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ABSTRACT 

 

Myotonic dystrophy type 1 (DM1) is a genetic and multisystemic muscular 

dystrophy with autosomal dominant inheritance.  It is caused by a CTG 

expansion in the 3’ end of DMPK gene. Symptoms are mainly caused by the 

accumulation of toxic RNA aggregates, called RNA foci, which sequester 

MBNL1 protein, a splicing regulator. The symptoms can appear at any age and 

they are highly heterogeneous between patients. This heterogeneity is 

partially derived from the CTG repeat length, which due to both somatic and 

intergenerational instability, differs both between patients and between 

different tissues of a single patient.  

In this thesis the main focus is put on DM1 heterogeneity, which is often 

ignored in studies. Heterogeneity is an important feature to consider because 

it could have an influence in the molecular DM1 alterations at cellular level 

and in the efficacy of a therapy, meaning that DM1 models representing said 

heterogeneity would be useful. The thesis is divided in three chapters, each of 

which, explores DM1 heterogeneity from a different perspective. 

Chapter 1 is focused on the study of heterogeneity from a molecular point of 

view. The study analyses differences in RNA foci and MBNL1 aggregates 

expression between different cell types or DM1 subtypes. On the one hand, 

the analysis of four different cell types (lymphoblasts, fibroblasts, myoblasts 

and myotubes) revealed significant differences between them, being 

myotubes the cell type with a higher number of RNA foci and myoblasts the 

cell type with a higher MBNL1 sequestration. Myoblasts were also used to 

perform a single cell study to determine heterogeneity in expression levels and 

whether it correlates with the number of RNA foci expressed in the same cell. 

Results revealed no correlation. On the other hand, the analysis of RNA foci in 

the 5 subtypes of DM1 (congenital, infantile, juvenile, adult and late-onset) 

revealed a higher accumulation of RNA foci in patients with an earlier age of 

onset. In this chapter the existence of molecular heterogeneity both between 

and within patients is confirmed. 

Chapter 2 is focused on how DM1 heterogeneity impacts the degree of efficacy 

of a treatment. The study assesses the therapeutic potential of antagomiRs 

23b and 218, two antisense oligonucleotides that block MBNL1 repressors 

miRNAs 23b and 218. A previous study proved that these antagomiRs have a 

positive impact in DM1 pathogenesis, however DM1 heterogeneity was not 



   

 

   

 

assessed. In this study eight independent human DM1 primary myoblast lines 

with CTG repeats ranging from 117 to 1054 were treated with both 

antagomiRs. It was found that miR-23b and 218 are upregulated in patient 

myoblasts and that miRNAs overexpression correlated with CTG expansion 

size. The treatment reduced the miRNAs activity, increasing MBNL1 protein 

levels and reducing DMPK expression and foci number. Moreover, MBNL1-

dependent splicing events were significantly rescued and the degree of MBNL1 

enhancement correlated with splicing rescue. In this chapter it is concluded 

that antagomiRs 23b and 218 have therapeutic potential across different 

genetic backgrounds.  

Chapter 3 is focused on the need for in vitro models to study DM1 and to 

validate therapies that represent the clinical and genetic heterogeneity 

observed in DM1 patients. In the study, three DM1 muscle lines derived from 

patients with different DM1 subtypes and clinical backgrounds were 

immortalized and characterized at the genetic, epigenetic, and molecular 

levels. Results showed that the three immortalized cell lines displayed all the 

expected DM1 hallmarks with significant differences between the cell lines for 

several of the studied alterations. Moreover, the response of the immortalized 

cell lines to the previously tested therapeutics was also analysed with positive 

results. In this chapter it is concluded that the three immortalized DM1 cell 

lines developed in this study are suitable to study the pathophysiological 

heterogeneity of DM1 and to test future therapeutic options. 
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ABBREVIATIONS  

  

ASO = antisense oligonucleotide 

AUC = area under the curve 

BIN1 = the bridging integrator 1/ amphisphysin 2  

CACNA1S = calcium voltage-gated channel subunit alpha 1 S  

CAG – Cytosine-Adenine-Guanine 

CCG – Cytosine-Cytosine-Guanine  

CCND1 = cyclin D1 

CDK4 = cyclin-dependent kinase 4  

CGG – Cytosine-Guanine-Guanine  

CELF1/CUGBP1 = CUG-binding protein 1  

CLCN1 = chloride voltage-gated channel 1  

CNS = central nervous system  

CpG = cytosine-guanine sites  

CpGi = CpG island  

CRISPR-Cas9 = clustered regularly interspaced short palindromic repeats - 

CRISPR-associated protein 9 

CTCF = CCTC-binding factor  

CTC – Cytosine-Thymine-Cytosine  

CTG – Cytosine-Thymine-Guanine 

CUG – Cytosine-Uracil-Guanine 

DM1 = myotonic dystrophy type 1  

DMD = dystrophin  

DMPK = dystrophia myotonica protein kinase  

DMWD = dystrophia myotonica WD repeat-containing protein  

DNA = desoxyribonucleic acid 



   

 

   

 

DRG = disease-related genes 

ePAL = estimated progenitor allele length  

GSK3β = glycogen synthase kinase 3 beta  

ESCs = embryonic stem cells  

iPSCs = induced pluripotent stem cells  

INSR = insulin receptor  

iPSC = induced pluripotent stem cell 

LDB3 = LIM domain binding 3  

LNA – Locked Nucleic Acid 

MAPT = microtubule-associated protein tau 

MBNL = muscleblind-like  

miRNA = microRNA  

MIRS = Muscular Impairment Rating Scale 

2’-MOE = 2’-O-Methoxyethyl  

MRC = Medical Research Council  

mRNA = Messenger Ribonucleic Acid  

mRS = Modified Rankin Scale 

MyoD = myoblast determination protein 1 

NMDAR1 = NMDA receptor 1 

2’-OMe – 2’-O-Methyl  

OSKM = Reprogramming cocktail (Oct4, Sox2, Klf4 and c-Myc,)  

