID3 and TGFbI which

previously have been indicated to be downregulated during

myogenesis [15,33]. Triadin, which is highly expressed in

skeletal muscle and is proposed to play a structural role by

anchoring Calsequestrin to ryanodine-sensitive calcium
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Table 1

Genes differentially expressed during human myogenesis

GenBanka Symbolb Name and functionc Clusters in K-means clustering Implied in:

cDNA arraysd Oligo arrayse Myof Regg DMDh

Structural/cytoskeletal

AA669126 PPP1R12A Protein phosphatase 1, regulatory (inhibitor)

subunit 12A

a " c "

AA447737 CALD1 Caldesmon 1 a "
N70734 TNNT2 Troponin T2, cardiac a " c " [18] [46]

AA418414 SARCOSIN Sarcomeric muscle protein a "
AA972352 ALP Alpha-actinin-2-associated

LIM protein

b " c " [18]

AA828221 MYH8 Myosin, heavy polypeptide 8, skeletal

muscle, perinatal

c " [47,48]

N78927 MYL2 Myosin, light polypeptide 2, regulatory, cardiac, slow c "
M12126 TPM2 Tropomyosin 2 (beta) c " [46]

AA677258 MYL4 Myosin, light polypeptide 4, alkali; atrial,

embryonic

d " [18] [49]

AI005197 HUMMLC2B Myosin light chain 2 d " d " [18]

U34976 SGCG Sarcoglycan, gamma d " [49]

AA705225 MYL4 Myosin, light polypeptide 4, alkali; atrial, embryonic d " d " [49]

AA449932 TNNT3 Troponin T3, skeletal, fast d " c " [17,18]

AA872006 TTN Titin d "
K00558 K-ALPHA-1 Tubulin, alpha, ubiquitous f # [47]

NM_0060 TUBB2 Tubulin, beta, 2 f #
AA699926 SNTA1 Syntrophin, alpha 1 (dystrophin-associated

protein A1, 59 kDa, acidic component)

f # [47]

R22977 MSN Moesin h #
Nuclear regulatory factors

AA187933 TAZ Transcriptional co-activator with PDZ-binding

motif (TAZ)

c " [48]

AA453175 BIN1 Bridging integrator 1 c " [17] [46]

AA600217 ATF4 Activating transcription factor 4

(tax-responsive enhancer element B67)

c "

W96114 HNRPH1 Heterogeneous nuclear ribonucleoprotein H1 (H) f # [18]

AA464856 ID4 Inhibitor of DNA binding 4, dominant negative

helix–loop–helix protein

f #

AA504656 LTBP1 Latent transforming growth factor beta binding

protein 1

f #

H27564 DDX5 DEAD/H (Asp-Glu-Ala-Asp/His) box

polypeptide 5 (RNA helicase, 68 kDa)

f # [18]

X14894 MYF5 Myogenic factor 5 h # * h #
Adhesion/matrix

AA453712 LUM Lumican b " [47,48]

N73836 FN1 Fibronectin 1 b " [47]

R43734 LAMA4 Laminin, alpha 4 b " *
H22914 BPAG1 Bullous pemphigoid antigen 1, 230/240 kDa a "
Cell cycle/DNA replication

AA292054 GAS1 Growth arrest-specific 1 a " [46]

AA083032 CCNG1 Cyclin G1 b "
AA676387 CPR2 Cell cycle progression 2 protein b "
N70463 BTG1 B-cell translocation gene 1, anti-proliferative b "
H59203 CDC6 CDC6 cell division cycle 6 homolog g #
R25788 CCNB1 Cyclin B1 g #
AA663995 MCM6 MCM6 minichromosome maintenance deficient 6 g # f #
AA774665 CCNB2 Cyclin B2 g #
AA458994 CCNA2 Cyclin A2 h #
AA397813 CKS2 CDC28 protein kinase regulatory subunit 2 h # h # [46]
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Table 1 (continued)

GenBanka Symbolb Name and functionc Clusters in K-means clustering Implied in:

cDNA arraysd Oligo arrayse Myof Regg DMDh

Cell growth and or maintenance

AA292226 SLC6A8 Solute carrier family 6 (neurotransmitter

transporter, creatine), member 8

a "

AA999990 EIF4A2 Eukaryotic translation initiation factor 4A,

isoform 2

a "

AA486626 PABPC1 Poly(A) binding protein, cytoplasmic 1 a "
AA481438 SERPING1 Serine (or cysteine) proteinase inhibitor, clade G

(C1 inhibitor), member 1

d "

AA917861 CLIC4 Chloride intracellular channel 4 f #
AA437212 AP1S2 Adaptor-related protein complex 1, sigma 2 subunit f #
AI369144 EIF4EBP1 Eukaryotic translation initiation factor 4E

binding protein 1

f #

T59055 XPO1 Exportin 1 (CRM1 homolog, yeast) f #
R32756 EWSR1 Ewing sarcoma breakpoint region 1 f # [46]

AA054287 RBM3 RNA binding motif protein 3 f #
AA044059 VDAC1 Voltage-dependent anion channel 1 g #
AA865872 YARS Tyrosyl-tRNA synthetase g #
AI017703 EIF3S3 Eukaryotic translation initiation factor 3,

subunit 3 gamma, 40 kDa

g #

AA598400 SFRS3 Splicing factor, arginine/serine-rich 3 g # [18] [46]

AA663986 FBL Fibrillarin h # [46]

AA480866 RBM3 RNA binding motif protein 3 h # [46]

AI668800 H2AFZ H2A histone family, member Z h #
Metabolism

NM_004265 FADS2 Fatty acid desaturase 2 a "
AA446822 LPIN1 Lipin 1 a "
AA668425 AGL Amylo-1, 6-glucosidase,

4-alpha-glucanotransferase

a "

R93124 AKR1C1 Aldo-keto reductase family 1, member C1 b " a "
AI361530 FACL2 Fatty-acid-coenzyme A ligase, long-chain 2 b "
H38650 SLC2A5 Solute carrier family 2 (facilitated

glucose/fructose transporter), member 5

c "

AA156571 AARS Alanyl-tRNA synthetase f #
AA460115 ODC1 Ornithine decarboxylase 1 f # [46]

AA664101 ALDH1A1 Aldehyde dehydrogenase 1 family, member A1 f # [18]

R91438 PPP1CA Protein phosphatase 1, catalytic subunit,

alpha isoform

f #

AA599092 PPP2CA Protein phosphatase 2 (formerly 2A), catalytic

subunit, alpha isoform

f # [18]

T77281 ALDOC Aldolase C, fructose-bisphosphate f #
AA894927 ASNS Asparagine synthetase f # [18]

AA029851 GALNT1 UDP-N-acetyl-alpha-D-galactosamine:polypeptide

N-acetylgalactosaminyltransferase 1

f # [18]

AI291445 PPP1R1A Protein phosphatase 1, regulatory (inhibitor)

subunit 1A

f # [46]

AI362803 PRPS1 Phosphoribosyl pyrophosphate synthetase 1 g # [18] [46]

N33274 PAICS Phosphoribosylaminoimidazole carboxylase h #
Receptors/signalling

AI263201 CXCL12 Chemokine (C-X-C motif) ligand 12

(stromal cell-derived factor 1)

a "

AI261580 ACVR1 Activin A receptor, type I a "
AA447115 CXCL12 Chemokine (C-X-C motif) ligand 12

(stromal cell-derived factor 1)

a "

AA629897 LAMR1 Laminin receptor 1 (ribosomal protein SA,

67 kDa)

g # [46]

R19628 BIRC2 Baculoviral IAP repeat-containing 2 g #
H22826 LMO7 LIM domain only 7 g #
AA873060 STMN1 Stathmin 1/oncoprotein 18 g #

(continued on next page)
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Table 1 (continued)

GenBanka Symbolb Name and functionc Clusters in K-means clustering Implied in:

cDNA arraysd Oligo arrayse Myof Regg DMDh

Proteolysis/apoptosis/chaperone

AA449361 RNF13 Ring finger protein 13 a "
AI572217 HSPB3 Heat shock 27 kDa protein 3 c " c "
AA865265 CYCS Cytochrome c, somatic f # [47]

H99681 DP1 Likely ortholog of mouse deleted

in polyposis 1

f #

AF070561 OK/SW-cl.56 Beta 5-tubulin g #
H37989 OK/SW-cl.56 Beta 5-tubulin g #
Others and unknown

T59873 HSPC134 HSPC134 protein a "
N54901 FRCP2 FRCP2 likely ortholog of mouse fibronectin

type III repeat containing protein 2

a "

R51218 KIAA0092 Translokin a "
AA156251 SPUF Secreted protein of unknown function a "
AI017846 PHGDHL1 Phosphoglycerate dehydrogenase like 1 a "
AA488084 SOD2 Superoxide dismutase 2, mitochondrial a "
AA130584 CEACAM5 Carcinoembryonic antigen-related cell

adhesion molecule 5

a "

AA702561 ZNF288 Zink finger protein 288 a "
AI015986 RASSF2 ras association (RalGDS/AF-6) domain family 2 a "
AA454668 PTGS1 Prostaglandin-endoperoxide synthase 1

(prostaglandin G/H synthase

and cyclooxygenase)

a "

N58145 LHFP Lipoma HMGIC fusion partner a "
AA464246 HLA-C Major histocompatibility complex,

class I, C

a "

AA991810 CDK11 Cyclin-dependent kinase (CDC2-like) 11 b "
AA046700 FBXO32 F-box only protein 32 b "
AA074535 PBXIP1 Pre-B-cell leukemia transcription factor

interacting protein 1

b "

R70518 OPTN Optineurin b "
W69743 Sapiens mRNA of muscle-specific gene M1 c " d "
AA464691 DKFZp564I1922 Adlican c " [48]

AA401441 BF B-factor, properdin c "
AA933056 RASSF4 ras association (RalGDS/AF-6) domain family 4 d "
N52254 SH3BGR sh3 domain binding glutamic acid-rich protein d " [18]

T62048 C1S Complement component 1, s subcomponent e " [47]

AA448599 F13A1 Coagulation factor XIII, A1 polypeptide e " d " [47]

W30988 ANGPTL4 Angiopoietin-like 4 f #
N32919 GNPNAT1 Glucosamine-phosphate N-acetyltransferase 1 f #
AA447782 SCYL1 SCY1-like 1 f #
H93393 FUS Fusion, derived from t(12;16)

malignant liposarcoma

f # [18]

AA490059 ENAH Enabled homolog (Drosophila) f #
H20652 ARL6IP ADP-ribosylation factor-like 6

interacting protein

f # [46]

H71092 ZD47C12 f #
H08424 SMYD2 SET and MYND domain containing 2 f #
AA192419 BLVRA Biliverdin reductase A f # [18]

T62060 SERPINC1 Serine (or cysteine) proteinase inhibitor,

clade C (antithrombin), member 1

f #

H08564 TAGLN2 Transgelin 2 g # *
AA489609 KIAA0864 rho interacting protein 3 g #
AI362799 D21S2056E DNA segment of chromosome 21

(unique) expressed sequence

g #

H59915 CD24 CD24 antigen (small lung carcinoma

cluster 4 antigen)

g #

AA456868 LMNB2 Lamin B2 h #
N64508 PODXL Podocalyxin-like h # h # [46]
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channels, was found to be upregulated on the oligonucleotide

arrays [34]. Triadin belongs to a group of genes (Fig. 2,

cluster a), which show upregulation at a later stage in the

myogenesis (from t ¼ 4–6). In concordance with these

results, Calsequestrin also shows an upregulation in

expression (Fig. 2, cluster a) and is known to play a role in

the storage of Ca2þ [35]. Striking is that this cluster (Fig. 2,

cluster a) is one of the two that do not correlate to any cluster

of the hybridization results of the cDNA array.When looking

at the biological functions of the genes in this group it is

obvious that mainly structural and membrane related

genes are in this cluster together with some ESTs. For the

other cluster (Fig. 2, cluster e), a large functional diversity

was found.

