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Chapter 1
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                Introduction

“Transcript abundance doesn’t tell us everything, but it tells us a lot more 
then we knew before”.  - Patrick O. Brown, Stanford University

1.1 General Introduction

In the past 10 years high throughput techniques to study DNA, RNA and protein alterations 
have caused a revolution in molecular research. While previously genes, RNAs and proteins 
were studied one-by-one, it is now possible to get a comprehensive picture of a considerable 
part of the genome, transcriptome or proteome in a single experiment. Studying a disease, a 
combination of aforementioned “omes” can provide us with detailed information as to which 
mechanisms and pathways underlie the disease. In terms of biological relevance, the proteome 
is the most informative, showing the ultimate products that determine the state of a cell. 
However, in terms of measurement, it is the most complex one because of the extremely wide 
abundance range, and because of the tremendous diversity in physical-chemical properties. 
The transcriptome is the easiest to monitor because of well established protocols mainly due 
to the relatively homogeneous molecular properties of RNA, leading to relatively simple and 
low cost experiments. By studying the transcriptome, i.e. looking one step further than the 
genome, more changes can be found than just the original DNA modifi cation. Expression 
changes can hint to responsible disease mechanisms, but we must be careful because gene 
expression levels do not always correspond to protein levels (1-3) and do not represent 
the protein status (active/inactive). Studies have shown both similarities and discrepancies 
between transcriptome and proteome but because transcriptome measurement is easier and 
cheaper and a full proteome measurement is not yet possible, the former is presently more 
often used to study pathways involved in diseases.

Techniques to measure gene expression include Northern blotting (4), Quantitative RT-PCR 
(5), Differential Display (6), Serial Analysis of Gene Expression (SAGE) (7) and RNase 
protection assay (RPA) (8). Northern blotting is a nucleic acid hybridization-based technique 
developed on the basis of the principles of its predecessor technique, Southern blot (9) and is 
very sensitive and inexpensive. However, large-scale analysis is diffi cult and it requires prior 
knowledge on differentially expressed transcripts. Quantitative Reverse Transcriptase PCR 
(Q-RT-PCR) is based on the PCR amplifi cation of cDNA and measures the increase in product 
with each PCR cycle. The technique is very sensitive, highly quantitative and reproducible 
but too costly as a high-throughput system, and only known or expected changes can be 
tested. Differential Display is based on quantitative differences in PCR-amplifi ed cDNA 
products on a gel. Although the oldest and simplest of all transcription profi ling techniques, 
there are some disadvantages to this technique. It is not very quantitative, the sensitivity 
can be an issue, it is prone to false-positives and it is not easy to automate. The principle of 
SAGE is to convert every mRNA molecule into a short (10-14 base) tag. It is a very direct and 
quantitative method with a near infi nite dynamic range. The reason why it is not frequently 
used, is because it is very time-consuming and relatively expensive. Gene expression can also 
be measured with the RNase protection assay (RPA). The principle of this procedure is an 
in solution hybridization of labeled antisense riboprobes to the total RNA and quantifi cation 
on a gel or by running on an automated sequencer. It is a sensitive and reproducible method 
because the probes are uniformly labelled, but also time consuming.
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With new technologies emerging, DNA microarray technology was introduced as a method to 
measure gene expression of thousands of transcripts at the same time. The array concept was 
fi rst described by Ed Southern who patented the principle in 1989 (Oxford Gene Technology), 
but it was not until halfway through the nineties that the technique became popular. In 1994 
Pease et al. from Affymetrix described the development of photolithographic synthesis of 
densely packed arrays of oligonucleotide probes (10). These probe arrays, which the authors 
called DNA chips, could be used for hybridization to target DNA sequences. The authors 
predicted that the method would be a powerful tool for human genetics, diagnostics, pathogen 
detection, and DNA molecular recognition. In 1995, a seminal paper by the group of Brown 
was published on quantitative monitoring of gene expression in Arabidopsis using cDNA 
microarray (11). With this publication, the microarray technology was born. In ten years time, 
more than ten thousand papers have appeared using the microarray technology, proving its 
widespread usefulness. In this thesis, gene expression microarrays are applied to the research 
of muscle cell differentiation (Chapter 3) and two muscular disorders (Chapters 4-5). The 
following paragraphs provide an introduction on these subjects.

1.2 Myogenesis and muscle regeneration

Myogenesis is a multistage process characterized by the specialization, proliferation and 
terminal differentiation of skeletal muscle cells in the embryo. In adult muscle, a similar 
mechanism is activated after injury, which makes the muscle a tissue with regenerating 
capacity. A detailed understanding of the mechanisms that regulate differentiation during 
myogenesis and regeneration, can provide an essential foundation to investigate whether 
and how these processes are affected in muscular dystrophies, and how to intervene in these 
processes to obtain therapeutic effects.

