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ABBREVIATIONS 

 

5mC = 5-methylcytosine 

A = adenine 

APP = amyloid β precursor protein 

ASOs = antisense oligonucleotides 

ATP5MC2 = ATP synthase membrane subunit C locus 2 

BIN1 = the bridging integrator 1/ amphisphysin 2 

BSP = bisulfite Sanger sequencing PCR 

C = cytosine 

C9ORF72 ALS/FTD = C9orf72 amyotrophic lateral sclerosis /frontotemporal dementia 

CACNA1S = calcium voltage-gated channel subunit alpha 1 S 

CAPN3 = calpain  

Cas-8 = caspase 8 

CDM1 = congenital myotonic dystrophy type 1 

Celf = mice homologue for CELF1 

CELF1/CUGBP1 = CUG-binding protein 1 

CLCN1 = chloride voltage-gated channel 1 

CNS = central nervous system 

CpG = cytosine-guanine sites 

CpGi = CpG island 

CTCF = CCTC-binding factor 

cTNT = cardiac troponin C 

DM1 = myotonic dystrophy type 1 

DM1-AS = DM1 anti-sense 

DM2 = myotonic dystrophy type 2 

DM-300 = mice carrying a fragment of the human DMPK locus containing 300 repeats 

DMD = dystrophin 

DMPK = dystrophia myotonica protein kinase 

Dmpk = dystrophia myotonica protein kinase homolog in mice 
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DMSXL = mice carrying a fragment of the human DMPK locus containing 1000-1800 

repeats 

DMWD = dystrophia myotonica WD repeat-containing protein 

DNMTs = DNA methyltransferases 

DTNA = dystrobrevin alpha 

ePAL = estimated progenitor allele length 

FXPOI = fragile X-associated primary ovarian insufficiency 

FXTAS = fragile X-associated tremor/ataxia syndrome 

G = guanine 

GSK3β = glycogen synthase kinase 3 beta 

HD = Huntington’s disease 

hESCs = human embryonic stem cells 

HSALR = mice expressing human skeletal actin gene with long CTG repeats 

HTTAS = Huntingtin antisense 

iPSCs = induced pluripotent stem cells 

IR = insulin receptor 

IRES = internal ribosome entry site 

LDB3 = LIM domain binding 3 

MAPT = microtubule-associated protein tau 

Mbnl = mice homologue for MBNL1 

MBNL = muscleblind-like 

miRNA = microRNA 

MSH3 = mutS homolog 3 gene 

MYOM1 = myomesin 1  

ALPK3 = alpha kinase 3 

Myo-miR = muscle-specific microRNA 

NCOR2 = nuclear receptor corepressor 2 

NEB = nebulin 

NFIX = nuclear factor I X 

NMDAR1 = NMDA receptor 1 
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NTMR1 = myotubularin related protein 1 

PKC = protein kinase C 

PKM2 = pyruvate kinase M2 

polyGln = polyglutamine 

RAN = repeat-associated non ATG 

RBFOX2 = RNA binding fox-1 homolog-2 

RISC = RNA-induced silencing comlex 

RNAi = RNA interference 

RyR1 = ryanodine receptor 1 

SAM = S-adenyl methionine 

SCA2 = spinocerebellar ataxia type 2  

SCA31 = spinocerebellar ataxia type 31 

SCA8 = spinocerebellar ataxia type 8 

SCN5 = gene encoding for a α-subunit of the cardiac voltage channel naV1.5 

SERCA1 = sarcoplasmatic/endoplasmatic reticulum calcium ATPase 1 

SERCA2 = ion channel encoded by ATP2A2 

siRNA = small interfering RNA 

SIX5 = SIX homeobox 5 

SOS1 = SOS Ras/Rac Guanine Nucleotide Exchange Factor 1 

SP-PCR = small pool polymerase chain reaction 

T = thymine 

TBP = TATA-box binding protein 

TNNT3 = troponin T3 

TP-PCR = triplet-primed polymerase chain reaction 

TTN = titin 

U = uracil 

UTR = untranslated region 
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SYNONYMS 

 

Adult-onset DM1; classical DM1 

CTGs; repeats; CTG repeats 

Somatic mosaicism; somatic instability  

CTG expansion size; CTG size; repeat size; expansion size; CTG repeat length 

Variant repeat; interruptions
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1. MYOTONIC DYSTROPHY TYPE 1: A BRIEF SUMMARY 

Myotonic dystrophy type 1 (DM1; OMIM: 160900) is an incurable, autosomal 

dominant inherited muscular dystrophy with an overall prevalence of 1:8000 [1]. A more 

recent population-wide screening estimated a much higher prevalence, with a genetic 

prevalence at 4.8 per 10,000 individuals, making it one of the most common rare diseases 

[2]. DM1 is also known as Steinert’s disease, named after its discoverer Hans Gustav Wilhelm 

Steinert, who first described its clinical characteristics in 1909 [3]. DM1 is viewed as one of 

the most variable manifestation of a monogenic disease, characterized by its wide variability 

in both symptomatology and age of onset. It is a progressive, multi-systemic disorder, that 

strongly impairs quality of life and reduces life expectancy [4,5].  

 

2. THE CLINICAL SPECTRUM OF MYOTONIC DYSTROPHY TYPE 1 

 Due to the wide spectrum of clinical phenotype manifestation observed in DM1, in 

both symptomatology as well as age of onset, the disease has been categorized into five 

different clinical subtypes, namely congenital, childhood, juvenile, adult and late-onset DM1 

[6]. The DM1 clinical triad is distal muscle weakness, myotonia and early-onset cataracts. 

However, this triad is not always present at diagnosis, especially in the younger 

subcategories. Each clinical subtype shows therefore a distinct clinical phenotype and its 

distinct challenges in disease management (Figure 1).  

  

 

Figure 1. Main clinical symptoms of the five DM1 subcategories. Congenital, childhood, 

juvenile, adult and late-onset.  
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2.1 CONGENITAL 

The most severe and early onset subcategory in DM1 is congenital DM1 (CDM1), 

with age of onset at birth or in the first year of life [7]. The incidence of CDM1 is estimated 

to up to 1 in 47,619 live births [8] and the mortality in neonatal period is around 30-40% 

[9]. CDM1 is not only the most severe form of DM1, it also presents with symptoms unique 

to this clinical category, which are not exhibited by other DM1 subcategories. These 

symptoms already start prenatally, where CDM1 is characterized by polyhydramnios, reduced 

fetal movement and delivery is often pre-term [10]. Neonatal manifestations include 

hypotonia, respiratory failure, feeding difficulties, failure to thrive and clubfoot deformities 

[8,11,12]. Due to severe facial weakness, affected infants have an inverted V-shaped or 

´fish-shaped´ upper lip. Respiratory failure is a common cause of death in these patients in 

the first year of life [13,14].  

During childhood, congenital DM1 children show learning difficulties and delayed 

cognitive and motor milestones, as well as behavioral disorders [15,16]. Symptoms seen in 

the adult form of DM1, such as progressive myopathy, can develop from early adulthood on, 

but progression is usually slow [9].  

2.2 CHILDHOOD 

The second form of DM1 is childhood DM1, with age of onset between one and ten 

years of age. Diagnosis of childhood DM1 is complicated and it is often misdiagnosed due to 

the uncharacteristic symptom manifestation. The first signs are cognitive and learning 

abnormalities, rather than muscle impairment [17]. These abnormalities include internalizing 

disorders, borderline low intelligence and attention deficit disorders. The typical muscular 

signature, such as muscle myopathy and myotonia, can develop at varies ages, but often do 

not develop until late adolescence [9,10]. There is however, a small subset of patients in 

which muscle wasting develops during the second decade of life, with rapid worsening and 

loss of ambulation. Early heart conduction abnormalities might be present, but often the 

severe cardio-respiratory complications arise after their thirties, similar to CDM1.  

2.3 JUVENILE 

Juvenile DM1 patients are an interesting clinical subgroup, as they are often placed 

either under the childhood or adult DM1-onset umbrella. Therefore, their clinical presentation 

is not as well understood. A certain overlap can be seen between this category and the other 

two, however, juvenile onset differs from childhood DM1 in their increased presence of 

myotonia and from adult-onset due to their more pronounced central nervous system 

involvement [6]. Juvenile DM1 patients faced greater employment challenges and needed 

more frequently specialized professional attention. In addition, their phenotype is in general 

more severe compared to adult-onset in terms of myotonia, dysphagia, muscle weakness 
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and facial dysmorphism. Age of onset for this category is between eleven and twenty years 

old.  

2.4 ADULT 

The adult-onset, also known as classical DM1, is the most prevalent DM1 phenotype 

and arises typically around the third or fourth decade of life. Core features are progressive 

muscle weakness, with preferential involvement of the cranial, trunk and distal limb muscles, 

myotonia and early-onset cataracts (<50 years) [14]. Ptosis and the involvement of facial 

muscles results in a characteristic myopathic facial appearance, often accompanied by 

premature balding [18]. Cardiac conduction defects are common and the leading cause of 

death in these patients [5,19,20].  

Fatigue is one of the most impactful and debilitating DM1 symptoms and is caused 

by a combination of excessive daytime sleepiness, sleep apnea and respiratory failure [21]. 

Furthermore, gastrointestinal involvement with symptoms resembling irritable bowel 

syndrome, such as constipation, diarrhea, abdominal pain and fecal incontinence are 

commonly present [22,23]. Creatine kinase levels can be elevated and impairment of 

endocrine function is common, resulting in impaired insulin resistance, hypogonadism and 

thyroid dysfunction. Cognitive impairment in adult-DM1 varies widely, from no cognitive 

impairment to global intellectual impairment. Personality wise patients often are perceived 

as apathetic, with decreased emotional participation and a psychomotor delay [24].  

2.5 LATE-ONSET 

For late-onset DM1, symptoms manifest after the age of forty, and include low-

grade muscle weakness, premature cataracts and alopecia. Due to the mild symptom display, 

this category often goes undiagnosed or misdiagnosed, until one of the patient’s relatives 

receives a DM1 diagnosis with a more severe and earlier onset and the origin of the disease 

is investigated.  

 

3. GENETICS OF MYOTONIC DYSTROPHY TYPE 1 

The underlying genetic mutation for DM1 is a cytosine-thymine-guanine (CTG) 

expansion in the 3’ untranslated region of the dystrophia myotonica protein kinase (DMPK) 

gene on chromosome 19q13.3, which can vary in length. Healthy individuals carry between 

5 and 37 CTGs, whereas diseased individuals carry >50 repeats. When an individual carries 

between 38 and 50 repeats it is considered pre-mutational, the CTG repeat is less stable than 

in healthy individuals and there is a higher chance of expansion upon transmission [25–27]. 

Commonly, asymptomatic and/or late-onset DM1 individuals carry 50-80 CTG repeats and 

these relatively small expansions are called protomutations [28]. Over a hundred repeats is 
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associated with the adult DM1 onset, while the larger expansions (> 1000 repeats) are more 

likely to result in CDM1.  

3.1 SOMATIC INSTABILITY 

The CTG expansion is a highly unstable repeat, causing dynamic gene defects. This 

means that the CTG expansion continues to expand over time at varies speeds in different 

tissues. Ultimately, this gives rise to the phenomenon of ‘somatic mosaicism’, were different 

tissues in the same patient carry different CTG sizes and even cells of the same organ can 

have varying repeat sizes. The largest expansion sizes can be found in heart, skin and muscle 

[29,30]. The CTG expansion size is most often measured in blood, where the somatic 

mosaicism is highly biased toward expansions, contributing to the progressive nature of the 

symptomatology observed in DM1 [31–34]. However, overall the CTG expansion size is lower 

in blood and blood-derived cells compared to other tissues, such as skeletal muscle, skin and 

heart [29,30,35–37].  

The degree of somatic instability is tissue-specific, age-dependent and has been 

correlated to the original size of the repeat, often referred to as the estimated progenitor 

allele length (ePAL) [32,34,38–40]. Although, there is a strong correlation between ePAL and 

the degree of somatic instability, not all variation in somatic instability can be accounted for 

by ePAL and age [31]. In addition, cases have been found where patients with the similar 

repeat lengths develop varies degrees of somatic instability, indicating individual-specific 

modifiers [31]. These modifiers are still poorly understood. It has been postulated that 

somatic instability is a highly heritable trait, implying a role for individual-specific trans-acting 

genetic modifiers [31]. The MutS homolog 3 gene (MSH3) has been proposed as one of those 

trans-acting modifiers. It has been shown that three polymorphisms in the MSH3 were 

associated with the variation in somatic instability [41]. Additionally, variant repeats have 

been shown to have a stabilizing effect on the CTG expansion and could therefore modify 

somatic instability [42–44].  

3.2 ANTICIPATION 

The instability of the CTG expansion is also present in germline, biased towards 

expansion, and leading to larger CTG expansions in successive generations. This is known as 

genetic anticipation, where the disease severity increases and/or age of onset decreases from 

one generation to the next [14]. Although in the majority of cases expansions are 

transmitted, the occasional contraction can also be observed. A large pedigree analysis 

revealed 6.4% of all transmissions results in a contraction, which was higher for paternal 

transmissions (10%) and lower for maternal transmission (3%) [45]. The intergenerational 

instability depends on the sex, the age and CTG expansion size of the transmitting parent 

[25,46,47]. Maternal transmission, especially when the affected mother carries between 80 

and 250 repeats, results in larger expansions, often related to CDM1 offspring. In fact, CDM1 
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is almost exclusively maternally transmitted with an estimation of 87.5-91% [7], which is 

generally accompanied by CTG expansions of >1000 repeats [7,46–50]. The percentage of 

maternal transmission in other categories ranges from 30-58% in the other categories (Table 

1). Interestingly, for paternal transmission to result in larger expansions, the CTG repeat of 

the affected father is often <80 repeats, suggesting higher instability in the shorter 

expansions in males [50,51]. These transmitted larger expansions rarely result in CDM1 

offspring [8,52].  

 

Table 1. Overview of parental transmission of the five clinical subtypes observed in DM1.  

 

The maternal bias for CDM1 offspring is poorly understood. Early hypotheses pointed 

towards the presence of maternal environmental or intrauterine factors, but none have been 

found so far [50,53,54]. Recently, a role for DNA methylation status around the CTG repeat 

has been postulated, which will be discussed in the DNA methylation section of this 

introduction [55]. Estimation of intergenerational instability has proven difficult due to the 

somatic instability present in patients. Its existence however, has been supported by the 

analysis of germ cells, human embryonic stem cells (hESCs) and embryos [51,56–59]. These 

studies have shown that intergenerational instability already occurs in the very early stages 

of life, with oocytes and spermatozoa showing changes in CTG repeat length [56,57]. 

Interestingly, 14.3% of spermatozoa showed contractions while no contractions were present 

in oocytes [57].  

The clinical subtypes consist of congenital, childhood, juvenile, adult and late-onset, which show a 

decrease in severity with increasing age of onset. Age of onset shows a direct correlation with paternal 

transmission and an inverse correlation with maternal transmission. Table adapted from Lanni & 

Pearson (2019). 



Introduction 

32 

 

4. RNA TOXICITY: LEADING PATHOMECHANISM  

The mutation underlying DM1 was found to be a CTG expansion located in the 3’-

UTR of the DMPK gene in 1992, over eighty years after the first description of the disease 

[60]. At first, it was thought that the CTG expansion blocks DMPK mRNA or protein 

production, resulting in DMPK haploinsufficiency. The observation of decreased levels of 

DMPK mRNA and protein in DM1 muscle supported this notion [61]. However, Dmpk-

knockout mice did not show the characteristic DM1 pathology, only mild myopathy and 

cardiac conduction defects in older animals, which might make it a contributing factor, but 

not the main pathological mechanism [62–64].  

4.1 A TOXIC RNA GAIN-OF-FUNCTION DISORDER 

Evidence for an RNA gain-of-function mechanism was provided by the observation 

that although both wild type and mutant alleles were transcribed into mRNA, the mutant 

mRNA accumulated in the nucleus in discrete aggregates, so-called RNA foci [65]. Mouse 

models with the expanded repeat showed several DM1 features, including the presence of 

RNA foci, myotonia and a muscle histology similar to what was observed in DM1 [66–69]. 

Cytosine-uracil-guanine (CUG) expansions in mRNA with more than eleven repeats have been 

shown to form hairpin-like secondary structures, which are defined by Watson-Crick G-C base 

pairs, interrupted by U-U mismatches [70]. The RNA foci are located at the periphery of 

nuclear speckles, structures known to be enriched with small nuclear ribonucleoproteins, the 

spliceosome assembly factor SC35 and many other transcription and splicing regulating 

factors [71]. The hairpin-like secondary structures, formed by the RNA foci, were found to 

be able to dysregulate two important proteins, muscleblind-like 1 (MBNL1) and CUG-binding 

protein 1 (CELF1 or CUGBP1), which we now know stand at the base of the spliceopathy 

observed in DM1 (Figure 2) [72,73].  