4.3. Expression on the cDNA arrays and the overlap

with oligonucleotide arrays

After a general analysis of myogenesis on the

oligonucleotide arrays, a more extensive and focused

analysis was performed using a muscle-related cDNA

array. Of the 146 genes differentially regulated in time, as

revealed by the cDNA arrays, 59 could be analyzed on the

oligonucleotide arrays. The overlap in differentially up- and

downregulated genes between the two platforms was 15

genes (Table 1). Although no inconsistencies were found,

the low number of differentially expressed genes identified

on both types of arrays is probably due to the different

methods of data analysis of the two platforms, which may

contribute to variability in the results. The inclusion of two

extra cell cultures with lower myogenicity in the cDNA

analysis will also result in the detection of only highly

differentially expressed genes during myogenesis.

4.4. Functional annotation of differentially expressed genes

Functional annotation of the differentially regulated

genes indicates that the shift from proliferation to

differentiation takes place immediately following serum

deprivation. Genes that primarily function in the stimulation

Table 1 (continued)

GenBanka Symbolb Name and functionc Clusters in K-means clustering Implied in:

cDNA arraysd Oligo arrayse Myof Regg DMDh

ESTs

R98407 EST a "
H29604 EST a "
AA286819 FLJ12436 Hypothetical protein FLJ12436 a "
AA405488 MGC16063 Hypothetical protein MGC16063 a "
AA417956 FLJ38973 Hypothetical protein FLJ38973 a "
AA733003 EST a "
AA460708 FLJ14834 Hypothetical protein FLJ14834 a "
AA630373 FLJ90798 Hypothetical protein FLJ90798 a "
AA058578 EST a "
R92352 DKFZp762H185 Hypothetical protein DKFZp762H185 a "
H72027 No cluster a "
AA486085 No cluster a "
AA479883 FLJ21127 Hypothetical protein FLJ21127 b "
AA927761 LOC128977 Hypothetical protein LOC128977 b "
AI335831 EST b "
AA115749 EST b " b "
AA910255 LOC56757 Hypothetical protein LOC56757 b "
AA115749 EST b "
H14810 EST b "
AA630373 FLJ90798 Hypothetical protein FLJ90798 b "
AA489055 Sapiens, clone IMAGE: 3891285, mRNA f #
AI291262 EST f #
R21530 EST f #
H56918 EST f #
AA027168 EST f #
AA456646 EST g #
AA136125 No cluster g #
a Genbank accession number.
b Gene symbol.
c Gene name and function.
d Cluster number (see Fig. 4) from K-means clustering cDNA arrays (*confirmed by quantitative RT-PCR).
e Cluster number (see Fig. 2) from K-means clustering oligonucleotide arrays.
f Genes differentially regulated in mouse myogenesis according to: Bergstrom et al. [17] and Delgado et al. [18].
g Genes differentially regulated during mouse regeneration according to: Yan et al. [46].
h Genes differentially regulated in DMD patients according to: Chen et al. [47], Haslett et al. [48], and Noguchi et al. [49].
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of proliferation are downregulated (e.g. CDC6 [36]).

Accordingly, genes that are immediately upregulated after

serum deprivation are involved in inhibition of proliferation

and stimulation of differentiation, which is also indicative of

the switch towards more specialized cells (e.g. BTG1

and BIN1 resp. [37,38]). Another immediate change

following serum deprivation is the upregulation of specific

adhesion genes and genes involved in the extracellular

matrix (Table 1). This confirms the transformation of the

myoblasts towards differentiated myotubes, as it is known

that skeletal muscle cells synthesize basal lamina-type

macromolecules and incorporate them into an insoluble,

extracellular matrix during their maturation [39]. An

interesting finding is that the structural/cytoskeletal genes

are upregulated in two phases; one group shows an early,

immediate upregulation (day 1) and another group a late

upregulation (day 4). The early phase is mainly character-

ized by smooth or cardiac muscle-specific genes, which

have also been implicated in the initiation of skeletal

myogenesis (e.g. TNNT2 and CALD1 [40,41]). The genes

upregulated from day 4 are primarily genes that determine

the final structure of skeletal muscle (e.g. TNNT3 and SGCG

[42,43]). Of the 146 genes differentially expressed in time,

43 could not yet be functionally assigned to a specific group.

However, clustering of temporal expression patterns assists

in the allocation of a potential function to these genes and

ESTs. For instance, transgelin 2, with unknown function, is

a structural homolog of transgelin (TAGLN/SM22a),

Fig. 5. Quantitative RT-PCR of three genes (Myogenic factor 5, Transgelin

2, and Laminin alpha 4) in the KM109 cell culture shows comparable gene

expression results with the microarray expression data. Myogenic factor 5

is in cluster h, Transgelin 2 in cluster g and Laminin alpha 4 in cluster b

of Fig. 4.

Fig. 3. Hierarchical clustering of genes up- (red) and down-(green)

regulated in time (t ¼ 0; t ¼ 1; t ¼ 2; t ¼ 4 and t ¼ 14) according to cDNA

arrays hybridized with three primary human muscle cell cultures

(1 ¼ KM109, 2 ¼ KM108, 3 ¼ HPP4). Rows are differentially expressed

genes. Columns are individual cell cultures.

Fig. 4. K-means clustering of genes that are differentially expressed in time

according to cDNA arrays hybridized with three primary human cell lines.

Results are shown from the highest myogenic cell culture (KM109). Dh

ratios are shown which coincide with the natural logarithm. Clusters a–e

show upregulation in time whereas clusters f–h show downregulation in

time (number of genes for each cluster between brackets).
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which is highly expressed in both embryonal and adult

smooth muscle cells, and only transiently detected in

skeletal and heart myogenic lineages during muscle cell

development [44]. In this time course, transgelin 2 is also

highly expressed in the myoblasts and downregulated upon

myoblast differentiation (confirmed by quantitative

RT-PCR), suggesting that it is a structural as well as a

functional homolog of transgelin.

4.5. Cross-species comparison of genes involved

in myogenesis

Our results are in agreement with data on gene

expression during murine myogenesis (Table 1) [17,18].

For instance, the structural/cytoskeletal category is also

predominantly upregulated at later timepoints in those

studies, and consists largely of structural muscle genes.

Overlap is also seen in the upregulation of adhesion/matrix

genes and downregulation of metabolic genes [17,18].

4.6. Myogenesis and muscle regeneration

Several studies have been performed in which muscle

damage was induced in mice in order to perform time course

analysis of muscle regeneration [45,46]. Comparing our

data to the results of Yan et al., regarding effects of satellite

cells only, shows that the late phase of muscle

differentiation studied clearly resembles the process of

muscle regeneration. Consistent with our data, upregulation

of muscle-specific genes and genes that are known to be

induced during skeletal muscle differentiation is observed.

This supports the relevance of myoblast differentiation in

vitro as a model system for studying in vivo regeneration by

satellite cells.

4.7. Muscle regeneration in DMD patients

In addition, our results partly overlap with results from

expression profiling studies in skeletal muscle from

Duchenne muscular dystrophy (DMD) patients (Table 1).

DMD muscle overexpresses structural muscle genes, which

were also found to be upregulated in our study [47–49].

There is only a small group of structural genes being

downregulated during our time course, and strikingly Chen

et al. found most of these genes to be also downregulated in

DMD and a-sarcoglycan deficient patients (a-1 Syntrophin

and a-Tubulin [47]). This overlap confirms that, in

patients with certain neuromuscular dystrophies, muscle

regeneration is also likely to be an ongoing process.

4.8. Future prospects

Finally, some genes in our study with unknown function

are also differentially expressed in mouse myogenesis and

muscle regeneration. Since they are likely to play a (key)

role in muscle cell differentiation, functional studies of these

genes in myogenesis will probably be highly rewarding.

Notably, these are potential candidate genes for

several neuromuscular disorders with an as yet unidentified

genetic basis.

4.9. Note added in proof

During the submission of this manuscript, a paper was

published by Tomczak et al. [50]. In this paper, they

describe an interesting gene expression profiling study of

mouse C2C12 cells during differentiation. We compared our

results to the results presented in this paper and 30% of the

genes that we present here, is also present in their list of

differentially expressed genes. Furthermore, the shapes of

the clusters of the differentially expressed genes that we

present, closely resembles theirs, again showing large

similarities between human and mouse myogenesis [50].
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Discussion

This thesis describes the application of gene expression profiling to study the molecular mech-
anisms of the pathology of muscular dystrophies. In this section, the experimental outcome of 
the research will be discussed in a broader perspective. 

Gene expression profiling has allowed the identification of genes and subsequent processes 
or pathways in which these genes play a role. The primary goals of the research leading to 
this thesis were the determination of molecular mechanisms in the pathology of the mouse 
model for Duchenne Muscular Dystrophy (Chapter 3), and the comparison of gene expression 
profiles of different mouse models for muscular dystrophy (Chapter 4). In the process of pur-
suing these goals, a number of other experiments had to be performed to allow the successful 
achievement of the primary goals. These additional experiments included the determination of 
differential gene expression as a result of variations in genetic background between different 
mouse inbred strains (Chapter 2), and the application of an alternative experimental design 
and data analysis method in gene expression profiling experiments with a large number of 
variables (Chapter 5). Furthermore, we were interested in the molecular details of myogenesis  
(Chapter 6) and its relation to regeneration.

Although gene expression profiling certainly has proved its potential, a number of limitations 
were apparent during its application. This section will start with discussing the advantages 
and limitations of gene expression profiling in the study of muscular dystrophy, and will be 
followed by discussing the experimental outcome of gene expression profiling studies of mus-
cular dystrophies.
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1 Gene Expression profiling

1.1 Challenges of gene expression profiling

Before the introduction of high throughput techniques in molecular biology, gene expression 
levels were mainly determined using Northern blots. The statistical analysis of Northern blot 
experiments could suffice with basic statistical methods. Changes in gene expression were 
compared with the expression of a single or sometimes two ‘housekeeping’ genes, which ex-
pression was thought to be stable between the compared samples. The major disadvantage of 
the Northern blot was the incompetence of determining the gene expression levels of a large 
number of genes without performing a large number of experiments.

The application of high throughput techniques such as serial analysis of gene expression 
(SAGE, see Introduction Chapter 2.1) and microarrays put an end to the limitation of analy
zing the gene expression levels for only a few genes in a single experiment67,57,10. As a result, 
the high-throughput approach allows an experimental design based on the discovery of ex-
pression levels of genes not yet associated with the biological sample under investigation, 
instead of the hypothesis-driven ‘candidate-gene’ approach, where gene expression levels are 
determined using Northern blots. Furthermore, differential gene expression levels could be 
determined based on the expression of a large number of genes, instead of only one or two 
‘housekeeping’ genes. As a result, the possibility to determine differential gene expression 
was increased. The determination of differential gene expression, however, demanded a far 
more complex data analysis with accompanying statistical applications. This chapter will dis-
cuss the challenges of determining differential gene expression using high throughput gene 
expression profiling with microarrays.

1.1.1 Image acquisition

The main microarray platform used in our studies consist of a microscope slide containing 
spotted oligonucleotide sequences with a length of 65 nucleotides. A population of mRNA 
molecules is reverse transcribed, amplified using in vitro transcription, and labeled with fluo-
rescent dye, before being hybridized to the microarray. The hybridized, fluorescently labeled 
molecules are detected using a laser-scanner, which scans the entire microarray. When the 
laser beam excites a fluorescent dye, a photon is released, which is detected using a photo mul-
tiplier tube (PTM) and a sensitive CCD camera. As a result, scanning of the microarray results 
in the localization and determination of the intensity of the fluorescent dyes on the microarray. 
By combining the localization and identity of the spotted oligonucleotide sequences and the 
intensity of the fluorescent signal, a relative determination can be made of the amount of fluo-
rescent molecules present. Currently, laser-scanners are able to detect up to four fluorescent 
labels by using different wavelengths. This allows the hybridization of four different samples 
on each microarray. The simultaneous application of four dyes enables a high throughput and 
minimizes the costs61. In a dual color experiment, a direct comparison can be made regarding 
the amount of fluorescent molecules in two biological samples by determining the two differ-
ent fluorescent labels.
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Scanning of a microarray renders a digital image displaying hybridized fluorescently labeled 
molecules to localized oligonucleotide sequences. Two-color microarray experiments render 
two digital images, one for each fluorescent dye. The digital image consists of pixels with 
certain intensity. The mainstream scanners have a 16-bit CCD camera, which has an inten-
sity range of 0 to 65535 (equals 216 possibilities). Software has been developed to determine 
the exact outline of the spotted oligonucleotides based on foreground/background differences 
within the spot. Furthermore, the software is capable of distinguishing signals derived from 
dust, scratches, and other anomalies, based on recognition of deviating signal patterning. A 
typical spot on our platform, also known as feature, harbors around 200-300 pixels. The soft-
ware determines the mean or median intensity of the foreground pixels (inside of the spot) and 
the background pixels (outside of the spot). Furthermore, the software links the location of the 
spot to the information of the spotted oligonucleotide sequence. Hence, in a typical dual color 
microarray experiment the feature extraction software determines a number of parameters. 
Thus, the sequence information is linked with the background-corrected intensity of each 
color for each spot.