PCR – Polymerase Chain Reaction  

PKC – Protein Kinase C  

PPFIBP1 = PPFI binding protein 1 

pri-miRNA = Primary transcript of the miRNA 

PS = Phosphorothioate 

RISC = RNA-induced silencing complex  

RNA = Ribonucleic acid 



   

 

   

 

RNAi = RNA interference  

ROC = Receptor operating curve 

RyR1 = Ryanodine receptor 1  

SCN5 = Sodium channel protein type 5 
SERCA1 = Sarcoplasmatic/endoplasmatic reticulum calcium ATPase 1  

siRNA = Small interfering RNA  

SIX5 = SIX homeobox 5  

SOS1 = SOS Ras/Rac Guanine Nucleotide Exchange Factor 1  

SP-PCR = Small pool polymerase chain reaction  

TCGA = Thymine-Cytosine- Guanine-Adenine  

TERT = Catalytic subunit of human telomerase 

UTR = Untranslated region 
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1.- Myotonic dystrophy type 1 (DM1) 

Myotonic dystrophy type 1 or Steinert Disease (DM1: OMIM: 160900) is a 

genetic and multisystemic muscular dystrophy with autosomal dominant 

inheritance 1. It was first described from a clinical point of view in 1909 by the 

German doctor Hans Steinert, even though the genetic cause was not 

discovered until 19922,3. Although it is the most prevalent muscular dystrophy 

in adults, it is a rare disease. The worldwide prevalence is 1 in 10.000 even 

though it can vary according to the region4–6. Nowadays, there is no cure or 

treatment for this progressive disease, which impairs patient’s life quality and 

reduces life expectancy.  

 

1.1.- Clinical features and classification 

From a clinical point of view, DM1 is a very heterogeneous disease. The degree 

of severity and the organs affected can be extremely variable between 

patients. According to the symptomatology and the age of onset, DM1 has 

been classified in five different subtypes: congenital, infantile, juvenile, adult 

and late-onset7 (Table 1).  

1.1.1.- Congenital DM1 

Congenital DM1 is diagnosed at birth or during the first month of life7 and it 

has an estimated prevalence of 1 in 47619 births8. It is the most severe form 

of the disease with an estimated 30-40% mortality rate during the neonatal 

period9.  

Pregnancy symptoms, including reduced fetal movement, polyhydramnios and 

preterm delivery are frequent. Once born, the patients are likely to have 

problems breathing and feeding, hypotonia and hyporeflexia. Most of them 

also have facial dysmorphia, with a characteristic tent-shaped upper lips, a 

carp mouth and weakness. Some of them also have arthrogryposis or 

clubfeet9.  

Congenital DM1 is characterized by dysfunction in the central nervous system 

(CNS) and during development patients suffer mental and speech delay10. They 

also suffer delay in the motor development, learning to walk around the age 

of two. Symptoms that characterize adult DM1, usually won’t appear until 
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adolescence or adulthood, including muscular weakness, myotonia, cardiac 

defects or diabetes9.  

1.1.2.- Infantile DM1 

Infantile DM1 is diagnosed in children between one month and ten years old. 

First symptoms are usually a consequence of CNS dysfunction and most 

patients suffer moderate or severe cognitive delay7. First consultations usually 

occur due to language delay or to learning difficulties at school. Diagnosis can 

be challenging due to the inespecificity of the symptoms and family history is 

usually key. In some cases, there might also be motor development delay10. 

Muscular tiredness and weakness might appear during childhood or 

adolescence, but it is usually mild and slowly progressing. Facial dysmorphia 

also appears during childhood and becomes more obvious as the disease 

progresses. Although it is not frequent, children can also develop 

gastrointestinal, endocrine and cardiac alterations10. Infantile DM1 cases 

survive into adulthood, when they typically develop symptoms that are 

characteristic of the adult subtype11.  

1.1.3.- Juvenile DM1 

The age of onset in juvenile DM1 cases is between eleven and twenty years of 

age7. This subtype is often grouped together with infantile subtype because 

symptomatology is similar. In this subtype, the percentage of individuals with 

cognitive impairment is lower than in infantile cases, but the percentage of 

individuals with severe myotonia is higher and they develop cardiac issues 

earlier. Moreover, compared to adult patients, juvenile cases have a more 

severe phenotype regarding dysphagia, respiratory insufficiency, muscle 

weakness or facial dysmorphism7. 

1.1.4.- Adult DM1 

Adult DM1 is the most common subtype and its age of ranges between twenty-

one and forty years old7. The predominant symptoms of adult DM1 are 

progressive distal weakness and myotonia, which may lead to patients having 

difficulties performing daily life activities. It is also common facial weakness, 

which derives in ptosis and a typical myopathic appearance. Fatigue and 

muscular pain are also common findings1. Cardiac defects are also common, 

including conduction abnormalities and blocks. Moreover, patients can suffer 

a progressive impairment of lung function which may lead to the need of 
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mechanical ventilation1,12. Indeed, cardiac arrythmias and pneumonia are the 

most frequent causes of death in DM1 adult patients13.  

The presence of cataracts is also frequent and they usually appear during the 

30s-40s1. Patients can also suffer gastrointestinal abnormalities, such as 

constipation, diarrhoea pseudo-obstruction or dysphagia1,14.  Moreover, 

endocrine alterations, such as diabetes or thyroid dysregulation can also 

happen1. Finally, adult DM1 patients may also present CNS and cognitive 

alterations, but not as frequently and severe as in the previously described 

subtypes. It is to note that patients are likely to suffer daytime sleepiness, 

personality disorders, anxiety and depression1,15.   