4.2 SPLICING DEFECTS: A DUAL ROLE FOR MBNL1 AND CELF1  

Alternative splicing is a regulatory mechanism that modifies pre-mRNA constructs 

prior to translation and contributes to proteome complexity. This mechanism allows the 

productions of a diversity of mRNAs from a single gene by including and excluding exons 

from recently spliced RNA transcripts, which is tissue- and cell type-specific [74,75]. MBNL1 

and CELF1 are two important regulators of alternative splicing and their dysregulation 

contributes vastly to the DM1 pathology, with over thirty genes described to be affected 

(Figure 2) [76], of which a subset is described in more detail below. MBNL1 is part of the 

muscleblind-like (MBNL) family, which consists of three different isoforms. MBNL1 is 

expressed most abundantly in skeletal muscle, but is present in most tissues. MBNL2 is 

almost exclusively expressed in the central nervous system and MBNL3 expression seems to 

be more restricted to muscle cell differentiation and regeneration [72,77]. All three isoforms 
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are sequestered by RNA foci and seem to play an important role in DM1 pathology [72,78,79]. 

MBNLs have structural similarities and exon 1, 2 and 4 encode for four zinc fingers domains, 

which are important for RNA binding and splicing activities [80]. Interestingly, these zinc 

fingers domains bind 5’-YGCY-3” motifs, which are abundant in CUG expanded RNAs [81,82]. 

Additionally, the MBNL1 binding site on the cardiac troponin C (cTNT) transcripts forms 

mismatched hairpin-like structures similar to the ones observed in the expanded repeat 

[83,84]. Taken together, this gives a possible explanation as to why MBNL is sequestered to 

RNA foci, as it seems they mimic the MBNL natural binding site. MBNL sequestration leads to 

a depletion of MBNL and deregulation of the alternative splicing of numerous genes, of which 

some can be directly linked to DM1 symptomatology [76]. 

 

Figure 2. DM1’s RNA gain-of-function overview. The disease causing CTG expansion in the DMPK 

gene results in expanded mRNA transcripts, which form hairpin-like structure that sequester MBNL1 

and hyperphosphorylation and stabilization of CELF1 through PKC activation. This results in decreased 

levels of MBNL1 and overexpression of CELF1, which alters the splicing of different transcripts, 

predominantly switching to embryonic isoforms. The incorrect splicing of several transcripts is 

connected to DM1 pathology. Adapted from López-Martínez et al. (2020). Abbreviations: MBNL1= 

muscleblind-like 1; CELF1= CUG-binding protein 1; PKC= protein kinase C MAPT= microtubule-

associated protein tau; NMDAR1= NMDA receptor 1; APP= amyloid β precursor protein; SCN5= gene 

encoding for a α-subunit of the cardiac voltage channel naV1.5; cTNT= cardiac troponin C; SERCA2= 

ion channel encoded by ATP2A2; LDB3= LIM domain binding 3; TTN= titin; MYOM1= myomesin 1; 

ALPK3= alpha kinase 3; RBFOX2= RNA binding fox-1 homolog-2; CLCN1= chloride voltage-gated 

channel 1; BIN1= the bridging integrator 1; CACNA1S= Calcium voltage-gated channel subunit alpha1 

S; DTNA= dystrobrevin alpha; PKM2= pyruvate kinase M2; RyR1=ryanodine receptor 1; SERCA1= 

sarcoplasmatic/endoplasmatic reticulum calcium ATPase 1; TNNT3= troponin T3; DMD= dystrophin; 

CAPN3= calpain 3; NEB= nebulin; NTMR1= Myotubularin Related Protein 1; ATP5MC2= ATP Synthase 

Membrane Subunit C Locus 2; NCOR2= Nuclear Receptor Corepressor 2; SOS1= SOS Ras/Rac 

Guanine Nucleotide Exchange Factor 1; NFIX= Nuclear Factor I X;  IR= insulin receptor.  
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Out of the three isoforms, MBNL1 is the most contributing splicing regulator in DM1, 

due to its abundance in skeletal muscle and other tissues. Knockout mice of MBNL1 mimicked 

the molecular DM1 environment and these mice developed several DM1 features, such as 

myotonia and cataracts [78]. Entrapment of MNBL1 in nuclear RNA foci leads to a 

misregulation of alternative splicing of several transcripts. One of the best-described splicing 

alterations is the inclusion of exon 7a in the chloride voltage-gated channel 1 (CLCN1) 

transcript. This is the main chloride channel in skeletal muscle and missplicing results in one 

of the main features of DM1, namely myotonia [85,86]. Another example of a gene which 

alternative splicing is affected, is the bridging integrator 1 or amphisphysin 2 (BIN1), which 

encodes for a protein involved in tubular invaginations of membranes and is required for the 

biogenesis of muscle T tubules, structures essential for excitation-contraction coupling in 

skeletal muscle. Impairment due to the missplicing, resulting in the inactive form of BIN1, is 

coupled to muscle weakness in DM1 [87]. Intracellular calcium homeostasis plays a key role 

in muscle degeneration in DM1 and aberrant splicing of the calcium channel CaV1.1, encoded 

by the CACNA1S gene, is linked to contraction impairment and muscle weakness [88]. Insulin 

resistance in DM1 can be linked to the increased skipping of exon 11 in the insulin receptor 

(IR) [89,90]. In cardiac muscle, the missplicing of SCN5 and cTNT is well studied. The SCN5 

gene encodes for an α-subunit of the cardiac voltage channel NaV1.5. Missplicing results in 

lower conductance of the channel, which slows normal conduction and contributes to the 

cardiac conduction defects observed in DM1 [91]. The increased inclusion of exon 5 in cTNT 

might also contribute to cardiac conduction defects [89,92]. 

Where MBNL1 is predominantly involved in the missplicing events in skeletal muscle 

and heart, MBNL2 is predominantly present in the central nervous system and its depletion 

in knockout mice resulted in DM1-related abnormalities in the central nervous system [93]. 

The best-described splicing alteration due to the loss of MBNL2 is in the microtubule-

associated protein tau (MAPT) found in DM1 frontal cortex samples. The abnormal expression 

of MAPT isoforms was associated with the presence of neurofibrillary tangles containing tau 

protein, suggesting a tautopathy-like degeneration of brain tissue [94,95].  

CELF1 is the other main protein described in the spliceopathy found in DM1, but 

where MBNL1 is trapped by the nuclear RNA foci, CELF1 is not co-localizing with RNA foci. 

Although CELF1 can bind to the expanded repeats, it is not entrapped, but rather its 

expression is upregulated [96,97]. CELF1 expression is upregulated in skeletal muscle and 

cardiac muscle by hyperphosphorylation and stabilization through the inappropriate 

activation of protein kinase C (PKC) [73]. Involvement of CELF1 in DM1 pathology was 

supported by the observation that transgenic mice overexpressing CELF1 could reproduce 

splicing misregulation, as well as DM1 muscle features [98]. Although, upregulation of CELF1 

has resulted in splicing defects uniquely attributed to CELF1 [99,100], interestingly, there is 

a big overlap with genes affected by MBNL1, but in an antagonistic manner. At the embryonic 

stage, MBNL1 is primarily localized in the cytoplasm, whereas CELF1 is mostly nuclear. During 
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development, MBNL1 nuclear levels increase, while nuclear CELF1 levels decrease, inducing 

an embryonic-to-adult transition of downstream splicing targets [101,102]. In DM1, due to 

the decrease in MBNL1 and the increase in CELF1, the embryonic state is mimicked, resulting 

in increased levels of embryonic isoforms in adult tissue and subsequent DM1 

symptomatology. Examples of the antagonistic regulation are found for cTNT, IR and CLCN1 

[85,86,90].  

The main role for MBNL and CELF1 is alternative splicing regulation, but they also 

take part in other cellular processes, such as regulation of mRNA stability and decay and 

protein translation [103–106]. For example, cytoplasmic CELF1 is involved in translational 

regulation of proteins like Cyclin-dependent kinase inhibitor 1 and Myocyte Enhancer Factor 

2A, which are involved in muscle differentiation [104,105].  

In addition to the MBNL family and CELF1, other splicing regulators have been found 

to be affected. Increased levels of heterogeneous nuclear ribonucleoprotein H have been 

found in DM1 myoblasts and increased levels of Staufen1 has also been proposed to be 

involved in DM1 pathology [107,108]. Interestingly, the upregulation of Staufen1 might be 

a protective mechanism used by muscle fibers to reduce and/or delay the detrimental effects 

caused by MBNL1 depletion and CELF1 upregulation. Although several splicing defects can 

be linked to DM1 symptomatology, direct evidence of a cause-effect relationship is lacking 

and not the entire DM1 pathology can be explained. Moreover, the splicing changes observed 

in DM1 are not exclusive to the disease, as several neuromuscular disorders share these 

splicing changes [109,110]. Taken together, it is now clear that the DM1 pathomechanism is 

far more complex than originally thought.  

 

5. DISEASE MODELS FOR MYOTONIC DYSTROPHY TYPE 1 

 Disease models are quintessential in the dissection of DM1 pathology and molecular 

mechanisms. Over the past decades, several animal models, including mouse, fly, zebrafish, 

and worm have been developed to investigate DM1 pathology. For example, Drosophila 

melanogaster flies, which express a part of the DMPK gene with varying expanded repeat 

lengths using the Gal4/UAS gene expression system have been constructed. These flies form 

nuclear foci, present with cardiac defects, muscle wasting and eye degeneration [111,112]. 

Moreover, nearly 20 mouse models have contributed significant insights to DM1 pathology. 

Early mouse models were constructed by the inactivation of genes of the human DM1 locus, 

and included DMPK and SIX homeobox 5 (SIX5) knockout mice [63,64,113]. These models 

failed to reproduce the complex DM1 pathology, as only mild myopathy and the development 

of cataracts was found. The hypothesis of an RNA-gain-of-function mechanism resulted in a 

second generation of transgenic mice, expressing the toxic RNA repeats. For example, the 

overexpression of toxic CUG repeats in skeletal muscle of HSALR (human skeletal actin gene 

with long repeat length) mice [66]. Although mice containing the longest repeat of 250 CUG 
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developed a severe phenotype, including myotonia, muscle weakness and wasting was 

absent, limiting the usage of this mouse model. Two of the most extensively used animal 

models of this category are the DM-300 mice, carrying a large fragment of the human DM1 

locus, containing 300 repeats and the DMSXL mice, carrying 1000-1800 CTG repeats. The 

latter are a result of the expansion bias upon intergenerational transmission of DM-300 mice. 

DM-300 mice exhibit RNA foci, myotonia, muscle weakness and insulin resistance, among 

others [67,114,115]. The derived DMSXL mice are characterized by a more pronounced 

disease phenotype, including splicing abnormalities in muscle, heart and central nervous 

system (CNS) and an earlier onset of symptoms [116]. This model is often used to resemble 

CDM1. Although these mice exhibit the multi-systemic nature of the disease, their overall 

phenotype is rather mild, limiting their usage. Another class of mouse models is the induction 

of splicing defects, through Mbnl inactivation [78,102,117] or Celf overexpression [98,105], 

resulting in a subset of classical DM1 symptoms.  

 Although animal models have significantly contributed to our knowledge of DM1 

pathology, their development is an expensive undertaking and they have failed to completely 

reproduce the multi-systemic nature of the disease. An alternative is the use of cellular 

models, which can be divided into cell models expressing exogenous CTG repeats and DM1 

tissue-derived cells. Several cellular models have been developed that exogenously express 

the toxic expanded repeat, most often by inserting repeats in the 3’ UTR of a truncated DMPK 

gene, which are transiently or stably expressed in well-characterized human or murine cells, 

such as HeLa, HEK, or C2 cells [89,118,119]. These in vitro models show several DM1-

associated features, such as RNA foci formation and splicing defects and have been used for 

therapeutic approaches and molecular mechanism identification. The in vitro models are, 

however, limited due to the absence of DMPK genomic context.  

DM1 tissue-derived cells overcome this limitation and are a great tool for molecular 

mechanism explorations and treatment efficacy studies (Figure 3). These cells resemble the 

pool of CTG expansions present in DM1 patients and show RNA foci formation, and 

subsequent consequences leading to splicing defects and cellular dysfunction [71,72,120–

123]. DM1 tissue-derived primary cell cultures are a great way to study the disease and the 

most often used cells are myoblasts and skin fibroblasts [121,122,124–126]. Both can be 

differentiated into myotubes, which are more closely related to the muscle-like environment. 

Skin fibroblast differentiation results rather in muscle-like cells, upon MyoD transfection, 

instead of real myotubes, and are used as an alternative for hard to harvest muscle biopsies 

[123,127,128]. Although primary cells resemble the variability observed within a patient with 

regards to CTG expansion size, this can also be seen as a limitation as it adds to an already 

complex mechanism. This is worsened by the effect of clinical subtype and age at sampling 

of the patient in question. Other limitations include low biopsy availability and the entering 

of replicative senescence after a certain amount of cell divisions.  
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Replicative senescence can be circumvented by the use of immortalized cell lines, 

such as lymphoblastoid cell lines, immortalized fibroblasts, trans-differentiated fibroblasts 

and myoblasts [129–131]. The immortalization process can however potentially alter cellular 

behavior. A solution for the limited biopsy material might be the use of DM1 human 

pluripotent stem cells, which consist of both hESCs [132–135] and induced pluripotent stem 

cells (iPSCs) [136,137], which have the potential to differentiate into a wide spectrum of cell 

types, such as myotubes and neuronal cells. The ethical issues surrounding the use of hESCs 

have resulted in the development of iPSCs, and iPSCs have already been created from DM1 

primary skin fibroblasts [136,138–140]. More recently iPSCs were made from DM1 

lymphoblastoid cell lines and directly from blood, which would be an excellent non-invasive 

way to obtain iPSCs [140,141].  

 

6. THERAPEUTIC APPROACHES IN MYOTONIC DYSTROPHY TYPE 1 

 To date, no treatment to cure or halt disease progression exists for DM1 and 

management is based on symptomatic treatment. Nevertheless, great advances have been 

made in the field of therapeutics and several therapeutic targets have been discovered. These 

drugs are either targeting the root of the disease or are targeted towards ceasing specific 

DM1 symptoms. 

 One such group of potential therapies are small molecule-drug therapies, which are 

mainly already approved drugs in other illnesses and are potentially repurposed for usage in 

DM1 symptomatology control. For example, Tideglusib is a marine-derived glycogen synthase 

kinase 3 beta (GSK3β) inhibitor, initially developed to treat Alzheimer’s disease [142]. In 

Figure 3. Features of DM1 cells in vitro. Reproduced from Matloka et al. (2018).  
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DM1 skeletal muscle, GSK3β levels are elevated and its correction might prevent myopathy 

in DM1 [143]. Tideglusib was found to significantly correct GSK3β levels and CELF1 levels 

and reduces expression of toxic expanded repeats in CDM1 myoblasts [144]. The drug has 

currently gone through a phase II trial and CDM1 and childhood DM1 patients reported 

improved CNS and clinical neuromuscular symptoms [145]. One of the most common 

therapeutic paths taken is the inhibition of the interaction between expanded repeats and 

MBNL1. Currently, the most advanced therapies are MYD-0124 and ERX-963, which can bind 

the hairpin-like structure, resulting in decreased foci formation and missplicing in DM1 cells 

and animal models [146,147]. More recently, a ‘decoy’ approach has been developed, where 

a modified MBNL1 protein functions as a decoy protein due to its strong affinity to the 

expanded repeats. This modifies MBNL1 protein displaces endogenous MBNL1, restoring 

MBNL1 levels, subsequently improving missplicing [148]. Drugs targeting specific symptoms 

include metformin and resveratrol for insulin resistance [149,150], mexiletine to relieve 

myotonia [151], and thiamine to improve DM1 patient muscular strength [152]. 

 In DM1, the main focus has been on RNA-based therapies due to the toxic RNA-

gain-of-function and include RNA interference (RNAi) and antisense oligonucleotides (ASOs). 

RNAi based therapies mimic the structure of endogenously present small interfering (siRNAs) 

and microRNAs (miRNAs). siRNAs and miRNAs are small single-stranded RNAs inside a 

protein complex that can bind mRNAs, signaling their repression or degradation [153,154]. 