1.2.1 Myogenesis

All vertebrate skeletal muscles (apart from cranial muscles) arise from the somites. Somites 
are transient epithelial spheres which split off from the paraxial mesoderm lining both sides 
of the neural tube. Myogenic precursors, expressing Pax3 (12), are fi rst identifi ed in the 
dermomyotome, an epithelial layer located in the dorsal compartment of the somite, where 
they receive signals from the Wingless-type MMTV integration site family (Wnts) and Sonic 
hedgehog (Shh) from surrounding embryonic structures (Figure 1). Specifi cation of the 
precursor cells to the myogenic lineage (myoblasts) depends on these signaling pathways 
which induce the expression of the primary myogenic regulatory factors (MRFs), Myf5 and 
MyoD (13-16). Myf5 expression is induced in the dorsal-medial somites (which give rise to 
trunk and intercostal muscles), and is followed by expression of MyoD in the dorsal-lateral 
somites (which give rise to body wall and limb muscles). Expression of MyoD and/or Myf5 is 
the key step in myoblast commitment since disruption of both genes results in the absence of 
skeletal myoblasts (17). Commited myoblasts migrate laterally to form the myotome. There, 
differentiation and fusion of myoblasts to form multinucleated myotubes is initiated. This 
step is initiated by another MRF, myogenin, as a key regulator. Mice lacking myogenin have 
very poorly developed skeletal muscle tissue even though myoblasts are present (18,19). 
The last known MRF, MRF4, shows temporal expression during development and has been 
shown to act both in muscle determination and terminal differentiation (20,21). The MRFs 
contain a basic helix-loop-helix (bHLH) motif for heterodimerization with E-proteins. When 
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heterodimerized, they can bind at sites known as E-boxes (CANNTG) in the promoter and 
enhancer regions of many skeletal muscle-specifi c genes (22,23). For effective myogenesis, 
both the myocyte enhancer factor 2 (Mef2) family and Six family of transcription factors are 
necessary (24). They bind to Mef2 and Mef3 binding sites of muscle-specifi c genes, which 
are in close proximity of E boxes, and together with binding of the MRFs they activate 
transcription in a cooperative fashion (25). Figure 1 gives a schematic overview of the 
different stages in maturation of a myofi ber. 
Inhibiting factors which negatively regulate myogenesis are members of the TGF-β 
superfamily  and helix-loop-helix (HLH) proteins. HLH proteins (eg. Id, Twist, Mist1) can 
inhibit myogenic transcription, by directly binding to E proteins and/or MyoD family proteins, 
and blocking their ability to bind E boxes and/or activate transcription at muscle-specifi c 
promoters (26,27). TGF-β can inhibit muscle differentiation by silencing the transcription-
activating potential of myogenic bHLH proteins without affecting their ability to bind DNA 
(28).

                Introduction

Figure 1. Schematic representation of muscle cell proliferation, differen-
tiation and regeneration.

1.2.2 Muscle regeneration

During muscle development, a distinct subpopulation of muscle precursor cells (mpc), 
expressing Pax7, fails to differentiate (29). They remain associated with the surface of 
the developing myofi ber, between the basal lamina and the connective tissue, as quiescent 
muscle satellite cells (30). During muscle regeneration of the mature muscle, a part of the 
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 Chapter 1

myogenesis process is mimicked when these satellite cells become activated myoblast 
precusor cells (mpc) and either fuse with existing myotubes or form new myotubes (31). 
Activation of satellite cells is mediated by the Notch signaling pathway. By binding of the 
Notch ligand Delta, Notch is activated; triggering a cascade which leads to transcription of 
specifi c genes  (32) and thereby promoting myoblast proliferation (33). Proliferation of mpcs 
is also stimulated by a number of growth factors, including fi broblast growth factor (FGF), 
insulin-like growth factor (IGF) and hepatocyte growth factor (HGF) (34-36). These growth 
factors appear to be stored in the basal lamina and extracellular matrix by binding to heparan 
sulfate proteoglycans, which play an important role in muscle regeneration (37-39). In order 
to undergo myogenic differentiation, proliferating mpcs must overexpress Numb, which 
prevents nuclear translocation of Notch and in this way inhibits the Notch signaling pathway. 
Cells then exit the cell cycle and start to differentiate into myoblasts (Figure 1) (33).
Numb also plays a role in the maintenance of the satellite cell pool. It is asymmetrically 
expressed in dividing myogenic progenitor cells through which two pools of cells arise. One 
expressing Numb, where inhibited Notch signalling leads to myogenic differentiation, and 
the other not expressing Numb, where active Notch signalling promotes undifferentiated 
proliferation (33).
Again upon activation of satellite cells, Myf5 and MyoD are expressed, which, in their turn, 
activate the other myogenic regulatory factors and muscle-specifi c proteins for terminal 
differentiation of the myoblasts (Figure 1)(40-42). 