A spotted microarray can contain several thousand features. The feature extraction software is 
designed to facilitate the automatic detection of the spot on the microarray. However, the spot 
finding algorithm is not flawless. Therefore, the outline of the spots needs to be checked manu-
ally. This remains laborious, although the bulk of the features are correctly found. The finding 
algorithm is based on the assumption that the intensity of the pixels (signal) within a spot is 
higher compared to the intensity of the pixels outside a spot. A spot is flagged when this as-
sumption cannot be fulfilled. Flagging occurs when there is no signal within the spot, because 
no fluorescently labeled mRNA has been hybridized. Flagging also occurs when the back-
ground intensity is as high as the foreground intensity, or when dust, speckles, or scratches 
alter the shape of the spot. Since the flagging algorithm does not diverge between the origins 
of the flagging, it is difficult to discriminate spots with no signal and spots with high back-
ground. We decided to leave out all spots that were flagged. As a consequence, the number of 
false positives was kept low at the cost of increasing the number of false negatives.

The quality of the microarray is also determined by the overall ratio between the signal inten-
sity and its variation within each spot and the signal intensity and its variation of the associated 
background. This ratio is also known as the signal to noise ratio. The signal to noise ratio of 
the oligonucleotide platforms was higher than the signal to noise ratio of the cDNA microar-
rays as were used in Chapter 6. We found that the signal to noise ratio within a single microar-
ray needs to be evenly dispersed to obtain reliable results (data not shown). In other words, the 
signal to noise ratio between different parts of a single microarray needs to be low. As a result, 
microarray experiments needed to be replicated, when this was not the case.

1.1.2 Normalization

Normalization is employed to correct for biases in the analyzed dataset, which are unrelated 
to the intrinsic biological differences between the individual samples (reviewed in53). These 
biases are mainly caused by the use of different fluorescent dyes, and differences in signal 
intensity distributions within a single microarray and between different microarrays. 
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In a two-color microarray experiment, two different fluorescent dyes are used to compare the 
gene expression patterns of two biological samples. The standard dyes currently used, are Cy3 
and Cy5.  These two dyes differ chemically, which results in a different behavior during direct 
labeling due to steric hindrance. This problem can largely be resolved by applying indirect 
labeling methods such as aminoallyl-labeling. Furthermore, the excitation efficiency of the 
individual dyes is shaped according to a normal distribution. Cy3 and Cy5 have overlapping 
excitation distributions, which causes excitation interference. The excitation levels, which 
depend on the strength of the laser, of the two fluorescent dyes in our study also differ in their 
quantum yield. In other words, the signal intensity of one fluorescent dye is significantly high-
er compared to the other. Furthermore, the average background levels between the two dyes 
differ, because the autofluorescence level of Cy3, which has a lower excitation wavelength, is 
higher than the autofluorescence level of Cy5. The biases caused by the different dyes result 
in a skewed intensity output. The application of dye-swap experiments, where the dyes are 
switched between the two samples on the microarray, results in a balanced design and reduces 
the extent of normalization required (reviewed in74).

Normalization is based on the transformation of the numerical data output after feature extrac-
tion. The most straightforward method for normalization is log transformation. However, this 
method increases the variance in the lower regions of the signal intensity. To compensate this 
increase in variance, a different algorithm should be used. An optimal strategy of normaliza-
tion would normalize the lower intensities using a linear factor, whereas the higher intensities 
are normalized using a logarithmic factor. This algorithm is best approached by application of 
an arcsin(h)-based algorithm. Using this normalization method, the variance is stabilized over 
the entire range of signal intensities. This method, developed by Wolfgang Huber, is called 
Variance Stabilization and Normalization (VSN)30. In other words, the advantage of using this 
method is that the normalized dataset is less affected by increasing levels of variance on both 
sides of the intensity range, which occurs with either logarithmic or linear transformation. As 
a consequence, the normalized dataset will be more reliable, and will facilitate the finding of 
differentially expressed genes in both the lower and higher signal intensities.

1.1.3 Experimental design

Gene expression profiling can be applied to determine differences in gene expression levels 
between two biological samples using a single microarray. However, this strategy is not ad-
visable, because it is not possible to determine biological variation of individual samples, or 
variation based on technical grounds.

The experimental design should be based on the biological questions and the amount of bio-
logical and technical variation74. In other words, obtaining the most reliable answer requires a 
proper adaptation of the experimental design. Furthermore, the limited availability of template 
material of biological samples, as well as the cost of microarray experiments, necessitates an 
efficient design of microarray experiments. A proper experimental design should minimize the 
effect of technical variation on gene expression levels. One example is the elimination of fluo-
rescent dye effects by balancing these in a dye-swap experiment. Technical variation due to 
the use of multiple microarrays can be determined more accurately by increasing the number 
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of technical replicate experiments. The increase of replicate experiments can also be applied 
to better determine the biological variation. The difference, however, lies in the elimination 
of the variation. Replicate experiments restrict the influence of technical variation, so that the 
biological variation can be estimated more accurately. Increasing the number of biological 
replicates decreases the amount of false positives and false negatives.

The complexity of experimental design makes the analysis of ratio-based data more tedious 
and complex as the number of microarrays increase. This is explained more easily with a 
number of examples. In microarray experiment X, the gene expression levels of sample A (A’) 
are compared with those of sample B (B’), resulting in the ratio A’/B’. To create a balanced 
experimental design, the fluorescent dyes are swapped (resulting in the gene expression levels 
A’’ and B’’), and again a ratio of A’’/B’’ can be calculated. If the gene expression levels of three 
samples are determined (K’, L’, M’), The following six (dye-swap) experiments need to be 
performed to determine the differential gene expression levels between the different samples: 
K’/L’, K’’/L’’, K’/M’, K’’/M’’, L’/M’, and L’’/M’’. In the case of four variables, 12 dye-swap 
experiments need to be performed to determine all the possible ratios. With five variables, 20 
microarray experiments are necessary, etc. The number of microarray experiments (y) can be 
calculated according to the following formula for pronic numbers, where n is the number of 
variables.

		  y = n(n-1)

In short, the number of microarray experiments will increase substantially with an increasing 
number of variables. Fortunately, other ratio-based experimental designs have been proposed. 
One of the alternative experimental designs is based on the use of a common reference sample, 
where each biological sample is hybridized to a common sample. As common reference, a 
number of possibilities exist; one can use the first sample in a timecourse experiment, or one 
can use a mixture of different samples. An alternative approach for using a common refer-
ence was developed in our lab62.  As common reference for the cDNA microarrays, a pool of 
the spotted cDNA sequences was fluorescently labeled and hybridized with each biological 
sample. This method guarantees the calculation of a proper ratio, since a signal is always pres-
ent in the common reference sample. This solution addresses an important problem in ratio-
based calculations. Ratios are determined by two numbers. If one of the numbers is low or 
missing due to a very low or absent signal, unreliable ratios will arise. Our method eliminates 
this problem. Nonetheless, a major drawback of using a common reference is always the loss 
of half of the capacity of the microarray.

Since conventional experimental design requires a large number of microarray experiments 
and the use of a common reference results in the loss of half of the microarray capacity, we 
wondered if we could treat the signals from the two fluorescent dyes of the microarray indepen-
dently. In other words, we wondered if we could use intensities instead of ratios, and thereby 
circumvent tedious calculations and using of a large number of microarrays (Chapter 5). The 
major question of this unconventional approach concerns the interaction of the two samples 
on the binding to specific sequences on the microarray. Hybridization is a reversible reaction, 
which results in an equilibrium. Since the target sequences (mRNA) of both samples can bind 
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to the same probe (oligonucleotide), a competition of the target sequences may take place for 
the available binding sites of the probe. The acquired signals, and subsequent ratio, from both 
samples therefore depends on the mutual target presence and the binding capacity of the probe.
However, our study successfully demonstrated that the individual signal intensities of both 
samples do not influence each other. As a result, the signal intensities can be treated separately. 
This greatly facilitates the use of complex experimental designs. Indeed, by this method, it 
is not longer required to perform all possible combinations of the different variables directly. 
The only requirement is the use of a balanced design to eliminate dye-effects. In other words, 
for each biological sample the same number of experiments needs to be performed for both 
fluorescent dyes. Furthermore, the samples can be randomly distributed in the experimental 
design. Another advantage is that additional experiments can be added to the experimental 
design, which makes this method much more flexible than more conventional experimental 
designs.

In the temporal experiment described in this thesis (Chapter 3), we have applied a so-called 
loop design. This design has a number of advantages, compared to more conventional ex-
perimental designs. The number of microarrays is optimally used; the number is as low as 
possible without loss of experimental data by excluding the use of a reference sample (36 
versus 72 microarrays, respectively). The experimental design remains balanced as well. The 
use of loop-designs in temporal studies provides the possibility to co-hybridize successive 
timepoints. This experimental design results in a higher precision between two consecutive 
timepoints than other strategies, because the differences in gene expression levels are usually 
smaller between consecutive timepoints than between non-consecutive timepoints74.

1.1.4 Data analysis

Gene expression profiling using microarrays generates a large number of datapoints. For in-
stance, the experiment described in Chapter 3 resulted in more than two million datapoints. 
This number of data points requires the use of relevant statistical methods to acquire a degree 
of reliability concerning the significance of the outcome. Statistical methods had already been 
developed for the handling of large amounts of data, and were basically applicable to micro-
array analysis. However, the existing algorithms had to be adapted to the variables used in 
microarray experiments.

To avoid high numbers of false positives in the comparison of gene expression levels in two 
or more biological samples, rigorous statistics are required. Statistical significance values (p-
values) can be calculated using a number of statistical tests. Statistical significance between 
two biological variables can be calculated using the Student’s t-test. Statistical significance 
between more than two biological variables can be calculated using an analysis of variance 
(ANOVA) approach. Both statistical analyses are based on the normal distribution of datasets. 
When the data is not distributed normally, other statistical tests, such as Wilcoxon or permuta-
tion tests can be applied to determine significance levels.

The p-values in a microarray experiment need to be corrected for multiple testing. Statisti-
cal methods are applied to determine whether a difference in the gene expression levels of 
any given gene can be attributed by chance alone or not. By increasing the number of tests 
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(genes), the chance that a significant outcome in one of the tests will appear, increases as 
well. Therefore, a correction for multiple testing is used. The most straightforward method 
is the application of a family-wise error rate (FWER) control method such as the Bonferroni 
correction for multiple testing, which divides the minimal significance level by the number 
of measurements. This correction method is extremely stringent, and may result in a high 
amount of false negatives. Another method is based on adjusting the tolerance of false posi-
tives, namely the false discovery rate (FDR)3. FDR is based on the distribution of significance 
levels for each individual experiment. The two different methods were compared in Chapter 
2. Since both methods can be used in any microarray experiment, it depends on the biologi-
cal question, which method is used. If one wants to control the number of false positives with 
the risk of increasing the number of false negatives, the FDR method is advised. In general, 
the degree in the tolerance of false positives depends on the effort it will cost to validate dif-
ferentially expressed genes. In other words, if the experiment allows the validation of a large 
number of genes, the tolerance of false positives can be large. When the experiment allows 
only a small number of genes to be validated, the tolerance of false positives needs to be kept 
at a minimum.

