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Part I 

1. Abstract 

Myotonic dystrophy (DM) is an autosomal dominant multisystemic disorder characterized by a 

variety of multisystemic features including myotonia, muscular dystrophy, cardiac dysfunctions, 

cataracts and insulin-resistance. DM1 is caused by an expanded (CTG)n in the 3’ UTR of the 

DMPK gene, while DM2 is caused by the expansion of a (CCTG)n repeat in the intron 1 of the 

CNBP gene. In both forms, the mutant transcripts accumulate in nuclear foci altering the function of 

some alternative splicing regulators which are necessary for the physiological processing of 

mRNAs. However, the downstream pathways by which these RNA binding proteins cause skeletal 

muscle alteration are not well understood. For these reasons the aim of my PhD project was to 

analyze the molecular mechanisms behind DM skeletal muscle atrophy. In the first part of my PhD 

we have performed different studies to better define the molecular pathogenesis of DM. In 

particular, we have analysed the histopathological and biomolecular features of skeletal muscle 

biopsies from a cohort of DM1 and DM2 patients presenting different phenotypes. The results 

indicated that the splicing and muscle pathological alterations observed are related to the clinical 

DM1 and DM2 phenotype and that CUGBP1 seems to play a role only in DM1, confirming that the 

molecular pathomechanism of DM is more complex than the one actually suggested. These data 

were confirmed by the analysis of two different biopsies obtained from 5 DM2 patients that showed 

that morphological alterations evolve more rapidly over time than the molecular changes suggesting 

that the molecular mechanisms that drive to skeletal muscle atrophy are still unclear and that these 

features cannot be explained only by spliceopathy. For all these reasons we decided to analyse DM 

satellite cells activity in vitro. Satellite cells are the muscle fibre precursor cells and our data 

indicated that both DM1 and DM2 skeletal muscle cells have lower proliferative capability than 

control myoblasts. Moreover, the premature proliferative growth arrest observed in DM cells 

appears to be caused by an overexpression of p16  in DM1 muscle cells, while DM2 muscle cells 

stop dividing with telomeres shorter than controls, suggesting that in these cells the signaling 

involved in premature senescence depend on a telomere-driven pathway. Finally, we decided to 

analyze the insulin pathway which is involved in the regulation of skeletal muscle atrophy. Our data 

have shown that DM1 and DM2 cells exhibit a lower glucose uptake and a lower proteins activation 

after 10 nM insulin stimulation when compared to controls suggesting that also this pathway could 

play a role in the molecular mechanisms that drive skeletal muscle atrophy in DM patients. In 

conclusion, we have shown that the molecular mechanisms behind skeletal muscle atrophy in DM1 

and DM2 patients are more complicated than that previously suggested and further analysis are 

necessary to understand why skeletal muscle atrophy affect mainly type 1 fibres in DM1 patients, 

while on the contrary it affects selectively type 2 fibres in DM2 patients.  
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2. State of the Art 

2.1 Myotonic Dystrophy 

Myotonic dystrophy (DM) is an autosomal dominant multisystemic disorder characterized by a 

variety of multisystemic features including myotonia, muscular dystrophy, cerebral involvement, 

cardiac dysfunctions, cataracts and insulin-resistance (Mankodi and Thornton, 2002; Meola and 

Moxley, 2004). In 1909 Steinert and colleagues first described the first type of myotonic dystrophy 

(Myotonic Dystrophy type 1 or Steinert’s disease) that in 1992 was found to be caused by an 

expansion of an unstable CTG trinucleotide repeat in the 3’ untranslated region (UTR) of the 

myotonic dystrophy protein kinase gene (DMPK) which is located on chromosome 19q13.3 and 

codes for a myosin kinase expressed in skeletal muscle (Brook et al., 1992; Fu et al., 1992; 

Mahadevan et al., 1992). Subsequently, in 1994, a different multisystemic disorder was described 

and named myotonic dystrophy type 2 or proximal myotonic myopathy (PROMM). This type of 

DM was found to be caused by an unstable tetranucleotide repeat expansion, CCTG, in intron 1 of 

the nucleic acid-binding protein (CNBP) gene (previously known as zinc finger 9 protein gene, 

ZNF9) on chromosome 3q21 (Ricker et al., 1994; Liquori et al., 2001).  

A population-based genetic screen to determine the true frequency of DM has not yet been 

performed on a large scale (Thornton 2014). The most ambitious genetic screen to date showed a 

DM gene frequency of 1 in 1100 among Finnish blood donors, equally divided between DM1 and 

DM2 (Suominen et al., 2011). A referral center in England found that DM1 was the most common 

genetic neuromuscular disease, accounting for 29% of the population in a muscle clinic (Norwood 

et al., 2009). However, other studies estimates that DM1 prevalence in Europe ranges between 1 in 

8300 and 1 in 10700 (Magee et al., 1999; Siciliano et al., 2001). Regarding DM2, there are fewer 

epidemiologic studies of this disease if compared to DM1. The genetic diagnosis of DM1 and DM2 

was made with similar frequency at a reference laboratory in Germany, suggesting that the 

prevalence of the two disorders is similar in northern Europe (Udd et al., 2006). However in the 

United States clinical experience suggests that DM2 is 5-fold less common than DM1 (Thornton 

2014). 

Although DM1 and DM2 have similar symptoms, they also present a number of very dissimilar 

features making them clearly separate diseases (table 1). 
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Table 1: Comparison of clinical manifestation between DM1 and DM2 (Meola 2013). 

 

The spectrum of DM1 severity extends from lethal effects in infancy to mild, late-onset 

symptoms. Indeed, DM1 can be an adult-onset multisystem degenerative disorder but it also may 

affect fetal development and postnatal growth in individuals who carry large expansions. Indeed, 

patients with DM1 can be divided into four main categories: congenital, childhood-onset, adult-

onset and late-onset/asymptomatic (table 2).  
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Table 2: Summary of myotonic dystrophy type 1 phenotypes, clinical findings and CTG length 

(Meola 2013). 

 

 

Congenital DM1 (CDM) often presents before birth as polyhydramnios and reduced fetal 

movements. After delivery, the main features are severe generalized weakness, hypotonia and 

respiratory compromise that leads to a high mortality from respiratory failure. Surviving infants 

experience gradual improvement in motor function, since almost all CDM children are able to walk. 

Another characteristic feature of CDM is the delay in cognitive and motor development and all 

patients with CDM have learning difficulties and require special need schooling. Moreover, cerebral 

atrophy and ventricular enlargement are often present at birth (Spranger et al., 1997; Ashizawa  

1998). A progressive myopathy and the other main features of the adult classical form of DM1 can 

be develop in early adulthood in these patients (Joseph et al., 1997). The diagnosis of the DM1 

childhood onset form is often missed in affected adolescents or children because of uncharacteristic 

symptoms for a muscular dystrophy and apparently negative family history (Steyaert et al., 2000). 

The main features of classic adult-onset DM1 are distal muscle weakness, facial weakness and 

wasting. Moreover, these patients can develop cardiac dysfunctions such as conduction 

abnormalities with arrhythmia and conduction blocks contributing significantly to the mortality of 

the disease (Bassez et al., 2004; Chebel et al., 2005; Montella et al., 2005; Dello Russo et al., 2006). 

Another characteristic feature of adult DM1 is posterior subcapsular cataracts (Garrot et al., 2004). 

Finally, endocrine abnormalities are common in these patients and include testicular atrophy, 

hypotestosteronism, insulin resistance with usually mild type-2 diabetes (Meola 2000). In late-onset 

or asymptomatic DM1 patients myotonia, weakness and excessive daytime sleepiness are rarely 

present (Meola and Cardani, 2014).  
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In DM2 there are no distinct clinical subgroups although initially different phenotypes of DM2 

with proximal muscle weakness were described: DM2/Proximal Myotonic Myopathy (PROMM) 

and Proximal Myotonic Dystrophy (PDM) (Ricker et al., 1994; Thornton et al., 1994; Udd et al., 

1997). PROMM typically appears in adult life and has variable manifestations, such as early-onset 

cataracts (younger than 50 years), myotonia, muscle pain and weakness (Thornton et al., 1994; 

Ricker et al., 1995; Meola et al., 1996; Udd et al., 1997; Day et al., 1999; Ranum et al., 1998; 

Ashizawa et al., 2000; Meola 2000; Liquori et al., 2001; Moxley et al., 2002; Day et al., 2003; 

Schoser et al., 2004). Myotonia is often less apparent in DM2 compared with patients with DM1 

and, in cases of late-onset DM2, myotonia may only appear on electromyographic testing after 

examination of several muscles (Meola 2000). The cataracts in DM2 have an appearance identical 

to that observed in DM1, while cardiac problems appear to be less severe and frequent in patients 

with DM2 than in patients with DM1 (Meola et al., 2002; Flachenecker et al., 2003; Sansone et al., 

2013). The type of cognitive impairment that occurs in DM2 is similar but less severe than that of 

DM1. On the contrary, some endocrine dysfunction such as hypogonadism and glucose intolerance 

may also occur and worsen over time in DM2 (Thornton et al., 1994; Meola et al., 1999; Savkur et 

al., 2001; Day et al., 2003; Meola et al., 2003; Savkur et al., 2004). PDM patients show many 

features similar to those found in PROMM, including proximal muscle weakness, cataracts, and 

electrophysiologically detectable myotonia. However they present some features not present in 

PROMM, such as pronounced dystrophic–atrophic changes in the proximal muscles and late-onset 

progressive deafness (Udd et al., 1997).  

The most important discrepancy between DM1 and DM2 is absence of a congenital form in 

DM2 (Day et al., 2003; Udd et al., 2003). In patients affected by DM1 the repeat size range is from 

50 to 4000 CTG and is nearly always associated with symptomatic disease. Healthy individuals 

have between 5 and 37 CTG repeats while repeat lengths of 38–50 are considered premutation 

alleles, whereas 51–100 repeats are protomutations, both of which show increased instability toward 

expansion. Patients with premutations or protomutations are asymptomatic or present few mild 

symptoms, such as cataracts, but are at risk of having children with larger, pathologically expanded 

repeats (Thornton et al., 1994). The DM1 mutation length of 2000 repeats causes the congenital 

form of the disease (Ashizawa et al., 2000; Schoser et al., 2010). Since the size of the CTG repeat 

appears to increase over time in the same individual and across generation, children may inherit 

considerably longer CTG repeats than those present in the transmitting parent leading to a 

phenomenon known as genetic anticipation in which disease severity increases and/or age of onset 

of disease decreases from one generation to the next. However, the CTG repeat size does not always 

increase in successive generations of DM families. Intergenerational contraction of CTG repeats, a 

decrease in the CTG repeat size during transmission from parents to child, can also occur in about 
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6.4% of transmissions, most frequently during paternal transmissions (10%) (Ashizawa et al., 1994; 

Puymirat et al., 2009). In DM2, the size of the normal (CCTG)n expansion is below 30 repeats, 

while the range of expansion sizes in DM2 patients is huge (Bachinski et al., 2009). The smallest 

reported mutations vary between 55 and 75 CCTG and the largest expansions have been measured 

to be up about 11000 repeats (Liquori et al., 2001; Bachinski et al., 2009). The expanded DM2 

alleles show marked somatic instability, with significant increases in length over time (Liquori et 

al., 2001; Day et al., 2003). Since in DM2 the mutation usually contracts in the next generation 

being shorter in the children, this type of DM is not characterized by genetic anticipation and the 

presence of the congenital phenotype (Day et al., 2003; Udd et al., 2003). Moreover a large 

proportion of DM2 patients may be undiagnosed. Indeed, recent studies indicate that the co-

segregation of heterozygous recessive CLCN1 mutations in DM2 patients is higher than expected 

and modifies the DM2 phenotype (Suominen et al., 2008; Cardani et al., 2012). More recently, 

Bugiardini et al. have identified the first case of a DM2 patient with a concomitant mutation on 

SCN4A gene that codes for Nav1.4 voltage gate sodium channel (VGSC) expressed in muscle 

(Catterall et al., 2005; Bugiardini et al., 2015). Thus the CLCN1 or SCN4A mutations may 

contribute to exaggerating the DM2 phenotype and these patients could be more easily identified 

and diagnosed than DM2 patients without the modifier allele.  

 

2.2 Pathogenetic mechanism 

As described above, DM1 is caused by an expanded (CTG)n in the 3’ untranslated region of 

DMPK gene, while DM2 is caused by an expanded (CCTG)n in the intron 1 of CNBP gene (Brook 

et al., 1992; Fu et al., 1992; Mahadevan et al., 1992; Ricker et al., 1994; Liquori et al., 2001). 

Although genetically distinct, DM1 and DM2 share a common pathogenic mechanism. 

Experimental evidence supports a “RNA gain-of-function” mechanism in which expanded 

CUG/CCUG-containing transcripts accumulate in the cell nuclei as ribonuclear inclusions and are 

responsible for the pathologic features common to both disorders (figure 1). Indeed, the mutant 

RNAs form imperfect double-stranded structure which lead to the deregulation of several RNA 

binding factors, including the muscleblind‐like proteins (MBNLs), CUGBP1, hnRNP H and 

Staufen1 proteins (Timchenko et al., 1996; Philips et al., 1998; Miller et al., 2000; Kanadia et al., 

2003; Ho et al., 2004; Paul et al., 2006; Ravel-Chapuis et al., 2012). The MBNL proteins appear to 

play a prominent role in DM pathogenesis since each of the three MBNL isoforms (MBNL1, 

MBNL2 and MBNL3) are sequestered by CUG RNAs in the cell nuclei (Miller et al., 2000; Faradei 

et al., 2002). Moreover Mbnl1 and Mbnl2 knockout mice recapitulate multiple features of adult-

onset DM (Kanadia et al., 2003, 2003). Interestingly, while Mbnl1 knockout mice develop the 

muscle, eye, and RNA splicing abnormalities that are characteristic of DM1 disease and show 
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modest effects on alternative splicing regulation in the brain, the loss of Mbnl2 leads to widespread 

changes in postnatal splicing patterns in the brain but not in skeletal muscle (Kanadia et al., 2003; 

Suenaga et al., 2012). Even if nothing is known about the functions of MBNL3 in vivo, in vitro 

studies show that MBNL3 acts as an antagonist of myogenesis possibly by maintaining myoblasts 

in a proliferative state. Moreover Mbnl3 isoform knockout mice show age-dependent impairment of 

adult muscle regeneration suggesting that Mbnl3 inhibition by toxic RNA expression may be a 

contributing factor to the progressive skeletal muscle weakness and wasting characteristic of DM 

(Squillace et al., 2002; Lee et al., 2008; Poulos et al., 2013). CUGBP1, a member of the family of 

CELF (CUGBP, Elav-like family) proteins, is a regulator of alternative splicing and of mRNA 

translation and stability (Timchenko et al., 2005; Barreau et al., 2006; Huichalaf et al., 2009, 2010; 

Lee et al., 2010). CUGBP1 does not colocalize with ribonuclear foci in DM1 cells, however this 

protein was found to be overexpressed in DM1 myoblasts, skeletal muscle and heart tissues due to 

PKC-mediated hyperphosphorylation and subsequent protein stabilization and upregulation 

(Timchenko et al., 1996; Miller et al., 2000; Savkur et al., 2001; Fardaei et al., 2002; Mankodi et al., 

2003; Dansithong et al., 2005; Kuyumcu-Martinez et al., 2007). On the contrary the role of 

CUGBP1 in DM2 is particularly intriguing with contradictory results being reported. Timchenko 

and colleagues reported an increase of CUGBP1 in DM2 cultured myoblasts and muscle biopsies 

analyzing cytoplasmic extracts. Moreover they reported that expression of pure RNA CCUG 

repeats in normal human myoblasts, in C2C12 cells and in a DM2 mouse model also increased 

levels of CUGBP1 (Salisbury et al., 2009). On the contrary, in two different reports, the analysis of 

total cellular extract from DM2 cultured myoblasts and from muscle biopsies of DM2 patients did 

not show differences in CUGBP1 levels (Lin et al., 2006; Pelletier et al., 2009). Other splicing 

factors involved in early phases of pre-mRNA processing have been found to be altered in DM 

pathologies confirming that a general alteration of pre-mRNA processing could be at the basis of 

DM phenotype. Indeed an elevation of the steady-state level of hnRNPH has been observed in both 

DM1 and DM2 myoblasts (Fakan 1994; Paul et al., 2006; Perdoni et al., 2009). Staufen1 is another 

alternative splicing regulator that has been found to be increased in skeletal muscle from DM1 

mouse models and patients. Interestingly, Staufen1 up-regulation might have a protective role in the 

DM1 pathology since it appears that the increase in Staufen1 may be a compensatory mechanism 

used by muscle fibres to reduce and/or delay the pathologic effects caused by MBNL1 sequestration 

and CUGBP1 up-regulation (Ravel-Chapuis et al., 2012). Thus, the misregulation of alternative 

splicing clearly plays a central role in the development of important DM symptoms. Indeed , among 

the symptoms of DM, myotonia, insulin resistance and cardiac problems seem to be correlated with 

the disruption of the alternative splicing of some specific proteins. Indeed, it has been reported that 

an alteration in the insulin receptor (IR) splicing can lead to insulin insensitivity and a 
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predisposition to diabetes, an alteration in the muscle chloride channel (CLCN1) can lead to 

myotonia, while an alteration in skeletal muscle calcium ATPase SERCA may contribute to the 

Ca
2+

 homeostasis impairment that characterise DM muscle cells (Savkur et al., 2001; 2004; Kimura 

et al., 2005).  

 

 

Figure 1: “RNA gain of function” model in DM1 and DM2 (Wheeler 2008). 