1.2.3 Model systems

To study myogenesis and / or muscle regeneration different model systems can be used. 
The muscle injury model is an in vivo model system in which by injection of a toxic agent 
(eg. cardiotoxin) in muscle, specifi c degeneration of myofi bers is induced. After injection, 
an increase in mononucleated cells is observed which is due to both infl ammatory cell 

Figure 2. Schematic representation of in vitro muscle cell differentiation and fusion of myoblasts to 
form myotubes.
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infi ltration and proliferation of satellite cells. After three days, new myotubes appear and after 
two weeks, normal muscle morphology is restored, showing complete regeneration (43). An 
alternative method is to isolate satellite cells from adult muscle tissue and bring these into 
culture  (44). In high serum conditions, these satellite cells are activated to proliferate. Upon 
serum withdrawal the activated myoblasts exit the cell cycle and start to differentiate. Cells 
become longer and eventually fuse with each other to form multinucleated myotubes (Figure 
2) (45). 
When muscle tissue or myoblasts are not available, non-muscle cells can be used and forced 
into myogenesis with viral delivery of the myogenic determination gene MYOD1 (46,47). 
By isolating RNA from primary myogenic cell cultures, or Myod1-transfected non-muscle 
cell cultures or toxin-injected muscles at different time points, the different steps in the 
myogenesis process can be studied by gene expression profi ling.

1.3 Muscular Dystrophies  

There are more than 20 different types of muscular dystrophy which are characterized by 
progressive skeletal muscle weakness, defects in muscle proteins, and necrosis of muscle cells 
and tissue. They can cause shortened life expectancy and there are currently no cures (48). 
The inheritance pattern, age of onset, initial muscles affected and rate of progression can vary 
widely within and between the different disorders. In this thesis two very distinct muscular 
dystrophies are discussed which have been explored using gene expression microarrays; 
Duchenne muscular dystrophy (DMD) and oculopharyngeal muscular dystrophy (OPMD).

1.3.1 Duchenne muscular dystrophy

Phenotype
Duchenne muscular dystrophy (DMD) is a neuromuscular disorder fi rst described by Edward 
Meryon in 1851 (49) and later named after Duchenne who gave a detailed description of the 
disease (50). It is an X-linked recessive disorder with an incidence of 1 in 3300-5000 live 
male births (48). The fi rst symptoms arise early between 2 and 6 years of age. The disease 
is characterized by progressive skeletal muscle weakness fi rst affecting the muscles of the 
hips, pelvic area, thighs and shoulders. Eventually all voluntary muscles will be affected with 
addition of the heart and respiratory muscles. By the age of ten, most patients are wheelchair 
bound. Death occurs almost always before the age of 30 due to respiratory problems or heart 
failure (48).
Structural changes in the muscle include variation in fi bre size, centrally located nuclei, 
degeneration and regeneration of the muscle fi bres, fi bre necrosis with phagocytosis, and 
eventually, replacement by fat and connective tissue (49-51). As a result of the fi bre necrosis, 
leakage occurs and muscle proteins can be found in the plasma (e.g. elevated creatine kinase 
(CK) levels) (52).

Genetic defect
The DMD disease locus was mapped to Xp21 (53-59). The DMD gene was fi rst identifi ed by 
Monaco et al. in 1986 (60). Many different mutations have been identifi ed in the DMD gene 
which all cause DMD (http://www.dmd.nl/); nearly every patient has a unique mutation (1/3 
de novo). Almost 80% of the mutations are deletions or duplications of one or more exons 
(61). There is a clear relation between disease severity and preservation or disruption of the 
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reading frame of the DMD gene. Mutations that disrupt the reading frame (frame-shift) or 
introduce a stopcodon (nonsense) lead to DMD and mutations that maintain the translational 
open reading frame lead to the less severe Becker muscular dystrophy (BMD) which had 
previously been mapped to the same location as DMD (62,63). Also missense mutations that 
affect the amino and carboxy-termini of the gene, functionally important regions, can cause 
DMD (64,65).

Disease mechanism
Dystrophin, the protein product of the DMD gene (66), is under control of seven (tissue-
specifi c) promoters generating different isoforms of the protein expressed in skeletal muscle, 
cardiac muscle, brain, retina, kidney, purkinje cells and Schwann cells (60,67-72) (www.
dmd.nl). It is a structural protein forming a bridge across the sarcolemma (plasma membrane 
of cardiac and skeletal muscle) (73), connecting the basal lamina of the extracellular matrix 
to the inner cytoskeleton (Figure 3). The N-terminal part binds to F-actin and the C-terminal 
domain interacts with the dystrophin-glycoprotein complex (DGC) located at the sarcolemma 
(74-76). In this way it stabilizes the sarcolemma and protects muscle fi bres from long-term 
contraction-induced damage and necrosis (76-78). In addition to its mechanical function, 
the DGC has also been suggested to have a role in cellular communication by acting as a 
transmembrane signaling complex (76,79). 
A frameshift or nonsense mutation in the DMD gene disrupts the open reading frame resulting 
in a premature stopcodon (63). The result is a truncated dystrophin protein, which lacks 
its C-terminal anchor, is non-functional and unstable and cannot fulfi ll its bridge function. 
Furthermore, the absence of dystrophin leads to a dramatic loss of all components of the 
DGC resulting in membrane instability, abnormal calcium infl ux, mitochondrial changes and 
eventually necrosis (80-83).