Although the existing methods for calculating statistical significance suffices, more sophisti-
cated methods are needed for complex experimental designs. Significance levels in the tem-
poral gene expression profiling study in this thesis (Chapter 3) have only been calculated for 
each individual timepoint. Integration of both the experimental (loop) design and the time-
course experiment into a single statistical test is ongoing, and might reveal more genes with 
significant differentially expressed genes68.

1.1.5 Gene ontology

The aim of gene expression profiling is to determine the transcriptome of the biological sam-
ples under investigation. Comparing the transcriptome of two (or more) biological samples 
will provide genes that are differentially expressed. To understand why certain genes are dif-
ferentially expressed, functional information about the protein products of those genes has to 
be obtained by performing literature studies, or querying biological databases. Information 
databases, as provided by the National Center for Biotechnology Information (NCBI), part 
of the National Institute of Health (NIH), are available to combine the biological informa-
tion at different levels. The functional biological information is based on protein and genetic 
sequences and subsequent motifs, experimental data (for instance, where and when certain 
genes or proteins are expressed), and comparisons between different organisms.

A collaborative effort has been established by the Gene Ontology Consortium (www.geneon-
tology.org) to provide a consistent description of gene products between different databases 
and between different species. The function of each gene is described in three structured, 
hierarchical vocabularies (ontologies). The description depends on the current understanding 
of the functional, biological and molecular role of the protein product of each gene. As with 
the genetic information, the gene ontology description for each protein is far from complete. 
However, conclusions are drawn based on this incomplete information. Therefore, one must 
always keep in mind that the functional annotation is prone to change. The analysis of micro-
array experiments based on gene ontology might thus change in time. Furthermore, the under-
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standing of differentially expressed genes is dependent on the interpretation of the scientist.

1.1.5.1 Pathway analysis

Tools and information databases to functionally annotate gene expression data have recently 
become more accessible. They were developed as a result of an increasing demand due to the 
development of high-throughput techniques. Protein-protein interactions, which are based on 
experimental data, can be described by placing them in a functional pathway. Pathways are 
mostly constructed based on the biological process the proteins are active in, for instance met-
abolic pathways, signal transduction pathways, translational pathways etc. The construction 
of pathways highly facilitates the understanding of biological processes. With a continuously 
increasing knowledge of protein-protein interactions, the number of pathways is increasing. 
One of the earliest pathways were constructed and provided by the Kyoto Encyclopaedia of 
Genes and Genomes (KEGG) (www.genome.ad.jp/kegg). Still, only a minority of the anno-
tated genes is placed into functional pathways, which is caused by a lack of experimental data 
or because the pathway has not been constructed yet.

A typical gene expression experiment can result in hundreds of differentially expressed genes. 
Pathway analysis of the experimental data is laborious, since the majority of the genes cannot 
be placed in functional pathways. As a result, the pathways have to be constructed subsequent-
ly. The construction of pathways is mainly based on published literature. Although literature 
studies are essential to derive pathway information, the amount of information increases enor-
mously. Recently, tools have been developed that can perform literature studies by determin-
ing the relationships of search objects computationally40,46,66. However, this technique is still 
under development59, and will not be discussed in detail.

1.1.5.2 Pitfalls

Gene ontology and the functional annotation of genes are closely connected to the DNA se-
quence of each gene. Proper management of sequence data is therefore detrimental to the 
functional interpretation of microarray experiments.

Nucleotide sequences of different organisms are stored in various databases, of which a num-
ber are publicly available. One of those public databases is maintained by the NCBI. The nu-
cleotide sequences at the NCBI are identified by a unique GenBank Accession Number. Upon 
alignment of multiple GenBank accession numbers, ultimately the reference sequence of the 
mRNA molecule is determined. By alignment of the GenBank accession numbers, a biologi-
cally non-redundant molecule is sought to obtain. Before this completion, the accession num-
bers are grouped in specific UniGene clusters, where each cluster represents a single gene. At 
this stage, the individual accession numbers can cross-link different UniGene clusters, since 
the alignment is not comprehensive. Insufficient overlap of sequences within a single cluster 
can be one of the causes leading to the moving of GenBank accession numbers. Furthermore, 
intrinsic properties of individual genes, like alternative splicing, can make proper alignment 
difficult.
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The UniGene database was founded approximately 10 years ago to cluster the highly redun-
dant Expressed Sequence Tags (ESTs). Specific study of the DNA sequence can give indica-
tions about the function of the potential gene in each UniGene cluster based on the found 
sequences and motifs within the compiled sequence. With the completion of the sequencing 
of organismal genomes, the reference sequence of a growing number of genes is determined. 
Comparison of the genomic and cDNA sequences between organisms can allow one to iden-
tify homologous genes. Ultimately, the mRNA sequences of all genes, including their alterna-
tively spliced products will become complete. Until this point, the databases provide, although 
incomplete, essential information about genes and their function.

A growing number of the probes used for the generation of microarrays are based on the final 
reference sequence of each mRNA molecule. However, a (large) number of the probes are 
based on GenBank accession numbers. One must keep in mind that the information given for 
a gene is based on the UniGene cluster. Therefore, the gene information of the probes should 
be checked regularly, because the GenBank accession numbers can switch from cluster to 
cluster.

1.2 Utilization of gene expression profiling

The possibility to answer biological questions using gene expression profiling depends on the 
availability of biological samples. There is a gradient of availability of fresh tissue, animal 
models, and cell cultures from an array of diseases, such as cancer, autoimmune diseases, 
brain diseases, etc. For the study of muscular dystrophies, human muscle biopsies, animal 
models, and muscle cell cultures are available, which can lead to insights into the pathogenesis 
of the disease.

Although muscular dystrophy does not only affect muscle tissue, the primary symptoms 
leading to the disease are progressive muscle weakness and wasting. To address the primary 
symptoms, we decided to focus primarily on skeletal muscle tissue. The clinical presenta-
tion of muscular dystrophies demonstrates significant variation between the various muscular 
dystrophies. This variation mainly concerns spatial (muscle groups) and temporal variation, 
and variation in severity. Furthermore, the variation between patients having a similar type of 
muscular dystrophy is significant.

We have employed two different model systems to circumvent the high variation displayed in 
human patients and to facilitate the application of gene expression profiling to determine the 
molecular mechanisms in muscular dystrophy. The first model system is based on the use of 
animal models for muscular dystrophy; the second is based on the use of in vitro primary cell 
cultures of human myoblasts. Both systems will be discussed below.

1.2.1 Animal models for muscular dystrophy

One of the major drawbacks of gene expression profiling in human muscular dystrophy pa-
tients, is the necessity of muscle biopsies. With a single biopsy, temporal processes, which are 
critical for the course of the disease, cannot be analyzed. Furthermore, obtaining a controlled 
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group of biopsies (i.e. similar age, or stage of the disease) is difficult, because a large group of 
patients is often not available.

Ethical issues based on the burden of the patient will rise with taking multiple biopsies in time. 
Furthermore, the majority of patients are diagnosed after the manifestation of the disease, 
making the initiation of the disease difficult to study. Other difficulties in obtaining biopsies 
are caused by the lack of presymptomatic tissue, the low number of myofibers in late stage 
muscle biopsies, and the fact that some muscular dystrophies have a very low incidence.

Determination of the pathological processes by gene expression profiling demands a con-
trolled population of muscle biopsies with similar states of pathology, which need to be con-
firmed based on clinical examination and muscle histology. Furthermore, a significant amount 
of muscle biopsies is necessary to exclude inter-individual variability. As a result, the number 
of microarray experiments will increase significantly.

To obtain insight in the in vivo processes leading to muscular dystrophy, we have chosen to 
use animal models for muscular dystrophy. The use of animal models circumvents the issues 
concerning the obtaining of human muscle biopsies, and enables the collection of specimens 
at specific stages of the disease. Although a number of animal models for muscular dystrophy 
are available (see Introduction Chapter 1.3.4), we have chosen the mouse as animal model. 
The mouse has proven its value as a mammalian model for human disease in general over the 
last decades. Since mice have been used to generate a large number of models for muscular 
dystrophy (reviewed by Durbeej et al.19), this also facilitates the comparison of the different 
muscular dystrophies. For our in vivo studies, we have used hindlimb muscle tissue (quadri-
ceps femoris), because this muscle group is affected by the disease, is relatively easy to dissect 
and renders a sufficient amount of tissue, especially in young mice. 

1.2.2 Primary muscle cell culture

Muscular dystrophies can be studied by the use of in vitro model systems, like primary muscle 
cell cultures. This model system has a number of advantages. Primary muscle cell cultures are 
derived from undifferentiated satellite cells present in muscle biopsies. These cells can be held 
in a proliferative state by growing them in a medium rich in Fetal Calf Serum. Withdrawal of 
the serum (lowering the percentage from 20 to 2%) results in the differentiation of these satel-
lite cells to myotubes, and then to myofibers. As a result, the molecular and cellular processes 
active in these cells can be controlled and studied at will.

1.2.3 Muscle biopsies versus cell cultures

Muscle is composed of a large variety of cell types, like myofibers, immune-related cells, 
nerve-related cells, and vascular structure-related cells. Gene expression profiling of muscle 
biopsies reflects the expression of genes of all cell types present. Therefore, it is not possible 
to directly determine the origin of differentially expressed genes. Functional annotation may 
provide information concerning the origin of expressed genes, when those genes are cell-
type specific. However, the functional annotation is not yet complete (see Discussion Chapter 
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1.1.5.2). Furthermore, a large number of genes are ubiquitously expressed due to the nature of 
their function (i.e. cell maintenance, replication, transcription etc.).

Gene expression profiling of a mixture of cell types can be circumvented by the application of 
other techniques such as laser-capture microdissection (LCM). However, in our studies, which 
were done in a very early phase of gene expression profiling, we have not been able to apply 
this technique. LCM has a large potential, because nowadays it is possible to generate enough 
template material for gene expression profiling by performing multiple rounds of mRNA am-
plification49. The application of this technique makes it possible to isolate myofibers of spe-
cific stages in vivo. In contrast to using biopsies, this technique represents a cellular approach 
similar to cell cultures, but with the advantage of the in vivo environment. As a result, the 
outcome of gene expression profiling experiments will not produce ‘gene expression noise’ 
from other cell types, like neutrophils, macrophages, or vascular or neuronal cell types. 
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2 Processes in muscular dystrophy

The pathology of the different muscular dystrophies shares a high level of similarity and can 
be described by a cascade of processes. The disease is initiated by myofiber degeneration, 
which is followed by inflammation, and regeneration. The molecular details of these processes 
are not fully understood. Therefore, we have applied gene expression profiling to determine 
the genes which play a significant role in these processes. We have determined temporal gene 
expression levels in the mdx mouse model for Duchenne Muscular Dystrophy (Chapter 3). 
Furthermore, we have compared gene expression levels between different mouse models for 
muscular dystrophy (Chapter 4).

Although the mdx mouse model seems to recover from the pathology, in contrast to the lethal 
human disease, a number of the characteristic dystrophic processes take place. The mdx mouse 
suffers from considerable muscle degeneration in an early stage of life, which is followed by 
inflammatory and regenerative processes. As the mdx mouse reaches adulthood, regeneration 
supersedes degeneration which leads to a stable condition. In order to study these processes in 
more detail, we have determined gene expression levels of hindlimb muscles from both mdx 
and wildtype mice ranging from 1 to 20 weeks of age (see Chapter 3).