1.1.5.- Late-onset DM1 

Patients with late-onset DM1 develop symptoms after forty years of age1. It is 

the mildest form of the disease and it frequently goes undiagnosed. Symptoms 

in this subgroup include cataracts, alopecia and mild muscle involvement12. 

Table 1. Summary of DM1 subtypes. 

DM1 subtype Age of onset Main symptoms 

Congenital < 1 month 

Hypotonia 

Hyporeflexia 

Breathing and feeding dysfunction 

CNS dysfunction 

Facial dysmorphia 

Infantile 1 month – 10 years 

CNS dysfunction 

Mild muscle weakness and tiredness 

Facial dysmorphia 

Adult subtype symptoms when they reach adulthood 

Juvenile 11 years – 20 years 

CNS dysfunction 

Myotonia 

Can have adult subtype symptoms but with a more 

severe phenotype 

Adult 21 years – 40 years 

Progressive distal weakness 

Myotonia 

Fatigue 

Cardiac defects 

Respiratory dysfunction 

Cataracts 

Type II diabetes 

Gastrointestinal abnormalities 

Late-onset >40 

Cataracts 

Alopecia 

Mild muscle involvement 
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1.2.- Genetics 

As previously said, DM1 is caused by a genetic alteration. In particular, it is due 

to a CTG repeat expansion in the untranslated 3’ end of the Dystrophia 

Myotonica Protein Kinase gene (DMPK), which is located in the 19q13.32 

chromosome and surrounded by the DMWD (upstream) and SIX5 

(downstream) genes. Healthy individuals have a CTG expansion range between 

5 and 37 repeats, while affected patients have from 50 to thousands of 

repeats. Carriers of expansions with a size between 38 and 49 repeats are 

asymptomatic; however, the expansion is highly unstable and there is a higher 

risk that their offspring inherit a larger expansion that could be pathogenic16 

(Figure 1). The size of the expansion correlates with the severity of the disease, 

this means that usually congenital cases carry the largest expansions while 

late-onset carry the shortest ones17,18.  

Figure 1. Scheme of DMPK locus and DM1 CTG expansion. DMPK is surrounded by DMDW and 

SIX5 genes and contains in the 3’UTR the CTG expansion that causes the disease. Based on an 

image published in Visconti et al. (2023). 

 

1.2.1.- Instability 

The CTG expansion in DM1 patients is highly unstable, which results in both 

intergenerational and somatic instability: 
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Intergenerational instability 

The CTG expansion has a tendency to expand in successive generations. This 

means that the offspring of a DM1 patient is likely to inherit a larger CTG 

expansion that the one the affected parent has. This is the cause of the 

phenomenon known as anticipation, which consists in the earlier and more 

severe manifestation of DM1 symptoms over successive generations19. There 

is not a stablished increase from generation to generation, as it depends on 

different factors such as parental age, parental sex and size of the CTG repeat. 

The inherited size of the CTG expansion has a tendency to increase when the 

parental age increases, especially if the affected parent is a male20. In cases 

where the parents carry small CTG expansions (<100) it is more likely that the 

inherited expansion is larger if it comes from the father than from the 

mother21. However, most congenital cases are maternally inherited (87.5-

91%)22–24. It is hypothesized that this could be due to a negative selection of 

sperm containing large expansions, which could also be related to the male 

infertility that occurs to DM1 males25. Interestingly, while infantile subtype is 

maternally and paternally equally transmitted, juvenile, adult and late-onset 

subtypes are more likely to be paternally transmitted26. Moreover, even 

though it is less common, intergenerational contractions can also happen27,28.  

Somatic instability 

The CTG expansion is unstable in tissue-specific manner with a tendency to 

increase over time.  This means that DM1 patients have different CTG 

expansion sizes across different organs and tissues and even across different 

cells of the same tissue or organ. This phenomenon is known as somatic 

instability and it highly depends on age and the estimated progenitor allele 

size (ePAL)29. Somatic instability can be detected by analysing the CTG repeat 

with small-pool PCR Southern blot technique, as multiple bands corresponding 

to several CTG sizes can be observed in a particular tissue sample or cells 

pool30,31. Several studies have proven that blood cells have shorter CTG 

expansions compared to other tissues and cell types including skeletal and 

cardiac muscle, brain, liver, testis or fibroblasts32–34. It is also known that the 

CTG expansion in blood increases over time indicating that instability is 

maintained throughout life35. Moreover, the level of instability is modified by 

the ePAL of the affected individual and patients with a higher level of somatic 

instability correlate with an earlier age of onset. Nonetheless, there is a degree 



INTRODUCTION 

23 

 

of variability in somatic mosaicism that cannot be attributed to age and ePAL 

and is yet to be deciphered29.  

1.2.2.- Interruptions 

The CTG repeat expansion in the DMPK gene is not always a pure CTG 

sequence, as it can contain variant repeats or interruptions. Currently, it is 

estimated that around a 3 to a 5% of the DM1 patient’s present interruptions, 

even though this percentage could be underestimated due to difficulties 

analysing the deeper region of the expansion36. The CTG sequence can be 

interrupted with CCG, CTC, CGG or CAG, even though the most common one 

is CCG. Interruptions can be found both in the 3’ and 5’ end of the repeat, 

however they are more frequently detected in the 3’ end. They can be found 

as isolated interruptions, in hexamers combining the interruption with the CTG 

sequence or in big interruption blocks. Moreover, interruptions can be either 

inherited or generated de novo. Some studies suggest that interruptions have 

a stabilizing effect by reducing both intergenerational and somatic instability. 