Table 1. Different theories on defective regeneration in DMD muscle
Replicative senescence
Blau et al. (87) 1983 Satellite cell pool shrinking in DMD muscle
Heslop et al. (88) 2000 Satellite cell pool shrinking in DMD muscle

Decreased proliferation
Decary et al. (94) 2000 Telomere shortening in DMD
Impaired differentiation
Wakayama et al. (89) 1976 Satellite cell pool increasing in DMD muscle 
Ishimoto et al. (90) 1983 Satellite cell pool increasing in DMD muscle 
Maier et al. (91) 1999 Satellite cell pool increasing in DMD muscle 
Oexle et al. (92) 1997 Normal telomere length in DMD

Burr et al. (95) 1997
Decreased ratio of Cu/Zn-superoxide dismutase to glutathione peroxi-
dase in DMD

Regeneration in Duchenne muscular dystrophy
At the early stages of the disease process in DMD muscle, regenerating fi bres are commonly 
found. However, the process of regeneration becomes less frequent as the disease progresses 
and fi bres undergoing necrosis become more obvious (48). It is not clear why human DMD 
muscle is not capable of regenerating completely. Satellite cells of DMD patients have been 
studied morphologically and with regard to their ability to proliferate and differentiate. One 
of the possible reasons for ineffi cient regeneration in DMD muscle is replicative aging, 
meaning that somatic cells have an upper limit of possible replications (84). The continuous 
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Figure 3. Schematic representation of the localization of the Dystrophin protein in the cell. 
With its N-terminal part it binds to F-actin and the C-terminal domain interacts with  β-dys-
troglycan located at the sarcolemma.

regeneration of DMD muscle makes the DMD satellite cells age much faster than normal. 
Ultimately proliferation stops due to replicative aging and if differentiation continues, the 
satellite cell pool gets exhausted. Satellite cell depletion, telomere shortening (85) and an 
elevated ratio of Cu/Zn-superoxide dismutase to glutathione peroxidase (86) are all biomarkers 
for replicative aging. However, in DMD muscle both shrinking (87,88) and increasing (89-91) 
pools of satellite cells have been reported and both normal (92,93) and shorter (94) telomeres 
have been found, so there is no consensus about this issue. Burr et al. have shown that the 
ratio of Cu/Zn-superoxide dismutase to glutathione peroxidase is decreased in DMD muscle, 
which is not in favor of the replicative aging theory (95). In culture, DMD cells show an 
impaired proliferation in comparison to control cells. This is explained by the presence of the 
anti-proliferative factor TGF-β1 in the medium of the DMD cells and can be neutralized by 
adding specifi c antibodies. This suggests that impaired proliferation of DMD cells in culture 
is not due to replicative senescence (96).
Another possible reason for ineffi cient regeneration is impaired differentiation or fusion of 
satellite cells which has been seen in DMD cell cultures (97-99). In concordance with this, 
it is reported that macrophages invade DMD muscle (100) which are known to enhance 
proliferation and delay differentiation (101). Furthermore, histological analysis of DMD 
muscle shows abnormal, small and short fi bers, caliber variations, and multiple fi ber 
branchings which can be explained by incomplete fusion of myotubes and myoblasts (99). 
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 Chapter 1

Gene expression profi ling of both healthy and DMD myoblasts in culture can provide insight 
as to how proliferation and differentiation are regulated in these cells and maybe can resolve 
some of the controversy around this issue.

The second muscular dystrophy explored by gene expression microarray studies in this thesis 
is Oculopharyngeal muscular dystrophy. 

1.3.2 Oculopharyngeal muscular dystrophy

Phenotype
Oculopharyngeal muscular dystrophy (OPMD) was fi rst described by Taylor in 1915 (102), 
but it was not until 1962 that Victor et al. described the disease under its current name (103). 
The worldwide incidence is 1:200.000 with an increased incidence in some populations; 
French Canadian 1:1000 (104), Spanish Americans living in New Mexico (105), Bukhara 
Jews 1:600 (106), and Uruguayans (107)). It shows an autosomal dominant inheritance but 
an autosomal recessive case has also been described (108). The fi rst symptoms usually appear 
in the fi fth or sixth decade of life and are characterized by eyelid ptosis and progressive 
swallowing diffi culties (dysphagia) (103). During progression proximal limb weakness 
occurs, and recently this has been reported as one of the fi rst major complaints in a population 
of Dutch OPMD patients (109). Other, later occuring symptoms may include a nasal voice, 
weakness and atrophy of the tongue, external ophthalmoplegia, mild facial temporal and 
masseter muscle involvement (110-113). 
A pathological hallmark of the disease is the presence of intranuclear inclusions (INIs) 
comprising clusters of tubular fi laments in 2-5% of skeletal muscle cells (114,115). These 
INIs are not seen in other cells, not even in muscle satellite cells (114,116,117). Other 
characteristics found in muscle cells of OPMD patients are small angulated fi bers that often 
react strongly for oxidative enzymes and are more frequently type 1 then type 2, as seen 
with ATP-ase reactions (118,119). Rimmed vacuoles can be seen within muscle fi bers and 
consist of irregularly round or polygonal clear spaces lined by a ring of material that is 
basophilic (also found in inclusion body myositis (120)). They vary in size and shape and 
contain membranous and myeloid structures, a few glycogen granules, and debris arising 
from the breakdown of unidentifi ed muscle components. Mitochondrial changes have also 
been reported as a phenomenon of OPMD. Cytochrome-c-oxidase-negative fi bers occur and 
aggregates of mitochondria containing paracrystalline inclusions can be seen with electron 
microscopy (121-123). Muscular changes that are common to other muscular dystrophies also 
occur in OPMD, including loss of muscle fi bers, abnormal variation in fi ber size, increase in 
the number of nuclei and the presence of internal nuclei (111,118,119).