The various mouse models for muscular dystrophy differ in the age of onset, the severity of 
the disease, and which muscle groups are affected. However, the affected muscles undergo the 
same pathological cellular processes. To date, the reason behind the typical clinical pathology 
of the different muscular dystrophies is unknown. We set out to study the different muscular 
dystrophies on gene expression level to find common and distinct pathological processes in 
order to delineate the reasons of the divergence. Although the severity varies per muscle group 
and varies over time, we started with a single muscle group at a single timepoint. We deter-
mined the gene expression profiles of hindlimb muscle tissue of 8-week-old mouse models for 
muscular dystrophy (Chapter 4). However, by using a single timepoint a bias might be gener-
ated concerning the severity of the mouse models, i.e. the mouse models for dysferlinopathy 
develop a severe phenotype from 4-6 months of age. Therefore, a temporal study will be more 
efficient to circumvent these variables. Currently, these timecourse experiments are performed 
in our lab following the initial single-timepoint study.

Based on the two completed studies described above, we studied the individual processes 
characteristic for muscular dystrophy. The outcome is discussed in more detail in this chap-
ter.

2.1 Degeneration

The current hypothesis of myofiber degeneration in muscular dystrophy is based on the as-
sumption that defects in, or absence of, protein-products of genes with muscular dystrophy 
causing mutations result in membrane instability45,58,13,72. This instability eventually leads to 
unrepairable ruptures of the sarcolemma. The subsequent influx of calcium-ions from the in-
terstitium, caused by a difference in extracellular and intracellular Ca2+ concentrations, leads 
to numerous events such as hypercontraction of the muscle fiber, the activation of calcium 
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dependent proteases and deregulated metabolic processes. These processes eventually lead 
to muscle cell death. However, not all the genetic defects leading to muscular dystrophy can 
be directly linked to muscle degeneration as a consequence of membrane instability. Genes 
encoding extracellular proteins, cytoplasmic proteins, glycosylating enzymes, Golgi-related 
proteins, or nuclear membrane proteins can cause muscular dystrophy as well. The precise 
degeneration-initiation mechanisms of these muscular dystrophies are not yet understood. In 
our comparative study of mouse models for muscular dystrophy, we were only able to include 
models related to membrane instability or membrane repair. Additional gene expression pro-
filing of mouse models related to cytoplasmic proteins, glycosylating enzymes etc. might be 
beneficial to study alternative causes for muscular dystrophy.
 
2.1.1 Initiation of degeneration

Since the histological aspect of mdx muscle after birth appears to be normal, dystrophin-de-
ficiency does not seem to lead to muscle deformation during development16. However, during 
neonatal growth the first symptoms of the disease are presented. Degeneration in the mdx 
mouse starts at approximately 2-4 weeks of age. This coincides with increased muscle activity 
due to increased ability of ambulation, and becomes evident at histological level. The initia-
tion is characterized by myofiber necrosis, and a subsequent inflammatory response.

Our temporal study in the mdx mouse demonstrates for the first time a large difference in gene 
expression levels before the first histologically visible degenerative symptoms occur (Chap-
ter 3). The majority of the differentially expressed genes are downregulated and generally 
remain downregulated during the studied timecourse. This observation leads to a number of 
questions. Are these genes related, and in what processes do these genes function? Why does 
the mdx mouse display this downregulation? Functional annotation and subsequent pathway 
analysis did not identify specific processes in which these genes function. This might be ex-
plained by subtle difference of gene expression levels not picked up by the microarray tech-
nique. As a result, functional analyses did not come up with enough candidates to determine 
the (in)activation of specific pathways. Increasing the number of biological replicates might 
address this limitation. Furthermore, the functional information of the differentially expressed 
genes is not yet complete (see Discussion Chapter 1.1.5.2), which can lead to the inability to 
find pathways.

Based on individual genes instead of pathways, differential gene expression at the first week 
after birth indicates a deficit in muscle development, since genes involved in cell growth are 
downregulated (data not shown).  Hence, this might indicate that there is a difference between 
pre- and postnatal muscle development, which might be caused by changes in hormone regu-
lation or the developing immune system. However, this should be investigated by additional 
gene expression profiling experiments on embryonic/fetal muscle tissue of wildtype and mdx 
mice.

Since the absence of the DGC likely leads to a stagnation of normal muscle growth/postnatal 
development, a negative feedback mechanism might be initiated for terminal differentiation 
into normal adult muscle tissue. As a model for myogenesis, myoblast cultures have been used 
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to study differences in the myogenic capacity of DMD patients versus healthy control indi-
viduals6,5,18. The DMD derived myoblast cultures displayed changes in morphology, reduced 
adhesiveness, lower fusion rates, lower numbers of nuclei, and a reduction in the number of 
population doublings. This supports the hypothesis that a stagnation of muscle growth/post-
natal development occurs in the mdx mouse. Gene expression profiling of additional, earlier 
timepoints of the various mouse models for muscular dystrophy might further substantiate this 
hypothesis to a more general process in muscular dystrophy.

2.1.2 Inflammatory response

Myofiber necrosis initiates an inflammatory reaction, which removes the necrotic debris in 
order to facilitate the regeneration of muscle tissue. The first inflammatory cells to arrive at 
the necrotic location are neutrophils, which are followed by macrophages43. Neutrophils are 
likely to enhance the degeneration of affected myofibers by inducing a strong inflammatory 
response. The macrophages remove the debris by phagocytosis, and play a role in the activa-
tion of satellite cells (see Discussion Chapter 2.1.3).

The first paper to employ gene expression profiling to study muscular dystrophy compared 
gene expression levels of muscle biopsies from DMD and LGMD patients to those of healthy 
individuals15. This benchmark paper by Chen et al. demonstrated novel associated proteins 
involved in the early stages of myofiber necrosis, as well as proteins in local inflammatory and 
bystander responses (complement factor genes, cytokine-inducible nuclear protein). Similar 
results were found by Haslett et al. in the comparison of gene expression profiles between 
DMD patients and healthy individuals23,24.

Recent studies by Porter et al. in the mdx mouse demonstrated a large number of genes in-
volved in the inflammatory process50,51. Using different methods such as gene expression pro-
filing, quantitative RT-PCR, and immunoblotting, the authors focused on chemokine ligands 
and receptors involved in the pathophysiology of muscular dystrophy. They found a number 
of chemo- and cytokine ligands and receptors (Ccl2, Ccl5, Ccl6, Ccl7, Ccl8, and Ccl9) that are 
regulated in a temporal and spatial fashion51. Multiple markers for macrophages and T-cells 
remained upregulated in the mdx mouse after the major inflammatory response between 4-6 
weeks of age52. The prolonged presence of inflammatory cells suggests that inflammation is an 
ongoing process in muscular dystrophy, which was shown before by histological observations. 
Other gene expression profiling studies using the mdx mouse as a model for DMD resulted in 
the identification of more genes involved in inflammation8,56,64. These studies corroborated the 
presence of inflammatory cells such as neutrophils and macrophages.

In our studies, the inflammatory response in the mdx mouse is represented by the detection of 
differentially expressed genes, which are specifically expressed by inflammatory cells. We also 
found a large number chemokine and cytokine genes that were differentially expressed (Ccl2, 
Ccl6, Ccl9, and Ccr8). These markers peak at approximately 6 weeks of age by showing the 
highest differential gene expression.  In our comparative study of the various mouse models, 
we found that similar chemokines were upregulated as well (Ccl2, Ccl6, Ccl7, Ccl8, Ccl9). 
These chemotactic molecules can be released from different tissues. For instance, chemokine 
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expression has been detected in differentiating myoblasts (Chapter 5). Other inflammatory 
genes, which are upregulated in the mdx mouse and the other models for muscular dystrophy, 
are interleukins and their receptors (Il2ra, Il4ra, Il6ra, Il17ra, and Il18), and complement fac-
tors (C1qa, C1qg, C1qr1, C1qtnf3, C3ra). The complement factors are part of the innate im-
mune system, which is activated by releasing of intracellular components into the interstitium. 
The complement system consists of a cascade of sequential reactions, which eventually leads 
to chemotactic attraction of neutrophils and macrophages. Since the inflammatory processes 
are spatially and temporally regulated, the consecutive nature of the different invading inflam-
matory cells is difficult to determine using whole tissue as starting material. As a result, mark-
ers of different inflammatory cells are detected simultaneously.

2.1.3 Inflammation as activator for regeneration

The role of the inflammatory response is dual; it manages the removal of necrotic debris 
and it initiates, or at least stimulates, regeneration. Previous studies revealed the necessity of 
inflammatory cells for regeneration38. Macrophages present at the necrotic site activate the 
quiescent satellite cells and bring them in a proliferative state44. The activation of proliferation 
of satellite cells can occur by several means. Inflammatory cells can release activating factors 
such as growth factors (Fgf, Hgf, Igf, etc.) and chemo- and cytokines (see Discussion Chapter 
2.1.2) that activate satellite cell activation (reviewed in25). A number of these molecules was 
also found to be differentially expressed in the mdx mouse. For instance, fibroblast growth 
factor 4 (FGF4) was upregulated at 6 weeks of age. This growth factor has been described as 
a potent activator of myoblast differentiation21. Furthermore, we found that the Fgf4 recep-
tor was significantly upregulated in the mouse models for muscular dystrophy compared to 
wildtype mice.

Satellite cells can also be activated indirectly by the release of proliferation and differentiation 
factors, which are stored in the extracellular matrix between the myofibers26,14. Proteolytic 
enzymes are released by inflammatory cells and degenerating myofibers. Those enzymes will 
break down proteins that reside in the extracellular matrix, such as proteoglycan molecules. 
In healthy muscle tissue, the proteoglycan molecules bind growth factors32. A function of the 
proteolytic enzymes present at the site of necrosis is to partly break up the extracellular matrix 
to facilitate the migration of satellite cells. This function is mediated by specific proteases of 
which two important families are the matrix metalloproteinases (MMP) and the ‘a disintegrin 
and metalloproteinase domain’ (ADAM) containing proteins36,7. Members of these specific 
proteinases are upregulated in the mdx mouse (Mmp8, Mmp14, and Adam11). Mmp14 was 
found to be upregulated in all mouse models for muscular dystrophy compared to wildtype 
mice. Thus, the inflammatory reaction activates satellite cells and leads to degradation of the 
extracellular matrix, which results in the possibility of satellite cell migration and to the re-
lease of the proteoglycan-bound satellite cell-activating molecules. However, this last group is 
not likely to be detected by gene expression profiling, because the proteins are already stored 
in the extracellular matrix.

Discussion	 Processes in muscular dystrophy



164

2.2 Regeneration

A remarkable characteristic of the mdx mouse is the ability to overcome the lethality of dys-
trophin-deficiency as seen in humans. Where in humans the disease slowly progresses to in-
creased severity, the mdx mouse recovers after a period of extensive degeneration by suc-
cessful regeneration16. The regenerative period in the mdx mouse is accompanied by a large 
increase in differential gene expression (Chapter 3). Genes were found that demonstrated 
specific differential expression during the regenerative period using clustering algorithms. We 
also applied another approach to study regeneration by studying genes that are involved in 
myogenesis. Regeneration recapitulates myogenesis in that similar processes are activated11.

2.2.1 Regeneration in dystrophic muscle tissue

The mechanisms that lead to successful recovery in the mdx mouse are not well understood.  
An area, in which an extensive amount of research has been done, concerns the satellite cell 
(SC) population, since these cells are primarily responsible for muscle regeneration42. An ex-
planation for the progressive nature of DMD was thought to concern a difference in the num-
ber of satellite cells in affected versus normal muscle tissue. Pioneering work from Blau et 
al. demonstrated a decrease in the number of satellite cells in dystrophic muscle tissue6. The 
progressiveness of DMD was explained as a regenerative deficit by a diminishing SC popu-
lation due to replicative aging. This aging was thought to be caused by the high turnover of 
satellite cells. However, telomere-length shortening, which is a hallmark for replicative aging, 
could not be determined48. Furthermore, other studies demonstrated contradictory results by 
showing elevated SC numbers in dystrophic muscle tissue33,71,39. As an alternative cause of 
the disease, Oexle et al. postulated impairment in differentiation of dystrophin-deficient SC, 
which highly depends on the myogenic environment. The progressive effect is determined by 
the myogenic environment, which deteriorates with age.

Altogether, the molecular mechanisms concerning the activation, proliferation, and differen-
tiation of satellite cells in general are still not completely elucidated. As a result, Sterrenburg 
et al. started to investigate these molecular mechanisms by applying gene expression profiling 
in human primary myoblast cultures that are forced into differentiation63. The results of this 
study will be discussed in detail in the thesis of Sterrenburg (to be published).