Chemically synthesized small RNAs that can bind to disease-causing mRNAs might repress 

their expression and alleviate symptoms. Several of these small RNAs have been engineered 

to bind to the expanded repeats in toxic DMPK transcripts. They have been found to reduce 

foci formation and improve splicing alterations [155,156]. ASOs also block gene expression, 

but through other mechanisms, such as steric blocking, splicing blocking, 5’ cap blocking and 

activation of the RNase-H machinery in the nucleus [154,157]. Steric blocking ASOs bind to 

the start codon of mRNAs, blocking the binding of ribosomes. The most studied class of ASOs 

in DM1 are the ones that activate the RNase-H machinery, directly degrading the toxic 

expanded transcripts, often referred to as gapmers. Both RNAi and ASOs effectiveness is 

hindered by bad cellular uptake and off-target effects. In DM1 cells, the cellular membrane 

has equal permeability to healthy subjects [158], and overcoming this barrier has been one 

of the major challenges in DM1 therapy development. To improve RNAi bio distribution their 

delivery by adeno-associated virus vector has been evaluated, with promising results [159]. 

With regards to ASOs, to improve cellular uptake and binding affinity, several structurally 

different ASOs have been synthesized, including the use of a phosporothioate backbone in 

conjunction with sugar modifications, the use of locked 2’-nucleid acids, and 2’,4’-bridged 

nucleic acids [160,161]. Both steric blockers [162–166] and gapmers [118,167–169] have 

been tested in DM1 cells and animal models, with mixed results. For example, a 25 base-pair 

ASO restored MBNL1 loss in DM1 mouse models [162]. The advantage of RNA blocking is 

that wild-type DMPK mRNA is protected. Nevertheless, most advancement has been made 

with gapmers. A gapmer with RNase-H degradation activity developed by IONIS 
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pharmaceuticals has entered clinical trials 

(https://clinicaltrials.gov/ct2/show/NCT02312011), and although murine models and DM1 

cells have previously shown good results [167,168], the trial was discontinued due to 

inadequate therapeutic benefits, probably caused by poor penetrance of the skeletal muscle 

(https://strongly.mda.org/ionis-reports-setback-dmpkrx-program-myotonic-dystrophy/). A 

more recent development on gene therapy level is the use of CRISPR-Cas9 (clustered 

regularly interspaced short palindromic repeats-associated protein 9) genetic scissors, which 

directly eliminates the expanded repeat at DNA level, and therefore eradicating the entire 

DM1 pathology [170,171]. 

Another class of therapeutic targets are miRNAs, as a global miRNA deregulation in 

DM1 is present, which can be linked to the clinical phenotype (discussed in detail in the 

miRNA section of this introduction). This opens up the possibility of them also being 

therapeutic targets. Several studies have been conducted, primarily focusing on miRNAs that 

are associated with the two important splicing regulators MBNL1 and CELF1. MBNL1 

expression levels can be increased by either using artificial miRNA mimics of for example 

miR-1, with the goal to ‘overexpress’ miR-1, an upregulator of MBNL1 expression or by using 

anti-miRs (miR-30-5-p, miR-23b, miR-218) to inhibit miRNAs that negatively regulate MBNL1 

expression [172–174]. For CELF1, mi-206 and miR-23a/b have been shown to inhibit CELF1 

expression, therefore the use of artificial miRNA mimics to overexpress miR-206 and miR-

23a/b have been proposed to inhibit CEFL1 expression [175,176]. In both cases, MBNL1 

upregulation and CELF1 downregulation would potentially reverse spliceopathy and alleviate 

related symptoms. 

  

7. DISEASE MODIFIERS 

There is still a vast part unknown about the origin of the wide variability in DM1 

clinical phenotype and the disease is far more complex than originally thought. In the past 

few decades, several emerging disease modifiers have been discovered and further research 

is needed to fully understand their contribution to the molecular pathomechanisms and more 

importantly to the phenotypic variability observed in DM1 patients. Both to be able to manage 

the disease more accurately and to find new targets for therapies. 

7.1 DISEASE MODIFIERS AT GENETIC LEVEL 

As DM1 is a monogenic disorder, caused by a CTG expanded repeat in the DMPK 

gene, it was one of the first places to look to account for the phenotypic variability observed 

in DM1. The CTG expansion can vary in length, somatically as well as generationally, 

potentially explaining part of the variability found in DM1. Additionally, in more recent years, 

it was found that the CTG expanded repeat can carry variant repeats in a subset of patients, 

which can also be a potential genetic modifier of the disease.  

https://strongly.mda.org/ionis-reports-setback-dmpkrx-program-myotonic-dystrophy/
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 7.1.1 CTG EXPANSION SIZE CORRELATES TO DISEASE PHENOTYPE 

The CTG expansion can vary in size, increases over time in a tissue-specific manner 

and larger expansions can be passed down to subsequent generations. The inheritance of a 

larger expansion is thought to account for the different clinical subtypes observed in DM1 

and the general consensus is that the CTG expansion size in blood correlates to the disease 

severity and age of onset, where bigger CTG expansions relate to a lower age of onset and 

a more severe disease manifestation (Figure 4). CDM1, the most severe form, is often 

associated with CTG repeats surpassing a thousand repeats, whereas adult DM1 is associated 

with ≥100 repeats, but not surpassing 1000 repeats. The mildest form, late-onset, often 

does not show expansions over 150 CTG repeats [14]. However, quite an extensive overlap 

in the repeat size ranges has been observed in the different clinical subtypes (Figure 4) 

[6,55,177]. Furthermore, the somatic mosaicism present in the tissues of DM1 patients 

makes it challenging to draw genotype-phenotype correlations and gives these correlations 

little predictive value. The correlations to age of onset and disease severity were only present 

or at least stronger below a certain threshold, either ≤400 CTG repeats  [178] or ≤250 CTGs 

[179].  

 

Figure 4. Estimated CTG expansion sizes across the clinical subtypes of DM1. The highest 

CTG expansion sizes are observed with the congenital cases, with a downward gradient with increasing 

age of onset. However, sizes are variable and much overlap exists. Adapted from Lanni & Pearson 

(2019). 
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Traditionally, molecular diagnosis of DM1 was done by a Southern Blot analysis of 

restriction-enzyme digested genomic blood. This set-up showed the expanded repeat usually 

as big smears, instead of discrete bands and the mid-part of the smear was taken as the CTG 

expansion size [60,61,180]. The problem is that this method does not account for the 

confounding effect of the somatic instability and the age of sampling. To eliminate the 

confounding effect of somatic mosaicism, a new method was developed where small amount 

of input DNA is used in small pool polymerase chain reaction (SP-PCR), resulting in discrete 

bands and the ability to more accurate predict CTG expansion size [181]. Furthermore, it 

gives the opportunity to establish the ePAL, which is thought to be the allele transmitted from 

the parent. This allows to correct for somatic instability and age at sampling, resulting in 

more accurate genotype-phenotype correlations, based on an individual-specific variation 

level [31–34,41]. These studies revealed that not only the CTG expansion size, but also the 

degree of somatic instability could be linked to disease severity, adding an additional genetic 

modifier.  

In addition to the correlation of the CTG expansion size to overall disease severity, 

attempts have been made to link the CTG expansion size to individual DM1 symptoms. For 

example, the CTG length measured in blood associates with cardiac involvement, where 

higher expansions were correlated to sudden death, conduction defects, left ventricular 

dysfunction and supraventricular arrhythmias [182,183]. Furthermore, it has been shown to 

relate to the muscular profile of DM1, such as muscle weakness,  and myotonia [33,184,185], 

to cognitive deficits [186], and to respiratory function [33,187]. Genotype-phenotype 

correlations are hindered by the degree of somatic instability and the age at sampling, as 

previously mentioned. Additionally, the method of CTG expansion sizing can cause 

discrepancies. A study by our group has shown that the usage of different sizing methods 

commonly used in the DM1 field, resulted in differential CTG sizes for the same patient, 

further complicating genotype-phenotype correlations [188].  

7.1.2 VARIANT REPEATS: DISEASE STABILIZERS 

Where it was long thought that the CTG expansion was an uninterrupted sequence, 

in the last two decades increasing evidence was found for the existence of variant repeats 

within the CTG expansion. To date, the known pathological variant expansions contain either 

unstable CCG, CTC, GGC or cytosine-adenine-guanine (CAG) sequence interruptions at the 

3’ end [26,43,189–191] or less frequently at the 5’ end [190,192] (Figure 5). The most 

common variant repeat found is the CCG variant, which can be found as single repeats, in 

CCGCTG hexamers or as small or large (CCG)n arrays. Variant repeats are estimated to be 

present in 3-5% of the population [26,43,189–191], but this could be an underestimation 

due to the limitations of current techniques, as they are limited to the outer regions of the 

CTG expansion. Variant repeats are hypothesized to originate from rare base pair 

substitutions, which then spread during DNA metabolism processes [42]. This is supported 

by the finding of de novo variant repeats [26,44].   
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Variant repeats have been linked to disease phenotype, but results are controversial 

(Figure 5). The most observed finding is the delay in age of onset in interrupted versus non-

interrupted DM1 patients [26,189,190]. Large cohort screenings have found that interrupted 

patients showed a delay in age of onset of 13.2 years [34] or seven years  [193] compared 

to pure repeat DM1 patients. Moreover, to date no congenital or childhood forms have been 

found carrying the variant repeats [43,189,192]. Although it is often reported to associate 

with a delay in age of onset, there are exceptions where a variant repeat resulted in an earlier 

age of onset than expected [26].  

 

In addition to the delay in age of onset, a milder phenotype is often mentioned 

[26,44,189,190,193,194], where variant repeat carrying DM1 patients have shown less 

severe muscle weakness, less myotonia and better respiratory function. Moreover, it was 

shown that variant repeat containing sequences were associated with a significant decrease 

in the severity of progressive symptoms [33]. Moreover, CNS involvement in variant repeat 

carrying DM1 patients seems limited and they are found to do better in terms of cognitive 

and behavioral performance [34,193]. A possible explanation to the observed milder 

phenotype is the potentially stabilizing effect of the variant repeats in both somatic and 

germline cells. Variant repeat carrying individuals have shown a more stable 

intergenerational transmission and a lesser degree of somatic instability [26,43,192,195]. 

Interestingly, this is independent of the size, location and pattern of the interruptions. Even 

Figure 5. Variant repeats scheme. Variant repeats found in DM1 at the 5’ end and the 3’ end region 

of the CTG expansion, which are associated with several clinical attributes, including milder 

phenotype, delayed age of onset and atypical phenotypes. Abbreviations: CNS= central nervous 

system; DM2= myotonic dystrophy type 2. 
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a single interruption can result in a more stable CTG expansion [192,195]. The stabilizing 

effect in germ line cells has resulted in the transmission of either similar or shorter CTG 

expansions in offspring [26,43,189,196], independent of parental transmission. More 

precisely, interrupted DM1 patients vs. non-interrupted patients showed, upon transmission, 

a higher prevalence of stable or contracted repeats (68.4 vs 6.4%) and a lower frequency of 

expansion (31.6% vs. 93.6%) [42]. Contradictory to the milder phenotype, either no 

differences or a worsening of symptoms compared to pure repeat carrying DM1 patients has 

also been found [189,191]. Of note, Cumming and collaborators have found variant repeats 

to interfere with genetic diagnosis of DM1, where an individual with mild symptoms and 

dominant family history showed normal CTG repeat sizes after triplet-primed polymerase 

chain reaction (TP-PCR). However, further analysis revealed an expanded CTG repeat, 

carrying variant repeats [197].  

Another observation regarding associations to clinical phenotype is the finding of 

both atypical and extremely complex phenotypes. For example, two independent studies 

have found a clinical phenotype more resembling the DM2 phenotype rather than DM1, with 

proximal weakness, calf hypertrophy and the absence of myotonia [26,191]. An extremely 

complex neurological phenotype was observed in a Dutch family, where the variant carrying 

DM1 family was associated with Charcot-Marie-Tooth disease [43].  These vast differences 

in clinical presentation and age of onset may be explained by the difference in variant repeat 

patterns, as almost each individual shows a unique pattern, with a wide variety in type, size 

and location of these variant repeats, which at least in part, can explain some of the 

intervariability found.  

7.2 DISEASE MODIFIERS AT TRANSCRIPTIONAL LEVEL 

The expanded mRNA transcripts have been shown to stand at the base of the disease 

by an RNA gain-of-function mechanism due to accumulation of expanded mRNA transcripts, 

leading to a spliceopathy. Other transcriptional mechanisms have been proposed to 

contribute to DM1 pathology, including altered gene expression profiles and bidirectional 

transcription.  

7.2.1 ALTERED GENE EXPRESSION LEVELS SURPASSING THE DMPK GENE 

As mentioned above, the expanded mRNA transcripts are trapped inside the nucleus, 

which prevents protein translation, but additionally it has been found that the mRNA DMPK 

levels themselves are downregulated [61,198,199]. However, findings are not unanimous 

[200]. The decrease in DMPK mRNA levels might contribute to further depletion of the DMPK 

protein in DM1 patients. The DMPK gene resides in a crowded part of chromosome 19, with 

several genes overlapping, raising the question whether the expanded repeat in the 3’UTR 

might have an effect on expression levels of neighboring genes as well; further worsening 

DM1 pathology. Indeed, the downstream adjacent and partly overlapping SIX5 gene has 
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been shown to have lower mRNA expression levels, whereas the upstream Dystrophia 

myotonica WD repeat-containing protein (DMWD) gene seems to not be altered [201,202]. 

SIX5 downregulation might contribute to DM1 pathology as SIX5 knockout mice have been 

found to develop cataracts [113]. Furthermore, the expanded mRNA transcripts have been 

found to have other roles besides alternative splicing misregulation through MBNL1 and 

CELF1. For example, expanded CUG repeats can be processed into small RNAs, that can 

activate an RNA interference pathway to silence specific targets and increase toxicity [203].  

7.2.2 BIDIRECTIONAL TRANSCRIPTION: DOUBLE THE TROUBLE 

Another emerging transcriptional disease modifier is the mechanism of bidirectional 

transcription, where transcription occurs in both the sense and antisense direction at the 

gene locus. Antisense transcripts have been found to play a role in several microsatellite 

expansion disorders, such as Huntington’s disease (HD), spinocerebellar ataxia type 8 (SCA8) 

and also in both Myotonic Dystrophies [204]. Of note, the mechanism of bidirectional 

transcription is not disease inducing per se, as wild-type alleles also produce antisense 

transcripts, and are emerging as important regulators of gene expression [205–207]. They 

have been found to regulate gene expression and genome integrity by interfering with sense 

transcription, and modulation of histone modifications and DNA methylation [208,209]. Over 

70% of transcripts in humans are bidirectionally transcribed [210]. Antisense transcripts are 

generally low in abundance and preferentially retained in the nucleus [211,212]. The process 

of bidirectional transcription in itself is not pathogenic, but deregulation in its expression or 

in terms of microsatellite expansion disorders, the inclusion of the expansion, might be. 

Indeed, both overexpression of certain antisense transcripts and the presence of the 

expanded repeat have been linked to disease. For example in HD, Huntingtin antisense 

(HTTAS) is alternatively spliced into HTTAS-v1 and HTTAS-v2, of which the former has been 

observed to be downregulated in human HD frontal cortex, and in in vitro models 

overexpression of HTTAS-v1 resulted in reduced levels of Huntingtin, suggesting a role for 

HTTAS-v1 in Huntingtin regulation and HD progression [213]. Moreover, in spinocerebellar 

ataxia type 2 (SCA2), bidirectional transcription of the gene was present in both SCA2 and 

controls, but only the presence of the expanded antisense transcript led to cell death of 

primary mouse cortical neurons and formed RNA foci in SCA2 human cerebella, most likely 

co-localizing with MBNL1 [214]. 

DM1 anti-sense (DM1-AS) transcription was first described by Cho and collaborators 

in 2005 [215]. An antisense transcript, emanating from the adjacent SIX5 regulatory region, 

was reported. This transcript was converted into 21 nucleotides siRNAs, which were proposed 

to have a regulatory role in heterochromatin formation. More recent studies, however, show 

that DM1-AS transcription extends across the CAG repeat, since DM1-AS RNA was detected, 

originating from downstream of the repeat, in the 3′ region of DM1 tissue [216]. Additionally, 

these antisense mRNA transcripts are found to form antisense RNA foci, indicating that they 

indeed carry the expanded repeat. These antisense RNA foci do not co-localize with sense 
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RNA foci, but were found to co-localize with MBNL1 in DM1 heart samples [216]. Co-

localization with MBNL1 might indicate that they potentially contribute to the DM1 pathology 

in a similar fashion as sense RNA foci (Figure 6). Similar results were found by Michel and 

collaborators in human fetal samples, indicating a similar role for DM1-AS  transcription in 

CDM1 [217]. The inclusion of the expanded repeat was confirmed by Gudde and collaborators 

in 2017, although they found DM1-AS transcripts to be low in abundance and with varying 

lengths, both including and excluding the CAG repeat [218].  