 

However, there is no direct evidence of a cause–effect relationship between symptoms and 

missplicing and it seems that spliceopathy may not fully explain the multisystemic disease 

spectrum. Indeed, Bachinski and collaborators performed global array-based expression and 

splicing profiling on a large number of DM and non-DM neuromuscular patients and found that 

DM1 and DM2 skeletal muscles were essentially identical to each other for both expression and 

splicing. Moreover the authors found no evidence for widespread missplicing as a DM-specific 

pathomechanism in skeletal muscle since most expression and splicing changes were shared 

between multiple muscular dystrophies, as previously suggested (Bachinski et al., 2010; 2014; 

Orengo et al., 2011). This evidence suggests that splicing changes may be a much more general 

phenomenon of muscle disease and can be secondary to muscle regeneration (Bachinski et al., 

2010; Orengo et al., 2011). All these studies strongly suggest that DM molecular pathogenesis may 

be more complex involving changes in gene expression and translation efficiency, non-conventional 

translation and micro-RNA (miRNA) deregulation (figure 2). The effects of repeat expansion on 
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gene expression were revealed by microarray analysis of DM1 and DM2 muscle biopsies and 

confirmed by the mRNA profiling of transgenic mice expressing non-coding CUG repeats in 

skeletal muscle (Botta et al., 2007). Interestingly, most of the changes detected were also found in 

Mbnl1 knock-out mice, indicating that transcriptional deregulation results partially from MBNL1 

loss of function (Osborne et al., 2009). Altered gene expression may also result from a direct effect 

of the repeat expansion on transcription factors. Indeed, expanded DMPK transcripts bind SP1 and 

RARγ in DM1 myocytes, reducing their availability and the expression of target transcripts 

(Ebralidze et al., 2004). Moreover NKX2-5 upregulation in DM1 skeletal muscle and heart affects 

the expression of downstream genes, possibly contributing to the muscle regenerative defects and 

cardiac conduction abnormalities (Yadava et al., 2008). The mislocalization of SHARP 

(SMART/HDAC1- associated repressor protein) in the cytoplasm in DM1 myoblasts may alter the 

steady-state levels of a set of RNA transcripts implicated in muscle development and function 

(Dansithong et al., 2011). The absence of co-localization of transcription factors with CUG-

containing nuclear foci does not exclude a pathogenic role. Indeed, a fraction of expanded DMPK 

transcripts does not aggregate and remains soluble in DM1 cells, interacting with splicing regulators 

and transcription factors and thus contributing to pathology (Junghans 2009). A novel molecular 

mechanism that may contribute to the pathogenesis of myotonic dystrophies has been described by 

Ranum's group (Zu et al., 2013). RNA transcripts containing expanded CAG repeats can be 

translated in the absence of a starting ATG and this non-canonical translation, called Repeat 

Associated Non-ATG translation (RAN-translation) occurs across expanded CAG repeats in all 

reading frames (CAG, AGC, and GCA) to produce homopolymeric proteins of long polyglutamine, 

polyserine, and polyalanine tracts. RAN translation across human spinocerebellar ataxia type 8 

(SCA8) and myotonic dystrophy type 1 (DM1) CAG expansion transcripts results in the 

accumulation of SCA8 polyalanine and DM1 polyglutamine expansion proteins in SCA8 and DM1 

mouse models and human tissue (Zu et al., 2011). Antibodies developed specifically against DM1 

polyGln proteins, detect polyGln nuclear aggregates in DM1 mouse tissues and DM1 patient 

cardiac myocytes, leukocytes, and myoblasts not detectable in control tissues. RAN-translation 

products appear to be toxic to cells and may contribute to DM1 pathology. More recently RAN 

translation has been found to occur across intronic DM2 CCUG transcripts and that these transcripts 

produce a tetra-repeat expansion protein with a repeating Leu-Pro-Ala-Cys (LPAC) motif. 

Moreover, an LPAC antibody shows strong immunostaining in human DM2 autopsy brain but not 

in controls. Immunostaining has been observed in neurons, astrocytes and glia in frontal cortex, 

hippocampus and basal ganglia. These data suggest that RAN translation may be common to both 

DM1 and DM2 and that RAN proteins may be responsible for some of the CNS features of DM (Zu 

et al., 2013). miRNAs are small non-coding RNA modulating gene expression at posttranscriptional 
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level and their expression and intracellular distribution are deregulated in many human diseases, 

including muscular dystrophies (Eisenberg et al., 2009; Greco et al., 2009, 2012; Gambardella et al., 

2010; Perbellini et al., 2011). Both in DM1 and DM2 it has been demonstrated that the highly 

regulated pathways of miRNA is altered in skeletal muscle potentially contributing to DM 

pathogenetic mechanisms (Gambardella et al., 2010; Perbellini et al., 2011; Greco et al., 2012). 

Interestingly, miR-1 downregulation in DM1 and DM2 hearts is mediated by the functional 

depletion of MBNL1, which affects the misprocessing of pre-miR-1 (Rau et al., 2011 ). Whether 

MBNL1 regulates the processing of other miRNAs remains to be determined. DM-associated 

miRNA deregulation alters the expression of target transcripts, possibly contributing to disease 

pathology (Perbellini et al., 2011; Rau et al., 2011). Interestingly, Perfetti et al. identify a signature 

of miRNA deregulated in peripheral blood plasma from DM1 patients . In particular one specific 

miRNA, miR-133a, clearly correlates with muscle strength measurement and increased in patients 

with higher MIRS score, potentially reflecting disease severity (Perfetti et al., 2014).  Finally, in 

DM1 cells, CUG-containing RNAs form imperfect hairpin structures, which can be cleaved by the 

RNA interference (RNAi) machinery to generate CUG-containing small interference RNAs 

(siRNAs) that are capable of binding complementary sequences in target mRNAs, possibly 

interfering with their expression and contributing to disease pathogenesis (Krol et al., 2007).  

The understanding of DM pathogenetic mechanism is improving fast, nevertheless there are 

some key aspects of the disease that deserve further investigation. Indeed the neurological 

manifestations of DM, the differences between DM1 and DM2 clinical features such as the 

presence of a congenital phenotype in DM1 and histopatholgical alterations in skeletal muscle does 

not still have a definitive molecular explanation.   
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Figure 2: Molecular pathogenesis of DM1: mechanisms of RNA toxicity, spliceopathy, 

deregulation of gene expression and proteotoxicity (Sicot et al., 2011). 

 

2.3. Skeletal muscle histopathology in DM1 and DM2  

The histological features of skeletal muscle biopsy in DM1 and DM2 are very similar, and 

sufficiently characteristic that a diagnosis of DM can be suggested based on muscle biopsy alone 

(table 3) (Day et al., 2003; Schoser et al., 2004).  

 

Table 3: Muscle histopathology in DM1 and DM2. +++ present in >75% of biopsies; ++ present in 

20-50% of biopsies; + present in 10-24% of biopsies; ± occasionally present; - absent (Meola 

2013). 
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In both diseases, affected muscles present an increase in the number of central nuclei and a 

high variability in fibres diameters that commonly ranges from less than 10 μm to greater than 100 

μm. Moreover, in both disease, basophilic regenerating fibres, splitting fibres, fibrosis and adipose 

deposition can occur in relation to the extent of muscle involvement. Ring finger fibres and 

sarcoplasmic masses are generally more frequent in DM1 muscle biopsy. However, the comparison 

of muscle biopsy findings in classic DM1 with those in DM2 has indicated that specific features are 

present in both diseases. The presence of severely atrophic fibres with pyknotic nuclear clumps are 

frequently found in DM2 biopsies also before the occurrence of muscle weakness, while on the 

contrary in DM1 this feature is present only in end-stage muscle biopsy (Vihola et al., 2010). 

Moreover, a predominant type 2 fibre atrophy in DM2 muscle biopsies has been described, while on 

the contrary in DM1 biopsies fibre atrophy seems to affect mainly type 1 fibres (Vihola et al., 2003; 

Schoser et al., 2004; Bassez et al., 2008; Pisani et al., 2008). In DM2 muscle biopsy central 

nucleation selectively affects type 2 fibres and the atrophic nuclear clumps express fast myosin 

isoform (type 2 fibre) indicating that DM2 is predominantly a disease of type 2 myofibres (Bassez 

et al., 2008) (figure 3).  
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Figure 3: Panel showing muscle histology in DM1 and DM2. A) Hematoxylin & Eosin stained 

transversal sections of DM1 muscle biopsy presenting a severe fibrosis, fibre size variation (arrow) 

and central nuclei (asterisk). B) Hematoxylin & Eosin stained transversal sections of DM2 muscle 

biopsy with fibre size variation, central nuclei and nuclear clump (arrowhead). C) Slow myosin 

(MHCslow) stained section of DM1 muscle biopsy. The population of atrophic fibres (dark brown) 

is preferentially type 1 fibres (arrows). D) Fast myosin (MHCFast) stained section of DM1 muscle 

biopsy. Type 2 fibres (dark brown) are predominantly affected in DM2 muscle. E-G) Fluorescence 

in situ hybridization (FISH) (E, red spots) in combination with MBNL1-immunofluorescence (F, 

green sposts) on DM2 muscle biopsy. (Meola and Cardani, 2014). 
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2.4 Molecular pathways associated with skeletal muscle atrophy in DM1 and DM2 

To date there are no definitive explanations for the histopathological alterations observed in 

DM skeletal muscle.  

Since the discover of the DM1 genetic locus, several mouse models have been generated for 

examination of the molecular basis of DM1 histopathology. DM1 mouse models designed to study 

DM1 muscle pathology can be divided in two different groups: the first group addresses the role of 

the accumulation of long CUG, while the second group includes models designed to elucidate the 

role of the RNA binding proteins CUGBP1 and MBNL1 (Mankodi et al., 2000; Seznec et al., 2001; 

Kanadia et al., 2003; Timchenkoet al., 2004; Ho et al., 2005;  Orengoet al., 2008; Ward et al., 

2010). The first transgenic mouse model that demonstrated the crucial role of CUG RNA in DM1 

muscle pathology expressed 250 CUG repeats in the 3’-UTR of skeletal muscle actin gene (HSA
LR

 

mice) (Mankodi et al., 2000). These mice developed myotonia and skeletal muscle myopathy 

similar to the muscle histopathology observed in DM1 patients. Indeed, skeletal muscles of these 

mice showed an increase in the number of central nuclei and variability in fibres size. However, 

initial studies did not reveal overt muscle atrophy in adult HSA
LR

 mice, while recent analysis 

showed that the total number of myofibres is reduced in gastrocnemius of six-month-old mice in at 

least some mouse lines of this model (Mankodi et al., 2000; Jones et al., 2012). A similar effect of 

mutant CUG repeats on muscle pathology was observed in a DM1 mouse model that expresses the 

entire human DMPK gene containing 300 expanded CTG repeats (DM300 mice) (Seznec et al., 

2001). Also these mice developed myotonia and skeletal muscle myopathy similar to the one 

observed in DM1 patients with central nuclei, increased variability in fibre size and focal areas of 

regeration-degeneration that express the neonatal myosin heavy chain. Moreover, skeletal muscles 

of these mice show an increased number of atrophic fibres with specific atrophy of type 1 fibres and 

whole body weight was reduced even at a young age (Seznec et al., 2001). The same mice with a 

bigger CTG expansion (550 CTG, DM550) developed progressive age-dependent muscle weakness 

and wasting associated with reduced muscle mass and fibre diameter (Vignaud et al., 2010). The 

worst effect of mutant CUG repeats on muscle pathology was observed in the DM1 inducible 

mouse model expressing a mutant 3’-UTR of DMPK containing a 960 CUG repeats under the 

control of a skeletal muscle promoter. These mice were characterised by a severe muscle wasting 

that reduced muscle size. Moreover, skeletal muscles of these mice show an increase in small sized 

fibres, fibrosis, myofibre degeneration, and a reduction in performance on the treadmill (Orengo et 

al., 2008). The analyses of these DM1 mouse models clearly show that muscle wasting in DM1 is 

caused by CTG repeats, but however a high variability dependent on the length of CTG expansions 

and the genomic environment of CTG repeats was observed. Although it is well established that 

expanded CUG repeats are responsible for the myofibre loss in DM1, the downstream pathways by 
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which the mutant CUG repeats cause muscle wasting are not well understood. Since it’s known that 

the mutant CUG repeats misregulate mainly two RNA-binding proteins, CUGBP1 and MBNL1, 

abnormal functioning of these proteins could cause muscle atrophy in DM1 (Milleret al., 2000; 

Philips et al., 1998; Timchenko et al., 1996). Indeed, mouse models with increased expression of 

CUGBP1 revealed the crucial role of this protein in muscle development and function. Elevation of 

CUGBP1 expression in traditional transgenic mouse models interferes with muscle development, 

causing a delay in myogenesis consistent with the muscle abnormalities observed in congenital 

DM1 patients (Ho et al., 2005; Timchenko et al., 2004). The muscle of mice with deleted MBNL1 

shows myotonia, split fibres, and an increase in central nuclei (Kanadia et al., 2003). MBNL1 and 

CUGBP1 are not only two splicing regulators. Indeed, recent reports showed that MBNL1 is also 

involved in control of destabilization of some mRNAs, in miR-1 processing, and in regulating 

localization of mRNAs (Rau et al., 2011; Masuda et al., 2012; Wang et al., 2012). CUGBP1 is a 

multifunctional protein that functions in the nuclei and cytoplasm and regulates splicing, stability, 

and translation of RNAs (Charlet et al., 2002; Lee et al.,2010; Moraes et al., 2006; Paillard et al., 

1998; Savkur et al., 2001;Timchenko et al., 2005, 2006; Vlasova et al., 2008; Zhang et al.,2008). 

MBNL1 and CUGBP1 have antagonistic splicing activities, and their activity is crucial for the 

regulation of spliced isoforms during normal skeletal muscle and heart development (Ranum and 

Cooper, 2006). In DM1, a reduction in MBNL1 splicing activity and increase in CUGBP1 splicing 

activity results in accumulation of embryonic-specific transcripts and their protein products in adult 

muscle, affecting muscle function and leading to muscle atrophy. Indeed, several mRNAs that play 

a critical role in normal muscle function show abnormal splicing patterns in DM1, including 

mRNAs encoding a skeletal muscle chloride ion channel 1 (Clcn1), sarcoplasmic/endoplasmic 

reticulum Ca
2+

ATP-ase (SERCA1), a protein localized to the Z line (Cipher), a protein involved in 

the T-tubule formation (BIN1), Ca
2+ 

release channel or Ryanodine Receptor 1 (RyR1), and L-type 

Ca
2+

channel and voltage sensor (Cav1.1) (Charlet et al.,2002; Mankodi et al., 2002; Kimura et al., 

2005; Kanadia et al., 2006; Fugier et al., 2011; Tang et al.,2012). Missregulation of SERCA1 and 

RyR1 in DM1 might affect Ca
2+ 

homeostasis, leading to the activation of Ca
2+

-dependent proteases 

such as calpain and causing muscle atrophy. Abnormalities of BIN1 splicing might disrupt 

formation of T-tubules resulting in muscle under-development and weakness. The Cav1.1 channel 

plays a crucial role in the regulation of excitation–contraction coupling (Tanget al., 2002). Even if 

comparison of splicing patterns in the muscle of HSA
LR

 mice with those in mice with deleted 

MBNL1 shows similar splicing abnormalities, MBNL1 knock out mice do not show evident muscle 

wasting suggesting that other members of MBNL family (MBNL2 or MBNL3) might compensate 

for the lack of MBNL1 (Osborne et al., 2009, Kanadia et al., 2003). However, a critical difference 

between MBNL1 KO mice and CUG inducible mice is that the MBNL1 KO mice have normal 
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levels of CUGBP1, whereas CUGBP1 expression is elevated in the inducible DM1 model 

suggesting that the elevated CUGBP1 could be responsible for muscle wasting in DM1 mouse 

models (Orengo et al., 2008). Indeed, the analysis of alternative splicing pattern show that in the 

inducible CUG mouse model present several mRNAs that are mispliced but that have a normal 

splicing pattern in MBNL1 KO mice. These mRNAs include those encoding Ankyrin 2 (Ank2), F 

actin capping protein beta subunit (Capzb), and fragile X mental retardation syndrome-associated 

protein (Fxr1) (Orengoet al., 2008). Ank2 mediates binding of membrane proteins to the 

cytoskeleton and Capzb is associated with filament growth. Fxr1 is a member of the fragile X 

family of RNA-binding proteins that regulate RNA processing on several levels and its deletion in 

mice causes muscle loss suggesting that its alteration in DM1 cells could reduce proteins synthesis 

in DM1 cells leading to skeletal muscle atrophy (Mientjes et al., 2004; Whitman et al., 2011). In 

agreement with this suggestion, the CUGBP1 mouse model developed myofibre atrophy 

accompanied by a reduction in the weight, increased inflammatory infiltrates and fibre degeneration 

(Ward et al., 2010). Although mice with elevated CUGBP1 expression develop muscle atrophy, the 

contribution of the splicing activity of CUGBP1 to this feature of the disease remains to be 

determined. A recent study using a mouse model that expresses a nuclear dominant-negative form 

of CUGBP1 showed that these mice have disrupted splicing without muscle atrophy, suggesting 

that abnormal cytoplasmic functions of CUGBP1 might contribute to muscle atrophy in DM1 

(Berger et al., 2011). Indeed, in DM1 muscles an increase in the expression of CUGBP1 un-

phosphorylated at Ser302 could repress protein translation in stress granules (SGs) leading to 

muscle wasting (Huichalaf et al., 2010). It has been observed that expanded CUG repeats reduce 

phosphorylation of Ser302 through a reduction in cyclin D3 due to elevated levels of active GSK3β 

kinase (Salisbury et al., 2008; Jones et al., 2012). Interestingly the inhibition of GSK3β in HSA
LR

 

mice corrected CUGBP1 translational activity and increased the number of the activate myogenic 

satellite cells (Jones et al., 2012). Satellite cells are the skeletal muscle precursor cells and provide 

the potential for both pre and post-natal growth of skeletal muscle and for its regeneration following 

injury (Bischoff et al., 1994; Relaix et al., 2012). In normal muscles, satellite cells are quiescently 

located between the sarcolemma and the basal lamina of mature myofibres and following injury 

they become activated and then proliferate and fuse into myotubes to regenerate or repair muscle 

fibres (Cooper et al., 1999; Renault et al., 2002). It is known that the regenerative capacity of 

skeletal muscle depends on the number of progenitor cells which declines with age in humans and 

on their activation, proliferation and differentiation potential (Bodnar et al., 1998; Renault et al., 

2002; Wright et al., 2002). The proliferative potential of human satellite cells decreases during 

postnatal  muscle growth due to the replicative senescence that could affect both the regeneration 

process and the maintenance of muscle mass, since the differentiation program of senescent 
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myogenic precursor cells would become defective due to impaired myogenesis (Renault et al., 

2002; Wright et al., 2002). Indeed, Bigot et al. (2008) observed that senescent myoblasts are still 

able to fuse and form myotubes, yet significantly smaller and with a significant reduction in the 

number of nuclei per myotube and in the fusion index, compared with those obtained from young 

myoblasts (Bigot et al., 2008). In a recent report, it has been demonstrated that satellite cells 

isolated from DM1 patients reached the proliferative senescence when their mean telomere lengths 

were longer than those observed in passage-matched control cells indicating that DM1 cells reach 

proliferative arrest prematurely, independently of telomere shortening (Thornell et al., 2009). It 

appears that the treatment with GSK3 inhibitors in 6-month-old HSA
LR

 mice increase the number of 

myogenic satellite cells that is accompanied by the reduction of muscle histopathology and 

improvement of the grip strength (Jones et al.,2012). However the pathways by which GSK3 

inhibitors increase the number of activated satellite cells are still not known.  

In contrast to DM1, less is known about the molecular mechanisms that induce muscle atrophy 

in DM2. Indeed the role of MBNL1 and CUGBP1 in muscle atrophy in DM2 has been poorly 

investigated. Since it is known that CCUG repeat expansions in DM2 are longer than CUG 

expansions in DM1, it is expected that DM2 expansions will have a greater inhibitory effect on 

MBNL1 splicing (Mankodi et al., 2001). However, muscle atrophy in DM2 muscle is milder than 

that in DM1, suggesting that MBNL1 sequestration and a reduction of MBNL1 splicing activity in 

DM2 cells might play only a partial role in DM2 muscle atrophy. Also the contribution of CUGBP1 

to DM2 requires additional investigation because, as mentioned above, contradictory results about 

its expression has been reported (Lin et al., 2006; Pelletier et al., 2009; Salisbury et al., 2009). 