Myofiber degeneration is symptomatic for muscular dystrophy, and activates regenerative 
processes (see Chapter 3). The regenerative response is, however, not sufficient to counter 
the degenerative processes on the long term. This insufficiency is proven by the progressive 
nature of the muscular dystrophies, especially in the severe types like Duchenne Muscular 
Dystrophy. The major cause of this insufficiency lies in the fact that the regenerated myofibers 
are still deficient in the protein responsible for the disease. Therefore, the regenerated myofi-
bers are still susceptible for degeneration.

The regenerative response does not only replace affected, degenerative myofibers. As a result 
of the regenerative processes, the affected muscle tissue changes at several points. Histologi-
cal analysis demonstrates that the composition of dystrophic myofibers changes in affected 
tissue. The myofibers show variation in size, there is an increase in endomysial fibrosis and 
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adipose tissue, and in some muscles the myofiber type changes from fast-twitch (type II) to 
slow-twitch (type I) (see Discussion Chapter 2.2.4). Furthermore, the interaction with the ex-
tracellular matrix seems to change. These changes are probably a result of the muscle tissue to 
compensate for the degenerative processes other than by regeneration alone. The above-men-
tioned processes are described in more detail below.

2.2.2 Histological changes of dystrophic myofibers

Regenerated muscle fibers can be defined according to a number of histological parameters. 
The most evident feature is the location of the myofiber nuclei. In normal muscle, the nuclei 
are located at the periphery of the myofiber. In contrast, regenerated myofibers have centrally 
localized nuclei. During maturation of healthy myofibers, the nuclei migrate to reside at the 
sarcolemma. The central localization might indicate that the certain processes of terminal 
differentiation of myofibers are not activated or are stalled11. Alternatively, centrally located 
nuclei most likely contribute to the stability of the entire myofiber. In general, the stability of 
the myofiber is provided by the highly organized intracellular cytoskeleton, and the relation 
to the extracellular matrix. Mutations in structural proteins of the nuclear envelope can cause 
muscular dystrophy, indicating that the structural proteins located at other sites than the sarco-
lemma or the costameres and sarcomeres play a role in the structure of the myofiber. Hence, 
the central location of the nuclei might contribute to the overall stability of the myofiber per 
se by generating an alternative scaffold for cytoskeletal stability via the structural proteins of 
the nuclear envelope.

Dystrophic muscle tissue displays a large variety in myofiber size. Although the precise mech-
anisms behind this variation are not known, it is likely a consequence of degenerative and 
regenerative processes. During terminal differentiation of myogenesis, myofibers grow in size 
by increasing the number of myofibrils. Due to the constant generation of new myofibers by 
regeneration, the smaller sized myofibers are newly formed myofibers, whereas the large myo-
fibers are full-grown. Alternatively, the ongoing degenerative processes may limit the growth 
of newly formed fibers in regenerating muscle by altering the microenvironment surrounding 
the regenerating myofibers.

2.2.3 Altered extracellular matrix

Endomysial fibrosis is a pathological feature of muscular dystrophies, which is most likely a 
result of the ongoing degenerative processes4. The ongoing degeneration leads to a persistent 
presence of inflammatory cells, which release a number of growth factors amongst which are 
TGF-β related proteins (Chapter 3). The proliferative effect of the releasing growth factors 
does not only stimulate satellite cell proliferation, but also stimulates the proliferation of fibro-
blasts9. The proliferation of fibroblasts leads to an increased deposition of extracellular matrix 
proteins, which cause the extensive fibrosis seen in dystrophic muscle tissue.

2.2.4 Fibertype switch to slow oxidative

Degeneration of myofibers in muscular dystrophy is a result of membrane instability and sub-
sequent rupture of the sarcolemma. In DMD patients and in the mdx mouse, the fast glycolytic 
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myofibers are more affected than slow oxidative myofibers, since the number of fast glyco-
lytic myofibers declines with age70,12. This implies that the fast glycolytic myofibers are more 
prone to sarcolemmal rupture due to their nature. Alternatively, regenerating myofibers can 
be predominantly slow oxidative. This hypothesis is supported by the fact that slow oxidative 
myofibers contain 3-4 times more satellite cells compared to fast muscle fibers.

The distribution of the Dystrophin-glycoprotein complex and the Integrin-Vinculin-Talin com-
plex is different between fast and slow myofiber types1. In slow myofibers, the two complexes 
are localized above the I-band (Z-line). In fast myofibers, the complex is localized above the 
A-band (M-line). Differences in localization of these cell-signaling complexes might there-
fore result in altered cell signaling. Consequently, when presence and localization of these 
complexes is incorrect (as in muscular dystrophy), a difference in cell signaling might con-
tribute to the disease.

Another possibility might be that activation of the Calcineurin cell signaling pathway regulates 
the slow myofiber phenotype29,60. Calcineurin is indirectly activated by intracellular Ca2+-lev-
els, which are increased due to rupture of the sarcolemma. Intracellular Ca2+-levels determine 
the activity of Calmodulin to activate Calcineurin. Calcineurin subsequently activates NFAT, 
which then localizes to the nucleus. NFAT, together with other co-factors like MEF2, HDAC, 
GATA, and MRFs can induce transcription of slow fibertype specific genes.

Alternatively, specific expression of fibertype regulating genes might influence the fibertype 
switch seen in dystrophic muscle tissue. Expression of specific myogenic regulatory factors, 
under influence of innervation and hormone levels, can determine the fibertype31. More down-
stream of the MRFs, the level of expression of dystrophin or utrophin might be able to influ-
ence fibertype specificity54. Furthermore, intracellular calcium storage related genes, such as 
Ryr1 and Ip3r1, can influence the fibertype as well34,35.

2.2.5 Human regeneration

The inability to regenerate dystrophic muscle successfully in DMD patients was assumed to 
be due to replicative exhaustion or aging of satellite cells. When the satellite pool is depleted 
or exhausted, dystrophic muscle tissue is not able to grow anymore. As an eventually lethal 
alternative, muscle tissue is then replaced by fibrotic and adipose tissue.

The latest results indicate that the size of the satellite cell pool is not decreased, and that satel-
lite cells are still able to replicate and proliferate at increasing age. Ineffective regeneration 
seems to be caused by impaired differentiation of satellite cells48,63. This impaired differentia-
tion can be explained by a number of causes. Although these causes can function separately, 
the possibility of a multifactorial pathology is not to be ruled out.

Aging can lead to a change in the microenvironment in the dystrophic muscle. The decisive 
processes leading to activation of satellite cells are not yet fully known. However, a num-
ber of growth factors have the ability to activate these processes (PDGF, IGF1, etc.). These 
growth factors can be released by the affected myofiber, inflammatory cells, or released from 
the extracellular matrix. Cycles of degeneration and regeneration can influence the processes 
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or availability of various cell types, thereby changing the microenvironment. The activating 
agents probably do not concentrate on satellite cells alone. Dystrophic muscle tissue has a high 
number of proliferating fibroblasts, which might be activated by similar mechanisms5.

Impaired differentiation of satellite cells can be caused by a stall in proliferation. This can be 
caused by transforming growth factor β-related proteins, which keep the satellite cells in a pro-
liferative state by blocking differentiation pathways. Dystrophin-deficiency can also directly 
lead to impaired differentiation if dystrophin plays a role in the differentiation process as a me-
chanical linker in the sarcolemma to the ECM, where it might function in a signaling complex. 
Furthermore, aggregates of acetylcholine receptors of junctional folds can be decreased due to 
a lack of dystrophin, which leads to altered signaling between nerve and muscle.

Primary in vitro cell cultures of human myoblasts consist of satellite cells and fibroblasts. 
Comparison of myoblast cultures derived from DMD patients with healthy controls showed 
that the ability to fuse was reduced17. Sterrenburg et al. used gene expression profiling to study 
the differences between primary in vitro cell cultures of human myoblast of both DMD pa-
tients and healthy individuals (manuscript accepted for publication)

Concluding, the progressive nature of Duchenne Muscular Dystrophy does not seem to be 
caused by a decrease in the satellite cell population, but due to a stall in terminal differentia-
tion of activated myoblasts. The reason that skeletal muscle develops rather normally in DMD 
patients can be caused by relative inactiveness of skeletal muscle during the first years in life. 
The progressive nature starting from the onset of the disease commences with physical activ-
ity in that stage of life. This is in correlation with the current hypothesis that DMD is caused 
by rupture of the sarcolemma due to physical stress.

2.2.6 Regeneration during muscle growth

Although the severity of muscular dystrophy mainly depends on the affected gene or protein, 
the age of onset is likely to influence the severity of the disease, since it will affect normal 
development. The muscular dystrophies with an early age of onset are the dystrophinopathies 
and the congenital muscular dystrophies (CMD). The muscular dystrophies with a later age 
of onset are Limb-Girdle-, Facioscapulohumeral-, and Oculopharyngeal Muscular Dystrophy. 
This latter group has a milder severity compared to the first.

Muscle growth during postnatal development requires the activation, proliferation and differ-
entiation of satellite cells to increase the number of myofibers. Regeneration of muscle tissue 
requires the same pool of satellite cells. When both processes (i.e. growth and regeneration) 
occur simultaneously, the demand on the satellite cell pool might become too large. As a re-
sult, both processes will compete, and not function adequately. The demand of satellite cells 
for regenerative purposes can be decreased by countering the inflammatory response, since 
inflammatory cells are able to activate satellite cells (see Discussion Chapter 2.1.3). Clinical 
trials with DMD patients using glucocorticoid corticosteroids (prednisone and deflazacort) 
showed a significant and sustained beneficial effect in slowing the decline of muscle strength 
as well as increasing the muscle mass (reviewed in73,41). This indicates that muscle growth via 
satellite cell activation can resume due to a decrease in regenerative demand. However, other 
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immunosuppressive drugs  (i.e. azathioprine) did not have similar beneficial effect on muscle 
growth37, indicating additional effects of prednisone and deflazacort. What those effects pre-
cisely are, remains unclear.

In human DMD patients regenerative processes can be demonstrated up to the age of 5 years, 
since the regenerated myofibers up to then express the characteristic fetal isoform of MyHC27. 
Growth is, however, active into young adulthood. The precise reasons for the termination of 
the regenerative processes are not yet fully known. As referred to in Discussion Chapter 2.2.5, 
the terminal differentiation of activated satellite cells may be affected. Furthermore, the myo-
genic environment might be altered irreversibly, resulting in impaired differentiation. This 
also might explain the ongoing wasting of myofibers after loss of ambulation.

Effective regeneration in mdx mice coincides with reaching adulthood, when the mice are full-
grown. The remaining SC population can then be solely available for regenerative purposes. 
This might explain the why the mouse model for DMD shows a more successful regeneration 
compared to the human pathology of DMD.

2.3 Comparison between mice and men

With the introduction of high-throughput gene expression profiling, the study of muscular 
dystrophies has been given another direction, towards elucidation of the secondary mecha-
nisms leading to the disease. Comparing gene expression profiles between human individu-
als affected by a muscular dystrophy and the corresponding animal model has potential to 
contribute substantially to the pathophysiological processes responsible for the disease, and 
to circumvent the high variation seen in humans. Unfortunately, a direct comparison between 
human samples and samples derived from animal models has not yet been performed. As a 
consequence, determination of common and shared gene expression profiles is more difficult 
due to the presence of a higher number of variables, such as the used platform, stages of the 
disease, and used muscle types. Furthermore, functional annotation between species might 
differ, and complicate pathway analysis.

Gene expression profiling studies have identified the molecular processes of a large num-
ber of the secondary effects of the disease (see previous chapters). Large similarities have 
been found between humans and animal models affected by the disease on pathophysiological 
levels. With an increasing amount of data becoming publically available from an increasing 
number of studies, the finding of similarities, and  -equally informative- differences, in the 
molecular details of these processes will become increasingly useful.