 

 

Little is known about the contribution to molecular mechanism or clinical phenotype 

of these antisense transcripts. Evidence from other CAG expansion studies shows that the 

presence of the expanded CAG repeats can induce cytotoxicity in animal models and in a 

similar fashion to what is observed with CTG repeats, enhance cytotoxicity through a triple 

repeat-derived siRNA mechanism [219,220]. Moreover, CAG antisense transcripts can be 

translated through repeat-associated non ATG (RAN)  translation into potentially toxic 

peptides, further discussed in the next section [221,222].  

Figure 6. Bidirectional transcription and repeat associated non-ATG (RAN) translation in 

DM1. Antisense transcription of the DMPK gene (DM1-AS) leads to a pool of mRNAs with and without 

the expanded repeat (CAGn from the 5’-to-3’ direction of the antisense strand). The expanded DM1-

AS can both sequester MBNL1 and travel outside of the nucleus, where ribosomes attach to the hairpin 

like structures, resulting in the production of long stretches of polyGln RAN protein, co-localizing with 

caspase-8, potentially contributing to cytotoxicity. Abbreviations: CAGn= expanded CAG repeat; 

MBNL1= muscleblind-like 1; DMPK= dystrophia myotonica protein kinase gene; polyGln= 

polyglutamine RAN protein; cas-8= caspase 8.  
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7.3 DISEASE MODIFIERS AT PROTEIN LEVEL 

At protein level, the main focus has been on proteins sequestered or upregulated 

by the toxic expanded repeats, involved in the DM1 spliceopathy. Especially, it was thought 

that the expanded mRNA transcripts are retained in the nucleus, preventing protein 

translation. This of course does have effects on the DMPK protein levels itself, which can 

attribute to DM1 pathology to some extent, but the discovery of RAN translation in 

microsatellite expansion disorders, including DM1, has put into focus a disease modifier on 

protein level outside of the scope of the spliceopathy.  

7.3.1 THE DMPK PROTEIN 

The CTG expansion resides in the 3’end UTR of the DMPK gene. This gene encodes 

for a serine/threonine protein kinase and six major isoforms are found in both humans and 

mice, of which an 80 kD protein is predominantly found in skeletal and heart muscle 

[223,224]. Its full functional and regulatory properties are still not fully understood, but the 

DMPK protein has been found to be involved in skeletal muscle integrity, cardiac muscle 

atrioventricular conduction, ion-channel gating and cell metabolism [225]. Both decreased 

DMPK mRNA transcript levels and the retention of mRNA transcripts in the nucleus have been 

found in DM1 [199,201]. Subsequently, decreased levels of DMPK protein in skeletal and 

cardiac muscles are also observed [61,223]. In skeletal muscle from DM1, this decrease was 

found to be about 50% and did not correlate to CTG expansion length [226].  

The decrease in DMPK protein may be an additional contributor to DM1 pathology. 

Indeed, DMPK transgenic and knock out mice show a mild late-onset myopathy and smaller 

head and neck muscle fibers, similar to the comprised muscle function of these regions in 

DM1 patients [63,64]. Additionally, they have been found to have abnormal sodium channel 

gating in skeletal muscle [227], a mechanism previously linked to myotonia in DM1 patients, 

and DM1-like calcium homeostasis [228]. Moreover, cardiac conduction defects are found 

similar to those observed in DM1 [62,63,229] and mice present with muscle insulin resistance 

[230].  

7.3.2 RAN TRANSLATION: ADDITIONAL CYTOTOXICITY 

For RNA-gain-of-function disorders, such as DM1, the main focus has always been 

on the accumulation of foci and the entrapment of RNA-binding-proteins. It was thought that 

the expanded mRNA transcripts were unable to travel outside of the nucleus and therefore 

protein translation from the expanded repeat was absent [65]. However, the discovery of 

RAN translation in 2011 by Zu and collaborators has changed the view of the pathology of 

RNA-gain-of-function disorders and microsatellite expansion disorders in general [221]. RAN 

translation goes against the historical view that eukaryotic translation initiates at an AUG 

start codon. Canonical translation initiation consists of the step-wise assembly of 80S 

ribosomes at start codons of mRNA. It is a highly complex process, in which at least nine 

eukaryotic initiation factors are involved [231]. The mRNA secondary and tertiary structures 
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contribute significantly to the dynamics and regulation of translation initiation. These 

structures in a 5’ UTR region can influence translation initiation both negatively and 

positively, depending on their position. Highly structured regions upstream of an AUG start 

codon can inhibit initiation, while downstream secondary structures can facilitate initiation at 

imperfect start codons [232–235]. Furthermore, several atypical translation mechanisms 

exist, which are modulated by mRNA secondary structures. For example, several viral RNAs 

are translated via an internal ribosome entry site (IRES)-mediated pathway. IRESs are 

complex RNA structures that can directly recruit ribosomal subunits and initiation factors 

[236]. In the case of RAN translation, proteins are formed from the microsatellite expansions 

without the presence of an AUG start codon, probably through the use of the mRNA secondary 

structures in these expanded transcripts. It can occur in all three reading frames and from 

both the sense and antisense strand of the expanded transcripts, which can result in up to 

six proteins from a single expansion mutation [237].  

Since its discovery in 2011 in DM1 and SCA8, RAN translation has been reported in 

seven other microsatellite expansion disorders (Figure 7):  C9orf72 amyotrophic lateral 

sclerosis /frontotemporal dementia (C9ORF72 ALS/FTD) [238–240], fragile X-associated 

tremor/ataxia syndrome (FXTAS) [241], Fragile X-associated primary ovarian insufficiency 

(FXPOI) [242], HD [222,243], spinocerebellar ataxia 31 (SCA31) [244], Fuchs’ endothelial 

corneal dystrophy (FECD) [245] and myotonic dystrophy type 2 (DM2) [246]. Expanded 

repeats in a variety of RNA contexts have resulted in RAN translation, including within 3’ and 

5’ UTR regions, protein-coding open reading frames, or introns and non-coding RNAs.  

Figure 7. RAN proteins identified in nine microsatellite expansion disorders. Both originating 

from the sense and antisense strand. Repeats are given in the 5’ to 3’ direction of the individual 

strands. Abbreviations: FXTAS= fragile X-associated tremor/ataxia syndrome; FXPOI= Fragile X-

associated primary ovarian insufficiency; C9 ALS/FTD= C9orf72 amyotrophic lateral sclerosis 

/frontotemporal dementia; HD= Huntington’s disease; DM1= Myotonic Dystrophy type 2; FECD= 

Fuchs’ endothelial corneal dystrophy; SCA31= spinocerebellar ataxia 31; DM1=Myotonic Dystrophy 

type 1; SCA8= spinocerebellar ataxia type 8. Reproduced from Banez-Coronel & Ranum (2019). 
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The mechanism initiating RAN translation and the effect of the RAN translated 

proteins is still poorly understood. Studies on FXTAS, a neurodegenerative disorder, caused 

by CGG repeats in the 5’ UTR of the fragile X mental retardation 1 gene, found RAN translation 

initiation in at least two reading frames, resulting in polyalanine and polyglycine proteins. 

Data on RAN translation in FTXAS thus far points to a scanning mechanism, using a near-

AUG codon for initiation just upstream of the repeat, thus relying on a canonical translation 

mechanism [241,247,248]. Moreover, it has been postulated that RAN translation is initiated 

through the IRES-mediated pathway, but proof-of-concept is missing [249]. Although, the 

role of specific RAN translated proteins in individual microsatellite expansion disorders is not 

yet clear, there is growing evidence that the peptides are toxic and contribute to pathology. 

For example, studies have found that RAN proteins are toxic, independent of the RNA-gain-

of-function mechanism, illustrated by codon-replacement strategies [221,222,246].  

Additionally, in HD, the RAN translated proteins were found primarily in regions of the brain 

showing neuronal loss, cell death and microglial activation [222]. Mice expressing the poly-

glycine RAN protein found in FTXAS showed behavioral deficits, which were not observed in 

FTXAS mice only expressing the expanded repeat [250]. In C9ORF72 ALS/FTD in vitro and 

in vivo experiments, overexpressing RAN proteins has been reported to be toxic, with 

impaired dendritic branching, endoplasmic reticulum stress and apoptosis in neuronal cells 

[251,252]. 

In DM1, Zu and collaborators discovered a novel polyglutamine (polyGln) RAN 

protein expressed from the antisense CAG expansion transcript of the DMPK gene [221]. 

Nuclear polyGln RAN protein aggregates were found at a low frequency in a DM1 patient’s 

myoblasts and skeletal muscle (n= 1) and at a higher frequency in leukocytes from peripheral 

blood (n= 1) [221]. The nuclear aggregates co-localized with caspase-8, an early indicator 

of polyGln-induced apoptosis. This suggests that RAN proteins may be an additional 

mechanism of cytotoxicity in DM1 cells (Figure 6). The contribution of RAN translation to DM1 

pathology has not been further studied since its first report in 2011 and much remains 

unknown regarding the presence of RAN translation and its contribution to DM1 pathology.  

7.4 DISEASE MODIFIERS AT EPIGENETIC LEVEL 

Epigenetics is the study of heritable changes in gene expression and function that 

are not attributed to alterations of the DNA sequence. The word epigenetics is of Greek origin 

and literally means over and above (epi) the genome. Epigenetic modifications includes DNA 

methylation and histone modifications [253]. Deregulation of gene expression by epigenetic 

mechanisms have been shown to play a role in pathogenesis of cancer, autoimmune diseases, 

neuromuscular disorders and expansion disorders, including DM1 [254–260].  
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7.4.1 ABERRANT DNA METHYLATION PATTERNS IN THE DMPK LOCUS 

DNA methylation is a heritable, yet reversible epigenetic modification and is 

essential for silencing retroviral elements, regulating tissue-specific gene expression, 

genomic imprinting, and X chromosome inactivation [261,262]. DNA methylation occurs 

through a family of DNA methyltransferases (DNMTs) that transfer a methyl group from S-

adenyl methionine to the fifth carbon of a cytosine to form 5-methylcytosine (5mC) (Figure 

8). 5mC only accounts for ~1% of the 

nucleic acids in the human genome [263].  

There are three main DNMTs at play in DNA 

methylation. DNMT3a and DNMT3b are able 

to produce de novo DNA methylation, 

whereas DNMT1 is active during DNA 

replication to preserve the DNA methylation 

pattern from the parental DNA [262,264]. 

All three DNMTs are active during 

development. The current model shows two 

big waves of demethylation and 

remethylation during development, after 

which DNMT levels are reduced, resulting in 

rather stable DNA methylation patterns in 

post mitotic cells [265–267]. DNA 

methylation occurs most often on so-called 

CpG sites, where a cytosine is positioned 

upstream of a guanine. CpG sites are overall 

underrepresented in the genome, and the 

vast majority are heavily methylated, 

except the ones located in CpG islands 

(CpGis) [268]. 

CpG islands are defined as short regions over 200 bp, with more than 50% CG 

content and a ratio greater than 0.6 of observed number of CG dinucleotides relative to the 

expected one. They are generally found at promoters of housekeeping and developmental 

regulatory genes, but can be also found  in exons, introns and regulatory regions [269], 

whereas tissue-specific genes contain archetypically CpG-poor promoters [270]. 

Interestingly, the CpGis are mainly untouched by the methylation waves during development, 

and remain largely unmethylated throughout the course of development and afterwards in 

post mitotic cells [271]. CpG islands are highly conserved regions throughout evolution, 

indicating their important functional role [272]. CpG islands enhance the accessibility of DNA 

and promote transcription factor binding [273]. The methylation of CpG islands results in 

stable silencing of gene expression (Figure 8) [269,270]. DNA methylation in itself can reduce 

Figure 8. The process of DNA methylation. 

Methylated cytosines are formed through 

DNMTs, which transfer a methyl group from SAM 

onto a cytosine, resulting in repression of gene 

expression due to methylated CpG islands, 

located in promoters. Every dot in the promoter 

region represents a CpG dinucleotide, where a 

filled in dot means hypermethylation. The 

collection of dots indicates a CpG island. 

Abbreviations: SAM= S-adenyl methionine; 

CH3= methyl group; DNMT= DNA methyl 

transferases. 
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gene expression by impairing the binding of transcription factors, but it can also favor the 

binding of a class of proteins with high affinity for 5mC, which inhibits transcription by 

recruiting chromatin remodelers associated with gene repression. This class of proteins 

consists of  for example the methyl-CpG-binding domain proteins and the ubiquitin-like, 

containing PHD and RING finger domain proteins [274–277]. Although CpG islands are largely 

unmethylated, DNA methylation patterns have been found to be disrupted in disease-state 

and CpG island hypermethylation has been linked to several diseases [278]. 

Distinct methods exist to address DNA methylation, all requiring a pre-treatment of 

the genomic DNA to be able to distinguish between methylated and unmethylated cytosines. 

Several methylation dependent pre-treatments have been established, including 

endonuclease digestion, affinity enrichment and bisulfite conversion. These pre-treatments 

can then be followed by an array of different analysis techniques, either genome-wide 

approaches, such as DNA methylation microarrays and next-generation sequencing, or single 

nucleotide resolution approaches, including bisulfite Sanger sequencing PCR (BSP), 

pyrosequencing and methylation-specific PCR. The first pre-treatment, endonuclease 

digestion, is based on the knowledge that each sequence-specific restriction enzyme has an 

accompanying DNA methyl transferase to protect endogenous DNA from the restriction 

defense system by methylating bases in the recognition site. Some restriction enzymes are 

inhibited by 5mC at CpG sites, which means that cutting patterns by these enzymes can 

provide information on DNA methylation patterns [279]. The most utilized restriction 

enzymes inhibited by 5mC are HpaII and SmaI. Mostly due to the existence of isoschizomers 

(MspI for HpaII) or neoschizomers (XmaI for SmaI) that are not inhibited by methylation, 

allowing easy comparisons [280,281]. Affinity enrichment of methylated regions using 5mC-

specific antibodies or methyl-binding proteins are particularly used in whole-genome profiling 

through array hybridization and more recently next-generation sequencing [282–284]. 

Although this approach allows for rapid and efficient whole-genome analysis, it does not yield 

information on individual CpG dinucleotides.  

One of the most used pre-treatments is bisulfite conversion, where denaturation of 

genomic DNA with sodium bisulfite results in the conversion of unmethylated cytosines into 

thymines, whereas methylated cytosines remain unchanged, allowing the investigation of 

DNA methylation on genetic level (Figure 9) [285]. At the single nucleotide levels, the most 

utilized techniques are BSP, and pyrosequencing. BSP has been the gold standard for many 

years, because it provides a qualitative, quantitative and efficient approach to identify 5-

methylcytosine at single base-pair resolution. In BSP, the bisulfite treatment is followed by 

(nested) PCR and subsequent Sanger sequencing [286]. The degree of methylation in the 

cell pool is determined by the height difference between the cytosine and thymine nucleotides 

at the CpG site, as often the methylation is not absolute due to the mix of DNA molecules 

originating from the mixture of cells and a range is given from 0-100% (Figure 9). However, 

pyrosequencing has become more popular in recent years. Pyrosequencing is a sequencing-
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by-synthesis technology that relies on the luminometric detection of pyrophosphate release 

upon nucleotide incorporation through a cascade consisting of four enzymes. It results in 

precise quantification of methylation at each single CpG analyzed [287,288]. Both have 

advantages and disadvantages in their usage. BSP is quite labor-intensive, due to the high 

number of samples and the need for nested-PCR to overcome unspecific amplification, 

whereas pyrosequencing requires specialized equipment and is a fairly expensive technique. 

Moreover, it has been shown that BSP might be more sensitive to strong hypermethylation 

of DNA [289,290].  

 

 

Figure 9. Bisulfite conversion principle. Denaturation of genomic DNA with sodium bisulphite 

results in the conversion of unmethylated Cs into Ts, whereas methylated Cs remain unchanged. After 

PCR and Sanger sequencing, comparison with the reference genome can establish which CpG sites 

are methylated. The degree of methylation is often not absolute due to the DNA pool and is most 

often presented as a range of methylation between 0% to 100%, depending on the difference between 

the two peaks observed.  
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DNA methylation profiles gained interested in DM1 due to the location of the 

expanded repeat, which happens to reside in a 3.5 kb CpG island (CpGi 374). Additionally, 

the CTG repeat is flanked by two CCTC-binding factor (CTCF) binding sites (Figure 10). CTCF 

is an important transcription factor and can act as a transcriptional activator, repressor and 

insulator, and mediates chromatin looping [291]. Early studies suggest that the two CTCF 

binding sites together with the expanded repeat establish an insulator element between the 

DMPK promoter and the SIX5 enhancer [292]. The most important binding site for CTCF 

seems to be the upstream CTCF1 binding site, as binding of CTCF to the downstream CTCF2 

binding site is controversial [135,292,293]. Hypermethylation of CTCF1 has been shown to 

result in the loss of binding, potentially affecting chromatin dynamics [215,292]. Several 

studies have found aberrant DNA methylation profiles in these two regions flanking the repeat 

(upstream CTCF1 and downstream CTCF2) in DM1, but results are controversial with variable 

degrees of hypermethylation observed at both sites in different clinical subtypes of DM1 

(Table 2) [32,55,300,135,215,294–299].  