Furthermore, interruptions are associated with a delayed age of onset and 

with a milder or atypical phenotype, even though there are some exceptions37–

43.  

1.2.3.- Methylation  

DNA methylation is a heritable and reversible epigenetic modification which is 

involved in the regulation of gene expression, in the silencing of retroviral 

elements, in X chromosome inactivation and in genomic imprinting. This 

epigenetic modification mostly occurs in what are called CpG sites, a cytosine 

followed by a guanine and separated by a phosphate group. CpG sites are 

frequently found in CpG islands. CpG islands are regions over 200bp that 

contain over a 50% of GC content. They are located in many gene promoters, 

especially in housekeeping genes promoters. When the CpG island is 

methylated the gene expression is silenced44.  

The expansion’s repeat in DM1 is located in a 3.5 kb CpG island, identified as 

CpGi 374. Moreover, in this CpG island there are two CCTC-binding factor 

(CTCF) sites surrounding the CTG expansion, CTCF1 and CTCF2. CTCF is a 

transcription factor which plays a role in transcription regulation, chromatin 

architecture regulation and insulation45. Both CTCF1 and CTCF2 have been 

described to show differences in methylation levels in DM1 patients compared 

to controls. There are controversial results regarding methylation in CTCF sites 
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in DM1. However, recent findings show that CTCF1 region may be methylated 

in blood samples from developmental cases (congenital, infantile and juvenile) 

while it generally remains unmethylated in non-developmental DM1 cases and 

controls. In the case of CTCF2 region only around half the cases that show 

methylation in CTCF1 present methylation in CTCF2 46. It has been suggested 

that there may be a correlation between the level of methylation in CTCF1 in 

blood samples and the severity of DM1, being the most methylated cases the 

ones with more severe symptoms, which would explain that most congenital 

cases are methylated. A recent study from our group, recently showed that 

methylation in CTCF1 may be associated with more severity in childhood cases 

of the disease. Moreover, it was described a muscle specific CTCF1 methylation 

in non-developmental cases, which however, would not affect the CpGs inside 

the CTCF binding sites46. It is not clear the effect of methylation in CTCF1 

region, however, there are hypothesis that suggest that it could be affecting 

the expression of DMPK and its surrounding genes SIX5 and DMWD, which 

have been reported to be altered in DM147,48.  

Besides CpG 374, there are three more CpG islands in DMPK locus: CpGi 74, 

which is located in DMWD gene and CpGi 36 and 43, which are located in the 

DMPK gene. In the case of CpGi 74 and 36 they are methylated both in blood 

and muscle and in DM1 patients and healthy individuals. In the case of CpGi 

43 blood samples are unmethylated both in patients and controls. However, 

muscle samples are methylated in healthy individuals while there is a 

reduction in methylation levels of DM1 patients46. It is hypothesized that this 

alteration in methylation in DM1 muscle could induce a shift from the main or 

strongest promoter in DMPK to the weak or alternative promoter in DMPK 

which overlaps with CpGi 43 by inducing a change in chromatin conformation 

due to the hypomethylation in CpGi 43.  

 

1.3.- Physiopathology 

There are different molecular mechanisms that have been proposed as the 

cause of DM1 pathogenesis49. The main mechanism is RNA toxicity caused by 

the accumulation of mutant RNA in the nucleus. However, it is a complex 

disease and there are other mechanisms that are thought to simultaneously 

contribute to the disease which are DMPK haploinsufficiency, non-coding 
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RNAs deregulation and the expression alteration of DMPK and its surrounding 

genes, SIX5 and DMWD due to methylation alterations.  

1.3.1.- Main mechanism: RNA toxicity 

The main mechanism of DM1 pathogenesis is RNA toxicity (Figure 2), which 

was first described in 1995 when it was observed that even though both alleles 

were transcribed into mRNA, the mutant mRNA remained in the nucleus in the 

shape of discrete aggregates50. The mutant mRNA forms hairpin-like secondary 

structures in which G-C base pairs matches are intercalated with U-U 

mismatches, forming what is known as RNA foci50. A transgenic mouse model 

with an untranslated CUG in an unrelated mRNA revealed that transcripts with 

CUG expansions are enough to generate a DM phenotype as they developed 

myotonia and myopathy51.  RNA foci have been detected in multiple cell types 

and even though most of them are located in the nucleus, they can 

occasionally be found in the cytoplasm. RNA foci number is variable between 

cells within a patient and between patients and there are studies that reveal a 

correlation between RNA foci number and CTG expansion size52,53. 

RNA foci are involved in the dysregulation of two RNA-binding family of 

proteins: muscleblind-like (MBNL) and CUG-BP and ETR-3-like factors (CELF). 

There exist 3 MBNL paralogs, MBNL1, MBNL2 and MBNL3 of which MBNL1 is 

expressed in most tissues, MBNL2 is mostly expressed in brain and MBNL3 

expression is restricted to placenta and muscle cell differentiation and 

regeneration processes54. In the case of CELF proteins there are six different 

ones, CELF1, CELF2, CELF3, CELF4, CELF5 and CELF6. The two most relevant 

proteins dysregulated by RNA foci in DM1 are MBNL1 and CELF1. In the case 

of MBNL1, it is sequestered by the hairpin-like secondary structures that form 

the RNA foci as they mimic the MBNL proteins natural binding site. The 

sequestration downregulates its expression and limits its function. In the case 

of CELF1, even though it is a CUG binding protein, it is not sequestered by the 

RNA foci. Instead, it is overexpressed due to PKC-mediated 

hyperphosphorylation which leads to protein stabilization and upregulation. 

The mechanism by which the PKC pathway is activated is not known, but it is 

hypothesized that the expanded RNA is involved in the activation 55,56.  