This thesis does not discuss a direct comparison between the molecular details of shared 
and common processes in human and animal muscular dystrophy. The main reason is that to 
accomplish such a direct comparison, the existing datasets must be combined, and a direct 
comparison must be made based on computational analysis, which has not been done. This 
comparison requires a highly specialized bioinformatics approach, for which fundamental 
difficulties (such as gene annotation and the use of different platforms) must be resolved first. 
However, the results presented in this thesis are aimed at contributing to an understanding in 
more depth of the pathophysiological processes in muscular dystrophy.
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3 Future leads

The development of the gene expression profiling technique in general has resulted in an 
augmentation of understanding molecular processes due to the high-throughput nature of the 
technique. The technique can be applied to both generate and confirm hypotheses. Although 
this technique is solely based on gene expression levels, it assists in a deeper insight into the 
regulation of biological processes and functional organization both on cellular and tissue lev-
els from healthy and diseased organisms. Application of gene expression profiling (the most 
popular method in transcriptomics) is therefore a first step towards a comprehensive knowl-
edge of organismal function, which is the ultimate goal of systems biology. The integration 
of other rapidly developing ‘omics’, such as proteomics, metabolomics, cytomics, and nutrig-
enomics will ultimately realize in the accomplishment of this goal.

Gene expression profiling as a technique has matured over the last decade. The initial difficul-
ties concerned the miniaturization at methodological level (robotic printing of nanodrop quan-
tities, fluorescent based laser scanning) in order to make an upscaling (high-throughput char-
acter) possible. When determination of relative gene expression levels was realized, statistical 
procedures had to be designed to provide reliable conclusions. As a result, the experimental 
design of microarray-based experiments was optimized for balancing technical and biological 
effects. At this moment, the modeling of large amounts of gene expression data into molecular 
and cellular processes based on functional annotation and meta-analysis (also known as infer-
ence) has become a major topic towards understanding gene expression profiles.

With the maturation of gene expression profiling and the involvement of other fields outside 
biology, such as methodology and statistics, a more critical view towards the application of 
the technique and the subsequent interpretation of the results is rising. Particularly, gene ex-
pression profiling used for classification of diseases such as cancer has received major criti-
sism47,55,20. By no means will this criticism lead to the downfall of gene expression profiling, it 
will lead to further optimization of the technique and the reliability of its results.

3.1 Linking Gene Expression to Pathology

Gene expression profiling of muscle tissue affected by muscular dystrophy has resulted in a 
greater understanding of the pathological processes leading to the disease. The most appar-
ent contribution lies in the elucidation of genes involved in different secondary processes 
of the disease, like degeneration, inflammation, fibrosis, and regeneration. These secondary 
processes are the major symptoms of muscular dystrophy, and are described in detail from a 
histological point of view. The major contribution of the technique in elucidating these sec-
ondary processes is the generation of potential leads for future therapy.

Differentially expressed genes in muscular dystrophy can be classified according to the known 
secondary processes. This is one strategy of resolving molecular details. Another strategy is 
to find unknown pathways related to muscular dystrophy based on gene expression profiling. 
However, finding those pathways is a laborious task since it depends on available information 
of genes. The functional annotation of genes according to gene ontology in combination with 
published data will highlight pathways not earlier described in muscular dystrophy. Under-
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standably, this strategy depends on the availability of gene information. Biological databases 
for functional annotation, gene and protein information, and literature information like NCBI, 
Kegg, and Expasy are therefore indispensable in the interpretation of gene expression results. 
As the amount of information in public databases increases, so will the interpretation of gene 
expression data. Although the reason behind the differential expression of all genes cannot be 
explained at this moment, future analysis of gene expression profiles, even the ones gener-
ated earlier, will therefore result in a greater understanding of the processes playing a role in 
muscular dystrophy.

From the clinical perspective, a better understanding of muscular dystrophy will be aided by 
increasing the number of analyzed patients, and subsequent classification according to clinical 
phenotype. Thus, stage and age dependent gene expression profiles can be determined as well 
as mutation-related profiles. To find disease specific gene expression profiles, it is also neces-
sary to study a large number of patients with different muscular dystrophy types.

3.2 And vice versa…

Clinical differentiation between the various muscular dystrophies is a laborious task, where 
the outcome cannot always be confirmed. In general, gene expression profiling is starting to 
be widely used to identify biomarkers, which are specifically expressed in a given type of 
disease or at the stage of a disease22,65,69. However, one must keep in mind that the application 
of the technique is still emerging, and the success of finding biomarkers lies in the elucidation 
of all possible variables. Finding biomarkers for the muscular dystrophy types will eventually 
facilitate and increase the speed of diagnosis of muscular dystrophy and its accuracy. The first 
studies have been performed on finding biomarker genes for muscular dystrophy2,28. However, 
a large-scale study as is performed on cancer patients has not been the case for the human 
dystrophies.

	 This thesis described the first study towards a fast and straightforward differential 
diagnosis of muscular dystrophy based on gene expression profiles (Chapter 4). The study 
was initiated to differentiate various mouse models for muscular dystrophy according to gene 
expression profiles. Although the study is not complete, it provides the first set of biomarkers 
for muscular dystrophy. To achieve a clinical diagnosis based on gene expression profiling, 
a number of additional experiments are required. First, the number of biological replicates 
needs to be increased to gain accuracy regarding the potential biomarkers. Second, the num-
ber of timepoints needs to be increased to gain a better understanding about the stages in 
the pathology within and between muscular dystrophies. Third, differential gene expression 
levels need to be determined between different mouse models of a single muscular dystrophy 
to determine the effect of different mutations on clinical phenotype and subsequent gene ex-
pression. Fourth, these results need to be extrapolated to, and confirmed in, human patients. 
Fifth, gene expression data of both human patients and animal models need to be stored in a 
specialized muscular dystrophy database with optimized functional annotation.

With the growing interest in gene expression profiling of muscular dystrophy, these goals can 
be realized. Nonetheless, the realization of these goals acquires the collaboration of many 
laboratories and the possibility to access the data publicly. Furthermore, the completion of this 
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project will increase the likelihood of understanding the details of the disease, and the subse-
quent development of stage- or disease-specific medication.
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Summary

Muscular dystrophies are characterized by progressive irreversible degeneration processes, 
which results in weakness and wasting of muscle tissue. The muscular dystrophies share clini-
cal symptoms, but differ largely in severity, age of onset, and distribution of affected muscle 
tissue. The genetic defects causative for the majority of muscular dystrophies have been large-
ly elucidated. However, the mechanisms responsible for the pathology and its divergence have 
not yet been identified in detail. In this thesis, molecular mechanisms in muscular dystrophies 
are studied in detail.  

Each cell in an organism contains the same hereditary information encoded by the DNA, 
which is known as the genome. DNA uses a four-letter code to describe this information. 
This code contains four different molecules, the nucleotides adenine, thymine, guanine, and 
cytosine, which form pairs (basepairs).  A sequence of basepairs is called the DNA sequence. 
The human genome contains twenty-two different autosomal chromosomes and two sexchro-
mosomes. A chromosome is made of one strand of DNA, of which the largest contains ap-
proximately 250 million basepairs.
The human genome harbours approximately 22.000 genes, which are the blueprints of pro-
teins. In general, each gene contains the information to build a specific protein. This informa-
tion is not directly read from the DNA, but via an intermediate form called the messenger 
RNA (mRNA). Not all possible proteins are made in each individual cell of a multicellular 
organism. By expressing a specific subset of proteins, cells are able to show diversity and to 
specialize to perform a specific function in the organism. For instance, different proteins are 
expressed in a neuron compared to a muscle cell.
The expression of proteins is regulated by controlling which genes are activated and subse-
quently transcribed into the intermediate mRNA molecules. Therefore, by studying the popu-
lation of mRNA molecules it is possible to know which proteins are expressed  in a cell.

Changes in the DNA sequence, also known as mutations, can lead to changes in proteins or 
even absence of proteins when these changes occur in the coding sequence of genes. These 
changes can be beneficial to an organism and this is the keystone for evolution. However, 
these changes can also have devastating effects such as in cancer. When disease-causing mu-
tations are passed on from parent to offspring, the disease is known as a hereditary disease. 
To compensate for the loss of a functional protein, the organism can activate or deactivate 
the production of other proteins. Furthermore, in a multicellular organism, other cells can be 
influenced by the loss of a certain protein. The results of mutations can be studied at differ-
ent levels. Based on the clinical diagnosis, candidate genes for the human disease might be 
present. DNA analysis can be used for confirmation. To study the effects of the mutation, for 
instance in the interaction of the affected protein with other proteins, studies can be done on 
the protein level. Until recently, this was based on research that investigated the biological 
processes step by step. Only one or a small number of genes/proteins were studied at a time. 
Recently, techniques have been developed to study biological processes on a much larger 
scale. For instance, one can think about the sequencing of the genome of different organisms. 
This also accounts for studying the intermediate mRNA molecules. 
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Gene expression profiling is a technique to determine gene expression levels on a large scale. 
The technique is based on the ability of nucleotide sequences to bind to their complemetary 
strand in a process called hybridization. Hybridization occurs when a nucleotide sequence 
finds another nucleotide sequence with which it can form basepairs across the entire length. 
Gene expression profiling can be done by using microarrays. Microarrays are devices onto 
which tens-of-thousands of specific nucleotide sequences are spotted in a known fashion. 
Each spot contains the information of a single gene. When mRNA is labelled with a specific 
dye and subsequently hybridyzed to a microarray, it is possible to determine which spots are 
labelled and therefore which genes are expressed. When the mRNA population of a biological 
sample is determined, one has determined the gene expression profile of that sample. With 
this technique it is possible to compare the gene expression profiles of different biological 
samples. For instance, it is possible to contrast the mRNA molecules present in  a biological 
samples from healthy and diseased subjects. This is known as differential gene expression. The 
platforms used in this thesis are home-made two-colour microarrays based on long or short 
DNA sequences. The long sequences are copies of total mRNA molecules (cDNA), whereas 
the short sequences are based on mRNA specific sequences with a length of 65 nucleotides 
(oligonucleotides). Two differently labelled mRNA samples are hybridized simultaneously 
using these type of microarrays, hence the two-colour. 

The analysis of gene expression data resulting from microarray experiments is a challenge. 
The large amount of data requires a thorough statistical approach,  whereas the biological out-
come requires a reductionistic approach to understand the underlying cellular and molecular 
processes. To tackle to statistical analsis, we have studied the effect of experimental design on 
measured gene expression levels (Chapter 6). We concluded that two-color microarray data 
can be treated separately, which makes the design of microarrays and the statistical analysis 
more flexible .

Muscle tissue has the ability to regenerate after damage. The responsible cells are quiescent 
satellite cells, which are undifferentiated. By multiplication, a process called proliferation, and 
by maturation into muscle cells, a process called differentiation, damaged muscle tissue can  
be replaced. These processes are also active in muscle tissue affected by muscular dystrophy. 
However, the genetic defect causative of muscular dystophy is also present in the regenerated 
tissue. This contributes to the progressive nature of the disease. Regeneration capitulates pro-
cesses that are active during the development of muscle tissue, also known as myogenesis. To 
study these processes in more detail we have determined the genes that are active during myo-
genesis. These experiments were done in satellite cells that are cultered in vitro (Chapter 5).

To study hereditary diseases, animal models can be generated, which have directed changes 
in their DNA sequence. As a result, the human disease is mimicked. The development of ani-
mal models have greatly facilitated the study of human disease throughout the last decades. 
One of the largest achievements has been the ability to generate transgenic mice. Although 
Duchenne Muscular Dystrophy is the most severe muscular dystrophy, leading to early death 
in human patients, mice with a similar genetic defect (mdx mice) do not die prematurely. The 
underlying mechanisms for the apparent survival are not yet known. Although the mouse 
does not represent the human disease in this respect, it might give a clue for therapy in human 
patients, because other dystrophic processes are active. We have focussed on the regeneration 
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phase in the mdx mouse to determine the processes involved in regeneration (Chapter 3). As 
expected we found that a large number of genes as well as pathways essential in mogenesis 
are expressed during regeneration. 