 

 

Overall, the vast majority of hypermethylation around the expanded repeat was 

observed in CDM1 cases, predominantly at the CTCF1 site, suggesting an important role for 

DNA methylation in the younger, more severe clinical phenotype. Interestingly, DNA 

methylation status has also been linked to parental transmission, where hypermethylation 

was almost exclusively observed upon maternal transmission [55,298]. Together, this has 

led to the idea of the existence of a CpG methylation based parent-of-origin effect, that can 

explain the maternal bias for CDM1 offspring [55]. The proposed hypothesis is that 

hypermethylation around the repeat results in decreased levels of SIX5 expression, which is 

detrimental for spermatogonia as their survival relies on SIX5 protein levels, and may in turn 

prevent the transmission of CDM1. This protective mechanism is not present in females, as 

oogonia do not rely on SIX5 expression, hence the maternal bias for CDM1 transmission. 

Prenatal screening for CDM1 has relied primarily on the CTG expansion size and while larger 

expansions are often related to CDM1 offspring, this relation is not absolute and Barbé and 

Figure 10. The DM1 locus. The DM1 locus, associated genes, and mapped functional regions are 

schematically shown. The CTG repeat is located in the 3′ UTR and SIX5 promoter, of which part of the 

DNA sequence is shown. Reproduced from Barbé et al. (2017).  
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collaborators found that methylation status might be a better indicator for CDM1 offspring 

and a good prenatal screening biomarker [55].  

In addition to the relation with CDM1 and maternal transmission, CTCF1 

hypermethylation has been associated with greater expansion sizes, independent of clinical 

subtype [296–298,300]. However, this association is controversial and not always found 

[55,299]. DNA methylation profiles have also been studied in relation to variant repeats and 

the presence of variant repeats in the CTG expansions are linked to a differential DNA 

methylation pattern. Hypermethylation was predominantly observed in the downstream 

region of the CTG repeat, as opposed to the upstream region in non-interrupted DM1 patients 

[294,298,301].  

 

Table 2. Summary of studies on DNA methylation in the region surrounding the CTG expansion. 

Disease Form 

(tissue of origin) 

Sample 

Size 
Genomic Context Analysis outcome Ref 

CDM1; Adult 

(dura mater, skeletal 

muscle, skin biopsies 

and white blood cells) 

30 DM1 
Upstream region of 

(CTG)n repeats 

Hypermethylation in intron 12 at 

restriction sites of SacII and 

HhaI in CDM1 patients 

[300] 

DM1 fetuses; DM1 

adults; transgenic 

DM1 mice 

(several tissues) 

13 DM1 

vs. 

3 CTRs 

Upstream (CTCF1) and 

downstream (CTCF2) regions 

Hypermethylation of CTCF1 in DM1 

individuals. In DM1 mice 

methylation pattern was present at 

both sites 

[302] 

Childhood; Juvenile 

CDM1; DM1 

“atypical” 

(whole blood) 

66 DM1 

(9 VRs)  

vs. 

30 CTRs 

Upstream (CTCF1) and 

downstream (CTCF2) regions 

Hypermethylation of CTCF1 in CDM1 

and childhood patients, significantly 

associated with MT. DM1 patients 

with VRs show a distinctive DNAme 

pattern 

[298] 

DM1- hESCs 

(hESCs) 
14 DM1 

DNA sequence spanning from 

exon 11 to the (CTG)n 

Marked increase in DNAme levels of 

the expanded allele 
[135] 

Late-onset; Adult; 

Juvenile; Childhood 

(whole blood) 

92 DM1 

vs. 

10 CTRs 

Upstream (CTCF1) and 

downstream (CTCF2) regions 

DNAme levels of both CTCF sites 

higher in CDM1 than in non-CDM1 

patients 

[55] 

Adult; DM1 “atypical” 

(whole blood) 

90 DM1 

(8 VRs) 

Upstream (CTCF1) and 

downstream (CTCF2) regions 

CTCF1 region DNAme levels 

correlated with CTG repeat length, 

and the presence of a VRs was 

associated with higher DNAme levels 

[301] 

Adult; DM1 “atypical” 

(whole blood) 

115 DM1 

(12 VRs) 

Downstream region (no CTCF 

binding sites) of the (CTG)n 

Patients with VRs alleles had 

distinctive DNAme and cognitive 

profile 

[294] 

Non-CDM1 DM1 

(whole blood) 

68 DM1 

vs. 

73 CTRs 

Upstream and downstream 

regions (no CTCF binding 

sites) of the (CTG)n  

Hypermethylation of both upstream 

and downstream regions 
[296] 

Abbreviations: CDM1= congenital myotonic dystrophy type 1; VRs= variant repeats; MT= maternal 

transmission; DM1= myotonic dystrophy type 1; CTRs= controls; DNAme= DNA methylation. Adapted 

from Visconti et al. (2021) 
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The effect of aberrant DNA methylation profiles on clinical phenotype is poorly 

understood. It seems to correlate with age of onset of the disease, where earlier onsets have 

a higher prevalence of hypermethylation [55,297]. Data on the contribution to specific 

aspects of the clinical phenotype are scarce. Interestingly, although the incidence of aberrant 

DNA methylation profiles in adult DM1 is low, it has been linked to respiratory and muscular 

profiles and a decline in cognitive function in adult DM1 [294,301]. This might suggest that 

DNA methylation status can function as a prognostic marker in DM1.  

Although blood has been the tissue of origin in most studies, the DNA methylation 

status has been investigated in other tissues. Two studies to date have looked at DNA 

methylation status in tissues other than blood. In fetal samples, high levels of DNA 

methylation were found for all tissues studied, including muscle, liver, kidney, heart, 

pancreas, brain and skin. This methylation profile was highly polarized, as only the CTCF1 

region showed hypermethylation, whereas CTCF2 showed sparse methylation in only one of 

the three fetuses analyzed. Adult DM1 heart, liver and cortex showed high-to-moderate 

methylation levels in CTCF1, whereas cerebellum, kidney and skeletal muscle showed low-

to-no methylation levels. CTCF2 was completely devoid of methylation in all adult DM1 tissues 

[302]. Similarly, Hildonen and collaborators showed higher levels of CTCF2, but not CTCF1, 

methylation in adult DM1 muscle compared to control muscle and DM1 blood samples, but 

differences were less than 5% in most samples [296].  

 

 

The DMPK gene harbors two more CpG islands (CpGi 36 and 43), and an additional 

one is found in the neighboring DMWD gene (CpGi 74), henceforth referred to in its entirety 

as the DMPK locus (Figure 11). Although DNA methylation is a fairly stable epigenetic 

mechanism, it is known that it can spread at low levels during an individual’s lifetime and 

might influence neighboring CpG islands [303]. In addition, in the only one publication that 

has analyzed epigenetics at the entire DMPK gene and neighboring genes in control tissues, 

it has been shown that CpGi 74 and 36 are fully methylated in blood, while CpGi 43 is non-

Figure 11. The CpG islands in the DMPK locus. CpGi 74 resides in the DMWD gene, while the 

other three reside in the DMPK gene. CpGi 374 is split into two regions, encompassing the CTG 

expansion and referring to the two CTCF binding sites in these regions. DMWD myotonic dystrophy 

WD containing protein; DMPK= dystrophia myotonica protein kinase; SIX5= SIX homeobox 5; CpGi= 
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methylated [293]. Conversely, for CpGi 74 and 43 this profile is reversed in muscle and 

muscle-derived cells, with complete hypomethylation of CpGi 74 and hypermethylation of 

CpGi 43. Interestingly, CpGi 43 contains a proposed alternative DMPK promoter, suggesting 

that the myogenic hypermethylation could suppress the usage of this promotor and drive the 

usage of the strong/canonical DMPK promotor [293]. Regarding DM1 samples, nothing has 

been published addressing the epigenetic behavior of these neighboring CpG islands in the 

DMPK locus.  

7.4.2 HISTONE MODIFICATIONS: A REPRESSIVE SWITCH 

Histone modifications are important regulators that control chromatin structure and 

gene transcription. Histones can be post-translationally modified at their N-terminal tails 

through a large number of different histone post-translational modifications, including 

acetylation, phosphorylation and methylation. These modifications define chromatin 

structure by the recruitment of proteins and complexes with enzymatic activities, which in 

turn regulates transcription, as the gene will be more or less accessible for transcription 

[304].  

Little is known to date on the chromatin structure of the DMPK locus and the 

contribution of histone modifications. The presence of the CTG expansion has been shown to 

alter regional chromatin structure, where it increases the efficiency of DNA nucleosome 

assembly, resulting in the creation of more stable nucleosomes and hence repression of 

transcription [305–307]. Indeed, the presence of the CTG expansion in DM1 has been 

associated with heterochromatinization of the DMPK locus [295,308]. More specifically, a 

change in local chromatin structure, about 

500 base pairs downstream of the 

expansion, has been reported in DM1 

muscle and skin fibroblasts, suggesting a 

switch to a more transcriptional repressive 

heterochromatin [308]. This repressive 

chromatin structure might explain the 

reduced expression of DMPK and SIX5 

observed in DM1 [61,198,199,201,202]. 

Upon expansion of the CTG repeat, 

heterochromatin spreading was observed 

and active HK4me3 was replaced by a 

repressive H3K9me3 mark [292]. Moreover, 

the less active heterochromatin 

environment surrounding the expanded 

repeat is characterized by a decrease in 

H3K9/14Ac (a marker for active chromatin) 

at the CTCF binding sites and an enrichment 

Figure 12. Histone modifications observed 

in DM1. The active chromatin state surrounding 

the CpG island 374 is replaced by a repressive 

chromatin state. 
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of H3K27me and H3K9me3, both markers for repressed heterochromatin [295]. Taken 

together, this suggests a chromatin remodeling at the DMPK locus in DM1 towards a more 

repressive heterochromatin state (Figure 12). However, a more recent study by Sorek and 

collaborators have found an opposite histone modification profile, indicative of an active 

chromatin state [309].  

7.5 DISEASE MODIFIERS AT NON-CODING RNA LEVEL 

The genomes of eukaryotes are mostly comprised of non-protein coding DNA. A 

portion of this non-protein coding DNA is transcribed into RNA, commonly referred to as non-

coding RNA (ncRNA) and in the past simply referred to as ‘junk’ RNA. However, in the last 

decades a subset of these ncRNAs have been found to have important biological roles in 

development, homeostasis and also in disease. ncRNAs are comprised of an array of different 

ncRNAs, such as long non-coding RNAs, small nucleolar RNAs and the most well studied 

ncRNAs, the miRNAs [310]. Little is known about the role of ncRNAs in DM1, with the 

exception of miRNAs, which will be further discussed below.  

7.5.1 GLOBAL miRNA DEREGULATION IN MYOTONIC DYSTROPHY TYPE 1 

miRNAs are small, single-stranded RNAs about twenty-two nucleotides long, that 

regulate gene expression levels by either inhibiting translation or promoting degradation of 

their target mRNAs [311]. It is estimated that the human genome encodes for over a 

thousand miRNAs, which can target dozens of mRNAs, and every individual mRNA can be 

targeted by several miRNAs [312]. The majority of miRNAs result from RNA polymerase II 

transcription, which yields long primary miRNAs transcripts. Primary miRNA transcripts are 

trimmed in the nucleus by the RNase Drosha, yielding premature hair-looped miRNAs of ±70 

nucleotides. These pre-miRNAs are transported to the cytoplasm where they are further 

processed by the RNase Dicer, resulting in mature miRNA. Mature miRNAs are then 

incorporated into the RNA-induced silencing complex, where the miRNA strand anneals to 

the 3’ UTRs of target mRNAs, leading to the degradation or translation inhibition of mRNAs 

and subsequent protein repression (Figure 13A). miRNAs are mostly known for their gene 

regulation properties. However, they also play an important role in intercellular signaling and 

can therefore be found abundantly in bodily fluids, including blood and urine [313]. miRNA 

expression profiles show tissue-specific expression patterns and are shown to be different in 

diseased state.  

In DM1, several studies have found changes in miRNA expression levels in blood, 

skeletal muscle and heart. The focus has been mainly on the four muscle-specific miRNAs 

(myo-miRs), which are expressed in both skeletal and cardiac muscle. miR-1, miR-133a/b, 

and miR-206 are highly enriched in skeletal muscle, whereas cardiac muscle predominantly 

shows expression of miR-1 and miR-133a/b. In skeletal muscle, miR-133a and miR-133b 

have been found to be downregulated [314,315], whereas miR-206 is upregulated [314,316] 
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and mixed results have been found for miR-1 (Figure 13B) [314,315,317,318]. Non-myomiRs 

were found to be either up or down regulated in DM1 muscle compared to controls  

[315,317,318] and these aberrant expression profiles were linked to changes in muscle 

development, alternative splicing, atrophy, transcription and free radical removal, among 

others [317,318]. In cardiac muscle, possibly due to the scarcity of tissue, only two studies 

to date have studied the miRNA expression levels. The myo-miRs abundant in cardiac muscle 

were found to be downregulated (Figure 13B), in addition to a variety of other miRNAs, 

twenty-two in total [319,320]. This downregulation was associated with arrhythmias, 

conduction defects and fibrosis.  

 

 

Where skeletal and cardiac muscle show predominantly a downregulation pattern in 

miRNAs, the opposite is found in blood (Figure 13B), suggesting that blood does not mirror 

the changes happening in tissues. Nevertheless, the upregulation in blood might be caused 

by the leakage of certain miRNAs into the bloodstream due to muscle damage, which means 

they might still be used as biomarkers [321]. An array of miRNAs are found to be upregulated, 

including the four myo-miRs [315,322–326]. These aberrant expression profiles have been 

linked to muscle weakness [322,324] and progressive muscle wasting [323,325]. 

Interestingly, Pegoraro and collaborators studied miRNA expression levels after DM1 patients 

underwent a six week exercise rehabilitation program and found that the four myo-miRs were 

significantly decreased in parallel with improved muscle function [326]. 

  

Figure 13. miRNAs in DM1. A) Production of miRNAs by transcription through RNA polymerase II, 

resulting in pri-miRNAs, which are further trimmed by Drosha and transported to the cytoplasm where 

they are further processed by Dicer, and forms a complex with RISC, resulting in mRNA degradation. 

B) the most studied miRNAs for DM1 are the muscle-specific myo-miRs, a summary of their up or 

down regulations (indicated by arrows) are given for heart, blood and skeletal muscle. Abbreviations: 

RNA pol II= RNA polymerase II; pri-miRNA= primary microRNA; RISC= RNA-induced silencing 

complex; myo-miRs= muscle specific microRNAs. 
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Myotonic Dystrophy type 1 is an incurable, progressive, multi-systemic disorder with 

a CTG expansion in the DMPK gene at the base of its pathology. The expanded mRNA 

transcripts emanating from the gene are entrapped inside the nucleus, deregulating splicing 

factors, and subsequently creating a spliceopathy that can account for several of the DM1 

symptoms observed. However, the complex multi-systemic nature and wide variability in 

symptom manifestation cannot be completely accounted for and the identification of other 

disease modifiers is key to understanding the complete DM1 pathology, for both better 

disease management, as well as the identification of new therapeutic targets. Therefore, the 

main objective of this doctoral thesis was to investigate potential disease modifiers and study 

their link to DM1 clinical phenotype. The focus was on five main potential disease modifiers 

on a genetic (variant repeats), transcriptional (antisense transcription), protein (RAN 

translation), epigenetic (DNA methylation) and non-coding RNAs (miRNAs) level. This 

dissertation is subdivided into four chapters, outlining the findings on the disease modifiers.   

 Where it was long thought that the CTG expansion was an uninterrupted sequence, 

in the last two decades increasing evidence was found for the existence of variant repeats 

within the CTG expansion. To date, the known pathological variant expansions contain either 

unstable CCG, CTC, GGC or CAG sequence interruptions at the 3’ end, and less frequently at 

the 5’ end. Variant repeats are estimated to be present in 3-5% of the population and have 

been linked to disease phenotype, but results are controversial. Due to the low prevalence, 

only a few families to date have been identified and much remains unclear about the effect 

of variant repeats in the expanded allele on DM1 clinical phenotype. Improving our knowledge 

on the influence of variant repeats in DM1 pathology is essential for disease management, 

therapy development and genetic counseling (CHAPTER I).  