Genetic defect
The disease locus was mapped to chromosome 14q11.1 by completing a linkage analysis 
using large French Canadian families (124). Positional cloning led to the discovery of a 
short GCG expansion leading to the lengthening of a polyalanine tract in the fi rst exon of 
the poly(A) binding protein nuclear 1 (PABPN1) gene (108). Dominant mutations consist 
of the normal (GCG)6 stretch elongated by two to seven (GCG) repeats whereas the only 
reported recessive form has a (GCG)7 repeat on both chromosomes (108). Some OPMD cases 
have been described without a GCG expansion, but having three to fi ve extra nonidentical 
polyalanine coding triplets (125-127), which favors the theory of unequal crossing-over over 
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the slippage model as the causative mechanism of PABPN1 mutations (table 2). Autosomal 
dominant OPMD is thus caused by an expansion of a non homogenous GCG repeat beyond 
the threshold of 12 alanines. No clear correlation between the length of the repeat and 
phenotypic expression of the disease has been reported (126,128).
Table 2. Different alanine expansions in the PABPN1 gene

Normal PABPN1 Alanine repeats OPMD
(GCG)6 (GCA)3 (GCG) 10 ---
Mutated PABPN1
(GCG)6 (GCG) (GCA)3 (GCG) 11 recessive
(GCG)6 (GCG)2-7 (GCA)3 (GCG) 12-17 dominant
(GCG)6 (GCA) (GCG)2 (GCA)3 (GCG) 13 dominant
(GCG)6 (GCA) (GCG)3 (GCA)3 (GCG)  14 dominant
(GCG)6 (GCA)2 (GCG)2 (GCA)3 (GCG) 14 dominant
(GCG)6 (GCA)3 (GCG)2 (GCA)3 (GCG) 15 dominant

Gene dosage has a clear effect on the age of onset and the severity of the OPMD phenotype. 
The most severe OPMD phenotype is reported in individuals carying a homozygous dominant 
OPMD mutation (108,117,129). In addition, among severely affected OPMD patients in a 
French Canadian cohort, 20% are compound heterozygotes for the dominant mutation and 
have a (GCG)7 polymorphism in their other copy of the PABPN1 gene (108).

Disease mechanism
Poly(A) binding protein nuclear 1 is a ubiquitously expressed protein primarily present in 
the nuclear speckles and functionally involved in polyadenylation. More specifi cally, it binds 
with high affi nity to nascent poly(A) tails and thereby stimulates its elongation by poly(A) 
polymerase (Figure 4, PAP, (130)). PAP catalyzes the polyadenylation reaction but without 
PABPN1 it is almost inactive due to a low affi nity for the RNA (130). PABPN1 is also 
involved in the mechanism that regulates the length of the poly(A) tail. It has been proposed 
that the number of PABPN1 molecules incorporated into the elongating complex is involved 
in a counting mechanism that determines the length of the tail (131). In addition, PABPN1 
may contribute to export of mRNA from the nucleus to the cytoplasm (132-134). Although 
the gene is ubiquitously expressed, the phenotype is muscle-specifi c and polyadenylation 
seems to be unaffected by the repeat expansion (116). Because the intranuclear inclusions 
(INI) are the most specifi c hallmark of the disease and only occur in the muscle cells, most 
studies on the disease mechanism have focussed on this phenomenon. 
PABPN1 appears to locate to the INIs that further include poly(A) RNA, ubiquitin, heat-
shock proteins and proteasome subunits (116,135,136). The percentage of cells containing 
INIs correlates with the severity of the disease. This is shown by seven severe homozygote 
cases of a dominant OPMD mutation, which have almost twice as many inclusions in 
comparison with heterozygotes of the dominant mutation (9.4% vs. 4.9% respectively) 
(129). Furthermore, upon treatment with doxycycline, the inclusion percentage is reduced 
in a transgenic mouse model for OPMD and their muscle condition is improved (137). This 
and the presence of ubiquitin and proteasome subunits in the inclusions, suggest that INIs 
are toxic to the cell (138,139). If these INIs are so important to the disease phenotype, two 
questions emerge; how is the muscle-specifi c formation of INIs initiated, and which proteins 
and mRNAs are trapped in the INIs by which their function is hampered and a phenotypic 
effect can be seen? Cellular and animal models of OPMD have been established to attempt 
to answer these questions. 

                Introduction                Introduction

       19



Figure 4. Schematic representation of the polyadenylation process.
1. Cleavage and polyadenylation specifi c factor (CPSF) and Cleavage stimulation factor (CstF) bind to the
    pre-mRNA. Polyadenylate polymerase (PAP) starts writing the polyadenosine tail.
2. Poly(A) binding protein 1 (PABPN1) immediately binds to the new polyadenosine sequence, stabilizing 
    the poly(A) tail.
3. PABPN1 specifi es when polyadenylation should stop (200 residues).
    CPSF, CstF and PAP dissociate.