Comparison of DM1 and DM2 myoblast cell culture models showed that levels of active CUGBP1-

eIF2 complexes are reduced during differentiation of DM1 myoblasts, whereas the amounts of these 

complexes are normal in DM2 myotubes suggesting that the regulation of CUGBP1 activity in 

DM1 and DM2 muscles might be different (Schoser and Timchenko, 2010). Since the discover of 

the DM2 genetic locus, several studies have been performed to define the possible role of 

ZNF9/CNBP protein in muscle atrophy and weakness in DM2. Indeed, ZNF9/CNBP plays a key 

role in the translational control of mRNAs containing 5’-terminal oligopyrimidine (5’TOP) tracts 

that encode proteins of the translational apparatus including ribosomal proteins and elongation 

factors (Pellizzoni et al., 1997;Huichalaf et al., 2009; Meyuhas, 2000). DM2 muscle biopsies have 

shown reduced levels of several TOP proteins leading to a reduction in the rate of global protein 

synthesis, which might explain the muscle atrophy in DM2 (Huichalaf et al., 2009). The role of 

ZNF9/CNBP in muscle atrophy is supported by the muscle phenotype in ZNF9 KO mice, which 

includes fibre size variability and weakness similar to those observed in DM2 patients (Chen et al., 

2007). Two recent reports showed that ZNF9/CNBP levels are reduced in DM2 muscle biopsies, 
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although other authors reported that some DM2 patients have normal levels of this proteins (Botta 

et al., 2006; Salisbury et al.,2009; Raheem et al., 2010). It is known that muscle atrophy can occur 

due to a misbalance between protein synthesis and protein degradation and interestingly it has been 

shown that proteasome activity in DM2 muscle cells is affected, possibly as a result of the binding 

of RNA CCUG repeats to multiprotein complexes containing the 20S proteasome (Salisbury et al., 

2009). Proteomic analysis of DM2 myotubes indicated that these cells have an alteration in the 

ubiquitin proteasome system that suggests an increase in proteasomal activity in DM2 myotubes 

that leads to a dysfunction of protein degradation (Rusconi et al., 2010). 
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3. Aim of the Project 

Myotonic dystrophy (DM) is an autosomal dominant multisystemic disorder characterized by a 

variety of multisystemic features including myotonia, muscular dystrophy, cerebral involvement, 

cardiac dysfunctions, cataracts and insulin-resistance (Mankodi and Thornton, 2002; Meola and 

Moxley, 2004). Myotonic dystrophy type 1 (DM1) is caused by an expanded (CTG)n in the 3’ 

untranslated region of DMPK gene, while a second form (DM2) is caused by an expanded (CCTG)n 

in the intron 1 of CNBP gene (Brook et al., 1992; Fu et al., 1992; Mahadevan et al., 1992; Ricker et 

al., 1994; Liquori et al., 2001). In both forms, the CUG- and CCUG- containing transcripts 

accumulate in nuclear foci altering the function of the specific alternative splicing regulators, 

CUGBP1 and MBNL1, which are necessary for the physiological processing of mRNAs. These 

alterations lead to aberrant alternative splicing of different genes that explain different DM features 

(Taneja et al., 1995; Philips et al., 1998; Michalowski et al., 1999; Timchenko et al., 2001; Mankodi 

et al., 2001; Ranum and Day, 2004; Day and Ranum, 2005). However, the downstream pathways by 

which these RNA binding proteins cause skeletal muscle alteration such as the presence of very 

atrophic fibres, variability of myofibre size, ring fibres, and an increase in the number of fibres with 

central nuclei are not well understood (Meola 2000; Day and Ranum, 2005). For these reasons the 

general aim of this project was to understand the molecular mechanisms behind DM skeletal muscle 

alterations, focusing in particular on muscle atrophy.  

In particular, we decided to study the molecular basis of skeletal muscle atrophy through the 

analysis of three different mechanisms potentially involved in this feature of myotonic dystrophy: 

 The role of CUGBP1 and ZNF9/CNBP. Indeed, even if current evidence suggests that 

mutant CUG and CCUG repeats are responsible for muscle atrophy in DM1 and DM2, 

additional studies are needed to determine the contribution of the splicing regulators 

MBNL1 and CUGBP1 to the development of skeletal muscle alterations. Moreover, in DM2 

patients the role of ZNF9/CNBP expression is still controversial and requires additional 

investigation since some DM2 patients show reduced protein levels but others do not (Botta 

et al., 2006; Margolis et al., 2006; Huichalaf et al., 2009; Pelletier et al., 2009; Raheem et 

al., 2010).  

 The role of satellite cells. Indeed, it has been demonstrated that satellite cells isolated from 

DM1 patients reached the proliferative senescence when their mean telomere lengths were 

longer than those observed in passage-matched control cells indicating that DM1 cells reach 

proliferative arrest prematurely, potentially leading to skeletal muscle atrophy (Thornell et 

al., 2009). However, even if a recent study have shown that DM2 myoblasts exhibit 

senescence related features when cultured at early passages, additional studies are needed to 

elucidate if DM2 satellite cells activity is impaired as reported for DM1 possibly leading to 
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skeletal muscle atrophy.  

 The role of insulin/IGF1 pathway. Indeed, it is known that this pathway promotes the 

synthesis and inhibits the degradation of muscle specific proteins and muscle atrophy can 

occur due to a misbalance between protein synthesis and protein degradation. Even if 

preliminary studies have shown that DM2 muscle cells show an alteration in proteins 

degradation system, other studies are necessary to better define the molecular alterations of 

the insulin/IGF1 pathway in both DM1 and DM2 patients (Rusconi et al., 2010).  

The results will potentially lead to the identification of novel biomarkers that could be target for 

therapeutic intervention. Developing therapies for the prevention and treatment of muscle atrophy 

process will enhance the quality of life of patients who suffer from myotonic dystrophy and it 

would be beneficial to society as a whole since it would lead to a reduction in economic and 

productivity burdens associated with skeletal muscle damage. 
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4. Main Results 

 

This project has been performed both ex vivo on biceps brachii human biopsies from control and 

DM patients and in vitro on myoblasts and myotubes cultures obtained from human control and DM 

biopsies. 

In the first part of my PhD we have performed different studies to better define the molecular 

pathogenesis of DM. Indeed, even if it’s known that the common key feature of DM pathogenesis is 

the nuclear accumulation of mutant RNA that causes the alteration in the activity of two RNA 

binding proteins, MBNL1 and CUGBP1, DM1 and DM2 show disease-specific features that make 

them separate diseases suggesting that other cellular and molecular pathways may be involved. In 

this background, we have analyzed the histopathological and biomolecular features of skeletal 

muscle biopsies from a cohort of DM1 and DM2 patients in relation to different phenotypes. On the 

basis of clinical phenotype, DM1 cohort has been divided in three phenotypes (5 patients with mild 

phenotype E1, 10 patients with classic phenotype E2 and 3 adult patients with Congenital Myotonic 

Dystrophy phenotype CDM). The DM2 cohort included 5 patients with a paucisymptomatic (PS) 

phenotype, 5 patients with Proximal Myotonic Dystrophy (PDM) phenotype and 10 patients with 

Proximal Myotonic Myopathy (PROMM). The histopathological analysis of muscle sections has 

shown that there is a positive correlation between the skeletal muscle impairment and the clinical 

phenotype. Indeed, the most severe histopathological alterations such as an increase in the atrophy 

and hypertrophy factor, the presence of nuclear clumps and an increase in central nucleation, were 

present in muscles from patients presenting the most severe clinical phenotype (DM1-E2, DM1-

CDM, DM2-PDM, DM2-PROMM). On the contrary, as in control muscles, no histopathological  

changes were observed in muscles from both DM1-E1 and DM2-PS. In order to resolve the 

controversial results on CUGBP1 protein expression in DM2 muscle, we have examined the levels 

of this proteins in biceps brachii muscle samples. Our results indicated that an increase of CUGBP1 

protein level is present in DM muscles as compared to controls even if not statistically significant 

due to the high interindividual variability observed in all groups. However, the increase of protein 

expression appears to be higher in DM1 than in DM2. Moreover, in DM1 the increase was evident 

only in DM1-E2 patients, while DM1-CDM and DM1-E1 showed similar levels to those observed 

in control muscles. On the contrary in DM2 only a slight increase of CUGBP1 expression was 

observable in DM2-PDM and DM2-PROMM but not in DM2-PS. Moreover the CUGBP1 levels in 

DM2-PDM and DM2-PROMM muscles appear to be lower than those observed in DM1-E2 

muscles. Since it has been reported that the increase of CUGBP1 steady state protein level in DM1 

cultured cells or animal models is related to protein hyperphosphorylation, we tested if the increase 

of CUGBP1 expression observed in our DM cohort is related to an increase of its phosphorylation. 
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Western blot analysis of the expression of CUGBP1 phosphorilated in S28 and 2D-GE analysis 

have shown that an hyperphosphorylation of CUGBP1 was present only in DM1-E2 patients which 

also showed the highest levels of CUGBP1 expression. In all the other groups, CUGBP1-p-S28 

levels were similar to those observed in controls. The biomolecular analysis of alternative splicing 

alteration of IR, CLCN1, SERCA1, MBNL1 and CAPZB genes have shown that the frequency of 

abnormal isoforms are significantly increased in every DM1 and DM2 patient as compared to 

controls. Moreover, when considering single phenotypes, DM1-E1 and DM2-PS muscles showed a 

lower frequency of abnormal isoforms than those observed in the other DM1 and DM2 categories, 

confirming that a positive correlation between splicing alteration and clinical phenotype seems to be 

present. On the basis of the observed CUGBP1 increased protein levels in DM1 muscle, particular 

attention should be given to the expression of the CAPZB gene, which encodes for the F actin 

capping protein beta subunit. Indeed CAPZB splicing is dependent only on CUGBP1 and RT-PCR 

analysis showed that DM1-E2 patients exhibit the highest levels of its fetal isoform. Since it’s 

known that elevated concentration of intracellular Ca
2+

 can lead to muscle degeneration and muscle 

atrophy, we have analyzed if there is a correlation between histopathological alterations in DM 

muscles and the expression of pathological isoform of SERCA1 which is one of the main regulators 

of intracellular Ca
2+

 homeostasis in skeletal muscle cells (Jacobs et al., 1990). The results indicated 

that there is a significant correlation between SERCA1 splicing alteration and the atrophy factor in 

DM1 but not in DM2 muscle. The results indicated that the splicing and muscle pathological 

alterations observed are related to the clinical DM1 and DM2 phenotype and that CUGBP1 seems 

to play a role only in DM1, confirming that the molecular pathomechanism of DM is more complex 

than the one actually suggested. In particular the reasons behind skeletal muscle histopathological 

alterations are still unclear. For these reasons, to better understand the molecular mechanisms 

underlying DM2 pathology, we decided to study the progression of the muscular involvement in 

relation to the evolution of skeletal muscle histopathology and biomolecular findings in DM2 

patients. Indeed, we have analyzed at histopathological and biomolecular level the progression of 

the disease over time in 5 different DM2 patients. Our results indicated that a clear worsening in 

muscle histopathology over time was evident in every patient analyzed, where an increase in the 

percentage of type 2 fibres presenting central nucleation, in the number of fast positive nuclear 

clumps and in fibres atrophy were evident. On the contrary, no differences or only a slight increase 

of alteration in alternative splicing of some mRNAs (IR, CLCN1, SERCA1, MBNL1) was 

observable between the two biopsies. Moreover, as mentioned above, since it’s known that elevated 

concentration of intracellular Ca
2+

 can lead to muscle degeneration and muscle atrophy, particularly 

attention should be given to the analysis of SERCA1 alternative splicing. This mRNA was found to 
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be more altered in the second biopsy only in 3 patients but with no correlation with the worsening in 

histopathological phenotype. Finally, since it is known that an alteration in ZNF9/CNBP protein 

expression can lead to a reduction in the rate of global protein synthesis, potentially explaining 

muscle atrophy in DM2, we decided to analyze CNBP protein levels in the two successive DM2 

biopsies. Our results indicated that this protein appear to be reduced in DM2 muscles compared to 

control samples but again no differences were found between the two biopsies. All these data 

suggest that the molecular mechanisms that drive to skeletal muscle histopathological alterations 

and in particular to skeletal muscle atrophy are still unclear and that these features cannot be 

explained only by spliceopathy. 

For all these reasons we decided to analyze DM satellite cells activity in vitro. Satellite cells are 

the muscle precursor cells that provide the potential for both pre and post-natal growth of skeletal 

muscles and for its regeneration following injury (Bischoff et al., 1994; Relaix et al., 2012). Since it 

has been observed that human DM1 myoblasts undergo senescence earlier than control cells, we 

decided to analyze if also DM2 satellite cells derived myoblasts exhibit a premature senescence as 

reported for DM1 (Thornell et al., 2009). The in vitro proliferative capacity of myoblasts obtained 

from skeletal muscle biopsies of 3 DM1 and 4 DM2 patients was compared to that of myoblasts 

obtained from 4 age matched unaffected individuals used as controls. Our results indicated that, 

even if an interindividual variability was evident in both DM1 and DM2 group, the average 

proliferative lifespan of the DM1 and DM2 myoblasts was reduced as compared to that observed in 

control cells. Since it is known that replicative senescence may be caused by progressive telomere 

shortening at each cellular division or by additional pathways such as the p16 stress pathway, we 

decided to anlalyse p16 expression in DM and control myoblasts at early and late stages of 

proliferation and telomeres shortening during in vitro aging. Interestingly our results indicated that 

p16 was overexpressed only in DM1 cells at both early and late stages of proliferation compared to 

controls, while no differences were found in DM2 and control myoblasts at both stages analyzed. 

On the contrary, telomere loss analysis have shown that only myoblasts isolated from DM1 patients 

stopped growing prematurely with telomeres longer than controls. Indeed, DM2 myoblasts stopped 

dividing with a median telomere length lower than controls and DM1 samples and had a clear 

decrease in the amount of telomeric DNA at every cell passage compared to controls. Finally, the 

analysis of myoblasts differentiative capability have shown that senescent cells from both control 

and DM patients were still able to form myotubes, however they appeared to be significantly 

smaller than those formed by the young cells, confirming that premature proliferative growth arrest 

of DM satellite cells might contribute to skeletal muscle atrophy in these patients.  

Finally, to better understand the mechanisms behind skeletal muscle atrophy, we decided to 
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analyze another pathway involved in the regulation of skeletal muscle atrophy and hypertrophy 

which is the insulin/IGF1 pathway. Indeed DMs are characterized by metabolic dysfunctions such 

as insulin resistance, hyperinsulinemia, hypertriglyceridemia, increased fat mass, and a fourfold 

higher risk of developing Diabetes mellitus type 2 (T2DM) (Meola 2000). However in literature 

there are few studies aimed to clearly define the mechanisms underlying insulin resistance in DM. 

Savkur et al. (2001) suggested that splicing alteration of insulin receptor (IR) may play a role in 

peripheral insulin resistance. This splicing alteration leads to a higher expression of the fetal 

isoform A (IR-A, lacking exon 11) than the isoform B (Savkur et al., 2001). Moreover, the 

expression of IR in DM patients is still controversial since both normal and diminished insulin 

receptor (IR) RNA and protein levels have been reported (Savkur et al., 2001; Moxley et al., 1981; 

Morrone et al., 1997; Furling et al., 1999). Thus it cannot be excluded that post receptor signalling 

abnormalities could also contribute to the insulin resistance observed in DM patients and that 

insulin response defects might play a key role in the metabolic manifestations of DM, potentially 

leading to type II diabetes and abnormal muscle protein metabolism (Moxley et al., 1984, 1986). In 

this background, we decided to analyze the molecular mechanisms that induce insulin resistance in 

myotubes at five days of differentiation (T5) derived from myoblasts isolated from muscle biopsies 

of 3 DM1, 3 DM2 and 3 healthy subjects. Alternative splicing analysis of the insulin receptor (IR) 

have shown that at five days of differentiation (T5) both DM and control myotubes express more 

fetal isoform IR-A than the adult one (IR-B), confirming what was previously reported by Cardani 

et al. (2009). However, DM1 and DM2 muscle cells exhibited a lower glucose uptake after 10 nM 

insulin stimulation. Moreover, also the activation of several proteins involved in the insulin pathway 

(p70S6K, AKT, GSK3β) appeared to be lower in DM myotubes than in controls and this alteration 

seems to be more evident in DM2 muscle cells. It is known that the binding of insulin to its receptor 

activates a complex pathway culminating in the translocation of the glucose transporter GLUT4 into 

the plasma membrane. Since the cytoskeleton provides a platform for intracellular transport, we 

decided to investigate if actin and microtubule organization is impaired in DM skeletal muscle cells. 