Both MBNL1 and CELF1 are important splicing regulators and its dysregulation 

is the major cause of the spliceopathy that is observed in DM1. They are 

responsible of the developmental splicing switches, from embryonic to adult 

isoforms, of many genes. While MBNL1 levels increase during development, 
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CELF1 levels decrease as they have antagonistic effects in the splicings they 

regulate. This means that when MBNL1 induces the inclusion of a particular 

exon in a certain gene, CELF1 induces its exclusion. However, in DM1 there are 

decreased MBNL1 levels due to sequestration and increased CELF1 levels due 

to hyperphosphorylation, meaning that in DM1 patients the predominant 

isoforms of the genes they regulate are going to be the embryonic ones57,58. In 

the case of CELF1, it is not only involved in splicing alterations, but also 

regulates mRNA translation and stability which are altered in DM1 and 

contribute to the pathogenesis58.  

There are several splicings that are altered in DM1 and some of them have 

been directly related to symptoms of the disease. MBNL1 and CELF1 are the 

main splicing regulators in skeletal and cardiac muscle tissues while MBNL2 is 

an important splicing regulator in brain tissue58.  

In DM1 skeletal muscle more than 20 genes have been found to be misspliced, 

including CLCN1, INSR, ATP2A1, BIN1, DMD or MBNL1. CLCN1 inclusion of exon 

7a in DM1 results in the creation of a premature STOP codon which produces 

a channelopathy that derives in myotonia59. In the case of INSR, there is an 

aberrant exclusion of exon 11 that switches the isoform that is expressed in 

muscle to the one that is expressed in brain, spleen and leukocytes. This 

isoform codifies for a lower response insulin receptor and causes insulin 

resistance in DM1 patients60. ATP2A1 gene encodes for a calcium channel that 

pumps calcium back to the lumen of the sarcoplasmic reticulum, which allows 

skeletal muscle relaxation. In DM1, the exclusion of exon 22 derives in the 

expression of the neonatal isoform, which contributes to the patient’s 

alteration in intracellular calcium homeostasis and muscle degeneration61. In 

the case of BIN1 there is exon 11 exclusion in DM1, while in DMD there is exon 

78 exclusion. In both cases, the resulting isoforms would contribute to the 

muscle weakness that suffer DM1 patients.62,63 MBNL1, besides regulating 

many other gene splicings, regulates its own splicing and the inclusion of exon 

5 in MBNL1 contributes to the splicing defects in DM164.  

There are several genes whose splicing has been described to be altered in 

cardiac muscle, including sodium channel protein type 5 (SCN5) and LIM 

domain binding 3 (LDB3). SCN5 is a gene that codifies for a subunit of the 

NaV1.5 channel, which is important for the excitability of the cardiomyocytes. 

In DM1 the exon 6a is included in adult heart samples which causes conduction 

defects65. In the case of LDB3, it codifies for a sarcomere structural protein and 

exon 5 and 11 inclusion in DM1 patients causes dilated cardiomyopathy66.   
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In brain various splicing alterations have been detected such as the ones 

affecting the microtubule-associated protein tau (MAPT) or the NMDA 

receptor 1 (NMDAR1). MAPT is a protein that is located in the frontal cortex. 

Exclusion of exons 2, 3 and 10 causes a tauopathy-like degeneration of DM1 

brain67. In the case of NMDA, the inclusion of exon 5 in DM1 patient’s brain, 

could contribute to the memory impairment that patients present68. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Scheme of the main pathogenic molecular mechanism of DM1. The expanded DMPK 

transcript forms RNA foci, which sequester MBNL1 and induce CELF1 phosphorylation. As a 

consequence, alternative splicing is affected which leads to cellular dysfunction. Based on a 

figure from López-Martínez et al. (2020). 

1.3.2.- DMPK haploinsufficiency 

DMPK gene encodes for a serine/threonine kinase with six different major 

isoforms. The predominant isoform expressed in skeletal and heart muscle 

codes for a protein of 80 KDa69–71. DMPK protein is known to have a role in 

skeletal muscle integrity, cardiac conduction, cell metabolism and ion-channel 
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gating. However, it is yet not fully understood the mechanism of action of the 

protein72.  

Initial studies to decipher the pathogenic mechanism of DM1 consisted in the 

analysis of DMPK mRNA and protein expression levels. The studies revealed 

that DM1 tissues express lower levels of both DMPK protein and mRNA 

compared to controls73. These results suggested that haplotype insufficiency 

could be the mechanism underlying disease expression, as the mutant allele 

expression would be highly reduced (Figure 3). However, the development of 

a DMPK knockout mouse model discarded that hypothesis. The mice displayed 

a mild phenotype of just some of the described DM1 symptoms. They suffered 

late-onset mild myopathy, cardiac conduction defects and altered calcium ion 

homeostasis, but they did not suffer some of the characteristic symptoms of 

DM1 such as myotonia74,75. This meant that DMPK haploinsufficiency was not 

sufficient to explain DM1 pathogenic mechanism, but it is most likely 

contributing to the disease phenotype.  

1.3.3.- Methylation and gene expression alteration 

Another mechanism that has been proposed as a cause of DM1 pathogenesis 

is the alteration in DMPK and surrounding genes SIX5 and DMWD expression 

due to changes in methylation (Figure 3). There are studies that show that 

DMPK mRNA is downregulated73,76,77. This means that not only are the 

expanded mRNA alleles trapped in the nucleus, but the general expression 

levels of the transcript are also lower, which could be contributing to the 

decrease in DMPK protein. The surrounding genes SIX5 and DMWD have also 

been reported to be downregulated in DM1, even though there is controversy 

regarding DMWD78–80. A knockout mice model for SIX5 suggested that SIX5 

deficiency might have a role in DM1, as it was observed that SIX5 deficient 

mice developed cataracts81.  