By using gene expression profiling, we have set out to study similarities and differences be-
tween the muscular dystrophies (Chapter 4). Therefore, we have used mouse models for dif-
ferent muscular dystrophies. Based on our results we found that a large number of processes 
are shared between the different muscular dystrophies. These processes are mainly seondary 
effects of the primary disease causing mutation. The current hypothesis describing the cause of 
muscular dystrophy, is that specific mutations can lead to instability of the muscle fibers. As a 
result, the muscle fibers are very fragile and are more readily subject to cell death than healthy 
muscle fibers. Next to finding the shared gene expression profiles, we set out to find specific 
differences between the muscular dystrophies. This might be valuable for diagnostic purposes. 
The amount of differences we found were relatively small. This might be attributed to the fact 
that we only determined the gene expression profiles at a single timepoint. Further studies are 
necessary to find more differences, and this is a project we are working on currently.

Concluding, using gene expression profiling we have started to unravel the multiple processes 
active in muscular dystrophy. These results contribute to the understanding of the disease, 
and hopefully to the development of therapies. Furthermore, by studying mouse models for 
different muscular dystrophies, clues regarding the differences in age of onset, the pattern of 
affected muscle groups, and the severity of the disease might be understood eventually by 
further research.

	 Summary



182

Chapter 8	



183

Samenvatting

Spierdystrofieën worden gekarakteriseerd door progressieve irreversibele degeneratie van 
spierweefsel, die resulteert in zwakte and verwoesting. De spierdystrofieën hebben een groot 
aantal klinische symptomen gemeen, maar verschillen met name in ernst, aanvang van de 
eerste symptomen, en de distributie van aangedaan spierweefsel. De genetische defecten die 
de meeste spierdystrofieën veroorzaken zijn grotendeels bekend. De mechanismen die ten 
grondslag liggen aan het ziektebeeld en  de verschillen daarin zijn daarentegen nog niet in 
detail bekend. Deze samenvatting bespreekt de experimenten die beschreven zijn in dit proef-
schrift om de moleculaire mechanismen in spierdystrofie te bestuderen.

Elke cel in een organisme bevat dezelfde erfelijke informatie in de vorm van DNA wat bekend 
staat als het genoom. DNA gebruikt een 4-letter code om deze informatie te beschrijven. Deze 
code bestaat uit 4 verschillende moleculen, namelijk adenine, thymine, guanine, en cytosine 
(nucleotiden), die in paren voorkomen (baseparen). De volgorde van baseparen wordt ook wel 
de DNA sequentie genoemd. Het humane genoom is opgedeeld in 22 verschillende autoso-
male chromosomen en 2 geslachtschromosomen. Een chromosoom bestaat uit één lange DNA 
streng, waarvan de grootste ongeveer 250 miljoen baseparen lang is. 
Het menselijke genoom bevat ongeveer 22.000 genen, die de blauwdrukken zijn van eiwitten. 
In het algemeen bevat elk gen de informatie om een specifiek eiwit te produceren. Deze in-
formatie wordt niet direct van het DNA afgelezen, maar via een intermediaire vorm, genaamd 
het boodschapper (messenger) RNA, ofwel mRNA. Niet in elke cel van een organisme wordt 
elk mogelijk eiwit geproduceerd. Door het kiezen van een bepaalde selectie van eiwitten is het 
mogelijk om diversiteit tussen cellen te creëren, alsmede om te specialiseren tot het uitvoeren 
van een bepaalde functie. Er zijn bijvoorbeeld andere eiwitten in een spiercel aanwezig in 
vergelijking tot een zenuwcel.
De productie van eiwitten wordt bepaald door te controleren welke genen worden geactiveerd 
en vertaald in mRNA. Door de populatie van mRNA moleculen te bestuderen, is het mogelijk 
om te weten welke eiwitten er worden geproduceerd.

Veranderingen in de DNA sequentie, ook bekend als mutaties, kunnen leiden tot veranderin-
gen in of zelfs het ontbreken van eiwitten. Deze veranderingen kunnen het organisme ten 
goede komen; dit is het principe van evolutie. Deze veranderingen kunnen daarentegen ook 
verwoestende effecten hebben, zoals in kanker vaak het geval is. Wanneer ziekteveroorzak-
ende mutaties worden doorgegeven van ouder op kind, dan is de ziekte een erfelijke ziekte.
Het organisme kan de productie van bepaalde eiwitten activeren of stoppen om te compenseren 
voor het verlies van een eiwit. In een multicellulair organisme is het zelfs mogelijk dat andere 
cellen kunnen worden beïnvloed door het verlies van een bepaald eiwit. Het gevolg van muta-
ties kan op verschillende niveaus worden bestudeerd. Op basis van de klinische diagnose kun-
nen genen worden geselecteerd waarvan bekend is dat ze bepaalde symptomen veroorzaken. 
Vervolgens kan DNA analyse worden toegepast om mutaties te valideren. Door middel van 
eiwit studies kan worden bepaald of het veranderde of verloren eiwit interacties heeft met 
andere eiwitten. Tot op voor kort was onderzoek gelimiteerd tot het bestuderen van enkele 
eiwitten tegelijk. Hedentendage is het mogelijk om biologische processen op een veel grotere 
schaal te bestuderen. Men kan hier bijvoorbeeld denken aan het bepalen van de totale hu-
mane DNA sequentie. Het op grotere schaal bestuderen is ook mogelijk voor de intermediaire 
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mRNA moleculen.

Gen expressie profilering is een techniek om gen expressie niveaus te bepalen op een grote 
schaal. De techniek is gebaseerd op het vermogen van DNA om te binden met complementaire 
sequenties in een proces dat hybridisatie wordt genoemd. Hybridisatie vindt plaats wanneer 
een streng nucleotiden een andere streng nucleotiden vindt waarmee over de gehele lengte 
baseparen kunnen worden gevormd. Gen expressie profilering kan worden gedaan met behulp 
van micro-arrays. Micro-arrays bevatten tienduizenden specifieke DNA sequenties op aparte, 
bekende locaties (spots).  Elke spot bevat een DNA sequentie die een bepaald gen represen-
teert. Wanneer een populatie mRNA moleculen wordt gemarkeerd met een specifieke kleur en 
vervolgens wordt gehybridiseerd op een micro-array, dan is het mogelijk om te bepalen welke 
spots zijn gekleurd, en dus welke genen er aanwezig zijn in de mRNA populatie. Wanneer 
een populatie van mRNA moleculen in een biologisch monster is bepaald, dan spreekt met 
over het gen expressie profiel. Met deze techniek is het mogelijk om gen expressie profielen 
van verschillende biologische monsters te vergelijken. Men kan bijvoorbeeld kijken naar een 
monster van een gezond weefsel en deze vergelijken met een ziek weefsel. Het verschil in 
gen expressie wordt ook wel differentiële gen expressie genoemd. De micro-arrays die in 
dit proefschrift voornamelijk worden gebruikt zijn zelfgemaakte, twee-kleuren micro-arrays 
gebaseerd op mRNA specifieke DNA sequenties van 65 nucleotiden lang (oligonucleotiden). 
Twee verschillend gekleurde mRNA monsters kunnen tegelijkertijd worden gehybridiseerd op 
dit type micro-arrays; vandaar de twee kleuren.

De data analyse van gen expressie profielen is een uitdaging. De grote hoeveelheid data vere-
ist een stringente statistische aanpak, terwijl de biologische uitkomst een reductionistische 
aanpak vereist om de onderliggende cellulaire en moleculaire processen te begrijpen. Om de 
statistische aanpak te vergemakkelijken, hebben we het experimentele ontwerp bestudeerd 
(Hoofdstuk 6) . We hebben geconcludeerd dat de data afkomstig van een twee-kleuren experi-
ment afzonderlijk behandeld kan worden. Dit heeft als gevolg dat het experimentele ontwerp 
meer flexibel is.

Spierweefsel heeft de mogelijkheid om te regenereren na het oplopen van schade. De ve-
rantwoordelijke cellen hiervoor zijn zogenaamde satelliet cellen, die normaal in een onge-
differentieerde rustfase verkeren. Door vermeerdering, ook wel proliferatie genaamd, en het 
veranderen in volwassen spiercellen, ofwel differentiatie, kunnen deze satelliet cellen uitein-
delijk spierweefsel herstellen. Deze processen zijn ook actief in spierweefsel dat aangedaan is 
door spierdystrofie. Desondanks blijft het genetisch defect aanwezig in de nieuw aangelegde 
spiercellen. Dit draagt bij aan de progressieve natuur van de ziekte. Regeneratie vertoont grote 
vergelijkingen met processen die actief zijn tijdens de spierontwikkeling, ook wel myogenese 
genaamd. Door deze processen in meer detail te kunnen bestuderen, hebben we ons gericht op 
genen die actief zijn tijdens myogenese. Deze experimenten zijn gedaan in gekweekte satelliet 
cellen (Hoofdstuk 5).

Diermodellen voor genetische ziekten zijn gemaakt door gerichte veranderingen in de DNA 
sequentie om erfelijke ziekten beter te kunnen bestuderen. Deze veranderingen hebben als 
gevolg dat ze humane ziekten nabootsen. In de afgelopen decennia heeft de ontwikkeling van 
deze diermodellen enorm bijgedragen aan het bestuderen van humane ziekten. Een van de 
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grootste mijlpalen betreft de mogelijkheid om transgene muizen te genereren. Duchenne spi-
erdystrofie is de meest ernstige vorm en leidt tot een vroege dood in patiënten. Het muismodel 
voor deze ziekte (mdx muis) vertoont, daarentegen, deze vroege dood niet. De onderliggende 
mechanismen verantwoordelijk voor het overleven zijn nog niet bekend. Ondanks dat het 
muismodel op dit vlak de humane ziekte niet representeert, kan het model aanwijzingen geven 
voor de humane ziekte daar andere vergelijkbare symptomen aanwezig zijn. Wij hebben ons 
gericht op het bestuderen van de regeneratie fase in mdx muizen om te bepalen welke proces-
sen betrokken zijn bij regeneratie (Hoofdstuk 3). Zoals verwacht zijn veel genen betrokken bij 
regeneratie ook actief tijdens myogenese.

Met behulp van gen expressie profilering hebben we getracht om gelijkenissen en verschillen 
tussen spierdystrofiën te ontdekken (Hoofdstuk 4). Hiervoor hebben we verschillende muis-
modellen voor spierdystrofie getest. We hebben een groot aantal  processen gevonden die 
overeenkomstig zijn tussen de verschillende spierdystrofiën. Deze processen zijn met name 
secundaire effecten van de primaire ziekteveroorzakende genen. De huidige hypothese met 
betrekking tot het ontstaan van spierdystrofie is dat specifieke gen mutaties uiteindelijk leiden 
tot instabiliteit van spiercellen. Dit heeft als gevolg dat dystrofische spiercellen fragiel zijn 
en leiden tot een vergrote kans op celdood in vergelijking met gezonde spiercellen. Naast het 
bestuderen van processen die aanwezig zijn in alle spierdystrofiën, hebben we getracht pro-
cessen te vinden die specifiek zijn voor bepaalde spierdystrofiën. Deze gegevens kunnen van 
belang zijn voor diagnostische doeleinden. De hoeveelheid genen die actief zijn in een enkele 
spierdystrofie is echter erg laag. Dit kan te wijten zijn aan het feit dat we de gen expressie 
profielen op één tijdpunt hebben bepaald. Verder onderzoek is nodig om meer verschillen te 
kunnen vinden, en daar wordt op dit moment aan gewerkt.

Samenvattend, met behulp van gen expressie profilering zijn we begonnen met het ontdekken 
van de vele processen die in spierdystrofie actief zijn. De resultaten beschreven in dit proef-
schrift dragen bij aan het begrijpen van deze groep aandoeningen, en leiden hopelijk tot de 
ontwikkeling van therapieën. Daarbij kunnen toekomstige studies van muismodellen aanwi-
jzingen geven omtrent de verschillen in de ernst van de ziekte, het patroon van aangedane 
spieren en het tijdstip waarop de eerste symptomen ontstaan.
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