Cellular and animal models of OPMD
It has been suggested that the polyalanine expansion in PABPN1 induces or facilitates 
formation of INIs. In vitro studies show however, that formation of PABPN1 aggregates 
is not dependent on the elongated repeat, but on protein domains in PABPN1 which are 
functionally required for polyadenylation (138,140). Furthermore, different cellular models 
show that overexpression of wild-type PABPN1 has the same effect on INI formation as an 
expansion of the alanine repeat (140,141). Given the muscle-specifi city of the intranuclear 
inclusions, other additional factors could be necessary for inclusion formation, possibly 
a muscle-specifi c protein or mRNA. The fact that the INI formation is restricted to the 
nucleus (142) and the observation that the inclusion formation in muscle cells only occurs 
in differentiated cells (116, Chapter 5) further reduces the list of possible candidates. Kim 
et al. showed that PABPN1 interacts with Ski-interacting protein (SKIP), a transcription 
factor, to stimulate muscle-specifi c gene expression through MyoD and myogenin increased 
expression (143). This would explain the muscle-specifi c phenotype of the disease. However, 
SKIP is also highly expressed in proliferating myoblasts, which cannot explain why the INIs 
are not formed in these cells. To date, other candidates have not been proposed.
Cellular processes can be affected by the presence of intranuclear inclusions. Not only 
because of their toxicity, but also by entrapping other proteins that normally function in 
the nucleus. Using large-scale gene expression microarraying, Corbeil-Girard et al. found 
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pathways which were up- and downregulated in cells containing INIs. Several nuclear genes 
appeared to be upregulated in their cell model with 60-80 % inclusions. Following up on this, 
they revealed the entrapment of these nuclear proteins in the inclusions, of which none could 
explain the (muscle-specifi c) phenotype of the disease (141). However, a non-muscle cell 
line was used for the experiments, so that essential interactions with muscle-specifi c proteins 
or mRNAs may well have been missed. 
Some mouse models for OPMD have been generated in which mutated PABPN1 is 
overexpressed (137,144,145). Hino et al. demonstrate that a threshold level of mutant 
PABPN1 overexpression is necessary to form intranuclear inclusions and an early myopathic 
phenotype (144). Furthermore, northern blot analysis in different tissues of the transgenic 
mice revealed ubiquitous expression of the transgene with only INI formation in muscle and 
a muscle-specifi c phenotype. These results confi rm the theory that probably an additional 
muscle-specifi c factor is necessary to form intranuclear inclusions.
Dion et al. generated an animal model of OPMD with no specifi c muscle phenotype but 
a neuronal phenotype and the presence of INIs in neurons (145). With this model it is not 
possible to study the muscle-specifi c INI formation, but it does provide evidence that INI 
formation requires a postmitotic, stable nuclear environment allowing inclusions to be 
established and persist in the cells (145).
Expression profi ling of a muscle cell model of OPMD, an animal model of OPMD or muscle 
tissue derived from OPMD patients could provide more insight in the disease mechanism of 
Oculopharyngeal muscular dystrophy.

1.4 Gene expression profi ling using DNA microarrays

1.4.1 Principle and platforms

The principle of a DNA microarray experiment, is opposite to the classical northern blotting 
analysis where a specifi c probe is labelled and hybridized to immobilized and separated 
RNA molecules; mRNA from a given cell line or tissue is fl uorescently labeled (target), and 
hybridized to thousands of DNA sequences (probes), immobilized on a solid surface in an 
ordered array format (11).
The most commonly used microarray systems can be divided into two groups, according to 
the material present on the array (probes): complementary DNA (cDNA) and oligonucleotide 
arrays. Probes for cDNA arrays are usually PCR products generated from cDNA libraries 
or clone collections, using vector-specifi c primers. The length of the probes can vary 
from 200-2000 base pairs. They are printed on a solid surface (eg. glass slide) at defi ned 
locations, using robotics spotting. The spot diameter can be between 75 and 200 μm and 
the number of spots can vary from a few hundred to 45,000. For oligonucleotide arrays, a 
collection of oligonucleotide probes (usually 20- to 80-mer) are synthesized either on-chip 
or prefabricated by conventional synthesis followed by direct printing on the platform. The 
photolithographic technique using photolabile protecting groups utilized by Affymetrix is 
an example of on-chip synthesis. Ink-jet technology is another method of on-chip synthesis 
used by Agilent Technologies. Because of high costs of commercially available, in situ-
synthesized oligonucleotide arrays and synthetic oligonucleotide libraries, initially cDNA 
array technology was the most frequently used technique in academic labs. However, with 
prices falling over time, spotted long-oligonucleotide arrays and commercial arrays have 
become the preferred choice in recent years.
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Figure 5a. Preparation of probes and targets for microarray expression studies as used for the 
experiments described in chapter 2-4 (I) and 3,5 (II)
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Figure 5b. Data analysis steps for microarray expression studies as used for the experiments 
described in Chapter 2-5.
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1.4.2 Target preparation