It has been suggested that methylation alterations in CpG islands located in 

the DMPK locus, particularly those found in CTCF1, could be affecting the 

expression of these three genes by producing changes in chromatin structure. 

CTCF1 methylation is predominantly observed in congenital cases, which are 

known to be mostly maternally inherited82. It is hypothesized that the 

reduction of SIX5 expression due to hypermethylation would be responsible of 

that bias in inheritance in congenital cases, as SIX5 is an important gene for 

spermatogenic cell survival83. Interestingly, it has been recently generated a 

quadruple mutant heterozygous mouse model for SIX5, DMPK, DMWD and 

MBNL1 which recapitulates congenital manifestations. This finding suggests 
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that changes in the expression of the DMPK locus genes could be acting as 

disease severity modifiers84.  

1.3.4.- MicroRNAs deregulation 

MicroRNAs (miRNAs) are short (20-24 bp), single-stranded, non-coding RNAs 

which regulate gene expression. Specifically, they repress gene expression by 

both translational inhibition and mRNA degradation85. miRNAs have important 

roles in many cellular processes. Deregulation in its expression or targets have 

been linked to several pathologies, including neuromuscular diseases, cardiac 

conditions, neurodegenerative diseases, metabolic diseases and cancer86–90. 

miRNAs are synthetized by RNA polymerase II, which produces a primary 

transcript of the miRNA (pri-miRNA). In the nucleus, pri-mRNAs are then 

processed by the RNase Drosha, generating a pre-miRNA, which is exported to 

the cytoplasm where it is further processed by RNase Dicer. Finally, one strand 

of the mature miRNA binds the RNA-induced silencing complex (RISC) and 

anneals to its target mRNA. It is known that a single miRNA can target several 

transcripts and that several miRNAs can act as regulators of a single mRNA91.  

Analysis in blood and serum DM1 samples have revealed alterations in miRNAs 

expression, making them candidates as potential biomarkers. However, 

contradictory results in different studies have made the search of DM1 

biomarkers still unsuccessful92. More conclusive results could be obtained if 

future studies used the same normalization method and type of sample (whole 

blood, serum or plasma). 

miRNAs levels have also been studied in other tissues, such as muscle and 

heart. Several miRNAs have been found to be altered either in terms of 

expression or localization and as it happens in blood there are some 

discrepancies between studies. The alteration of some of these miRNAs in 

DM1 has been directly related with the pathogenesis of the disease (Figure 

3).92 An example of this is miRNA1, which has been described to be 

downregulated in DM1 heart and skeletal muscle by most studies. Just the 

study conducted by Gambardella et.al suggested an upregulation of this 

miRNA. These different results could be explained by the CTG expansions of 

the samples used, the muscle biopsied or patients age, as well as by the 

different normalization methods used92.  It has been suggested, by 

experiments carried out in Drosophila DM1 model, that MBNL1 

downregulation in DM1 would be the cause of miR1 decrease, as would be 

involved in its biogenesis. Reduction of miRNA1 in heart has been associated 

with the dysregulation of gap junction proteins and cardiac channels which 
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would lead to conduction defects and arrythmia93. Other miRNAs that have 

been described to be dysregulated in muscle and/or heart and could be 

participating in the DM1 pathogenic mechanism include miR-7, miR-10, miR-

29, miR133 or miR3394. 

1.3.2.- DMPK haploinsufficiency 

DMPK gene encodes for a serine/threonine kinase with six different major 

isoforms. The predominant isoform expressed in skeletal and heart muscle 

codes for a protein of 80 KDa69–71. DMPK protein is known to have a role in 

skeletal muscle integrity, cardiac conduction, cell metabolism and ion-channel 

gating. However, it is yet not fully understood the mechanism of action of the 

protein72.  

Initial studies to decipher the pathogenic mechanism of DM1 consisted in the 

analysis of DMPK mRNA and protein expression levels. The studies revealed 

that DM1 tissues express lower levels of both DMPK protein and mRNA 

compared to controls73. These results suggested that haplotype insufficiency 

could be the mechanism underlying disease expression, as the mutant allele 

expression would be highly reduced (Figure 3). However, the development of 

a DMPK knockout mouse model discarded that hypothesis. The mice displayed 

a mild phenotype of just some of the described DM1 symptoms. They suffered 

late-onset mild myopathy, cardiac conduction defects and alerted calcium ion 

homeostasis, but they did not suffer some of the characteristic symptoms of 

DM1 such as myotonia74,75. This meant that DMPK haploinsufficiency was not 

sufficient to explain DM1 pathogenic mechanism, but it is most likely 

contributing to the disease phenotype.  

1.3.3.- Methylation and gene expression alteration 

Another mechanism that has been proposed as a cause of the DM1 

pathogenesis is the alteration in DMPK and surrounding genes SIX5 and 

DMWD expression due to changes in methylation (Figure 3). There are studies 

that show that DMPK mRNA is downregulated73,76,77. This means that not only 

are the expanded mRNA alleles trapped in the nucleus, but the general 

expression levels of the transcript are also lower, which could be contributing 

to the decrease in DMPK protein. The surrounding genes SIX5 and DMWD have 

also been reported to be downregulated in DM1, even though there is 

controversy regarding DMWD78–80. A knockout mice model for SIX5 suggested 

that SIX5 deficiency might have a role in DM1, as it was observed that SIX5 

deficient mice developed cataracts81.  
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It has been suggested that methylation alterations in CpG islands located in 

the DMPK locus, particularly those found in CTCF1, could be affecting the 

expression of these three genes by producing changes in chromatin structure. 