Fluorescent analysis of actin remodelling in response to insulin stimulation did not show any 

difference between control and DM myotubes. However, microtubule nucleation analyzed by γ-

tubulin staining has shown that DM muscle cells exhibit a defective microtubule reorganization 

after insulin stimulation. This alteration was associated with an increased activation of ERK1/2 and 

of GSK3β. These data indicate that post receptor signalling abnormalities might contribute to DM 

insulin resistance regardless the alteration of IR splicing. 
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5. Conclusions and Future Prospects 

Myotonic dystrophy (DM) is an autosomal dominant multisystemic disorder characterized by a 

variety of multisystemic features including myotonia, muscular dystrophy, cerebral involvement, 

cardiac dysfunctions, cataracts and insulin-resistance (Meola and Moxley, 2004). However DM1 

and DM2  present a number of very dissimilar features making them clearly separate diseases. For 

these reasons in the first part of my PhD we have performed different studies to analyze the 

histopathological and biomolecular features of skeletal muscle biopsies from a cohort of DM1 and 

DM2 patients in relation to different phenotypes. The results of our studies seem indicate that the 

splicing and muscle pathological alterations observed are related to the clinical phenotype. Indeed 

the most severe phenotype of both DM1 and DM2 showed the characteristic myopathic features of 

these diseases, while the less affected patients presented none or minimal muscle histopathological 

alterations. Moreover, as expected, alteration of alternative splicing of IR, CLCN1, MBNL1, 

SERCA1 and CAPZB genes was evident in both DM1 and DM2 muscle biopsies despite the 

clinical phenotype. To better define the molecular pathways which may be involved in disease-

specific manifestations, we have analyzed the role of CUGBP1. Indeed, while it is clear that 

MBNL1 is depleted from nucleoplasm through recruitment into ribonuclear inclusions both in DM1 

and DM2 even when clinical symptoms and muscle alterations are very mild, CUGBP1 

overexpression has been clearly demonstrated in DM1 but not in DM2 muscle biopsies (Mahadevan 

et al., 2006; Jiang et al., 2004; Mankodi et al., 2005; Gates et al., 2011; Cardani et al., 2012). Our 

western blotting analysis of CUGBP1 protein expression confirms that CUGBP1 is overexpressed 

and more phosphorylated in DM1 muscle biopsies. However this increase was evident only in 

DM1-E2 while CUGBP1 protein levels in DM-E1 and DM1–CDM appeared to be similar to those 

observed in healthy controls. It has been suggested that in DM1 CUGBP1 may be responsible for 

muscle wasting since the transgenic mice with skeletal muscle-specific expression of CUGBP1 

reproduces the dystrophic muscle histology characteristic of DM1, while MBNL1 knockout mice 

do not exhibit severe muscle wasting (Kanadia et al., 2003; Ward et al., 2010). In our work we have 

found a clear correlation between CUGBP1 expression and the atrophy factors found in DM1 

muscles. However, when considering the different DM1 clinical phenotypes, DM1-E2 and DM1-

CDM showed the higher values of atrophy factor and the most severe muscle histopathological 

alterations nevertheless CUGBP1 was overexpressed only in DM1-E2 muscles. Contrary to DM1, 

in DM2 muscle biopsies only a slight increase of the CUGBP1 protein levels was observed in 

DM2-PDM and DM2-PROMM but not in DM2-PS. However this increase was not related to an 

increase of protein phosphorylation. In addition our data on DM2 muscle seem to suggest that 

perturbation of CUGBP1 amount are not required to produce histopathological or splicing 
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regulation defects in DM2. Thus, since sequestration of MBNL1 evidently has a central role in 

splicing misregulation in both types of DM, it appears likely that in DM1 CUGBP1 overexpression 

might be an additional pathogenic mechanism not shared by DM2. These results confirm that the 

molecular pathomechanism of DM is more complex than the one actually suggested and in 

particular that the reasons behind skeletal muscle histopathological alterations are still unclear. All 

these results were confirmed by the analysis of the progression of the muscular involvement in 

DM2 patients. The analysis of two successive biopsies of five patients indicated that muscle 

morphological alterations evolve more rapidly over time than the molecular changes. Indeed, even 

if muscle degeneration appears to be more pronounced after a 10-year interval between the two 

successive biopsies, it was already evident after 2 years. This degenerative process may explain the 

worsening of muscle symptoms like weakness and wasting. Interestingly, this worsening of muscle 

symptoms in DM2 patients may be caused by the progressive enlargement of CCTG and by the 

consequent increase of the sequestration of MBNL1 that we observed in the second biopsy of every 

DM2 patient analyzed. Moreover, it has been suggested that a reduction of CNBP levels may play a 

role in DM2 pathology and might explain phenotypic differences between DM1 and DM2 (Chen et 

al., 2007; Huichalaf et al., 2009; Pelletier et al., 2009; Raheem et al., 2010). In this work we have 

observed a reduction of CNBP both at the mRNA and protein level in DM2 muscle, however this 

reduction was not related to a worsening of muscle histology. Finally, the analysis of alternative 

splicing of IR, SERCA1, CLCN1and MBNL1 genes in two successive muscle biopsies did not 

evidence a worsening of alternative splicing alterations even after a 10-year interval between the 

two biopsies. Moreover, since it’s known that elevated concentration of intracellular Ca
2+

 can lead 

to muscle degeneration and muscle atrophy, particularly attention should be given to the analysis of 

SERCA1 alternative splicing. This mRNA was found to be more altered in the second biopsy only 

in 3 patients but with no correlation with the worsening in histopathological phenotype. All these 

data suggest that the molecular mechanisms that drive to skeletal muscle histopathological 

alterations and in particular to skeletal muscle atrophy are still unclear and that these features 

cannot be explained only by spliceopathy.  

Since many symptoms of adult form of DM1 and DM2, such as muscle weakness and wasting, 

cataracts, and cardiac arrhythmias, are reminiscent to normal aging, we decided to analyze if also 

skeletal muscle atrophy can be linked to a premature aging of skeletal muscle. Supporting this 

thesis, recent data on dystrophic skeletal muscle myonuclei have demonstrated alterations of mRNA 

pathways similar to those observed during aging (Moss and Leblond, 1971; Malatesta et al., 2009; 

2011; 2013). Moreover several studies have shown that in age-related myopathies, such as 

sarcopenia and myotonic dystrophy, the progressive muscle weakness and atrophy are characterized 
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by impaired muscle regeneration due to satellite cells premature senescence that limits their 

proliferative potential (Harper 2001; Bigot et al., 2009; Machida et al., 2006; Verdijk et al., 2007). 

Thornell et al. (2009) have shown that in DM1 muscles the number of satellite cells is increased 

compared to muscles from non-affected individuals; however, DM1 cells do not seem to be able to 

counteract the progressive muscle atrophy due to a reduced proliferative capacity triggered by a 

mechanism of premature growth arrest. To investigate if these alterations are evident also in DM2 

patients, we have analyzed if cultured DM2 myoblasts differ from myoblasts of age-matched DM1 

and normal individuals in terms of cell proliferation, morphology, differentiation and senescence 

during in vitro aging and if alterations in their proliferation potential and differentiation capabilities 

might contribute to some of the clinical and histopathological features observed in DM2 muscles. 

Our results seem indicate that DM1 and DM2 myoblasts are characterized by a premature 

proliferative growth arrest compared to healthy myoblasts suggesting that the in vivo regenerative 

capacity of DM satellite cells might be constitutively impaired. Interestingly, while the p16 pathway 

appeared to be responsible for the premature growth arrest in DM1, our results suggested that this 

mechanism was not responsible for the proliferative arrest observed in DM2 myoblasts (Bigot et al., 

2009). On the contrary, DM2 myoblasts stopped dividing with telomeres shorter than controls 

suggesting that the signaling involved in premature senescence depend on a telomere-driven 

pathway and indicating that CCTG expansion might interfere with the telomere homeostasis in 

DM2 cells. However further analysis are necessary to clarify the mechanism causing an accelerated 

telomere shortening. Critically short telomeres trigger loss of cell viability in tissues, which has 

been related to alteration of tissue function and loss of regeneration tissue capabilities (Decary et 

al., 1997; 2000). This study has shown that CTG and CCTG expansions trigger in vitro a 

mechanism of myoblast premature senescence through two different pathways, which could explain 

the different histological alterations observed between DM1 and DM2 skeletal muscle. Moreover, 

as previously reported, our results indicated that replicative senescence deregulates the myogenic 

programme resulting in impaired myogenesis (Mathieu et al., 2001; Lorenzon et al., 2004; Bigot et 

al., 2009). Indeed, even though the senescent myoblasts are still able to fuse, a significant reduction 

in the fusion index has been observed when compared with young cells. Moreover, the reduction in 

fusion index appear to be more evident in senescent myoblasts obtained from DM1 patients 

indicating that myoblasts deficiency could be responsible of the more severe muscle histopathology 

observed in DM1 compared to DM2. Thus, the histopathological defects observed in DM muscle 

such as fibre atrophy and nuclear clumps, could be due at least in part to the inability of premature 

aged myoblasts to generate myotubes able to produce mature skeletal muscle fibers or to fuse with 

existing fibers and prevent them from atrophy.  
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Finally, to better understand the mechanisms behind skeletal muscle atrophy, we decided to 

analyze another pathway involved in the regulation of skeletal muscle atrophy and hypertrophy 

which is the insulin/IGF1 pathway. Indeed, when insulin binds its receptor, the activated IR tyrosine 

kinase phosphorylates several intracellular substrates, starting a complex cascade of biochemical 

signals that mediate the metabolic or mitogenic effects by the activation of PI3K or Ras pathway 

(Belfiore et al., 2009). The insulin PI3K/Akt pathway shares most of its components with the IGF1 

(insulin-like growth factor 1) pathway intersecting at various levels. For example, insulin can also 

bind the IGF1 receptor and IGF1 can bind to the insulin receptor; furthermore, hybrids between the 

IGF1 and insulin receptors are present in skeletal muscle. It is known that insulin and IGF play an 

important role in skeletal muscle growth, development, differentiation and regeneration. They 

promote the synthesis and inhibit the degradation of muscle specific proteins through two main 

downstream effectors: mTOR, which controls protein synthesis, and FoxO, which controls protein 

degradation via the proteasomal and autophagic/lysosomal systems. Moreover, in absence of insulin 

stimulus, a loss in muscle mass and strength can be observed (Harridge 2003; Schiaffino et al., 

2011; 2013). Progressive muscle wasting and weakness are very characteristic features of both 

DM1 and DM2 but, unlike other forms of muscular dystrophy, they do not result from fiber 

degeneration accompanied by muscle fibrosis. Indeed, several studies have shown that muscle 

atrophy in myotonic dystrophy reflects a selective decrease in muscle protein synthesis suggesting 

that muscle wasting could be a result from a defect in muscle anabolism (Halliday et al., 1985; 

Griggs et al., 1990). Moreover, DMs are characterized by metabolic dysfunctions such as insulin 

resistance, hyperinsulinemia, hypertriglyceridemia, increased fat mass, and a fourfold higher risk of 

developing Diabetes mellitus type 2 (T2DM) (Meola 2000). However, in literature there are few 

studies aimed to clearly define the mechanisms underlying insulin resistance in DM. Savkur et al. 

(2001) suggested that splicing alteration of insulin receptor (IR) may play a role in peripheral 

insulin resistance. This splicing alteration leads to a higher expression of the fetal isoform A (IR-A, 

lacking exon 11) than the isoform B (Savkur et al., 2001). IR-B differs from IR-A by the inclusion 

of exon 11 that leads to a higher insulin signalling capability. However, it cannot be excluded that 

post receptor signalling abnormalities could also contribute to the insulin resistance observed in DM 

patients and that insulin response defects might play a key role in the metabolic manifestations of 

DM, potentially leading to type II diabetes and abnormal muscle protein metabolism (Moxley et al., 

1984; 1986). In this background, we decided to analyze the molecular mechanisms that induce 

insulin resistance in myotubes at five days of differentiation (T5). Alternative splicing analysis of 

the insulin receptor (IR) have shown that at five days of differentiation (T5) both DM and control 

myotubes express more fetal isoform IR-A than the adult one (IR-B). However, DM1 and DM2 
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muscle cells exhibited a lower glucose uptake after 10 nM insulin stimulation. This result is 

consistent with what was previously reported by Furling et al. (2009): these authors have shown 

that in CDM myotubes a dose of 10 nM insulin produced no stimulatory effect on glucose uptake 

and on protein synthesis. Moreover, also the activation of several proteins involved in the insulin 

pathway (p70S6K, AKT, GSK3β) appeared to be lower in DM myotubes than in controls and this 

alteration seems to be more evident in DM2 muscle cells. All these data indicate that post receptor 

signalling abnormalities might contribute to DM insulin resistance regardless the alteration of IR 

splicing. However further investigations will be necessary to understand whether these alterations 

may contribute to the histopathological changes observable in skeletal muscle. The results will lead 

to the identification of novel therapeutic approaches to prevent these features of the disease. Indeed, 

metformin is now considered as the first line drug for insulin resistance diseases, including DM, and 

it increases glucose uptake in muscle through an insulin-indipendent pathway (Kouki et al., 2005). 

In the recent years some important component of many foods like Resveratrol, Betaine and 

Carnitine have found to be insulin mimetic compounds since they activate insulin/IGF1 signalling 

pathway leading to hypertrophic effects of C2C12 murine muscle cells (Montesano et al., 2013; 

2015; Senesi et al., 2013).  Moreover Resveratrol has been shown to act on skeletal muscle 

metabolism and function and recently its influence on alternative splicing of pre-mRNA was 

studied on DM1 fibroblasts where it enhanced the inclusion of exon 11 of the IR gene, providing a 

justification of resveratrol as a leading compound to improve glucose tolerance in DM1 (Takarada 

et al., 2015). For these reasons we intend to study the effects of resveratrol, betaine and carnitine on 

insulin resistance and skeletal muscle atrophy in DM patients as alternative drugs to metformin 

since they are insulin mimetic natural compounds that might have lower side effects.  

In order to investigate the molecular mechanisms that induce insulin resistance in skeletal muscle in 

both DM1 and DM2 patients, we decided to analyze cytoskeleton organization in DM1 and DM2 

muscle cells. Indeed, it is known that the binding of insulin to its receptor activates a complex 

pathway culminating in the translocation of the glucose transporter GLUT4 into the plasma 

membrane and the cytoskeleton provides a scaffold for intracellular transport such as the movement 

of vesicles and organelles. The importance of identifying the molecular mechanisms by which 

cytoskeletal elements contribute to GLUT4 translocation is underscored by recent studies that 

highlight defects in actin dynamics in conditions of insulin resistance (JeBailey et al., 2007; Zaid et 

al, 2008). Our results indicated that in control myotubes there is an insulin-dependent 

reorganization of microtubules that is associated with a translocation of GLUT4 and in the uptake 

of glucose. These results are consistent with what other authors have previously reported. Indeed, 

some studies have shown that microtubule depolymerizing agents such as nocodazole attenuate the 

http://en.wikipedia.org/w/index.php?title=Intracellular_transport&action=edit&redlink=1
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insulin-stimulated plasma membrane fusion of GLUT4 (Liu et al., 2013; Fletcher et al., 2000). 

Interestingly, γ-tubulin staining has shown that DM muscle cells exhibit a defective microtubule 

reorganization after insulin stimulation. Moreover, DM myotubes exhibited an increase in basal 

microtubule nucleation as compared to controls. These results seem indicate that DM muscle cells 

have a global alteration in microtubule nucleation and stabilization. This alteration was consistent 

with the observed increased activation of ERK1/2 and GSK3β. Indeed, polymerization and stability 

of microtubules is regulated by a number of microtubule associated proteins (MAPs) and moreover 

ERK and GSK3β have been shown to phosphorylate and regulate the binding activity to 

microtubules of these proteins. ERK1/2 (extracellular signal-regulated kinases) belong to the family 

of MAPK (mitogen-activated protein Kinases) and are strongly activated by growth factors, 

cytokines, osmotic stress, and microtubule disorganization (Lewis et al., 1998). Moreover, once 

activated, they phosphorylate numerous substrates in all cellular compartments, including 

cytoskeletal proteins (Chen et al., 2001). GSK3β is a constitutively active protein kinase whose 

activity is inhibited by phosphorylation upon insulin stimulation. Interestingly, type 2 Diabetes 

(T2D) is strongly associated with a decrease in insulin-stimulated glycogen synthesis along with 

increased GSK3β protein levels in the muscle (Bogardus et al., 1984; Shulman et al., 1990; Kelley 

et al., 1996; Cline et al., 1999). These data indicate that microtubule abnormalities might contribute 

to insulin resistance observed in DM myotubes. However further analysis are necessary to 

understand if an alteration in other cytoskeletal proteins may be involved in the molecular 

mechanism that induce insulin resistance in myotonic dystrophy. Indeed several studies have shown 

that in DM1 and DM2 patients several proteins involved in the cytoskeleton and in vesicle transport 

undergo to an aberrant alternative splicing, supporting the hypothesis that GLUT4 trafficking, 

docking and fusion could be altered in DM muscle cells leading to insulin resistance (Nakamori et 

al., 2013; Perfetti et al., 2014). Moreover, further investigations will be necessary to identify if 

microtubule instability might be related to other clinical features of this disease. 

In conclusion, all these data suggest that the molecular mechanisms behind skeletal muscle 

atrophy in DM patients is more complicated than the one suggested and moreover this feature 

cannot be explained only by spliceopathy. Moreover, even if further investigations are necessary to 

understand how CTG and CCTG expansions lead to an alteration in satellite cells activity and in the 

regulation of the insulin/IGF1 pathway, our analysis have shown that the pathogenetic mechanisms 

in DM1 and DM2 present a number of very dissimilar features that make them clearly separate 

diseases. 

 

 



References 

31 

6. References 

 

1. Ashizawa T, Anvret M, Baiget M, Barcelo JM, Brunner H, Cobo AM, Dallapiccola B, 

Fenwick Jr RG, Grandell U, Harley H, Junien C, Koch MC, Korneluk RG, Lavedan C, 

Miki T, Mulley JC, Lopez de Munain A, Novelli G, Roses AD, Seltzer WK, Shaw DJ, 

Smeets H, Sutherland GR, Yamagata H, Harper PS. Characteristics of intergenerational 

contractions of the CTG repeat in myotonic dystrophy. Am. J. Hum. Genet.1994; 54: 414–

423. 

2. Ashizawa T, Baiget M. New nomenclature and DNA testing guidelines formyotonic 

dystrophy type 1 (DM1). The International Myotonic Dystrophy Consortium (IDMC), 

Neurology 2000; 54: 1218–1221. 

3. Ashizawa T. Myotonic dystrophy as a brain disorder. Arch. Neurol. 1998; 55:291–293. 

4. Bachinski LL, Baggerly KA, Neubauer VL, Nixon TJ, Raheem O, Sirito M, Unruh AK, 

Zhang J, Nagarajan L, Timchenko LT, Bassez G, Eymard B, Gamez J, Ashizawa T,  

Mendell JR, Udd B, Krahe R. Most expression and splicing changes in myotonic dystrophy 

type 1 and type 2 skeletal muscle are shared with other muscular dystrophies. Neuromuscul. 

Disord. 2014; 24: 227–240. 

5. Bachinski LL, Czernuszewicz T, Ramagli LS, Suominen T, Shriver MD, Udd B, 

Siciliano MJ, Krahe R. Premutation allele pool inmyotonic dystrophy type 2. Neurology 

2009; 72: 490–497. 

6. Bachinski LL, Sirito M, Bohme M, Baggerly KA, Udd B, Krahe R. Altered 

MEF2isoforms in myotonic dystrophy and other neuromuscular disorders. Muscle Nerve 

2010; 42: 856–863. 

7. Barreau C, Paillard L, Mereau A, Osborne HB. Mammalian CELF/Bruno-like 

RNAbinding proteins: molecular characteristics and biological functions. Biochimie 2006; 

88: 515–525. 

8. Bassez G, Chapoy E, Bastuji-Garin S, Radvanyi-Hoffman H, Authier FJ, Pellissier JF, 

Eymard B, Gherardi RK. Type 2 myotonic dystrophy can be predicted by the combination 

of type 2 muscle fiber central nucleation and scattered atrophy. J. Neuropathol. Exp. Neurol. 

2008; 67: 319–325. 

9. Bassez G, Lazarus A, Desguerre I, Varin J, Laforêt P, Bécane HM, Meune C, Arne-Bes 

MC, Ounnoughene Z, Radvanyi H, Eymard B, Duboc D. Severe cardiac arrhythmias in 

young patients with myotonic dystrophy type 1. Neurology 2004; 63: 1939–1941. 

10. Belfiore A, Frasca F, Pandini G, Sciacca L, Vigneri R. Insulin Receptor Isoforms and 

Insulin Receptor/Insulin-Like Growth Factor Receptor Hybrids in Physiology and Disease. 



References 

32 

Endocrine Reviews 2009; 30: 586-623. 

11. Berger DS, Moyer M, Kliment GM, van Lunteren E, Ladd AN. Expression of a dominant 

negative CELF protein in vivo leads to altered muscle organization, fiber size and subtype. 

PLoS ONE 2011; 6: e19274. 

12. Bigot A, Jacquemin V, Debacq-Chainiaux F, Butler-Browne G, Toussaint O, Furling D, 

et al. Replicative aging downregulates the myogenic regulatory factors in human myoblasts. 

Biol. Cell 2008; 100: 189-99. 