Another emerging potential disease modifier is the mechanism of bidirectional 

transcription, where transcription occurs in both the sense and antisense direction at the 

gene locus. Antisense transcription in itself is not directly related to disease, as it is a common 

mechanism in humans, but the incorporation of the expanded repeat may worsen disease 

pathology. Expanded antisense transcripts have been found in several microsatellite 

expansion disorders, and have been associated with additionally toxicity. In DM1, its presence 

has been established, although its expression levels are controversial, and more importantly, 

its contribution to DM1 pathology is unknown (CHAPTER II). Moreover, the antisense strand 

has been found to give rise to polyglutamine proteins through the phenomenon of RAN 

translation. RAN translation has been proposed to add cytotoxicity in DM1 and could 

potentially be another disease modifier. However, to date only one study has been conducted 

in an extremely limited sample collection and much remains unknown about the contribution 

of RAN translation to DM1 pathology (CHAPTER II).  

DNA methylation is a heritable, yet reversible epigenetic modification and is 

essential for silencing retroviral elements, regulating tissue-specific gene expression, 

genomic imprinting, and X chromosome inactivation. DNA methylation profiles gained 
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interested in DM1 due to the location of the expanded repeat, which happens to reside in a 

3.5 kb CpG island. Additionally, the CTG repeat is flanked by two CTCF binding sites. Several 

studies have found aberrant DNA methylation profiles in these two regions flanking the repeat 

(upstream CTCF1 and downstream CTCF2) in DM1, but results are controversial with variable 

degrees of hypermethylation observed. More importantly, little is known about its 

contribution to the clinical phenotype. Nevertheless, it seems to be associated with the most 

severe form of DM1, highlighting the importance of further elucidating the contribution of 

epigenetics to DM1 pathology. This CpG island is not the only one present in the DMPK gene, 

as it harbors two additional islands and another resides in the adjacent DMWD gene. Whether 

these CpG islands have an altered DNA methylation status in DM1 is unknown. Moreover, 

whether a tissue-specific epigenetic landscape exist in DM1 is also a question that remains 

to be answered (CHAPTER III). 

miRNAs, a class of small non-coding regulatory RNA molecules have been proposed 

as an excellent non-invasive biomarker for disease progression due to their wide abundance 

in extracellular body fluids, including blood serum and plasma. The original idea was to 

conduct a miRNA expression study by using the digital droplet PCR in both DM1 serum and 

muscle simultaneously, focusing on the four myo-miRs. Although we were in the process of 

setting up the technique, we were unfortunately forced to stop this line of research due to 

the COVID pandemic. Instead, it was decided to use that time to write a comprehensive 

review on the disease modifying and biomarker potential of miRNAs (CHAPTER IV) and upon 

return focus in the other research lines.  
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CHAPTER I 

OBJECTIVE: Study the presence of variant repeats in a Spanish cohort, consisting of 49 DM1 

patients and identify potential links to the clinical phenotype. 

 

CHAPTER II 

OBJECTIVE: Determine the presence of antisense transcription (the origin of the RAN-

translated polyGln protein) and RAN-translated polyGln protein in DM1 primary cell cultures, 

e.g. myoblasts, skin fibroblasts and lymphoblastoids, and their potential role in DM1 

pathology. 

 

CHAPTER III 

OBJECTIVE: Analyze the CpG DNA methylation patterns of four CpG islands in the DMPK locus 

in three different tissues (blood, muscle, skin) of six subtypes of DM1 and its relationship to 

CTG expansion length and clinical phenotype and to establish whether DNA methylation is 

preserved in patient-derived cells. 

 

CHAPTER IV 

OBJECTIVE: Elucidate the disease modifying effect and biomarker potential of miRNAs in DM1 

through an exhaustive literature study. 
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The results section is divided into four chapters, corresponding to the four articles 

that this doctoral thesis is comprised of:  

 

CHAPTER I. A DM1 family with interruptions associated with atypical symptoms and late 

onset but not with a milder phenotype. 

 

CHAPTER II. Characterization of RAN Translation and Antisense Transcription in Primary 

Cell Cultures of Patients with Myotonic Dystrophy Type 1. 

 

CHAPTER III. An integrative analysis of DNA methylation pattern in Myotonic Dystrophy 

type 1 samples reveals a distinct DNA methylation profile between tissues and a novel 

muscle-associated epigenetic dysregulation. 

 

CHAPTER IV. The Biomarker Potential of miRNAs in Myotonic Dystrophy Type I 
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SUMMARY OF THE RESULTS 

To further elucidate the relation of variant repeats to the DM1 clinical phenotype, a 

Spanish cohort consisting of 49 DM1 patients (36 DM1 families) was screened for variant 

repeats by TP-PCR of both the 3’ and 5’ end region. In TP-PCR, interrupted alleles can be 

identified by gaps in the pattern of contiguous peaks, detectable by capillary electrophoresis. 

Five out of 49 DM1 patients (~10% at individual level, 3% at family level) presented with 

these gaps at the 3’ end and were all part of the same family. P1, P2 and P3 were sisters, 

and P4 was the son of P2 and P5 the daughter of P3.  

 Their clinical phenotype revealed a delay in age of onset for the three sisters, with 

an age of onset >50 years. However, after initial onset, symptoms developed quite rapidly 

and included cardiac conduction defects and respiratory dysfunction, with variable severity. 

Interestingly, P1 and P2 presented with several traits atypical for DM1, such as severe axial 

weakness with dropped-head and moderate facial weakness, but without ptosis and no 

temporal atrophy. P4 (aged 35 years) was asymptomatic at the time of inclusion and P5 

showed first symptoms at the age of 27 and at the time of examination revealed mild neck 

flexor and facial weakness and myotonia, but no limb weakness or other DM1 symptoms.  

 AciI digestion was performed to investiage the presence of CCG and/or GGC variant 

repeats. A downward shift of the smear in the gel confirmed the presence of one or both of 

these variant repeats in the five variant carrying DM1 patients. Since TP-PCR is limited to the 

outer regions of the CTG expansion, the digestion was additionally performed on the entire 

cohort to discard potential variant repeats further inside the CTG expansion and no new 

variant repeat carrying individual were found. 

  Sanger sequencing with specific primers targeting the potential variant repeats 

revealed the presence of a complex pattern of CCG interruptions in all five DM1 patients. 

Interruption patterns differed between the family members, except P2 and her son P4 whom 

showed identical interruption patterns. CCG variant repeats were present as single repeats, 

CCGCTG hexamers and short (CCG)n arrays. During the sequencing process, several bands 

were purified from the same patient to discard a potential influence of somatic instability on 

the differences observed between patients. The different bands belonging to the same 

patients showed identical patterns, discarding an effect of somatic instability on variant 

repeat pattern.  

 SP-PCR provided information on the ePAL (P1, 319 CTGs; P2, 241 CTGs; P4, 222 

CTGs; P5, 547 CTGs) and somatic instability (P1, 319–900 CTGs; P2, 241–651 CTGs; P4, 

222–332 CTGs;P5, 547-897 CTGs) of four out of the five interrupted patients. These revealed 

a contraction in the CTG expansion size from patient P2 to P4 (i.e. from mother to son) and 

an expansion from patient P3 to P5 (i.e. from mother to daughter). This expansion was linked 

to anticipation, with an earlier age of onset for P5 compared to her mother P2. 
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 Altogether, a family carrying CCG variant repeats was identified in our Spanish 

cohort. Both a contraction and an expansion in the expanded allele upon generational 

transmission were associated with the presence of variant repeats and our clinical findings 

contribute to the observation that variant repeat carrying individuals present with atypical 

clinical features, hampering DM1 diagnosis, accompanied by a delayed age of onset and a 

previously unreported aging-related severe disease manifestation.   
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Supporting Information 

 

Supp. Figure S1: 5’ TP-PCR analysis for the patients of this study.  
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SUMMARY OF THE RESULTS 

 To study the influence of DM1-AS transcription and RAN translation on DM1 

pathology, we used three primary cell cultures, namely myoblasts, skin fibroblasts and 

lymphoblastoids from ten DM1 patients in total. The studied DM1 cohort consisted of eight 

females and two males with an age of onset ranging from 15 to 50 years. All patients 

presented with clinical myotonia, but mild muscle impairment was only observed in two 

patients. The muscular impairment rating scale revealed minimal signs of muscular 

impairment in three of the patients, while five patients showed distal weakness and two 

patients had mild-moderate proximal weakness. Cardiac problems occurred in all patients, 

except P3 and P10. Five patients needed nocturnal mechanical ventilation, whereas three 

patients only showed mild changes in the respiratory function test. The average repeat size 

in blood was 387 CTGs (range 130–619 CTGs).  

 The RAN-translated polyGln has been described to originate from the antisense 

strand of the DMPK gene. We therefore decided to first validate the presence of DM1-AS 

transcripts in our three patient-derived primary cell culture by using three DM1-AS specific 

primer combinations for reverse transcription PCR (LK1/anti-1B, LK1/anti-N3, LK2/anti-N3), 

normalized by three different housekeeping genes (GAPDH, β2-MG and PSMC4) and validated 

by Sanger sequencing. Overall, a lower expression was found in DM1 patients compared to 

controls with all three primer combinations, which reached significance for LK2/anti-N3 and 

LK1/anti-1B in myoblasts and LK1/anti-N3 and LK1/anti-1B in lymphoblastoids. Of note, the 

LK1/anti-N3 combination includes the CTG expansion, but seems to favor the wild-type allele, 

as for the DM1 patients only one patient showed an extra band, which could be the expanded 

allele, based on the 130 CTG repeat this patient carried.  

 For RAN translation to occur, DM1-AS transcripts need to be able to reach the 

cytoplasm. Subcellular fractionation of the DM1 cells revealed that, in both patients and 

controls, the DM1-AS transcripts of two different regions were present in the cytoplasm. In 

addition, we performed fluorescence in situ hybridization using a Cy3-labeled (CTG)10 probe 

to detect antisense RNA foci and a Cy3-labeled (CAG)10 to detect sense RNA foci in DM1 cells. 

We showed the presence of antisense and sense RNA foci in all DM1 cells, with less abundancy 

of antisense foci compared to sense foci. Notably, for myoblasts and skin fibroblasts, these 

antisense RNA foci were also present in the cytoplasm (12.5% of myoblasts and 8.75% of 

skin fibroblasts). As expected, no sense or antisense RNA foci were found in controls. 

Importantly, antisense RNA foci were detected in cytoplasm, indicating that RAN translation 

is theoretically possible. 

To study the presence of RAN translation we used three different antibodies for 

protein blots and immunofluorescence, two antibodies detect polyGln and are commercially 

available (1C2 and #1874), and one custom antibody, α-DM1, directed against the C-

terminus of a predicted glutamine frame of DM1 in the CAG direction. Positive and negative 
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controls were included to ensure the commercial antibodies were able to recognize longer 

stretches of polyGln. Protein blots with 1C2 and #1874 showed a 42 kD protein in both 

controls and patients in all primary cell cultures, which was also present in both our negative 

and positive controls. This protein was later identified as the TATA-box binding protein (TBP). 

Lymphoblastoid primary cell cultures showed polyGln containing proteins in the upper regions, 

which were not visible in the controls. However, these proteins were not recognized by the 

α-DM1 antibody, which showed several bands in the 37 to 75 kD region in both patients and 

controls, and these higher located polyGln-containing proteins could therefore not be 

validated as a polyGln RAN protein.  

Although the protein blots did not reveal the polyGln RAN-translated protein, we 

opted to use a second approach to validate our findings, using immunofluorescence. No 

differences were observed between patients and controls in all three primary cell cultures. A 

wide range of concentrations from 1:200 to 1:20,000 was used, but did not alter the original 

findings. Both anti-polyGln antibodies, 1C2 and #1874, showed infrequent staining of the 

nucleus and an intense aggregate around the nucleus in myoblasts and skin fibroblasts in all 

cells of both patients and controls. α-DM1 displayed a more intense staining around the 

nucleus, roughly at the same place as the aggregates found with 1C2 and #1874, illustrated 

by double staining.  

Due to the unexpected result of finding a positive staining in both DM1 patients and 

controls, we decided to further study the origin of this positive staining. A double 

immunostaining with TGN-38, a marker for the Golgi apparatus, showed an exact match to 

the structure we found with the 1C2 antibody in DM1 cells.  

Taken together, DM1 patients had lower levels of DM1-AS transcripts compared to 

controls, which presented as a heterogeneous pool with and without the inclusion of the 

expanded repeat. RAN translation was not present in patient-derived DM1 cells, or in such 

low quantities that current techniques are unable to detect its presence.  
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SUMMARY OF THE RESULTS 

 To investigate the contribution of epigenetics to the complexity of DM1, we 

compared the DNA methylation profiles across the four CpG islands residing in the DMPK 

locus in distinct DM1 tissues and tissue-derived cells across the different clinical phenotypes. 

For this study, DM1 patients from six different subcategories were included: congenital 

(n=6), childhood (n=6) and juvenile (n=23), which will also be referred to commonly as the 

developmental cases, whereas adult (n=20), late onset (n=7) and asymptomatic (n=2) will 

be referred to as the non-developmental cases. Age of onset ranged from just after birth 

until sixty-seven years, with a mean of seven years for childhood, 15 years for juvenile, 31 

years for adult and 50 years for late onset. The presence of seven families was identified in 

this cohort. For 59 patients the CTG expansion could be sized, ranging from 115 to 1011 CTG 

repeats. Detailed information on their clinical phenotypes was obtained by neurologists and 

recorded in a clinical database.  

 The four CpGis were divided into five distinct regions: CpGi 74, CpGi 43, CpGi 36, 

CTCF1 and CTCF2. The latter two reside in the same CpG island and refer to the two regions 

that contain a CTCF binding site and also encompass the CTG expansion. In blood, CpGi 74, 

CpGi 43 and CpGi 36 showed no differences between patients and controls, with 

hypermethylation in CpGi 74 and CpGi 36 and a completely unmethylated region in CpGi 43. 

For the CTCF1 region upstream of the CTG repeat, 25 CpG sites were studied and increased 

levels of methylation were observed exclusively in the developmental cases, with 100% of 

the congenital cases, 50% of the childhood and 13% of juvenile cases. No changes in the 

non-developmental cases and the controls were found, with the exception of one adult case 

(P50). The two CpGs (CpG 18 and 19) that reside inside the CTCF1 binding site were both 

hypermethylated in the methylated cases. Fifty percent of the CTCF1 hypermethylated cases 

also showed hypermethylation in the CTCF2 region, of which CpG 5 resided in the CTCF2 

binding site and was hypermethylated in the found cases.  

 Revision of the clinical phenotype of the developmental cases revealed a more 

severe muscular, cardiac and cognitive manifestation of the disease in the methylated 

childhood cases. No differences could be observed in the juvenile cases, potentially due to 

the low number of methylation cases in this subtype. No comparisons could be made in the 

congenital cases, as all were hypermethylated.  

 A positive association was found between two measures of CTG expansion size and 

methylation status, which suggests that the larger the CTG expansion, the more likely the 

occurrence of hypermethylation at the CTCF1 region. Additionally, we found an increased 

maternal transmission in CTCF1 methylated cases, but notably there were patients that were 

methylated and paternally transmitted and patients that were maternally transmitted and 

unmethylated, indicating hypermethylation is not exclusively maternally transmitted.  
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Our study cohort included several families, giving us the opportunity to study 

inheritance of the DNA methylation profiles. We found the DNA methylation status of our 

patients to be not inheritable, as several unmethylated mothers gave birth to methylated 

cases. Interestingly, we observed that the offspring of methylated mothers carried 

contractions of the CTG expansion, while the offspring of unmethylated mothers carried 

expansions of the repeat. 

Next, we addressed whether tissue-specific epigenetics at the DMPK locus exist in 

DM1. For this, we acquired of a subset of patients (juvenile, adult and late-onset origin) a 

muscle and skin biopsy. For skin biopsies, a similar DNA methylation pattern to blood was 

found in all five CpG regions, and for muscle, this also was true for CpGi 74, CpGi 36 and 

CTCF2. For CpGi 43, the muscle showed an overall hypermethylation in both patients and 

controls. However, the hypermethylation levels observed in DM1 muscle were much lower 

compared to control muscle; reductions were in some cases as high as 70%. For CTCF1, six 

out of seven muscle biopsies of the same patients showed hypermethylation. This 

hypermethylation was highest in the youngest biopsy, belonging to a juvenile case. Of these 

biopsies, we have the CTG expansion size available in muscle. We could, however, not link 

the CTG expansion size to the degree of methylation.  