CTCF1 methylation is predominantly observed in congenital cases, which are 

known to be mostly maternally inherited82. It is hypothesized that the 

reduction of SIX5 expression due to hypermethylation would be responsible of 

that bias in inheritance in congenital cases, as SIX5 is an important gene for 

spermatogenic cell survival83. Interestingly, it has been recently generated a 

quadruple mutant heterozygous mouse model for SIX5, DMPK, DMWD and 

MBNL1 which recapitulates congenital manifestations. This finding suggests 

that changes in the expression of the DMPK locus genes could be acting as 

disease severity modifiers84.  

1.3.4.- MicroRNAs deregulation 

MicroRNAs (miRNAs) are short (20-24 bp), single-stranded, non-coding RNAs 

which regulate gene expression. Specifically, they repress gene expression by 

both translational inhibition and mRNA degradation85. miRNAs have important 

roles in many cellular processes. Deregulation in its expression or targets have 

been linked to several pathologies, including neuromuscular diseases, cardiac 

conditions, neurodegenerative diseases, metabolic diseases and cancer86–90. 

miRNAs are synthetized by RNA polymerase II, which produces a primary 

transcript of the miRNA (pri-miRNA). In the nucleus, pri-mRNAs are then 

processed by the RNase Drosha, generating a pre-miRNA, which is exported to 

the cytoplasm where it is further processed by RNase Dicer. Finally, one strand 

of the mature miRNA binds the RNA-induced silencing complex (RISC) and 

anneals to its target mRNA. It is known that a single miRNA can target several 

transcripts and that several miRNAs can act as regulators of a single mRNA91.  

Analysis in blood and serum DM1 samples have revealed alterations in miRNAs 

expression, making them candidates as potential biomarkers. However, 

contradictory results in different studies have made the search of DM1 

biomarkers still unsuccessful92. More conclusive results could be obtained if 

future studies used the same normalization method and type of sample (whole 

blood, serum or plasma). 

miRNAs levels have also been studied in other tissues, such as muscle and 

heart. Several miRNAs have been found to be altered either in terms of 

expression or localization and as it happens in blood there are some 

discrepancies between studies. The alteration of some of these miRNAs in 

DM1 has been directly related with the pathogenesis of the disease (Figure 
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3).92 An example of this is miR-1, which has been described to be 

downregulated in DM1 heart and skeletal muscle by most studies. In contrast, 

just the study conducted by Gambardella et.al suggested an upregulation of 

this miRNA. These different results could be explained by the CTG expansions 

of the samples used, the muscle biopsied or patients age, as well as by the 

different normalization methods used92.  It has been suggested, by 

experiments carried out in Drosophila DM1 model, that MBNL1 

downregulation in DM1 would be the cause of miR-1 decrease, as would be 

involved in its biogenesis. Reduction of miR1 in heart has been associated with 

the dysregulation of gap junction proteins and cardiac channels which would 

lead to conduction defects and arrythmia93. Other miRNAs that have been 

described to be dysregulated in muscle and/or heart and could be participating 

in the DM1 pathogenic mechanism include miR-7, miR-10, miR-29, miR133 or 

miR-3394. 

  

Figure 3. Schematic representation of other mechanisms contributing to DM1 pathogenesis: 

haploinsufficiency due to the lack of translation of the expanded transcript, gene expression 

alteration of DMWD, DMPK and SIX5 due to changes in chromatin structure and microRNAs 

deregulation. Based on a figure from Mateos-Aierdi et al., 2015. 
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2.- Disease models in DM1 

Disease models are animal or cell models that fully or partially reproduce the 

pathological mechanism of a disease. They are extremely important to study 

the molecular mechanisms underlaying diseases and to test the effect of 

potential treatments. In the case of DM1, there have been developed several 

models, including both animal and cellular models. 

 

2.1.- Animal models 

To date, several DM1 animal models have been developed, including 

vertebrate models such as mouse (Mus musculus) and fish (Danio rerio) and 

invertebrate models such as fly (Drosophila melanogaster) and worm 

(Caenorhabditis elegans). These models have been developed using different 

strategies, which include the expression of CUG repeats, the overexpression of 

CELF1, and the knock-out of MBNL1, SIX5, DMPK and DMWD (Table 2).  

2.1.1.- Mouse models 

Most DM1 models have been developed in mice and they are the most used 

animal model in DM1 research. The first mouse model developed is known as 

HSALR, which expresses the human skeletal actin (HSA) containing a 250 CTG 

repeat expansion in the 3’ UTR. The expression of the non-coding CUG repeats 

in muscle results in the formation of RNA foci, the sequestration of MBNL1 and 

in the alteration of alternative splicing. Moreover, HSALR mice develop 

myotonia and mild myopathy 95.  One of the main disadvantages of this model 

is that the expansion expression is limited to muscle tissue. Furthermore, the 

mice do not have neither muscle weakness or wasting, which are commonly 

found in DM1. From a genetic point of view, this model does not represent the 

characteristic DM1 expansion instability as there isn’t neither 

intergenerational, neither somatic instability96.  

Other mouse models based in the expression of CUG repeats, include DM300 

and DMSXL. These models ubiquitously express DMPK expanded transcripts in 

homozygosis and under the control of the human promoter. DM300 mice have 

between 300 and 600 CTG repeats, while DMSXL have between 1000 and 1800 

CTG repeats. Both of them display multisystemic symptoms, including 

myotonia, progressive muscle weakness, defects in glucose metabolism, 
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growth delay and a high mortality. Due to the difference in CTG size, DMSXL 

mice present a more severe phenotype compared to DM300 mice. One of the 

main drawbacks of these models is that the required homozygosis makes 

breeding expensive and time-consuming. Another limitation is that the splicing 

alterations observed are often milder than the observed in DM1 patients96.  