13. Bigot A, Klein AF, Gasnier E, Jacquemin V, Ravassard P, Butler-Brown G, et al. Large 

CTG repeats trigger p16-dependent premature senescence in myotonic dystrophy type 1 

muscle precursor cells. Am J Pathol 2009;174:1435-42. 

14. Bischoff R, Heintz C. Enhancement of skeletal muscle rigeneration. Dev Dyn 1994; 201:41-

54. 

15. Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP, Morin GB, et al. Extension of 

life-span by introduction of telomerase into normal human cells. Science 1998; 279: 349-52. 

16. Bogardus C, Lillioja S, Howard BV, Reaven G, Mott D. Relationships between insulin 

secretion, insulin action, and fasting plasma glucose concentration in nondiabetic and 

noninsulin-dependent diabetic subjects. J Clin Invest. 1984; 74: 1238–1246. 

17. Botta A, Caldarola S, Vallo L, Bonifazi E, Fruci D, Gullotta F, et al. Effect of the 

[CCTG]n repeat expansion on ZNF9 expression in myotonic dystrophy II (DM2). Biochimica 

et Biophysica Acta 2006; 1762: 329–34. 

18. Botta A, Vallo L, Rinaldi F, Bonifazi E, Amati F, Biancolella M, Gambardella S, 

Mancinelli E, Angelini C, Meola G, Novelli G. Gene expression analysis in myotonic 

dystrophy: indications for a common molecular pathogenic pathway in DM1 and DM2. Gene 

Expr. 2007; 13: 339–351. 

19. Brook JD, McCurrach ME, Harley HG, Buckler AJ, Church D, Aburatani H, Hunter K, 

Stanton VP, Thirion JP, Hudson T et al.: Molecular basis of myotonic dystrophy: 

expansion of a trinucleotide (CTG) repeat at the 3’ end of a transcript encoding a protein 

kinase family member. Cell 1992; 68:799-808. 

20. Bugiardini E, Rivolta I, Binda A, Soriano Caminero A, Cirillo F, Cinti A, Giovannoni R, 

Botta A, Cardani R, Wicklund MP, Meola G. SCN4A mutation as modifying factor of 

myotonic dystrophy type 2 phenotype. Neuromuscul Disord 2015; 25 (4): 301-307. 

21. Cardani R, Baldassa S, Botta A, Rinaldi F, Novelli G, Mancinelli E, et al. Ribonuclear 

inclusions and MBNL1 nuclear sequestration do not affect myoblast differentiation but alter 

gene splicing in myotonic dystrophy type 2. Neuromuscul Disor 2009;19:335-43. 



References 

33 

22. Cardani R, Giagnacovo M, Botta A, Rinaldi F, Morgante A, et al. Co-segregation of DM2 

with a recessive CLCN1 mutation in juvenile onset of myotonic dystrophy type 2. J Neurol 

2012; 259: 2090–2099. 

23. Cardani R, Giagnacovo M, Botta A, Rinaldi F, Morgante A, Udd B, Raheem O, Penttila 

S, Suominen T, Renna LV, Sansone V, Bugiardini E, Novelli G, Meola G. Co-segregation 

of DM2 with a recessive CLCN1 mutation in juvenile onset of myotonic dystrophy type 2. J. 

Neurol. 2012; 259: 2090–2099. 

24. Catterall WA, Goldin AL, Waxman SG. International Union of Pharmacology. XLVII. 

Nomenclature and structure–function relationships of voltage-gated sodium channels. 

Pharmacol. Rev. 2005; 57: 397–409. 

25. Charlet BN, Savcur RS, Singh G, Philips AV, Grice EA, Cooper TA. Loss of the 

musclespecific chloride channel in type 1 myotonic dystrophy due to misregulated alternative 

splicing. Molecular Cell 2002; 10: 45–53. 

26. Chebel S, Ben Hamda K, Boughammoura A, Frih Ayed M, Ben Farhat MH. Cardiac 

involvement in Steinert's myotonic dystrophy. Rev. Neurol. 2005; 161: 932–939. 

27. Chen, Z., T. B. Gibson, F. Robinson, L. Silvestro, G. Pearson, B. Xu, A. Wright, C. 

Vanderbilt, and M. H. Cobb. MAP kinases. Chem. Rev. 2001; 101:2449–2476. 

28. Cline GW, Petersen KF, Krssak M, Shen J, Hundal RS, Trajanoski Z, Inzucchi S, 

Dresner A, Rothman DL, Shulman GI. Impaired glucose transport as a cause of decreased 

insulin-stimulated muscle glycogen synthesis in type 2 diabetes. N Engl J Med. 1999; 341: 

240–246. 

29. Cooper RN, Tajbakhsh S, Mouly V, Cossu G, Buckingham M, et al. In vivo satellite cell 

activation via Myf5 and MyoD in regenerating mouse skeletal muscle. J Cell Sci 1999; 112: 

2895-901. 

30. Dansithong W, Jog SP, Paul S, Mohammadzadeh R, Tring S, Kwok Y, Fry RC, 

Marjoram P, Comai L, Reddy S. RNA steady-state defects in myotonic dystrophy are linked 

to nuclear exclusion of SHARP. EMBO Rep. 2011; 12: 735–742. 

31. Dansithong W, Paul S, Comai L, Reddy S. MBNL1 is the primary determinant of focus 

formation and aberrant insulin receptor splicing in DM1. J. Biol. Chem. 2005; 280: 5773–

5780. 

32. Day JW, Ranum LPW. RNA pathogenesis of the myotonic dystrophies. Neuromuscul. 

Disord. 2005; 15: 5-16. 

33. Day JW, Ricker K, Jacobsen RJ, Rasmussen LJ, Dick KA, Kress WC, Koch MC, 

Beilman GJ, Harrison AR, Dalton JC, Ranum LP. Myotonic dystrophy type 2: molecular, 



References 

34 

diagnostic and clinical spectrum. Neurology 2003; 60: 657–664. 

34. Day JW, Roelofs R, Leroy B, Pech I, Benzow K, Ranum LP. Clinical and genetic 

characteristics of a five-generation familywith a novel formofmyotonic dystrophy (DM2). 

Neuromuscul. Disord. 1999; 9: 19–27. 

35. Decary S, Hamida CB, Mouly V, Barbet JP, Hentati F, Butler-Browne GS. Shorter 

telomeres in dystrophic muscle consistent with extensive regeneration in young children. 

Neuromuscul Disord 2000;10:113-20. 

36. Decary S, Mouly V, Hamida CB, Sautet A, Barbet JP, Butler-Browne GS. Replicative 

potential and telomere length in human skeletal muscle: implications for satellite cell-

mediated gene therapy. Hum Gene Ther 1997;8:1429-38. 

37. Dello Russo A, Pelargonio G, Parisi Q, Santamaria M, Messano L, Sanna T, Casella M, 

De Martino G, De Ponti R, Pace M, Giglio V, Ierardi C, Zecchi P, Crea F, Bellocci F. 

Widespread electroanatomic alterations of right cardiac chambers in patients with myotonic 

dystrophy type 1. J. Cardiovasc. Electrophysiol. 2006; 17: 34–40. 

38. Ebralidze A, Wang Y, Petkova V, Ebralidse K, Junghans RP. RNA leaching of 

transcription factors disrupts transcription in myotonic dystrophy. Science 2004; 303: 383–

387. 

39. Eisenberg I, Alexander MS, Kunkel LM. miRNAS in normal and diseased skeletal muscle. 

J. Cell. Mol. Med. 2009; 13: 2–11. 

40. Fakan S. Perichromatin fibrils are in situ forms of nascent transcriptions. Trends Cell Biol. 

1994; 4: 86–90. 

41. Fardaei M, Rogers MT, Thorpe HM, Larkin K, Hamshere MG, Harper PS, Brook JD. 

Three proteins, MBNL, MBLL and MBXL, co-localize in vivo with nuclear foci of expanded-

repeat transcripts in DM1 and DM2 cells. Hum. Mol. Genet. 2002; 11: 805–814. 

42. Flachenecker P, Schneider C, Cursiefen S, Ricker K, Toyka KV, Reiners K. Assessment 

of cardiovascular autonomic function in myotonic dystrophy type 2 (DM2/PROMM). 

Neuromuscul. Disord. 2003; 13: 289–293. 

43. Fletcher LM, Welsh GI, Oatey PB, Tavare JM: Role for the microtubule cytoskeleton in 

GLUT4 vesicle trafficking and in the regulation of insulin-stimulated glucose uptake. 

Biochem. J. 2000; 352: 267-276. 

44. Fu YH, Pizzuti A, Fenwick RG Jr, King J, Rajnarayan S, Dunne PW et al.. An unstable 

triplet repeat in a gene related to myotonic muscular dystrophy. Science 1992; 255: 1256-

1258. 



References 

35 

45. Fugier C, Klein AF, Hammer C, Vassilopoulos S, Ivarsson Y, Toussaint A, et al. 

Misregulated alternative splicing of BIN1 is associated with T tubule alterations and muscle 

weakness in myotonic dystrophy. Nature Medicine 2011; 17: 720–5. 

46. Furling D, Marette A, Puymirat J. Insulin-like growth factor I circumvents defective insulin 

action in human myotonic dystrophy skeletal muscle cells. Endocrinology 1999. 140: 4244-

4250. 

47. Gambardella S, Rinaldi F, Lepore SM, Vihola A, Loro E, Angelini C, Vergani L, Novelli 

G, Botta A. Overexpression of microRNA-206 in the skeletal muscle from myotonic dystrophy 

type 1 patients. J. Transl. Med. 2010; 8: 48–54. 

48. Garrott HM, Walland MJ, O'Day J. Recurrent posterior capsular opacification and 

capsulorhexis contracture after cataract surgery in myotonic dystrophy. Clin. Exp. 

Ophthalmol. 2004; 32: 653–655. 

49. Gates DP, Coonrod LA, Berglund JA. Autoregulated Splicing of muscleblind-like 1 

(MBNL1) Pre-mRNA. J Biol Chem 2011; 286: 34224–34233. 

50. Greco S, De Simone M, Colussi C, Zaccagnini G, Fasanaro P, Pescatori M, Cardani R, 

Perbellini R, Isaia E, Sale P, Meola G, Capogrossi MC, Gaetano C, Martelli F. Common 

micro-RNA signature in skeletal muscle damage and re generation induced by Duchenne 

muscular dystrophy and acute ischemia. FASEB J. 2009; 23: 3335–3346. 

51. Greco S, Perfetti A, Fasanaro P, Cardani R, Capogrossi M, Meola G, Martelli F. 

DeregulatedmicroRNAs in myotonic dystrophy type 2. PLoS One 2012; 7: e39732. 

52. Griggs RC, Jozefowicz R, Kingston W, Nair KS, Herr BE, Halliday D. Mechanism of 

muscle wasting in myotonic dystrophy. Ann Neurol 1990; 27: 505-512. 

53. Halliday D, Ford GC, Edwards RH, Rennie MJ, Griggs RC. In vivo estimation of muscle 

protein synthesis in myotonic dystrophy. Ann Neurol 1985; 17: 65-69. 

54. Harridge SDR. Ageing and local growth factors in muscle. Scandinavian Journal of 

Medicine and Science in Sports 2003; 13(1): 34-39.  

55. Ho TH, Bundman D, Armstrong DL, Cooper TA. Transgenic mice overexpressing CUG-

BP1 reproduce splicing mis-regulation observed in myotonic dystrophy. Human Molecular 

Genetics 2005; 14: 1539–47. 

56. Ho TH, Charlet-B N, Poulos MG, Singh G, Swanson MS, Cooper TA. Muscleblind 

proteins regulate alternative splicing. EMBO J. 2004; 23: 3103–3112. 

57. Huichalaf C, Sakai K, Jin B, Jones K, Wang G-L, Schoser B, et al. Expansion of CUG 

RNA repeats causes stress and inhibition of translation in myotonic dystrophy 1 cells. FASEB 

Journal 2010; 24: 3706–19. 



References 

36 

58. Huichalaf C, Sakai K, Jin B, Jones K, Wang GL, Schoser B, Schneider-Gold C, Sarkar 

P, Pereira-Smith OM, Timchenko N, Timchenko L. Expansion of CUG RNA repeats 

causes stress and inhibition of translation in myotonic dystrophy 1 (DM1) cells. FASEB J. 

2010; 24: 3706–3719. 

59. Huichalaf C, Schoser B, Schneider-Gold C, Jin B, Sarkar P, Timchenko L. Reduction of 

the rate of protein translation in patients with myotonic dystrophy 2. J. Neurosci. 2009; 29: 

9042–9049. 

60. Jacobs AE, Benders AA, Oosterhof A, Veerkamp JH, van Mier P, et al. The calcium 

homeostasis and the membrane potential of cultured muscle cells from patients with myotonic 

dystrophy. Biochim Biophys Acta 1990; 1096: 14–19. 

61. JeBailey L, Wanono O, Niu W, Roessler J, Rudich A, Klip A: Ceramide- and oxidant-

induced insulin resistance involve loss of insulin-dependent Rac-activation and actin 

remodelling in muscle cells. Diabetes 2007; 56: 394-403. 

62. Jiang H, Mankodi A, Swanson MS, Moxley RT, Thornton CA. Myotonic dystrophy type 1 

is associated with nuclear foci of mutant RNA, sequestration of muscleblind proteins and 

deregulated alternative splicing in neurons. Hum Mol Genet 2004; 13: 3079–3088. 

63. Jones K, Wei C, Iakova P, Bugiardini E, Schneider-Gold C, Meola G, et al. GSK3 

mediates muscle pathology in myotonic dystrophy. Journal of Clinical Investigation 2012; 

122: 4461–72. 

64. Joseph JT, Richards CS, Anthony DC Upton M, Perez-Atayde AR, Greenstein R. 

Congenital myotonic dystrophy pathology and somatic mosaicism. Neurology 1997; 49: 

1457–1460. 

65. Junghans RP.  Dystrophia myotonia: why focus on foci? Eur. J. Hum. Genet. 2009; 17: 543–

553. 

66. Kanadia RN, Johnstone KA, Mankodi A, Lungu C, Thornton CA, Esson D, Timmers 

AM, Hauswirth WW, Swanson MS. A muscleblind knockout model for myotonic dystrophy. 

Science 2003; 302: 1978–1980. 

67. Kanadia RN, Shin J, Yuan Y, Beattie SG, Wheeler TM, Thornton CA, et al. Reversal of 

RNA missplicing and myotonia after muscleblind overexpression in a mouse poly(CUG) 

model for myotonic dystrophy. Proceedings of the National Academy of Sciences of the 

United States of America 2006; 103: 11748–55. 

68. Kanadia RN, Urbinati CR, Crusselle VJ, Luo D, Lee YJ, Harrison JK, Oh SP, Swanson 

MS. Developmental expression of mouse muscleblind genes Mbnl1, Mbnl2 and Mbnl3. Gene 

Expr. Patterns 2003; 3: 459–462. 



References 

37 

69. Kelley DE, Mintun MA, Watkins SC, Simoneau JA, Jadali F, Fredrickson A, Beattie J, 

Thériault R. The effect of non-insulin-dependent diabetes mellitus and obesity on glucose 

transport and phosphorylation in skeletal muscle. J Clin Invest. 1996; 97: 2705–2713. 

70. Kimura T, Nakamori M, Lueck JD, Pouliquin J, Aoike F, Fujimura H, Dirksen RT,  

Takahashi MP, Dulhunty AF, Sakoda S. Altered mRNA splicing of the skeletal muscle 

ryanodine receptor and sarcoplasmic/endoplasmic reticulum Ca2+- ATPase in myotonic 

dystrophy type 1. Hum. Mol. Genet. 2005; 14: 2189–2200. 

71. Kouki T, Takasu N, Nakachi A, Tamanaha T, Komiya I, Tawata M. Low-dose metformin 

improves hyperglycaemia related to myotonic dystrophy. Diabetic Medicine 2005; 22: 346–

347. 

72. Krol J, Fiszer A, Mykowska A, Sobczak K, de Mezer M and Krzyzosiak WJ. 

Ribonuclease dicer cleaves triplet repeat hairpins into shorter repeats that silence specific 

targets. Mol. Cell 2007; 25: 575–586. 

73. Kuyumcu-Martinez NM, Wang GS, Cooper TA. Increased steady-state levels of CUGBP1 

in myotonic dystrophy 1 are due to PKC-mediated hyperphosphorylation. Mol. Cell 28 2007; 

28: 68–78. 

74. Lee JE, Lee JY, Wilusz J, Tian B, Wilusz CJ. Systematic analysis of cis-elements in 

unstable mRNAs demonstrates that CUGBP1 is a key regulator of mRNA decay in muscle 

cells. PLoS One 2010; 5: e11201. 

75. Lee KS, Smith K, Amieux PS, Wang EH. MBNL3/CHCR prevents myogenic differentiation 

by inhibiting MyoD-dependent gene transcription. Differentiation 2008; 76: 299–309. 

76. Lewis, T. S., P. S. Shapiro, and Ahn NG. Signal transduction through MAP kinase 

cascades. Adv. Cancer Res. 1998; 74:49–139. 

77. Lin X, Miller JW, Mankodi A, Kanadia RN, Yuan Y, Moxley RT, Swanson MS,  

Thornton CA. Failure of MBNL1-dependent post-natal splicing transitions in myotonic 

dystrophy. Hum. Mol. Genet. 2006; 15: 2087–2097. 

78. Liquori CL, Ricker K, Moseley ML, Jacobsen JF, Kress W, Naylor SL, Day JW, Ranum 

LP. Myotonic dystrophy type 2 caused by a CCTG expansion in intron 1 of ZNF9. Science 

2001; 293:864-867. 

79. Liu LZ. Cheung SC, Lan LL, Ho SK, Chan JC, Tong PC. Microtubule network is required 

for insulin-induced signal transduction and actin remodelling. Molecular and Cellular 

Endocrinology 2013; 365 (1): 64-74. 

80. Lorenzon P, Bandi E, de Guarrini F, Pietrangelo T, Schäfer R, Zweyer M, et al. Ageing 

affects the differentiation potential of human myoblasts. Exp Gerontol 2004;39:1545-54. 



References 

38 

81. Machida S, Narusawa M. The roles of satellite cells and hematopoietic stem cells in 

impaired regeneration of skeletal muscle in old rats. Ann N Y Acad Sci 2006;1067:349-53. 

82. Magee A, Nevin NC. The epidemiology of myotonic dystrophy in Northern Ireland. 

Community Genet. 1999; 2:179–183 

83. Mahadevan M, Tsilfidis C, Sabourin L, Shutler G, Amemiya C, Jansen G, Neville C, 

Narang M, Barcelò J, O’Hoy K, et al.. Myotonic dystrophy mutation: an unstable CTG 

repeat in the 3’ untranslated region of the gene. Science 1992; 255 (5049): 1253-1255. 

84. Mahadevan MS, Yadava RS, Yu Q, Balijepalli S, Frenzel-McCardell CD, et al. 

Reversible model of RNA toxicity and cardiac conduction defects in myotonic dystrophy. Nat 

Genet 2006; 38: 1066–1070. 