Of the blood samples and biopsies, cells were isolated to assess whether cellular 

models reflect accurately the origin tissue in terms of DNA methylation status. 

Lymphoblastoids preserved the DNA methylation pattern observed in all five regions in all 

clinical subtypes, with a few exceptions. P7 showed hypermethylation for CTCF1 in blood, but 

not in lymphoblastoid cells and in CTCF2, two patients gained low-grade hypermethylation in 

lymphoblastoids (~10% methylation), that was not present in blood. For skin fibroblasts, 

CpGi 74 and CpGi 36 and CTCF2 preserved their DNA methylation pattern, but CpGi 43 

showed gained hypermethylation in the majority of both controls and patients (~10% 

methylation), with no differences between the two groups. CTCF1 in skin fibroblasts showed 

low-grade hypermethylation (average of around 10%) in DM1 patients, but no methylation 

in controls. For myoblasts and myotubes, similar patterns were observed as described in 

muscle for all five regions.  

Altogether, our results showed a CTCF1 DNA hypermethylation gradient in blood of 

the developmental cases and CTCF1 hypermethylation correlated to disease severity and CTG 

expansion size. Hypermethylated cases showed a higher chance of maternal transmission 

and CTCF1 hypermethylation in the parent was associated with a contraction of the CTG 

expansion upon generational transmission. Notably, DM1 patient-derived cells mostly 

preserved the DNA methylation profiles observed in tissues. Finally, our results showed a 

DM1 muscle-specific epigenetic landscape, with a loss of methylation at CpGi 43, a region 

containing an alternative DMPK promoter, accompanied by a hypermethylation of the CTCF1 

region in muscle and muscle-derived cells.  
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SUMMARY OF THE RESULTS 

 Here we review the current knowledge on the potential of miRNAs as a biomarker 

for disease development in DM1. Due to the multi-systemic nature of DM1 and the different 

tissues involved, the advances will be discussed per tissue, and we will touch on the 

therapeutic potential of miRNAs in DM1. 

 myo-miRs are specifically expressed in skeletal muscle and cardiac muscle. They 

consist of miR-1, miR-133a/b, and miR-206, which are highly enriched in skeletal muscle, 

whereas miR-1 and miR-133a/b are also highly enriched in cardiac muscle. Skeletal muscle 

miRNA deregulation was first described by Gambardella and collaborators in 2010. Only miR-

206 was found to be overexpressed in biopsies of DM1 patients and was localized in 

centralized nuclei and nuclear clumps in DM1 muscle sections, but predicted targets, such as 

Utrophin were unchanged. Perbellini and collaborators conducted a similar study, but found 

miR-1 and miR-335 to be upregulated and miR-29b/c and miR-33 to be downregulated. 

Predicted targets of miR-1 and miR-29, involved in muscle development, arrhythmia, 

splicing, and atrophy, were significantly upregulated in DM1 patients, indicating functional 

relevance and a possible contribution to DM1 pathology. The paper by Fernandez-Costa and 

collaborators used a Drosophila model, in which CTG expansions were introduced. They found 

20 miRNAs to be differentially expressed. Only three of the deregulated miRNAs were 

preserved in humans, miR-1, miR-7, and miR-10, and their downregulation was also found 

in humans, and at least seven of their target genes were upregulated. In addition, they found 

that Muscleblind, the homolog of human MBNL1, is necessary for the regulation of miR-1 and 

miR-7 in Drosophila flies.  

Information on miRNA patterns in the heart of DM1 patients is scarce, most likely 

due to the difficulty of sample collection. Rau and collaborators showed in 2010 that miR-1 

is downregulated in DM1 patients compared to controls. Loss of miR-1 was due to MBNL1 

and downstream targets of miR-1, which are responsible for intracardiomyocyte conductance, 

are upregulated in heart samples of DM1 patients. The second study, performed by Kalsotra 

and collaborators, screened a DM1 mouse model for over 500 miRNAs and identified 54 

differentially expressed miRNAs, which were validated in DM1 heart tissue. Twenty were 

significantly downregulated in human DM1 heart tissue, including two myo-miRs (miR-1 and 

miR-133a). Pathway analysis revealed the loss of function of the myocyte enhancer factor-2 

transcriptional network.  

 Although the above studies discussing muscle and heart, have given us valuable 

information regarding the involvement of miRNAs in DM1 pathology, due to the invasive 

nature of sample collection, their biomarker potential is limited. The field, therefore, shifted 

its focus on circulating miRNAs for biomarkers in DM1. The first study on circulating miRNAs 

in DM1 was performed by Perfetti and collaborators in 2014. In 24 plasma DM1 samples, 14 

miRNAs were significantly different expressed out of a panel of 381 miRNAs. Validation in a 
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bigger cohort revealed nine differently expressed miRNAs. Pooling the nine miRNAs into a 

DM1-miRNA score resulted in an accurate discrimination between DM1 patients and controls. 

Interestingly, the DM1-miRNA score showed a negative correlation with global muscle 

strength. In a later study, these findings were validated in a bigger cohort (n=103). 

Koutsoulidou and collaborators performed a similar study in the sera of DM1 patients and 

found all four myo-miRs to be significantly increased in blood sera of twenty-three DM1 

patients, and myo-miRs were distinguishable between patients and controls with Receiver 

Operating Characteristic curves. No correlation between the miRNA expression levels and 

DM1 severity were found. However, they found that the four miRNAs were increased in 

progressive DM1 patients compared to stable patients, and that the miRNAs could 

discriminate between progressive and stable DM1 patients. These findings were also 

validated in a bigger cohort (n=63). In contrast, Fernandez-Costa and collaborators reported 

no changes in serum miRNA profiles of DM1 patients.  

Several correlations between miRNA expression levels and DM1 clinical phenotype 

have been made, and a recent paper has shown how miRNA expression levels can be a 

biomarker for rehabilitation. Interestingly, to date only one paper has compared serum and 

muscle miRNAs levels simultaneously. They found the levels of circulating miR-133a, miR-

29b, and miR-33a to be increased in DM1 patients. However, in muscle tissue two myo-miRs 

(miR-1 and miR-133a) and miR29c were found to be downregulated, which indicates that 

circulating myo-miRs are not reflective of the situation in the muscle. 

The search for a therapeutic, targeting miRNAs in DM1, has focused mainly on 

miRNAs associated with the two splice factors involved in DM1 pathology, namely MBNL1 and 

CELF1. Four different miRNAs (miR-1, miR-30-5p, miR-23b, and miR-218) associated with 

the splice factor MBNL1 have been proposed as therapeutic targets. For example, a study 

showed that introducing a miR-30-5p mimic into C2C12 muscle cells downregulated the 

expression of MBNL and deregulated downstream targets of MBNL, including Trim55 and IR. 

Cerro-Herreros and collaborators showed that miR-23b and miR-218 anti-miR treatment in 

DM1 myoblasts and DM1 mice increased MBNL1 levels, and in the latter, this was linked to 

improvements in spliceopathy profile, histopathological signs, and functional myotonia 

without toxicity. The therapeutic effect was dose-dependent and has long-lasting effects. For 

the splice factor CELF1, the focus has been primarily on miR-206, which may modulate CELF1 

overexpression. The introduction of miR-206 mimics into cells overexpressing CEFL1 inhibited 

CELF1 expression and improved the myoblast fusion index and myotube area. 

Taken together, in the past two decades, extensive research has been conducted in 

the miRNA expression profiles of DM1 patients and their biomarker potential. Several 

expression profiles have been found to be able to distinguish between DM1 patients and 

healthy subjects, and even a link has been made between progressive and non-progressive 

muscle wasting in DM1 patients. Moreover, the deregulated miRNA expression profiles in 

DM1 have led to the identification of novel therapeutic targets, with promising results.  
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The main goal of this doctoral thesis was to have an in-depth look in potential 

disease modifiers of DM1 and to identify their link to DM1 pathology and clinical phenotype. 

The findings laid out in this dissertation have added novel findings, confirmed existing 

reports, and called into question previously reported findings. Five potential disease modifiers 

were the focus of this dissertation and several links to DM1 phenotype have been made and 

are discussed below.  

DM1 VARIANT REPEATS  

The effect of variant repeat patterns on the DM1 clinical phenotype is still poorly 

understood. Although variant repeats have been previously linked to disease phenotype, the 

results are quite controversial. Nevertheless, the most observed finding to date is a delay in 

age of onset in variant repeat carrying DM1 patients compared to pure repeat carrying DM1 

patients [26,34,189,190,193]. Our results support this observation, with an age of onset >50 

years for the three sisters and an asymptomatic son at the age of 35. However, the also 

often reported milder phenotype that accompanies the delay in onset was absent in our 

interrupted family. Several studies have reported less severe muscle weakness, lower degree 

of myotonia and better respiratory function [26,44,189,190,193,194]. In our reported DM1 

family, we observed a quite severe clinical manifestation after initial age of onset in the three 

sisters with cardiac and respiratory dysfunction, requiring a pacemaker and mechanical 

ventilation. Although the majority of studies reported a milder phenotype, there are reports 

indicating either no differences or a worsening of symptoms in variant repeat carrying DM1 

patients [189,191]. Of note, several atypical traits were observed in the three sisters of the 

interrupted family, including proximal limb weakness, severe axial involvement and the 

absence of a myopathic face, despite the presence of moderate facial weakness. Proximal 

weakness is more suggestive of DM2 and the dropped-head observed in one of the sisters is 

more resembling limb-girdle muscle dystrophy. An atypical phenotype has been previously 

observed, including a DM2-like phenotype [26,191].  

CTG expansion intergenerational analysis revealed a contraction and an expansion 

of the CTG repeat in the interrupted family. The expansion was accompanied by anticipation 

as the next generation had an earlier age of onset. The patient with the observed contraction 

is still asymptomatic and therefore no links to disease severity can be made. Variant repeat 

carrying individuals have shown a more stable intergenerational transmission, with either 

similar or contracted transmitted CTG repeats [26,43,192,195]. Although the overall 

consensus is a stabilizing effect, anticipation has been observed in several interrupted DM1 

families [26,34,43,189,190].  

Variant repeats in our cohort displayed a prevalence of ~10% on individual basis 

and 3% on family level. This is in consensus with previously reported findings, where the 

prevalence is estimated to be between 3 to 5% [26,43,189–191]. The variants found were 

CCGs at the 3’ end region,  which is one of the most common found variant repeats to date 
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and have been reported as single repeats, in CCGCTG hexamers or as small or large (CCG)n 

arrays [26,43,189–191]. The studied interrupted family members in our cohort showed all 

previously described CCG variant repeats (single repeats, hexamers and small (CCG)n 

arrays) in the expanded alleles, which were both changed and preserved upon generational 

transmission.   

  Altogether, our study addressing the effect of variant repeats on DM1 corroborates 

the general findings that their prevalence is between 3 to 5% and that at clinical level, variant 

repeats delay the DM1 age of onset compared to pure repeat carrying patients. However, our 

results did not show a milder phenotype, except for the asymptomatic patient, which 

interestingly showed a contracted repeat, in line with the overall consensus that variant 

repeats have a stabilizing effect on CTG repeat. Due to the small number of interrupted 

patients present in the DM1 population, it is hard to perform accurate genotype‐phenotype 

correlations and there is still much uncertainty. Studies with larger DM1 cohorts, preferably 

with DM1 families, are needed to better understand the phenotypic consequences of variant 

repeat patterns and to study their effect on intergenerational transmissions of the DMPK 

expanded allele, and to address whether variant repeats have an impact in the epigenetic 

regulation of the DMPK locus. 

DM1-AS TRANSCRIPTION AND RAN TRANSLATION 

In 2005, antisense transcription was first reported in DM1 and the first report on 

RAN translation was in 2011, both were considered potential new disease modifiers in DM1. 

However, limited new data on antisense transcription, and no new data on RAN translation 

has been published since their first reports and sample collection in the initial reports was 

limited. Thanks to the precious collection of DM1 patient-derived cells available to use, we 

addressed the presence of antisense transcription and polyGln RAN protein in three primary 

cell cultures of patients with DM1, namely myoblast, skin fibroblast and lymphoblastoid cell 

lines, in order to further elucidate its contribution to DM1 pathology.  

Lower levels of DM1-AS expression were observed in DM1 patients compared to 

controls, and the primer combination encompassing the repeat region seemed to favor the 

wild-type alleles. Only one patient showed a band that could correspond to the expanded 

repeat and this patient carried the smallest CTG expansion. Hence, it could be possible that 

the much larger expanded repeats could not be detected by this method, which in turn could 

be a potential explanation for the lower levels of expression seen in patients compared to 

controls. However, the lower levels were also observed with the other two primer 

combinations that did not encompass the expanded repeat, making it highly unlikely that the 

lower levels seen were solely due to the binding of the wild-type allele. DM1-AS expression 

has only been studied by a handful of other groups. These studies revealed either no changes 

or higher levels of DM1-AS expression, which is in vast contrast to the results obtained from 

our study. Moreover, Gudde and collaborators showed, when stratified based on inferred 
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MBNL concentration, that the most severely affected patients showed a three-fold increase 

in DM1-AS expression compared to controls [218]. We were unable to do such stratification, 

but we have extensive knowledge on the clinical phenotype of our DM1 cohort, although upon 

revision, a correlation between expression levels and clinical phenotype could not be found. 

Our results disagree with the previous study, but the sample size of our cohort was rather 

small for clinical comparisons, hindering the analysis. To better determine whether DM1-AS 

transcript expression is linked to disease severity, a bigger cohort is needed. 

The presence of DM1-AS transcripts in DM1 cells does not necessarily mean that 

these transcripts can reach the cytoplasm and be RAN-translated. Subcellular fractionation 

and FISH antisense RNA foci analysis revealed the presence of DM1-AS transcripts in the 

cytoplasm of both patients and controls, with a higher percentage in the nuclear fraction, and 

a part of these DM1-AS transcripts contained the expanded repeat. The presence of 

cytoplasmic DM1-AS transcripts and the presence of antisense RNA foci were previously 

described [216–218]. Gudde and collaborators showed the presence of DM1-AS transcripts 

as a heterogeneous pool of transcripts with and without the expanded repeat in the 

cytoplasmic fraction of myoblasts [218], corroborating our results.  

However, the polyGln RAN protein was undetectable in all three of our primary cell 

cultures in both protein blots, which revealed a 42 kD polyGln-containing protein with the 

two commercial anti-polyGln antibodies, and in immunofluorescence, which showed 

infrequent staining of the nucleus and an aggregate around the nucleus.  The 42 kD protein 

might be TBP and in fact, the original immunogen for the 1C2 antibody was the general 

transcription factor TBP, which contains a 38-Gln stretch and therefore matches our results. 

It was shown, however, that TBP will always appear in blots, but the binding of longer 

stretches of PolyGln will be favored [327]. Accordingly, a certain subset of lymphoblastoids 

did show a band that might correspond to the polyGln RAN protein, but the custom α-DM1 

antibody showed a range of non-specific bands in both patients and controls and we were 

therefore unable to determine the origin of this protein with certainty. In addition, it is difficult 

to know the exact size of the polyGln RAN protein produced by the DM1-AS, as the disease 

is prone to somatic mosaicism [31,32]. Nevertheless, Zu and collaborators showed a band 

just below 60 kD in a patient carrying 85 CTG·CAGs [221]. Our patients carried expansions 

much larger than that, and when estimating the molecular weight based on the CTG 

expansion size, it was possible to have polyGln RAN proteins in the range we found within 

the lymphoblastoid cell lines. This will remain, however, hypothetical, as it seems we do not 

have a proper functional custom DM1 polyGln RAN antibody and no positive control available 

to test its functionality. The aggregate found with immunofluorescence co-localized with the 

Golgi apparatus, which might indicate the detection of another endogenous polyGln-

containing protein. For example, ataxin-2, the product of the SCA2 gene, contains 22 

glutamines and resides in the Golgi apparatus [328]. In addition, our immunofluorescence 

did show staining of the nucleus at high antibody concentrations, which might be due to 
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binding of the transcription factor TBP, also detected by the immunoblots (42 kD band). 

Taken together, this would mean that both commercial anti-polyGln antibodies bind to 

several endogenous polyGln-containing proteins, especially at higher antibody 

concentrations. However, the previous reported polyGln RAN proteins were not found, even 

though two antibodies were the same used as in the previous report and similar cells were 

used. Our DM1-AS results suggested that the presence of DM1-AS transcripts containing the 

expanded repeat in the cytoplasm of DM1 cells is quite a rare occurrence. This highly affects 

the chance of producing polyGln RAN proteins. In addition, polyGln-containing proteins are 

very common in healthy subjects. Taking these two notions together, it might be plausible 

that with current techniques, sensitivity is too low to detect such low quantities of the polyGln 

RAN protein, which in addition is hindered by the presence of other polyGln containing 

proteins. 