In microarray expression profi ling, the target is the mRNA extracted from cells or the tissue 
under study which will be hybridized to the probes on the array. The RNA can directly be 
labeled with fl uorescent dyes in a chemical reaction (eg. ULS (146)) or is reverse-transcribed 
into cDNA, which is labeled by fl uorescent dyes, such as Cy3 and Cy5. When the amount of 
starting RNA is limited, an amplifi cation of the RNA is possible through in vitro transcription 
(147,148) or PCR based methods (149) and subsequent labeling of the resulting products (150). 
The labeled target is hybridized to the DNA probes on the array, and after stringent washing, 
the spots containing fl uorescent dye are detected by laser scanning. mRNA from two different 
cell populations or tissues, labeled with two different fl uorescent dyes, can be hybridized to 
the same array. When the slide is scanned using two different wavelengths, corresponding to 
the dyes used, the intensity of the same spot in both channels can be compared. This results in 
a measurement of the ratio of transcript levels for each gene represented on the array. Figure 
5a gives an overview of the preparation of a two-color microarray experiment. To be able to 
compare the expression levels of many different samples, a large batch of the same reference 
RNA can be used. A reference sample should provide a signal in as many spots as possible 
to facilitate the calculation of ratios. We designed a common reference for cDNA arrays, 
based on PCR amplifi cation and labeling of the probes present on the array (Chapter 2). On 
Affymetrix Gene chips only a single sample is hybridized but it does allow comparison of 
signals generated by samples hybridized to separate arrays. 

1.4.3 Experimental design

Before starting a microarray experiment a good experimental design is crucial. Different 
experimental designs have been discussed by Churchill (151). Mainly there are two different 
types of design. The fi rst is the reference design in which all samples are hybridized to a 
single common reference sample (Figure 6a). With a reference sample, it is relatively easy 
to statistically analyze the results and it is possible to account for variation between arrays. 
Also, an additional sample can easily be added to the design in later stages as long as the 
reference sample is available. A drawback however is the use of twice as many arrays due 
to the reference sample occupying the second channel, with the consequence of rising costs. 
Furthermore, a reference sample is fi nite in shelf-life and amount. The second hybridization 
design is the loop or cross-over design (Figure 6b). Less hybridizations are neccesary, but if 
ratios are taken into account, statistical analysis will be much more complicated. When only 
intensities are considered, analysis is straightforward, but results are less reliable because 
of the heterogeneity between different arrays. Irrespective of whether a loop-design or a 
reference design is used, results have shown that technical replication (eg. same sample on 
two or more different arrays) markedly reduces the number of false positives. In addition, 
the effi ciency of incorporation of nucleotides labeled with different fl uorescent dyes during 
preparation of the target may not be equal, and the fl uorescent properties of the different 
dyes differ. Reciprocal labeling with swapped colors is recommended to correct for this bias. 
Another important issue is the sample size, which should be large enough to account for 
biological and technical variation (152). In practice however, some experimental (human) 
tissue samples are diffi cult to obtain and costs are high, meaning that not all requirements can 
be fulfi lled and concessions have to be made towards the number of technical and biological 
replicates that one can afford to analyse.
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Figure 6. Different hybridization designs for microarray experiments.
a) Reference design with the same reference in each hybridization (boxes 
    represent RNA sample and double arrow is a dye-swap hybridization).
b) Loop design, each sample is hybridized two times in a loop (boxes repre
    sent RNA samles and single arrow is one hybridization).

1.4.4 Statistical analysis

Microarray results typically consist of long lists of spot intensities, background intensities, 
ratios and standard deviations. The challenge is to identify whether or not a gene is detected 
at a given spot and to determine if it is differentially expressed with as few false positives 
as possible. Before the ‘large-scale-gene-expression-era’, only a few genes were studied in 
multiple samples, now thousands of genes in only a small number of samples are studied in a 
single experiment. Problems arose with normal statistical methods and new analytical methods 
had to be developed including multiple test correction. Apart from the hundreds of papers on 
the technique itself, a substantial number of papers on statistical analysis of microaray data 
were published in the past ten years. To date, there is no consensus on how to statistically 
analyze microarray data, and thus array results are analyzed by a variety of approaches. 
Stepwize, the following analyses have to be done and for each, tens to hundreds of solutions 
exist. Quality control, fi ltering, normalization (153), determine differentially expressed 
genes (including multiple test correction) (154), fi nd co-regulated genes (clustering) (155) 
and fi nally identify patterns and pathways (156). Figure 5b gives an overview of the steps 
involved after scanning of the microarray slide, including examples of different methods that 
can be used in these steps.

Because of the complexity of the data sets generated by microarray experiments, the use of 
powerful computers for data-analysis is essential. Since the early days of microarraying, R, 
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a language and environment for statistical computing, has been used to analyze microarray 
data (http://lib.stat.cmu.edu/R/CRAN/). Bioconductor is an open source, user-based 
webpage providing scripts necessary for performing the different statistical tests in R (157). 
Lately, commercial data-analysis tools have been developed and proven their usefulness (for 
example, Rosetta Resolver, GeneSpring, Spotfi re).
   