85. Malatesta M, Giagnacovo M, Cardani R, Meola G, Pellicciari C. RNA processing is 

altered in skeletal muscle nuclei of patients affected by myotonic dystrophy. Histochem Cell 

Biol 2011;135:419-25. 

86. Malatesta M, Giagnacovo M, Costanzo M, Cisterna B, Cardani R, Meola G. 

Muscleblind-like1 undergoes ectopic relocation in the nuclei of skeletal muscles in myotonic 

dystrophy and sarcopenia. Eur J Histochem 2013;57:e15. 

87. Malatesta M, Giagnacovo M, Renna LV, Cardani R, Meola G, Pellicciari C. Cultured 

myoblasts from patients affected by myotonic dystrophy type 2 exhibit senescence related 

features: ultrastructural evidence. Eur J Histochem 2011;55:e26. 

88. Malatesta M, Perdoni F, Muller S, Zancanaro C, Pellicciari C. Nuclei of aged myofibres 

undergo structural and functional changes suggesting impairment in RNA processing. Eur J 

Histochem 2009;53:97-106. 

89. Mankodi A, Lin X, Blaxall BC, Swanson MS, Thornton CA. Nuclear RNA foci in the heart 

in myotonic dystrophy. Circ Res 2005; 97: 1152–1155. 

90. Mankodi A, Logigian E, Callahan L, McClain C, White R, Henderson D, et al. Myotonic 

dystrophy in transgenic mice expressing an expanded CUG repeat. Science 2000; 289: 1769–

72. 

91. Mankodi A, Logigian E, Callahan L, McClain C, White R, Henderson D, et al. Myotonic 

dystrophy in transgenic mice expressing an expanded CUG repeat. Science 2000; 289: 1769–

72. 

92. Mankodi A, Takahashi MP, Jiang H, Beck CL, Bowers WJ, Moxley RT, et al. Expanded 

CUG repeats trigger aberrant splicing of ClC-1 chloride channel pre-mRNA and 

hyperexcitability of skeletal muscle in myotonic dystrophy. Molecular Cell 2002;10: 35–44. 



References 

39 

93. Mankodi A, Teng-umnuay P, Krym M, Henderson D, Swanson M, Thornton CA. 

Ribonuclear inclusions in skeletal muscle in myotonic dystrophy types 1 and 2, Ann. Neurol. 

2003; 54: 760–768. 

94. Mankodi A, Urbinati CR, Yuan QP, Moxley RT, Sansone V, Krym M, et al. Muscleblind 

localizes to nuclear foci of aberrant RNA in myotonic dystrophy types 1 and 2. Human 

Molecular Genetics 2001; 10: 2165–70. 

95. Mankodi A., Thornton CA. Myotonic Sindromes. Curr. Opin. Neurol. 2002; 15:545-552. 

96. Masuda A, Andersen HS, Doktor TK, Okamoto T, Ito M, Andresen BS, et al. 

CUGBP1and MBNL1 preferentially bind to 3-UTRs and facilitate mRNA decay. Scientific 

Reports 2012; 2: 209. 

97. Mathieu J, Boivin H, Meunier D, Gaudreault M, Bégin P. Assessment of a disease-specific 

muscular impairment rating scale in myotonic dystrophy. Neurology 2001;56:336-40. 

98. Meola G, Cardani R. Myotonic dystrophies: An update on clinical aspects, genetic, 

pathology, and molecular pathomechanisms. Biochimica et Biophysica Acta 2014; 

http://dx.doi.org/10.1016/j.bbadis.2014.05.019 

99. Meola G, Moxley RT. Myotonic dystrophy type 2 and related disorders. J. Neurol. 2004; 

251:1173-1182. 

100. Meola G, Sansone V, Marinou K, Cotelli M, Moxley III RT, Thornton CA, De Ambroggi 

L. Proximal myotonic myopathy: a syndrome with a favourable prognosis? J. Neurol. Sci. 

2002; 193: 89–96. 

101. Meola G, Sansone V, Perani D, Scarone S, Cappa S, Dragoni C, Cattaneo E, Cotelli M, 

Gobbo C, Fazio F, Siciliano G, Mancuso M, Mitelli E, Zhang S, Krahe R, Moxley RT. 

Executive dysfunction and avoidant personality trait inmyotonic dystrophy type 1 (DM1) and 

in proximal myotonic myopathy (DM2/PROMM). Neuromuscul. Disord. 2003; 13: 813–821. 

102. Meola G, Sansone V, Radice S, Skradski S, Ptacek L. A family with an unusual myotonic 

and myopathic phenotype and no CTG expansion (proximal myotonic myopathy syndrome): a 

challenge for future molecular studies. Neuromuscul. Disord. 1996; 6: 143–150.  

103. Meola G. Clinical aspects, molecular pathomechanisms and management of myotonic 

dystrophies. Acta Myol 2013; 32 (3): 154-165. 

104. Meyuhas O. Synthesis of the translational apparatus is regulated at the translational level. 

European Journal of Biochemistry 2000; 267: 6321–30. 

105. Mientjes EJ, Willemsen R, Kirkpatrick LL, Nieuwenhuizen IM, Hoogeveen-Westerveld 

M, Verweij M, et al. Fxr1 knockout mice show a striated muscle phenotype: implications for 

Fxr1p function in vivo. Human Molecular Genetics 2004; 13: 1291–302. 



References 

40 

106. Miller JW, Urbinati CR, Teng-Umnuay P, Stenberg MG, Byrne BJ, Thornton CA, 

Swanson MS. Recruitment of human muscleblind proteins to (CUG) (n) expansions 

associated with myotonic dystrophy. EMBO J. 2000; 19: 4439–4448. 

107. Moller DE, Yokota A, Caro JF, Flier JS. Tissue-specific expression of two alternatively 

spliced insulin receptor mRNAs in man. Mol Endocrinol. 1989; 3:1263–1269. 

108. Montella L, Caraglia M, Addeo R, Costanzo R, Faiola V, Abbruzzese A, Del Prete S. 

Atrial fibrillation following chemotherapy for stage IIIE diffuse large B-cell gastric 

lymphoma in a patient with myotonic dystrophy (Steinert's disease). Ann. Hematol. 2005; 84: 

192–193. 

109. Montesano A, Luzi L, Senesi P, Mazzocchi N, Terruzzi I. Resveratrol promotes 

myogenesis and hypertrophy in murine myoblasts. Journal of Translational Medicine 2013; 

11: 310. 

110. Montesano A, Senesi P, Luzi L, Benedini S, Terruzzi I. Potential therapeutic role of L-

Carnitine in skeletal muscle oxidative stress and atrophy conditions. Oxid Med Cell Longev 

2015; 2015:646171. 

111. Moraes KC, Wilusz CJ, Wilusz J. CUG-BP binds to RNA substrates and recruits PARN 

deadenylase. RNA 2006; 12: 1084–91. 

112. Morrone A, Pegoraro E, Angelini C, Zammarchi E, Marconi G, Hoffman EP. RNA 

metabolism in myotonic dystrophy. J Clin Invest. 1997; 99: 1691–1698. 

113. Moss FP, Leblond CP. Satellite cells as the source of nuclei in muscles of growing rats. Anat 

Rec 1971;170:421-35. 

114. Mosthaf L, Grako K, Dull TJ, Coussens L, Ullrich A, McClain DA. Functionally distinct 

insulin receptors generated by tissue-specific alternative splicing. EMBO J. 1990; 9: 2409–

2413. 

115. Moxley III RT, Kingston WJ, Minaker KL, Corbett AJ, Rowe JW. Insulin resistance and 

regulation of serum amino acid levels in myotonic dystrophy. Clin Sci. 1986; 71: 429–436. 

116. Moxley III RT, Meola G, Udd B, Ricker K. Report of the 84th ENMC workshop: PROMM 

(proximal myotonic myopathy) and other myotonic dystrophy-like syndromes: 2nd workshop. 

13–15th October, 2000, Loosdrecht, The Netherlands. Neuromuscul. Disord. 2002; 12: 306–

317. 

117. Moxley RT, Corbett AJ, Minaker KL, Rowe JW. Whole body insulin resistance in 

myotonic dystrophy. Ann Neurol. 1984; 15: 157–162. 

118. Moxley RT, Livingston JN, Lockwood DH, Griggs RC, Hill RI. Abnormal regulation of 

monocyte insulin-binding affinity after glucose ingestion in patients with myotonic dystrophy. 



References 

41 

Proc Natl Acad Sci USA. 1981; 78: 2567–2571 

119. Nakamori M, Sobczak K, Puwanant A, Welle S, Eichinger K, Pandya S, Dekdebrun J, 

Heatwole CR, McDermott MP, Chen T, Cline M, Tawil R, Osborne RJ, Wheeler TM, 

Swanson MS, Moxley III RT, Thornton CA: Splicing biomarkers of disease severity in 

myotonic dystrophy. Ann. Neurol. 2013; 74: 862-872. 

120. Norwood FL, Harling C, Chinnery PF, et al. Prevalence of genetic muscle disease in 

Northern England: in-depth analysis of a muscle clinic population. Brain. 2009; 132:3175–

3186. 

121. Orengo J, Chambon P, Metzger D, Mosier DR, Snipes GL, Copper TA. Expanded CTG 

repeats within the DMPK 3-UTR causes severe skeletal muscle wasting in an inducible mouse 

model for myotonic dystrophy. Proceedings of the NationalAcademy of Sciences of the United 

States of America 2008; 105: 2646–51. 

122. Orengo JP, Ward AJ, Cooper TA. Alternative splicing dysregulation secondary to skeletal 

muscle regeneration. Ann. Neurol. 2011; 69: 681–690. 

123. Osborne RJ, Lin X, Welle S, Sobczak K, O’Rourke JR, Swanson MS, et al. 

Transcriptional and post-transcriptional impact of toxic RNA in myotonic dystrophy. Human 

Molecular Genetics 2009; 18: 1471–81. 

124. Osborne RJ, Lin X, Welle X, Sobczak K, O'Rourke JR , Swanson MS, Thornton CA. 

Transcriptional and post-transcriptional impact of toxic RNA in myotonic dystrophy. Hum. 

Mol. Genet. 2009; 18: 1471–1481. 

125. Paillard L, Omilli F, Legagneux V, Bassez T, Maniey D, Osborne HB. EDEN and 

EDENBP, a cis element and an associated factor that mediate sequence-specific Mrna 

deadenylation in Xenopus laevis embryos. EMBO Journal 1998; 17: 278–87. 

126. Paul S, Dansithong W, Kim D, Rossi J, Webster NJ, Comai L, Reddy S. Interaction of 

muscleblind, CUG-BP1 and hnRNP H proteins in DM1-associated aberrant IR splicing. 

EMBO J. 2006; 25: 4271–4283. 

127. Pelletier R, Hamel F, Beaulieu D, Patry L, Haineault C, Tarnopolsky M, Schoser B, 

Puymirat J. Absence of a differentiation defect in muscle satellite cells from DM2 patients. 

Neurobiol. Dis. 2009; 36: 181–190. 

128. Pellizzoni L, Lotti F, Maras B, Pierandrei-Amaldi P. Cellular nucleic acid binding protein 

binds a conserved region of the 5_UTR of Xenopus laevis ribosomal protein mRNAs. Journal 

of Molecular Biology 1997; 267: 264–75. 



References 

42 

129. Perbellini R, Greco S, Sarra-Ferraris G, Cardani R, Capogrossi MC, Meola G, Martelli 

F. Dysregulation and cellularmislocalization of specificmiRNAs inmyotonic dystrophy type 1. 

Neuromuscul. Disord. 2011; 21: 81–88. 

130. Perdoni F, Malatesta M, Cardani R, Giagnacovo M, Mancinelli E, Meola G, Pellicciari 

C. RNA/MBNL1-containing foci in myoblast nuclei from patients affected by myotonic 

dystrophy type 2: an immunocytochemical study. Eur. J. Histochem. 2009; 53: 151–158. 

131. Perfetti A, Greco S, Bugiardini E, Cardani R, Gaia P, Gaetano C, Meola G, Martelli M. 

Plasma microRNAs as biomarkers for myotonic dystrophy type 1. Neuromuscular. Disord. 

2014; 24: 509–515. 

132. Perfetti A, Greco S, Fasanaro P, Bugiardini E, Cardani R, Manteiga JMG, Riba M, 

Cittaro D, Stupka E, Meola G, Martelli F: Genome wide identification of aberrant 

alternative splicing events in myotonic dystrophy type 2. PLoS One 2014; 9(4): e93983. 

133. Philips AV, Timchenko LT, Cooper TA. Disruption of splicing regulated by a CUGbinding 

protein in myotonic dystrophy. Science 1998; 280: 737–741. 

134. Pisani V, Panico M, Terracciano C, Bonifazi E, Meola G, Novelli G, Bernardi G, 

Angelini C, Massa R. Preferential central nucleation of type 2 myofibers is an invariable 

feature of myotonic dystrophy type 2. Muscle Nerve 2008; 38: 1405–1411. 

135. Poulos MG, Batra R, Li M, Yuan Y, Zhang C, Darnell DB, Swanson MS. Progressive 

impairment of muscle regeneration in muscleblind-like 3 isoform knockout mice. Hum. Mol. 

Genet. 2013; 17: 3547–3558. 

136. Puymirat J, Giguère Y, Mathieu J, Bouchard JP. Intergenerational contraction of CTG 

repeats in 2 families with myotonic dystrophy type 1. Neurology 2009; 73: 2126–2127. 

137. Raheem O, Olufemi SE, Bachinski LL, Vihola A, Sirito M, Holmlund-Hampf J, et al. 

Mutant (CCTG)n expansion causes abnormal expression of zinc finger protein 9 (ZNF9) in 

myotonic dystrophy type 2. American Journal of Pathology 2010; 177: 3025–36. 

138. Ranum LP, Cooper TA. RNA-mediated neuromuscular disorders. Annual Review of 

Neuroscience 2006; 29: 259–77. 

139. Ranum LP, Rasmussen PF, Benzow KA, Koob MD, Day JW. Genetic mapping of a 

second myotonic dystrophy locus. Nat. Genet. 1998; 19: 196–198. 

140. Rau F, Freyermuth F, Fugier C, Villemin J-P, Fischer M-C, Jost B, et al. Misregulation 

of miR-1 processing is associated with heart defects in myotonic dystrophy. Nature Structural 

& Molecular Biology 2011; 18: 840–5. 

141. Rau F, Freyermuth F, Fugier C, Villemin JP, Fischer MC, Jost B, Dembele D, Gourdon 

G, Nicole A, Duboc D, Wahbi K, Day JW, Fujimura H, Takahashi MP, Auboeuf D, 



References 

43 

Dreumont N, Furling D, Charlet-Berguerand N. Misregulation of miR-1 processing is 

associated with heart defects in myotonic dystrophy. Nat. Struct. Mol. Biol. 2011; 18: 840–

845. 

142. Ravel-Chapuis A, Belanger G, Yadava RS, Mahadevan MS, DesGroseillers L, Cote J, 

Jasmin BJ. The RNA-binding protein Staufen1 is increased in DM1 skeletal muscle and 

promotes alternative pre-mRNA splicing. J. Cell Biol. 2012; 196: 699–712. 

143. Relaix F, Zammit PS. Satellite cells are essential for skeletal muscle regeneration: the cell 

on the edge returns centre stage. Development 2012; 139: 2845-56. 

144. Renault V, Thornell LE, Butler-Browne G, Mouly V. Human skeletal muscle satellite 

cells: aging, oxidative stress and the mitotic clock. Exp Gerontol 2002; 37: 1229-36. 

145. Renault V, Thornell LE, Eriksson PO, Butler-Browne G, Mouly V. Regenerative 

potential of human skeletal muscle during aging. Aging Cell 2002; 1: 132-9. 

146. Ricker K, Koch MC, Lehmann-Horn F, Pongratz D, Otto M, Heine R, Moxley RT 3
rd

. 

Proximal myotonic myopathy: a new dominant disorder with myotonia, muscle weakness, and 

cataracts. Neurology 1994; 44 (8): 1448-1452. 

147. Ricker K, Koch MC, Lehmann-Horn F, Pongratz D, Speich N, Reiners K, Schneider C, 

Moxley III RT. Proximal myotonic myopathy. Clinical features of a multisystem disorder 

similar to myotonic dystrophy. Arch. Neurol. 1995; 52: 25–31. 

148. Rusconi F, Mancinelli E, Colombo G, Cardani R, Da Riva L, Bongarzone I, et al. 

Proteome profile in myotonic dystrophy type 2 myotubes reveals dysfunction in protein 

processing and mitochondrial pathways. Neurobiology of Disease 2010; 38: 273–80. 

149. Salisbury E, Sakai K, Schoser B, Huichalaf C, Schneider-Gold C, Nguen H, et al. Ectopic 

expression of cyclin D3 corrects differentiation of DM1 myoblasts through activation of RNA 

CUG-binding protein, CUGBP1. Experimental Cell Research 2008; 314: 2266–78. 

150. Salisbury E, Schoser B, Schneider-Gold C, Wang GL, Huichalaf C, Jin B, Sirito M, 

Sarkar P, Krahe R, Timchenko NA, Timchenko LT. Expression of RNA CCUG repeats 

dysregulates translation and degradation of proteins in myotonic dystrophy 2 patients. Am. J. 

Pathol. 2009; 175: 748–762. 

151. Sansone VA, Brigonzi E, Schoser B, Villani S, Gaeta M, De Ambroggi G, Bandera F, De 

Ambroggi L, Meola G. The frequency and severity of cardiac involvement in myotonic 

dystrophy type 2 (DM2): long-term outcomes. J. Cardiol. 2013; 168: 1147–1153. 

152. Savkur RS, Philips AV, Cooper TA, Dalton JC, Moseley ML, Ranum LP, Day JW. 

Insulin receptor splicing alteration in myotonic dystrophy type 2. Am J Hum Genet. 2004; 74: 

1309-1313. 



References 

44 

153. Savkur RS, Philips AV, Cooper TA. Aberrant regulation of insulin receptor alternative 

splicing is associated with insulin resistance in myotonic dystrophy. Nat Genet 2001; 29 (1): 

40-7. 

154. Schiaffino F, Mammucari C. Regulation of skeletal muscle growth by the IGF1-Akt/PKB 

pathway: insights from genetic models. Skeletal Muscle 2011; 1(1): 4. 

155. Schiaffino S, Dyar1 KA, Ciciliot S, Blaauw B, Sandri M. Mechanisms regulating skeletal 

muscle growth and atrophy. FEBS Journal 2013; 280: 4294–4314. 

156. Schoser B, Timchenko L. Myotonic dystrophies 1 and 2: complex diseases with complex 

mechanisms. Current Genomics 2010; 11: 79–90. 

157. Schoser BG, Kress W, Walter MC, Halliger-Keller B, Lochmuller H, Ricker K. 

Homozygosity for CCTG mutation in myotonic dystrophy type 2. Brain 2004; 127: 1868–

1877. 

158. Schoser BG, Timchenko L. Myotonic dystrophies 1 and 2: complex diseases with complex 

mechanisms. Curr. Genomics 2010; 11: 77–90. 