Although we were unable to detect polyGln RAN proteins in our DM1 cells, much 

progress has been made in other repeat expansion disorders displaying RAN translation, 

which could help in the field of DM1. Seven expansion disorders have been added since the 

first discovery of RAN translation in SCA8 and DM1 [222,238,241,244–246,329]. Of these, 

SCA8, SCA3 and HD are the three repeat expansion disorders in which the RAN proteins 

originate from a CAG expansion, and can therefore result in polyGln RAN proteins. 

Interestingly, in vivo, none of the diseases show polyGln RAN proteins, but instead produce 

poly-alanine, and for HD additionally poly-serine RAN proteins. It might be interesting to 

include custom antibodies for the two additional homo-polymeric protein possibilities with 

regard to DM1.  

Taken together, DM1-AS transcript levels were lower in patients compared to 

controls and were present in both the nucleus and the cytoplasm of DM1 cells. Further 

research into the effect of expanded DM1-AS transcripts on MBNL1 sequestration and overall 

DM1 pathology is needed to understand their link to clinical phenotype. Only a small portion 

of the DM1-AS transcripts contained the expanded repeat, substantially lowering the 

possibility of RAN translation in DM1. The polyGln RAN protein was not present in patient-

derived DM1 cells, or was present in such low quantities that it is below the detection limit of 

the currently available techniques, suggesting RAN translation might not play a major role in 

DM1 pathology. The development of more sensitive techniques and antibodies with higher 

specificity are needed to understand the real contribution of RAN translation to DM1.  

DNA METHYLATION PROFILES ACROSS THE DMPK LOCUS 

The fourth disease modifier studied was DNA methylation and the overall goal of 

this study was to investigate the contribution of epigenetics to DM1 pathology, by analyzing 

the DNA methylation profiles across the DMPK locus in several tissues and tissue-derived 

cells in all clinical subtypes of DM1. So far, all the published studies in DM1 have only 

addressed the DNA methylation pattern in the region containing the expanded repeat, which 
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overlaps with a big CpG island (named CpGi 374), and where CTCF can be bound at two 

distinct places (named CTCF1 and CTCF2). This was considered particularly relevant because 

the DMPK gene is found in a chromosomal location containing a high density of genes, being 

most of them almost exclusively expressed in testis, and there is overlapping between the 3’ 

UTR of one gene with the regulatory regions of the next. The SIX5 transcription start site is 

less than 400bp from the 3’ end region of the DMPK, and more importantly, the SIX5 

enhancer/promoter resides in CpGi 374. The gene adjacent to the 5’ end region of the DMPK 

gene, DMWD, is also within 500 bp from the gene (Figure 10 introduction). Importantly, CTCF 

is a transcription factor that can function as an insulator and hypermethylation of the CTCF 

regions could inhibit CTCF-binding and disrupt the insulator element altering gene expression 

[292].   

Our results comparing blood samples highlight a gain of DNA methylation in the 

CTCF1 region of DM1 developmental cases, which is more prevalent with earlier onset and 

correlates with higher disease severity and CTG expansion length. The upward gradient 

observed, has been described previously [55,297–299], but the trend was not as clear as 

ours, since hypermethylation was more concentrated towards the congenital subtype. 

Additionally, fifty percent of the CTCF1 hypermethylated cases showed also hypermethylation 

in the CTCF2 region. However, CTCF2 methylation without CTCF1 hypermethylation was not 

observed, which may indicate that the beginning of the aberrant DNA methylation is not 

random and it spreads beyond the CTG repeat only in certain cases/conditions. Several 

studies have shown that in non-affected samples, CTCF binds strongly to CTCF1, whereas 

the CTCF2 binding site is more controversial showing either weaker or no CTCF binding 

[135,293,295,330]. The preferential hypermethylation observed at the CTCF1 region, mainly 

in the congenital cases, can therefore potentially be more disruptive and a bigger contributor 

to DM1 pathology. The CpGs in the binding site region of CTCF1 and CTCF2 were both 

hypermethylated in our methylated samples, as well as in other studies, which could 

potentially inhibit CTCF-binding and disrupt the hypothesized insulator element between the 

SIX5 enhancer and DMPK promoter, resulting in increased DMPK levels, meanwhile reducing 

SIX5 expression, and worsening DM1 pathology [7,292]. However, some reports showed no 

differences in DMPK and SIX5 expression levels between methylated and non-methylated 

samples [298] and Yanovsky-Dagan and collaborators identified a region upstream of CTCF1 

binding site that when hypermethylated decreased SIX5 expression [135].  Additionally, in 

DM1 adult samples a reduction of DMPK levels has extensively been reported, making this 

theory only applicable for DM1 developmental cases, which are in fact the ones that showed 

CTCF1 hypermethylation. 

Our study is the first to report a more severe disease manifestation at skeletal 

muscle, cardiac and cognitive level in hypermethylated DM1 childhood cases, as phenotype 

associations have so far only been performed in adults [294,301]. Furthermore, we found an 

association with CTG expansion length, where longer CTG expansions are more likely to be 
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hypermethylated. This is in concordance with previous results [32,296,298,301], although 

other studies have suggested no such correlations exist or they may not be absolute 

[55,299]. Additionally, we have found an increased, but not exclusive, maternal transmission 

in the hypermethylated cases. Barbé and collaborators have suggested the presence of a 

parent-of-origin effect, where DNA methylation may account for the maternal bias for CDM1 

transmission, the larger maternal CTG expansions, age of onset and clinical phenotype [55]. 

Although we do see a similar trend, as all our CDM1 cases are both maternally transmitted 

and hypermethylated, for the other clinical phenotypes, parental inheritance is not a good 

predictor for methylation status or vice versa. This is strengthened by the observation of 

Morales and collaborators, where a large family showed several paternally transmitted 

methylated cases [297]. It therefore may be a good diagnostic indicator during prenatal 

screening, but less efficient as a general disease marker. Of note, a recent study in DM1 

spermatozoa found that DNA methylation was not affecting sperm viability and these 

spermatozoa were compatible with “in vitro” fertilization [331]. These findings go against the 

hypothesis that reduced survival is associated with methylated spermatozoa, preventing the 

transmission of CDM1 [7], and therefore, other explanations for this maternal bias should be 

explored. 

Our study cohort included several families, giving us the opportunity to study 

inheritance of the DNA methylation profiles. We found the CTCF methylation status of our 

patients was not inheritable, as several unmethylated mothers gave birth to methylated 

cases. This is in accordance with previous studies [55,297]. Interestingly, we observed that 

the offspring of methylated mothers carried contractions of the CTG expansion, while the 

offspring of unmethylated mothers carried expansions of the repeat. This suggests that 

although the bigger CTG expansion sizes are associated with hypermethylation, when a 

methylated parent passes on the methylation status, it coincides with the transference of a 

smaller CTG expansion. Some authors have evaluated the effect of DNA methylation on the 

stability of the CTG expansion repeat [332]. When using bacterial and primate cellular models 

of 83 to 100 CTG repeat expansions, DNA methylation was found to be associated with a 

stabilization of the repeat size. However, caution must be taken with these observations, as 

the sample size in their study and our study was low and additional studies are needed to 

further elucidate this observation. 

As mentioned before, all previous DNA methylation studies were focused in the CTG 

repeat region, located in the CpGi 374. However, the DMPK locus harbors three more CpG 

islands, which have never been investigated in DM1 samples. Interestingly, our results 

showed a novel tissue-specific epigenetic landscape in muscle samples for CpGi 43 and 

CTCF1, which brings new insights in DM1 epigenetics. Recently, Buckley and collaborators 

reported the existence of a DMPK alternative promoter, which overlaps with CpGi 43, as well 

as cell type-dependent differences in promoter usage according to epigenetic features  [293]. 

The data presented by Buckley and collaborators showed a predominant use of the canonical 
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upstream promotor in skeletal muscle and myogenic cells from control individuals [293]. 

Conversely, in blood, a predominant usage of the alternative DMPK promoter was suggested 

[293]. Interestingly, our study in DM1 muscle samples showed a specific demethylation of 

this alternative promoter located at CpGi 43 in skeletal muscle tissue and muscle-derived 

cells. This could potentially alter chromatin conformation and result in a shift of the promoter 

usage from the strongest/canonical one to the weak/alternative promoter, decreasing DMPK 

expression levels in DM1 myogenic samples.  

Additionally, this DM1 tissue-dependent demethylation was accompanied by a gain 

of methylation in the CTCF1, but not the CTCF2 region. However, the CpG sites residing in 

the CTCF1 binding site remained unmethylated in muscle samples. This may imply that 

although there is a disease-specific gain of methylation for the CTCF1 region in muscle, the 

CTCF binding site is not disrupted, allowing CTCF binding. Nevertheless, CTCF1 

hypermethylation might affect other chromatin interactions, in turn affecting gene 

expression. Buckley and collaborators showed that CTCF regions, as well as intragenic regions 

of DMWD and radial spoke head 6 homolog A genes (RSPH6A genes), located next to the 

DMPK gene, display enhancer chromatin features in control muscle cells [293]. Our findings 

showing the hypermethylation of the CTCF1 region in DM1 muscle samples may indicate loss 

of chromatin interactions between the DMPK promoter and these potential myogenic 

enhancers. Interestingly, Brouwer and collaborators showed an increase of the H3K9me3 

chromatin repressive mark, together with gain of DNA methylation, in the CTCF1 region (and 

to a lesser extent in CTCF2) in heart tissue of DM1 mice, which correlated with decreased 

DMPK expression [295]. However, to demonstrate that DNA methylation changes in the 

CTCF1 region in DM1 skeletal muscles could alter chromatin interactions in the DMPK locus, 

further experiments are needed. 

Our study addressed for first time the DNA methylation status of patients-derived 

DM1 cells.  Our results showed that most of the tissue-derived primary cells showed very 

similar DNA methylation patterns as the tissue of origin. However, in some cases we observed 

a slightly higher increase in methylation levels in cells versus the corresponding tissues. This 

can be explained by the observation that cellular models, especially immortalized cell lines 

or primary cell cultures that have been in culture for a substantial amount of time, can 

increase DNA methylation levels [253,333,334], and/or because of the purity of cell cultures 

compared to tissues containing distinct cell types. Overall, our results showed that the DM1 

patient-derived cells preserve the genetic and epigenetic features, which make them 

excellent models to study DM1 pathology.  

Altogether, our results showed a distinct DNA methylation profile across DM1 tissues 

and uncovered a novel and dual epigenetic signature involving gain of DNA methylation in 

the flanking region of CTG expansion, accompanied by specific DNA demethylation in the 

DMPK gene body of DM1 samples, which highlighted the contribution of epigenetic changes 
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to DM1 pathology. Further research is needed to understand the impact of this dual myogenic 

epigenetic signature on gene expression and DM1 pathology.  

THE BIOMARKER POTENTIAL OF miRNAs 

The last disease modifier studied are miRNA expression profiles. miRNAs have great 

potential to become diagnostic tools in several diseases, including cancer, neurodegenerative 

diseases, and neuromuscular diseases. However, to date, insufficient knowledge and a lack 

of conclusive results to clarify the role of miRNA in disease diagnosis have held back the 

implementation of miRNA biomarkers in clinical settings [313]. In the past two decades, 

extensive research has been conducted in the miRNA expression profiles of DM1 patients and 

their biomarker potential. Several expression profiles have been found to be able to 

distinguish between DM1 patients and healthy subjects, and even a link has been made 

between progressive and non-progressive muscle wasting in DM1 patients. However, 

discrepancy between studies still exists.  

The vast difference in results between the studies, which at first glance look very 

similar in set-up, might be explained by the use of different tissues of origin. Studies in 

muscle use biopsy material from the vastus lateralis [314,316], the biceps brachii [317], or 

a mixture of material from the vastus lateralis, biceps brachii, and deltoid [318]. Since in 

DM1, in general, the observed muscle weakness is prominently distal, and only in later stages 

of the diseases are the proximal muscles, such as the bicep brachii and the vastus lateralis, 

involved, it could be that the stage of each individual patient at the time of biopsy can 

influence the obtained results. The studies that focus on blood use different blood 

components as well, i.e., serum, plasma or whole blood. It has been shown that the miRNA 

expression levels differ between serum and plasma, for example due to the activation and 

release of miRNAs from platelets during collection of plasma [335]. Moreover, different 

clinical subtypes are used across the reported studies or clinical subtypes are not mentioned. 

The different clinical subtypes can potentially differ in their miRNA profiles. Childhood-onset 

DM1 patients display a different array of symptoms compared to adult-onset DM1, suggesting 

that different pathological mechanisms are at play.  

Another reason for the discrepancies found could be the use of quantitative PCR 

(qPCR) to study miRNA expression levels, where expression levels are normalized against an 

endogenous miRNA of which the levels are known to be stable or by using a spike-in miRNA. 

Total miRNA content has been shown to be an experimental variable and adds a systematic 

bias in miRNA quantification [336]. No gold standard for this type of normalization exists, 

and groups often use different approaches, decreasing the comparability of their studies. A 

way around the normalization process might be the use of a fairly novel technique, the digital 

droplet PCR, which produces an absolute quantity, eliminating the need for normalization 

[337]. This will help in the comparability of results between groups. Sample size and type of 

patient cohort seems to be of influence as well. Both Koutsoulidou and collaborators [323] 
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and Perfetti and collaborators [322] tried to validate their initial findings in a bigger cohort, 

but obtained different results, highlighting the importance of sample size and the specific 

group of patients included [324,325].  

Further research, especially longitudinal studies, are needed to unravel the true 

biomarker potential of miRNAs in DM1 and to see whether they can help in the prediction of 

disease progression and/or in the prediction of treatment efficacy.  

CONCLUDING REMARKS  

 The results lined out in this doctoral thesis have highlighted the complexity of DM1 

pathology. Here, we have addressed the contribution of genetic and epigenetic modifiers to 

DM1 pathology. Our results have shed light on the contribution of variant repeats, antisense 

transcription, RAN translation and changes in DNA methylation and miRNA expression levels 

to DM1 pathology. There is no doubt that a full understanding of the entire DM1 pathology is 

needed to be able to find new therapeutic targets for this incurable disease, but also to find 

prognostic markers for disease development to facilitate symptom management. Although 

further research is needed, the data presented in this dissertation will contribute to a better 

understanding of this complex and multi-systemic disease. 
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Chapter I 

 

 Variant repeats can be linked to a delay of disease onset, but not necessarily a milder 

phenotype, as an aging-related severe disease manifestation might be present. 

 

 Atypical features can be present in variant carrying individuals, hampering disease 

diagnosis. 

 

 Intergenerational transmission can result in both contractions and expansions, the latter 

linked to anticipation. 

 

Chapter II 

 

 DM1-AS transcript levels are lower in DM1 patients compared to controls, and can be 

found in both nucleus and cytoplasm as a heterogeneous pool with and without the 

expanded repeat. 

 

 Only a small portion of the DM1-AS transcripts contained the expanded repeat, 

substantially lowering the possibility of RAN translation in DM1. 

 

 The polyGln RAN protein is not present in patient-derived DM1 cells, or is present in such 

low quantities that it is below the detection limit of the currently available techniques. 

This raises the question whether RAN translation contributes to DM1 pathology. 

 

Chapter III 

 

 A gain of DNA methylation is present in the CTCF1 region of DM1 developmental cases, 

which is more prevalent with earlier onset. 

 

 Childhood hypermethylated patients present a more severe muscular, cardiac and 

cognitive manifestation of the disease.  
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 Longer CTG expansions are associated with a higher chance of hypermethylation. 

 

 Hypermethylation of the CTCF1 regions is linked to increased, but not exclusive, 

maternal transmission of the expanded allele.  

 

 DNA methylation status in DM1 patients is not inheritable. Parental hypermethylation is 

associated with CTG size contractions, instead of expansions, in offspring. 

 

 There is a muscle-specific dual epigenetic signature involving gain of DNA methylation 

in the flanking region of the CTG expansion, accompanied by specific DNA demethylation 

present in the DMPK gene body of DM1 samples. 

 

Chapter IV 

 

 Extensive research into the miRNA expression profiles of DM1 patients and their 

biomarker potential reveal a global deregulation of miRNA expression in DM1.  

 

 miRNA expression profiles can distinguish between DM1 patients and healthy subjects, 

and can be linked to clinical phenotype. 

 

 Further research, especially longitudinal studies, are needed to unravel the true disease 

modulating and biomarker potential of miRNAs in DM1 to see whether they can help in 

the prediction of disease progression and/or in the prediction of treatment efficacy. 
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