1.4.5 Pathway analysis

Making sense out of gene-lists containing hundreds (to thousands) of interesting genes which 
appear to be differentially expressed in the experiment is the next hurdle to take. It would 
be easy if every gene had one unique identifi er and all functional information was readily 
available and could be linked to other databases like PubMed or SWISS-PROT. Although 
bioinformatics is evolving rapidly, it is still not possible to summarize all the available 
information on a large scale into something that makes sense. 
The Gene Ontology Consortium has followed one route to get more meaningful data of long 
gene lists by producing a database in which genes are placed in functional categories on 
the level of molecular function, biological process and cellular location (158,159). Several 
pathway analysis programs use this database and are well suited for a fi rst global screening 
providing statistical tests to determine if a certain functional group is over- or under 
represented in your gene-list. However, problems occur after (or during) this initial functional 
screening. In some databases the data are retrieved based on the gene name. A signifi cant 
diffi culty is that huge homonym and synonym problems exists in gene names (one gene 
abbreviation can refer to different genes and one gene can have multiple abbreviations)(160). 
Thus, unintentionally different functions can be mixed. Furthermore, functional annotation is 
incomplete for most genes of interest. To overcome this, hundreds of papers may have to be 
read to verify or explore the function of certain proteins. This number exponentially increases 
with the number of differentially expressed genes in the list. Moreover, when a new, not 
annotated pathway is involved, it is diffi cult or impossible to uncover this with the existing 
pathway databases. New tools are currently being developed which align genes not on their 
sequences but on the textual information that is available in genomics databases and the 
biomedical literature (161). This so-called biosemantics approach intelligently summarizes 
literature and other web-published, human annotated information on a large scale, by text 
mining and meta-analysis. The power of this analysis is that two genes can have no overlap in 
papers (i.e. no co-occurrence in one paper), but have an almost identical fi ngerprint (basically 
a list of key words referring to the gene, ranked in order of importance) and therefore may 
have a relationship and are interesting to follow up (discovery of implicit knowledge). In this 
way, new hypotheses on the biological processes involved in a certain experimental situation 
can be generated and tested.

1.4.6 Confi rmation of gene expression data and correlation to protein levels

When data analysis is completed and results are interpretable, independent confi rmation 
of the results is a prerequisite, especially when a conclusion is based on individual genes, 
instead of a whole pathway which is up- or downregulated. A direct confi rmation of the 
microarray expression results can be made using quantitative RT-PCR. Although often used, 
it is diffi cult to multiplex this method and thus costly. In Chapter 4 RT-MLPA is used to 
confi rm microarray results. This is a new technique which allows the rapid and simultaneous 
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quantifi cation of up to 40 transcripts in multiple samples in a single assay (162). The best 
confi rmation can be made by using an independent set of new samples which show the same 
result in any of the discussed methods. 
In the end, gene expression level changes in combination with knowledge on the protein level 
will provide a more complete picture of the experimental situation. Western blotting and 
immunohistochemical staining are used to check protein levels of differentially expressed 
genes, extrapolating the results to the protein level. For large-scale analysis of differential 
protein levels, protein microarrays can be used.

1.4.7 Application 

Gene expression microarrays are used in many different applications. Because tumor samples 
are relatively easy to obtain, the most progress has been made in cancer research. It has been 
used for diagnostics (163,164), prognostic predictions (165,166) and to assist the choice 
for therapeutic intervention (167,168). Other applications are in the analysis of complex 
diseases (169), discovery of gene functions (170), biological pathway dissection (171) and 
biomarker identifi cation (172,173). Also in pharmacogenomics it is a widely used tool for 
drug-target validation (174,175) and in toxicogenomics it is used in compound toxicity 
studies (176,177). 

1.5 Outline of this thesis

With large-scale gene expression profi ling different questions can be answered. For this thesis, 
gene expression microarrays have been applied to the research of muscle cell differentiation 
and cellular pathologies in two muscular disorders, Duchenne muscular dystrophy and 
Oculopharyngeal muscular dystrophy. 
Before starting, the technique was optimized and a common reference for two-color cDNA 
gene expression experiments was developed (Chapter 2). The reference sample represents 
all of the genes spotted on the array and makes uncomplicated ratio data-analysis possible.
Chapter 3 describes a study on gene expression changes during myoblast differentiation. 
Here, primary myogenic cell cultures have been used as a model system and cell fusion 
is monitored in time by isolating RNA at different time points. On basis of these results 
and results of other studies, the relation between myogenesis and muscle regeneration is 
discussed. In Duchenne Muscular Dystrophy, the regeneration process is hampered and in 
Chapter 4 this process is studied in a cellular model using primary myogenic cell cultures 
of DMD patients. The results show differences in gene expression pattern with the healthy 
situation which points to a possible cause of the ineffi cient regeneration in DMD patients. 
Interference in this affected pathway could be useful in treatment of the disease. 
In Chapter 5 oligonucleotide arrays have been used to study gene expression in a cellular 
model for Oculopharyngeal muscular dystrophy. The results show that as a result of 
intranuclear inclusion formation, a functional pathway, which involves collagen synthesis 
and extracellular matrix components, is clearly affected. This is the fi rst time this pathway 
is associated with the disease and it provides a better understanding of the molecular 
mechanisms involved in OPMD. 
Finally, the results presented in the Chapters 2-5 are discussed in Chapter 6 with future 
perspectives.
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