159. Senesi P, Luzi L, Montesano A, Mazzocchi N, Terruzzi I. Betaine supllement enhances 

skeletal muscle differentiation in murine myoblasts via IGF-1 signaling activation. J Transl 

Med 2013; 11:174. 

160. Seznec H, Agbulut O, Sergeant N, Savouret C, Ghestem A, Tabti N, et al. Mice 

transgenic for the human dystrophy region with expanded CTG repeats display muscular and 

brain abnormalities. Human Molecular Genetics 2001; 10: 2717–26. 

161. Shulman G, Rothman DL, Jue R, Stein P, DeFronzo RA, Shulman RG. Quantitation of 

muscle glycogen synthesis in normal subjects and subjects with non-insulin dependent 

diabetes by 13c nuclear magnetic resonance spectroscopy. N Engl J Med. 1990; 322: 223–

228. 

162. Siciliano G, Manca M, Gennarelli M, et al. Epidemiology of myotonic dystrophy in Italy: 

reappraisal after genetic diagnosis. Clin Genet. 2001; 59:344–349 

163. Sicot G, Gourdon G, Gomez-Pereira M. Myotonic dystrophy, when simple repeats reveal 

complex pathogenic entities: new findings and future challenges. Human Molecular Genetics 

2011; 20 (2): R116-R123. 

164. Spranger M, Spranger S, Tischendorf M, Meinck HM, Cremer M. Myotonic dystrophy. 

The role of large triplet repeat length in the development of mental retardation. Arch. Neurol. 

1997; 54: 251–254. 

165. Squillace RM, Chenault DM, Wang EH. Inhibition of muscle differentiation by the novel 

muscleblind-related protein CHCR. Dev. Biol. 2002; 250: 218–230. 



References 

45 

166. Steyaert J, de Die-Smulders D, Fryns JP, Goossens E, Willekens D. Behavioral phenotype 

in childhood type of dystrophia myotonica. Am. J. Med. Genet. 2000; 96: 888–889. 

167. Suenaga K, Lee KY, Nakamori M, Tatsumi Y, Takahashi MP, Fujimura H, Jinnai K, 

Yoshikawa H, Du H, Ares Jr M, Swanson MS, Kimura T. Muscleblindlike 1 knockout 

mice reveal novel splicing defects in the myotonic dystrophy brain. PLoS One 2012; 7: 

e33218. 

168. Suominen T, Bachinski LL, Auvinen S, et al. Population frequency of myotonic dystrophy: 

higher than expected frequency of myotonic dystrophy type 2 (DM2) mutation in Finland. Eur 

J Hum Genet. 2011; 19:776–782 

169. Suominen T, Schoser B, Raheem O, Auvinen S, Walter M, Krahe R, Lochmuller H, 

Kress W, Udd B. High frequency of co-segregating CLCN1 mutations among myotonic 

dystrophy type 2 patients from Finland and Germany. J. Neurol. 2008; 255: 1731–1736. 

170. Takarada T, Nishida A, Takeuchi A, Lee T, Takeshima Y, Matsuo M. Resveratrol 

enhances splicing of insulin receptor exon 11 in myotonic dystrophy type 1 fibroblasts. Brain 

Dev 2015; 37 (7): 661-8. 

171. Tang W, Sencer S, Hamilton SL. Calmodulin modulation of proteins involved in excitation–

contraction coupling. Frontiers in Bioscience 2002; 7: 1583–9. 

172. Tang ZZ, Yarotskyy V, Wei L, Sobczak K, Nakamori M, Eichinger K, et al. Muscle 

weakness in myotonic dystrophy associated with misregulated splicing and altered gating of 

CaV1.1 calcium channel. Human Molecular Genetics 2012; 21: 1312–24. 

173. Thornell LE, Lindstöm M, Renault V, Klein A, Mouly V, Ansved T, et al. Satellite cell 

dysfunction contributes to the progressive muscle atrophy in myotonic dystrophy type 1. 

Neuropathol Appl Neurobiol 2009; 35: 603-13. 

174. Thornton CA, Griggs RC, Moxley III RT. Myotonic dystrophy with no trinucleotide repeat 

expansion. Ann. Neurol. 1994; 35: 269–272. 

175. Thornton CA. Myotonic dystrophy. Neurol Clin 2014; 32 (3): 705-719. 

176. Timchenko LT, Miller JW, Timchenko NA, DeVore DR, Datar KW, Lin L, Roberts R, 

Caskey CT, Swanson MS. Identification of a (CUG)n triplet repeat RNA-binding protein 

and its expression in myotonic dystrophy. Nucleic Acids Res. 1996; 24: 4407–4414. 

177. Timchenko LT, Salisbury E, Wang GL, Nguyen H, Albrecht JH, HersheyJWB, et al. 

Age specific CUGBP1-eIF2 complex increases translation of CCAAT/enhancer-binding 

protein beta in old liver. Journal of Biological Chem-istry 2006; 281: 32806–19. 



References 

46 

178. Timchenko NA, Patel R, Iakova P, Cai Z-J, Quan L, Timchenko LT. Overexpression of  

CUG triplet repeat-binding protein, CUGBP1, in mice inhibits myogenesis. Journal of 

Biological Chemistry 2004; 279: 13129–39. 

179. Timchenko NA, Wang GL, Timchenko LT. RNA CUG-binding protein 1 increases 

translation of 20-kDa isoform of CCAAT/enhancer-binding protein beta by interacting with 

the alpha and beta subunits of eukaryotic initiationtranslation factor 2. J. Biol. Chem. 2005; 

280: 20549–20557. 

180. Timchenko NA, Wang GL, Timchenko LT. RNA CUG-binding protein 1 increases 

translation of 20-kDa isoform of CCAAT/enhancer-binding protein beta by inter-acting with 

the alpha and beta subunits of eukaryotic initiation translation factor 2. Journal of Biological 

Chemistry 2005; 280: 20549–57. 

181. Udd B, Krahe R, Wallgren-Pettersson C, Falck B, Kalimo H. Proximal  myotonic 

dystrophy: a family with autosomal dominant muscular dystrophy, cataracts, hearing loss and 

hypogonadism: heterogeneity of proximal myotonic  syndromes? Neuromuscul. Disord. 1997; 

4: 217–288. 

182. Udd B, Meola G, Krahe R, et al. 140th ENMC International Workshop: Myotonic 

Dystrophy DM2/PROMM and other myotonic dystrophies with guidelines on management. 

Neuromuscul Disord. 2006; 16:403–413. 

183. Udd B, Meola G, Krahe R, Thornton C, Ranum L, Day J, Bassez J, Ricker K. Report of 

the 115th ENMC workshop: myotonic dystrophies. 3rd workshop, 14–16 February 2003, 

Naarden, The Netherlands. Neuromuscul. Disord. 2003; 13: 589–596. 

184. Verdijk LB, Koopman R, Schaart G, Meijer K, Savelberg HH, van Loon LJ. Satellite 

cell content is specifically reduced in type II skeletal muscle fibers in the elderly. Am J 

Physiol Endocrinol Metab 2007;292:E151- 7. 

185. Vignaud A, Ferry A, Huguet A, Baraibar M, Trollet C, Hyzewicz J, et al. Progressive 

skeletal muscle weakness in transgenic mice expressing CTG expansions is associated with 

the activation of the ubiquitin–proteasome pathway. Neuromuscular Disorders 2010; 20 (5): 

319–25. 

186. Vihola A, Bachinski LL, Sirito M, Olufemi SE, Hajibashi S, Baggerly KA, Raheem O, 

Haapasalo H, Suominen T, Holmlund-Hampf J, Paetau A, Cardani R, Meola G, Kalimo 

H, Edstrom L, Krahe R, Udd B. Differences in aberrant expression and splicing of 

sarcomeric proteins in the myotonic dystrophies DM1 and DM2. Acta Neuropathol. 2010; 

119: 465–479. 



References 

47 

187. Vihola A, Bassez G, Meola G, Zhang S, Haapasalo H, Paetau A, Mancinelli E, Rouche 

A, Hogrel JY, Laforêt P, Maisonobe T, Pellissier JF, Krahe R, Eymard B, Udd B. 

Histopathological differences of myotonic dystrophy type 1 (DM1) and PROMM/DM2. 

Neurology 2003; 60: 1854–1857. 

188. Vlasova IA, Tahoe NM, Fan D, Larsson O, Rattenbacher B, Sternjohn JR, et al. 

Conserved GU-rich elements mediate mRNA decay by binding to CUG-binding protein 1. 

Molecular Cell 2008; 29: 263–70. 

189. Wang GS, Kuyumcu-Martinez MN, Sarma S, Mathur N, Wehrens XHT, CooperTA. 

PKC inhibition ameliorates the cardiac phenotype in a mouse modelof myotonic dystrophy 

type 1. Journal of Clinical Investigation 2009; 119: 3797–806. 

190. Ward AJ, Rimer M, Killian JM, Dowling JJ, Cooper TA. CUGBPl overexpression in 

mouse skeletal muscle reproduces features of myotonic dystrophy type 1. Human Molecular 

Genetics 2010; 19: 3614–22. 

191. Wheeler TM. Myotonic Dystrophy: Therapeutic Strategies for the Future. The American 

Society for Experimental NeuroTherapeutics 2008; 5, 592–600. 

192. Whitman SA, Cover C, Yu L, Nelson DL, Zarnescu DC, Gregorio CC. Desmoplakin and 

talin 2 are novel mRNA targets of fragile X-related protein-1 in cardiac muscle. Circulation 

Research 2011; 109: 262–71. 

193. Wright WE, Shay JW. Historical claims and current interpretations of replicative aging. 

Nat Biotechnol 2002; 20: 682-8. 

194. Yadava RS, Frenzel-McCardell CD, Yu Q, Srinivasan V, Tucker AL, Puymirat J, 

Thornton CA, Prall OW, Harvey RP and Mahadevan MS. RNA toxicity in myotonic 

muscular dystrophy induces NKX2–5 expression. Nat. Genet. 2008; 40: 61–68. 

195. Zaid H, Antonescu CN, Randhawa VK, Klip A: Insulin action on glucose transporters 

through molecular switches, tracks and tethers. Biochem. J. 2008; 413: 201-215. 

196. Zhang L, Lee JE, Wilusz J, Wilusz CJ. The RNA-binding protein CUGBP1 regulates 

stability of tumor necrosis factor mRNA in muscle cells: implications for myotonic dystrophy. 

Journal of Biological Chemistry 2008;283:22457–63. 

197. Zu T, Gibbensa B, Dotya NS, Gomes-Pereira M, Huguetd A, Stone MD, Margolis J, 

Petersong M, Markowski TW, Ingram MAC, Nan Z, Forster C, Low WC, Schoser B,  

Somia NV, Clark HB, Schmechel S,  Bitterman PB, Gourdon G, Swanson MS, Moseley 

M, Ranum LPW. Non-ATG-initiated translation directed by microsatellite expansions. Proc. 

Natl. Acad. Sci. U. S. A. 2011; 108: 260–265. 

 



Part II 

 

49 

Part II 

 

Content: published papers 

 

1. Cardani R, Bugiardini E, Renna LV, Rossi G, Colombo G, Valaperta R, 

Novelli G, Botta A, Meola G. Overexpression of CUGBP1 in skeletal muscle 

from adult classic myotonic dystrophy type 1 but not from myotonic dystrophy 

type 2. Published in PLoS One 2013; 8 (12): e83777. 

50 

2. Cardani R, Giagnacovo M, Rossi G, Renna LV, Bugiardini E, Pizzamiglio C, 

Botta A, Meola G. Progression of muscle histopathology in myotonic dystrophy 

type 2. Published in Neuromuscular Disorders 2014; 24 (12): 1042 – 1053. 

62 

3. Renna LV, Cardani R, Botta A, Rossi G, Fossati B, Costa E, Meola G (2014): 

Premature senescence in primary muscle cultures of myotonic dystrophy type 2 

is not associated with p16 induction. Published in Eur J Histochem; 58 (4): 

2444. 

74 



Part II 

 

50 



Part II 

 

51 



Part II 

 

52 



Part II 

 

53 



Part II 

 

54 



Part II 

 

55 



Part II 

 

56 



Part II 

 

57 



Part II 

 

58 



Part II 

 

59 



Part II 

 

60 



Part II 

 

61 



Part II 

 

62 



Part II 

 

63 



Part II 

 

64 



Part II 

 

65 



Part II 

 

66 



Part II 

 

67 



Part II 

 

68 



Part II 

 

69 



Part II 

 

70 



Part II 

 

71 



Part II 

 

72 



Part II 

 

73 



Part II 

 

74 



Part II 

 

75 



Part II 

 

76 



Part II 

 

77 



Part II 

 

78 



Part II 

 

79 



Part II 

 

80 



Part II 

 

81 



Part II 

 

82 



Part II 

 

83 



Part II 

 

84 



Part II 

 

85 

 



Part III 

86 

 

Part III 

Post insulin receptor signalling abnormalities in myotonic dystrophy skeletal muscle cells 

1. Background and significance of the project 

Myotonic dystrophy (DM) is an autosomal dominant multisystemic disorder characterized by a 

variety of multisystemic features including myotonia, muscular dystrophy, cardiac dysfunctions, 

cerebral involvement, cataracts and insulin-resistance (Mankodi and Thornton, 2002; Meola and 

Moxley, 2004). Myotonic dystrophy type 1 (DM1) is caused by an expanded (CTG)n in the 3’ 

untranslated region of the Dystrophia Myotonic Protein Kinase (DMPK) gene, while DM2 is caused 

by the expansion of a tetranucleotidic repeat (CCTG)n in the intron 1 of the CCHC-type zinc finger, 

nucleic acid-binding protein (CNBP) gene (Brook et al., 1992; Fu et al., 1992; Mahadevan et al., 

1992; Ricker et al., 1994; Liquori et al., 2001). In both forms, the mutant transcripts accumulate in 

nuclear foci altering the function of alternative splicing regulators, CUGBP1 and MBNL1, which 

are necessary for the physiological processing of mRNAs. These alterations lead to aberrant 

alternative splicing of different genes (spliceopathy) that may explain different DM features (Taneja 

et al., 1995; Philips et al., 1998; Michalowski et al., 1999; Mankodi et al., 2001; Timchenko et al., 

2001; Ranum and Day, 2004; Day and Ranum, 2005). DMs are characterized by metabolic 

dysfunctions such as insulin resistance, hyperinsulinemia, hypertriglyceridemia, increased fat mass, 

and a fourfold higher risk of developing Diabetes Mellitus type 2 (T2DM) (Meola 2000). However, 

in literature there are few studies aimed to clearly define the mechanisms underlying insulin 

resistance in DM. Savkur et al. (2001) suggested that splicing alteration of insulin receptor (IR) may 

play a role in peripheral insulin resistance. This splicing alteration leads to a higher expression of 

the fetal isoform A (IR-A, lacking exon 11) than the isoform B (Savkur et al., 2001). IR-B differs 

from IR-A by the inclusion of exon 11 that leads to a higher insulin signalling capability, potentially 

explaining DM insulin resistance (Savkur et al., 2001; 2004; Cardani et al., 2009; Loro et al., 2010). 

However, it cannot be excluded that post receptor signalling abnormalities could also contribute to 

the insulin resistance observed in DM patients and that insulin response defects might play a key 

role in the metabolic manifestations of DM, potentially leading to type 2 diabetes and abnormal 

muscle protein metabolism (Moxley et al., 1984; 1986). 

For all these reasons, the aim of this project was to investigate the molecular mechanisms that 

induce insulin resistance in skeletal muscle cells obtained from both DM1 and DM2 patients. 

 

2. Results and Discussion 

This work has been performed on primary cultures of satellite-cell-derived myoblasts from 

biceps brachii biopsies of 3 adult DM1, 3 DM2 and 3 age-matched control patients. As reported by 
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Cardani et al. (2009), human muscle biopsy has been trimmed of blood vessels, fat and connective 

tissues and rinsed in phosphate-buffered saline, pH 7.4. The trimmed biopsies has been minced into 

pieces of 1 mm
3
, dissociated with trypsin for 45 min at 37°C and isolated muscle cells have been 

plated in proliferative medium. As reported in figure 1, myoblasts obtained from satellite cells have 

been grown in proliferative medium without insulin until 80% confluence (T0), then the 

proliferative medium has been replaced with a differentiative medium containing a lower 

concentration of serum (15% FBS in proliferative medium vs 7% FBS in differentiative medium) to 

allow the fusion and differentiation of myoblasts into myotubes. After 5 days of differentiation (T5) 

human myotubes have been starved from serum overnight and then treated with insulin to study the 

activation of the insulin pathway in DM muscle cells. 

 

 

Figure 1: Schematic representation of the protocol used for in vitro study of the insulin 

pathway. 

 

2.1 Insulin receptor splicing and expression 

In this work we have analyzed insulin receptor (IR) expression and its alternative splicing in 5 

days differentiated myotubes of healthy (control), DM1 and DM2 subjects (figure 2). The insulin 

receptor is a glycoprotein comprised of two α-subunits and two β-subunits linked by disulfide bonds 

(Whitehead et al., 2000). The binding of insulin to the α-subunit causes phosphorylation of the β-

subunit on multiple tyrosine residues. In DM the nuclear accumulation of CUG/CCUG-containing 

RNA alters the levels of splicing factors which are required for alternative splicing of IR leading to 

an increase in IR-A:IR-B ratio in skeletal muscle biopsies and muscle cells of DM patients (Savkur 

et al., 2001; 2004; Cardani et al., 2009; Loro et al., 2010). However, the expression of insulin 

receptor (IR) in DM patients is still controversial since both normal and diminished RNA and 

protein levels have been reported (Savkur et al., 2001; Moxley et al., 1981; Morrone et al., 1997; 

Furling et al., 1999). Alternative splicing of the insulin receptor has been analyzed by RT-PCR and 

our results have shown that at five days of differentiation (T5) both control and DM myotubes 

express more fetal than adult IR isoform (56,8% IR-A/Total expression in CTR vs 59,1% IR-
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A/Total expression in DM1 vs 56,6% IR-A/Total expression in DM2) (figure 2A, 2B). These results 

are consistent with those previously reported by Cardani et al. (2009) on IR alternative splicing 

regulation during human control myogenesis. Indeed, these authors reported that in control 

myoblasts (T0) and myotubes at early stages of differentiation (T4) the alternative splicing of the IR 

leads to a higher expression of the fetal isoform similar to what observed in DM muscle cells. 

Instead, at late stages of differentiation (T10), control but not DM myotubes express higher levels 

of adult IR-B isoform. QRT-PCR analysis have shown that there are no statistically significant 

differences in IR gene expression between CTR, DM1 and DM2 myotubes (figure 2C).  

 

 

Figure 2: Insulin receptor (IR) alternative splicing and expression in 5 days (T5) differentiated 

human myotubes. A) Splicing products obtained by RT-PCR amplification of RNA isolated from 

myotubes obtained from control, DM1 and DM2 patients. B) Densitometric analysis measuring the 

fraction of aberrant gene isoform IR-A in control, DM1 and DM2 myotubes. Bars represent 

standard deviation. C) IR mRNA expression in T5 myotubes from control, DM1 and DM2 patients. 

The relative amount of IR transcripts has been determined using the GAPDH as endogenous control 

genes. Bars represent standard deviation. 

 

2.2 Glucose uptake 

Resistance to insulin action in human myotubes was first investigated at glucose uptake level. 

Glucose uptake is an important biological process for studying glucose metabolism. Among many 

different methods available for measuring glucose uptake, 2-deoxyglucose (2-DG) has been widely 

used because of its structural similarity to glucose. As with glucose, 2-DG can be taken up by 

glucose transporters and metabolized to 2-DG-6-phosphate (2-DG6P). 2-DG6P, however, cannot be 

further metabolized, and thus accumulates in the cells. The accumulated 2-DG6P is directly 

proportional to 2-DG (or glucose) uptake by cells. In BioVision’s glucose uptake colorimetric assay 

kit, the 2-DG6P is oxidized to generate NADPH, which can be determined by an enzymatic 
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recycling amplification reaction. Figure 3A shows the insulin dose-response curve of 2-DG uptake 

in 5 days differentiated myotubes derived from 2 control subjects. Our results have confirmed that 

human skeletal muscle cultures provide a powerful tool for the investigation of the biochemical and 

genetic basis of peripheral insulin resistance, since glucose uptake remain responsive to insulin in 

cultured muscle cells from control subjects. In our control samples, each insulin concentration used 

induced an increase in glucose uptake. However, this increase resulted higher with 100 nM and 10 

nM insulin (1,5 fold change with 1 μM vs 3,7 fold change with 100 nM vs 4,9 fold change with 10 

nM). Since control myotubes exhibited the maximal stimulation at 10 nM insulin, we decided to 

perform the analysis of insulin resistance in DM muscle cells at this insulin concentration. The 

results of the glucose uptake assay on DM1 and DM2 myotubes have shown that DM muscle cells 

exhibit a lower glucose uptake after 10 nM insulin stimulation as compared to control cells. 

Interestingly, in DM myotubes the levels of glucose uptake after insulin stimulation were similar to 

those observed in myotubes before insulin stimulation (basal level), suggesting that the insulin 

pathway could be altered in DM muscle cells (figure 3B). These results are consistent with the 

results observed by Furling et al. (1999) in CDM (the congenital phenotype of myotonic dystrophy 

type 1) myotubes, where the treatment of CDM muscle cells with 10 nM insulin had no significant 

effect on glucose uptake. 

 

 

Figure 3: A dose-response histogram of insulin action on 2-deoxyglucose uptake in human 

myotubes. Cells were depleted of serum in DMEM containing 5,5 mM glucose (low glucose) for 16 

h and incubated in the absence or presence of insulin for 40 min at 37°C, and then 2-deoxyglucose 

uptake was measured using a colorimetric assay kit from Bio Vision. A) 2-DG uptake performed in 

control myotubes (T5) in the absence or presence of increasing concentration of insulin (1 μM, 100 

nM and 10 nM). B) 2-DG uptake performed in control, DM1 and DM2 myotubes (T5) in the 

absence or presence of 10 nM insulin. Bars represent standard deviation. 
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2.3 Insulin signaling activation 

When insulin binds its receptor, the activated IR tyrosine kinase phosphorylates several 

intracellular substrates, starting a very complex cascade of biochemical signals with two major 

signalling pathways: one mediated by the activation of PI3K and the other by the activation of RAS 

(Belfiore et al., 2009). To investigate the response to insulin stimulation, 5 days differentiated 

myotubes (T5) have been treated from 0 to 30 minutes with 10 nM insulin as described in figure 1 

and the activation of several proteins involved in PI3K pathway has been analyzed by western blot. 

As shown in figure 4, western blot analysis confirmed the glucose uptake results. Indeed, the 

analysis of AKT, p70 and GSK3β activation has shown that control myotubes at five days of 

differentiation are responsive to 10 nM insulin despite the higher expression of the fetal isoform of 

the insulin receptor. On the contrary, DM1 and DM2 myotubes exhibited a lower regulation of 

these proteins compared to controls (figure 4, 2). In particular, AKT phosphorylation in control 

myotubes increased after 5 minutes of insulin stimulation. This increase was lower in DM 

myotubes. However, while in DM1 muscle cells an increase in AKT activation was still evident at 5 

minutes of insulin stimulation, in DM2 cells insulin did not seem to have a positive effect on AKT 

activation. In control myotubes was clearly evident also an activation of p70, with a maximum 

phosphorylation at 15 minutes of insulin stimulation. Again, this increase was less evident in DM1 

muscle cells, while in DM2 myotubes the activation of this protein did not change during insulin 

stimulation. Finally, while in control myotubes insulin induced a down-regulation of the active 

GSK3β isoform (Y216-GSK3β), DM myotubes showed an increase in the expression of this 

GSK3β isoform during the 30 minutes of stimulation. These results on the insulin signaling 

activation clearly demonstrated that post receptor signaling abnormalities might contribute to DM 

insulin resistance regardless the alteration of IR splicing. 
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Figure 4: Insulin signaling activation. A) Western blot analysis of the activation of some proteins 

involved in the insulin pathway. Myotubes at 5 days of differentiation were depleted of serum in 

DMEM containing 5,5 mM glucose (low glucose) for 16 h and incubated in the absence or presence 

of 10 nM insulin for 0 to 30 min at 37°C. B) Activation of AKT in control, DM1 and DM2 

myotubes. C) Activation of p70S6K in control, DM1 and DM2 myotubes. D) Activation of GSK3β 

in control, DM1 and DM2 myotubes. Bars represent standard deviation. 

 

 

 

2.4 Cytoskeleton organization 

In order to investigate the molecular mechanisms that induce insulin resistance in skeletal 

muscle in both DM1 and DM2 patients, we decided to analyze cytoskeleton organization in DM1 

and DM2 muscle cells. Indeed, it is known that the binding of insulin to its receptor activates a 

complex pathway culminating in the translocation of the glucose transporter GLUT4 into the 

plasma membrane and the cytoskeleton provides a scaffold for intracellular transport such as the 

movement of vesicles and organelles. The importance of identifying the molecular mechanisms by 

which cytoskeletal elements contribute to GLUT4 translocation is underscored by recent studies 

that highlight defects in actin dynamics in conditions of insulin resistance (JeBailey et al., 2007; 

Zaid et al, 2008). However, there are few studies regarding cytoskeleton reorganization in response 

to insulin and no studies have been performed on human muscle cells. Since it has been observed 

that actin filaments seems to play a role in GLUT4 translocation in L6 myotubes, we firstly 

analyzed actin remodelling in control and DM myotubes. Phalloidin staining during 60 minutes of 

insulin stimulation did not show any difference in control and DM myotubes. Indeed, remodelling 

http://en.wikipedia.org/w/index.php?title=Intracellular_transport&action=edit&redlink=1
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in actin cytoskeleton was present in few myotubes and with no direct correlation with insulin 

stimulation (figure 5). These results did not confirm those reported by other authors for actin 

dynamics in L6 and C2C12 myotubes, where actin ruffles formation was evident upon insulin 

stimulation. However, these differences could be explained by the different cell line and/or by the 

different insulin concentration used (Khayat et al., 2000; Bisht and Dey, 2008; Liu et al., 2013). 

We then decided to analyze if a reorganization in microtubules network could play a role in GLUT4 

translocation after insulin stimulation, since microtubules serve as tracks for directed intracellular 

transport. Microtubules are hollow cylindrical polymers that are assembled from heterodimers 

composed of α- and β-tubulin. Confocal analysis of α-tubulin immunostaining at 0, 5, 15, 30 and 60 

minutes of 10 nM insulin stimulation did not show any remodelling of microtubule network both in 

control and DM myotubes (data not shown). However, it is well known that microtubule network is 

involved in insulin-stimulated plasma membrane translocation of GLUT4 (Fletcher et al., 2000; Liu 

et al., 2013). Therefore, our fluorescence analysis of α-tubulin could have not allowed us to observe 

the expected microtubule remodelling. For these reasons, we decided to analyze another member of 

the tubulin family, γ-tubulin, which is involved in the formation of new microtubule polymers 

(“nucleation”) that could occur in myotubes during insulin stimulation. The analysis of γ-tubulin 

staining in control myotubes (T5) has shown that there is an insulin dependent increase in 

microtubule nucleation that reach its highest level after 15 minutes of 10 nM insulin stimulation 

(figure 6, 7A). In particular, this modulation in microtubule nucleation was associated with an 

insulin-dependent increase in the percentage of cytoplasmic γ-tubulin spots that was evident in 

every myotube analyzed (15% of cytoplasmic spots at 0 minutes vs 37% of cytoplasmic spots at 5 

minutes vs 12% of cytoplasmic spots at 60 minutes) (figure 6, 7B). The results obtained in control 

myotubes confirmed the hypothesis that microtubule network is involved in insulin action in human 

muscle cells as well as in other muscle cell lines (Fletcher et al., 2000; Liu et al., 2013). 

Interestingly, γ-tubulin staining has shown that DM muscle cells exhibit a defective microtubule 

reorganization after insulin stimulation. Indeed, the number of γ-tubulin spots per myotubes did not 

increase during 60 minutes of stimulation in DM muscle cells, where on the contrary the number of 

cytoplasmic spots decreased during insulin stimulation (figure 6,7A,7B). Moreover, DM myotubes 

exhibit a 2 fold increase in microtubule nucleation before insulin stimulation as compared to 

controls. These results were confirmed by western blot, were control myotubes showed a 3 fold 

increase in γ-tubulin expression during 30 minutes of insulin stimulation, while on the contrary 

DM1 and DM2 cells exhibited a decrease in its expression (figure 7C, 7D). Taken together these 

results seem indicate that DM muscle cells have a global alteration in microtubule nucleation and 

stabilization. This alteration is consistent with the observed increased activation of ERK1/2 and 
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GSK3β (figure 4D, 7C, 7E, 7F). Indeed, polymerization and stability of microtubules is regulated 

by a number of microtubule associated proteins (MAPs) and moreover ERK and GSK3β have been 

shown to phosphorylate and regulate the binding activity to microtubules of these proteins. ERK1/2 

(extracellular signal-regulated kinases) belong to the family of MAPK (mitogen-activated protein 

Kinases) and are strongly activated by growth factors, cytokines, osmotic stress, and microtubule 

disorganization (Lewis et al., 1998). Moreover, once activated, they phosphorylate numerous 

substrates in all cellular compartments, including cytoskeletal proteins (Chen et al., 2001). GSK3β 

is a constitutively active protein kinase whose activity is inhibited by phosphorylation upon insulin 

stimulation. Interestingly, type 2 Diabetes (T2D) is strongly associated with a decrease in insulin-

stimulated glycogen synthesis along with increased GSK3β protein levels in the muscle (Bogardus 

et al., 1984; Shulman et al., 1990; Kelley et al., 1996; Cline et al., 1999). 

These data indicated that microtubule abnormalities might contribute to insulin resistance observed 

in DM myotubes. However, further analysis are necessary to understand if an alteration in other 

cytoskeletal proteins may be involved in the molecular mechanism that induce insulin resistance in 

myotonic dystrophy.  
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Figure 5: Actin dynamics during insulin stimulation. Myotubes (T5) were depleted of serum in 

DMEM containing 5,5 mM glucose (low glucose) for 16 h, incubated in the absence or presence of 

10 nM insulin for 0 to 60 min at 37°C and then fixed, permeabilized and stained for actin 

(phalloidin, red) and for nuclei (DAPI, blu). The images are representative of actin remodelling in 

control muscle cells. Scale bar 50 μM. 
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 Figure 6: Microtubule nucleation during insulin stimulation. Myotubes (T5) were depleted 

of serum in DMEM containing 5,5 mM glucose (low glucose) for 16 h, incubated in the absence or 

presence of 10 nM insulin for 0 to 60 min at 37°C and then fixed, permeabilized and double stained 

for γ tubulin (red, enlargements), fast myosin (green) and for nuclei (DAPI, blu). The images are 

representative of microtubules nucleation in control (left panel), DM1 (central panel) and DM2 

(right panel) muscle cells after 0, 15 and 60 minutes of 10 nM insulin stimulation. Scale bar 200 

μM. 
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Figure 7: Involvement in microtubule network in insulin signaling. A) Number of γ-tubulin 

spots/myotubes. Number of γ-tubulin spots counted in 5 myotubes per time point in control, DM1 

and DM2 coltures. B) Percentage of cytosolic γ-tubulin spots counted in 5 myotubes per time point 

in control, DM1 and DM2 cultures. C) Western blot analysis of the activation ERK1/2 and of the 

expression of γ-tubulin in control, DM1 and DM2 myotubes. D) Expression of γ-tubulin during 30 

minutes of 10 nM insulin stimulation in control, DM1 and DM2 myotubes. E-F) Activation of 

ERK1 and ERK2 during 30 minutes of 10 nM insulin stimulation in control, DM1 and DM2 

myotubes. Bars represent standard deviation. 

 

 

2.4 GLUT4 translocation 

In skeletal muscle, stimulation by insulin results in a significant increase in glucose uptake, 

which is mediated by the glucose transporter GLUT4, one member in a family of six glucose 

transporter proteins (Bell et al., 1993). Subcellular fraction analysis of both adipose cell and skeletal 

muscle cells has shown that upon insulin stimulation, GLUT4 appears to translocate from an 

intracellular storage compartment to the plasma membrane (Birnbaum 1992; Holman and Cushman, 

1994). Confocal analysis of 5 days differentiated myotubes (T5) immunostained for GLUT4 has 
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shown that in control cells, at basal level, the punctinate staining of GLUT4 was mainly localized in 

the perinuclear region (red arrows, figure 8). Moreover, additional punctinate staining was evident 

along the axes of control myotubes. These evidences are consistent with what other authors reported 

in C2C12 muscle cells (Ralston and Ploug, 1996). After 15 minutes of insulin stimulation, a slight 

decrease in perinuclear staining associated with the formation of additional cytoplasmic aggregates 

was evident in every control myotube analyzed (yellow arrows, figure 8). Finally, after 30 minutes 

of 10 nM insulin stimulation, GLUT4 appeared to be uniformly expressed in sarcoplasm of control 

muscle cells. These changes in GLUT4 localization at different time points of insulin stimulation 

seemed to indicate that in control myotubes insulin induced a translocation of GLUT4-storage 

vesicles. On the contrary, in both DM1 and DM2 differentiated myotubes, this movement of 

GLUT4 vesicles was not clearly evident. Indeed, in DM1 cells GLUT4 appeared to be uniformly 

express in the sarcoplasm of myotubes at every time point analyzed (figure 8). Interestingly, DM2 

myotubes showed an evident perinuclear staining at basal level as observed in controls. However, 

the formation of cytoplasmic aggregates was already evident in myotubes not stimulated with 

insulin (yellow arrows). On the contrary after 15 and 30 minutes of insulin stimulation GLUT4 

localization appeared to be uniformly expressed in DM2 cells. These results seemed to indicate that 

the translocation of GLUT4-storage vesicles is impaired in DM1 and DM2 myotubes and these 

alterations are consistent with the global alteration in microtubule nucleation observed in these 

cells. However, our analysis did not allow us to detect the plasma membrane GLUT4 localization 

either in control and in DM myotubes at the time points of insulin stimulation considered. For this 

reason, we are currently analyzing the subcellular distribution of GLUT4 by western blot after 

subcellular fractionating as previously reported by Yonemitsu et al. (2001). The results will finally 

let us understand if a defect in the translocation of GLUT4 from the perinuclear region to the 

plasma membrane could be the reason behind the impaired increase in glucose uptake observed in 

DM myotubes (figure 3). Moreover, in DM1 cells immunofluorescence analysis have shown an 

evident nuclear staining of GLUT4 that is less evident in control and DM2 samples. The nuclear 

localization of GLUT4 has never been investigated by others, and currently we are performing 

nuclear and cytoplasmic protein separation to analyze the nuclear expression of this protein in 

control, DM1 and DM2 myotubes. 
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Figure 8: Immunofluorescence localization of GLUT4 in 5 days differentiated control, DM1 and 

DM2 myotubes. Myotubes (T5) were depleted of serum in DMEM containing 5,5 mM glucose (low 

glucose) for 16 h and incubated in the absence or presence of 10 nM insulin for 0 to 60 min at 37°C, 

and then fixed, permeabilized and stained for GLUT4 (green) and for nuclei (DAPI, blu). The 

images are representative of GLUT4 translocation in control (left panel), DM1 (central panel) and 

DM2 (right panel) muscle cells after 0, 15 and 30 minutes of 10 nM insulin stimulation. Arrows 

indicate the presence of perinuclear staining (yellow arrows) and of cyoplasmic aggregates (red 

arrows). Scale bar 20 μM. 

 

 

 

3. Conclusions and future prospects 

DMs are characterized by metabolic dysfunctions such as insulin resistance, hyperinsulinemia, 

hypertriglyceridemia, increased fat mass, and a fourfold higher risk of developing Diabetes Mellitus 

type 2 (T2DM) (Meola 2000). In literature there are few studies aimed to clearly define the 
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mechanisms underlying insulin resistance in DM. Savkur et al. (2001) suggested that splicing 

alteration of insulin receptor (IR) may play a role in peripheral insulin resistance. This splicing 

alteration leads to a higher expression of the fetal isoform A (IR-A, lacking exon 11) than the 

isoform B (Savkur et al., 2001). IR-B differs from IR-A by the inclusion of exon 11 that leads to a 

higher insulin signalling capability. This study has been the first one that elucidated the molecular 

mechanisms that induce insulin resistance in DM myotubes. In particular, our results indicated that 

post receptor signalling abnormalities might contribute to DM insulin resistance regardless the 

alteration of IR splicing. However, further investigations will be necessary to understand whether 

these alterations may contribute to the histopathological changes observable in skeletal muscle. The 

results will lead to the identification of novel therapeutic approaches to prevent these features of the 

disease. Metformin is now considered the first line drug for insulin resistance diseases, including 

DM, and it increases glucose uptake in muscle through an insulin-indipendent pathway (Kouki et 

al., 2005). In the recent years, some important component of many foods like Resveratrol, Betaine 

and Carnitine have found to be insulin mimetic compounds since they activate insulin/IGF1 

signalling pathway leading to hypertrophic effects of C2C12 murine muscle cells (Montesano et al., 

2013; 2015; Senesi et al., 2013). Moreover, Resveratrol has been shown to act on skeletal muscle 

metabolism and function and recently it has been reported to influence alternative splicing of pre-

mRNA in DM1 fibroblasts where it enhanced the inclusion of exon 11 of the IR gene, providing a 

justification of resveratrol as a leading compound to improve glucose tolerance in DM1 (Takarada 

et al., 2015). For these reasons it could be interesting to study the effects of resveratrol, betaine and 

carnitine on insulin resistance and skeletal muscle atrophy in DM patients as alternative drugs to 

metformin since they are natural insulin mimetic compounds that might have lower side effects. 

In conclusion, developing therapies for the prevention and treatment of insulin resistance 

condition and muscle atrophy process will enhance the quality of life of patients affected by 

myotonic dystrophies. 
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