Inducible models have also been generated, such as EpA960, in which a Cre-

lox system induces the cardiac-specific expression of a 960 untranslated and 

interrupted CTG repeat in DMPK gene. Expression in skeletal muscle of the CTG 

repeat causes myotonia, muscle wasting and myopathy. Moreover, expression 

in heart produces conduction defects and arrythmia which leads to death 

within two weeks97. The main disadvantages of this model are the transgene 

leakage in skeletal muscle, which impairs the study of tissue or cell specific 

DM1 mechanisms, and the high mortality rate as a consequence of cardiac 

dysfunction. Moreover, from a genetic point of view, the presence of 

interruptions could be triggering atypical DM1 manifestations96.  

There are other mouse models which are based in the inactivation of MBNL 

proteins. One of these models, Mbnl1Δ3/Δ3 carries a modified MBNL1 gene that 

produces a protein unable to bind to CUG RNA repeats, mimicking what 

happens in DM1 when MBNL1 is sequestered by the foci and is functionally 

not available. These mice suffer myopathy, cataracts, cardiac defects and 

behavioural alterations98. The main inconvenience of this model is that MBNL1 

inactivation does not trigger all disease pathogenesis, such as muscle 

weakness, meaning that other additional mechanisms would contribute to the 

pathogenesis of the disease96. In that sense, a new model carrying 

heterozygous mutations in DMPK, SIX5 and MBNL1 genes has been recently 

developed. This model displays most adult-onset DM1 symptoms, including 

myotonia, muscle wasting and weakness, heart defects, endocrine and 

digestive alterations. Furthermore, another model that adds a fourth 

heterozygous mutation in the DMWD gene, has been shown to mimic 

congenital DM1. Besides the typical adult symptoms, these mice present 

hypotonia, breathing problems and developmental delay. Despite the 

phenotype similarities to DM1, the model fails to reproduce some aspects of 

the disease, such as CLCN1 splicing alterations99.  

Another strategy that has been used to develop a mouse model is the 

upregulation of CELF1. An inducible model, TRECUGBP1, reproduces the 
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myopathy and cardiopathy observed in DM1, proving its contribution to the 

disease. However, not all the hallmarks of the disease are present, and the 

mortality rate is high96,100.  

2.1.2.- Other models 

Models based in the expression of CUG repeats have also been developed in 

Drosophila melanogaster and Caenorhabditis elegans. In the case of flies, the 

expression of untranslated CTG expansions triggers eye and muscle 

degeneration. Moreover, RNA foci, MBNL1 sequestration and splicing 

alterations are also detected101. In the case of worms, the expression of 

untranslated CTGs causes defects in muscle development, reduced motility 

and increased mortality102.  

Models based in the disruption of MBNL have also been developed in fly, worm 

and fish. In the case of Drosophila melanogaster, the disruption of its MBNL 

homolog induces muscle defects in the flies, but unfortunately it is lethal 103. 

In Caenorhabditis elegans, the mutation of its MBNL homolog causes 

impairment of the neuromuscular junction, a decrease in the synaptic density 

and behavioural abnormalities 104. In zebrafish, it has been developed an 

MBNL2 knock-out model that presents developmental abnormalities, 

corroborating the predominant role of MBNL2 in central nervous system 

observed in a MBNL2 knock-out mouse model105.  

The main disadvantages of these models are the notorious anatomic and 

physiologic differences between these animals and humans. However, they 

have a short lifespan and are easier to handle and to reproduce than mice96.  

.  
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Table 2. Summary of the most relevant animal models used to study DM1 
Animal model Description Positive aspects Negative aspects 

Mus musculus 

HASLR 
Human skeletal actin (HAS) containing 

a 250 CTG repeat expansion 

Presence of typical DM1 molecular alterations and symptoms in 

muscle 

Expression limited to muscle 

Absence of wasting and weakness 

Absence of expansion instability 

DM300 
Ubiquitous expression of DMPK with 

300 to 600 CTGs 

Presence of typical DM1 molecular alterations and multisystemic 

symptoms 

Breeding is expensive and time-consuming 

Slicing alterations milder than in DM1 patients 

DMSXL 
Ubiquitous expression of DMPK with 

1000 to 1800 CTGs 

Presence of typical DM1 molecular alterations and multisystemic 

symptoms 

Breeding is expensive and time-consuming. 

Splicing alterations are milder than in patients 

EpA960 
Cardiac-specific expression of a 960 

CTG repeat in DMPK gene 

Inducible presence of typical DM1 molecular alterations and 

multisystemic symptoms 

Transgene leakage in skeletal muscle 

High mortality rate 

Mbnl1Δ3/Δ3 
Modified MBNL1 gene whose protein 

is unable to bind to CUG RNA repeats 

Splicing alterations 

Presence of some multisystemic symptoms 

MBNL1 inactivation does not trigger all disease 

pathogenesis 

DSM-TKO 
Heterozygous mutations in DMPK, 

SIX5 and MBNL1 genes 

Splicing alterations 

Displays most adult-onset DM1 symptoms 

Fails to reproduce some aspects of the disease, such 

as CLCN1 splicing alterations 

DSMD-QKO 
Heterozygous mutations in DMPK, 

SIX5, MBNL1 and DMWD genes 

Splicing alterations 

Mimics congenital DM1 

Fails to reproduce some aspects of the disease, such 

as CLCN1 splicing alterations 

TRECUGBP1 Inducible upregulation of CELF1 
Splicing alterations 

Reproduces DM1 myopathy and cardiopathy 

Not all the hallmarks of the disease are present 

Mortality rate is high 

Drosophila 

melanogaster 

CTG >480 
Expression of untranslated CTG 

expansions >480 

Presence of typical DM1 molecular alterations 

Shows eye and muscle phenotypes 

Short lifespan, easy to handle and to reproduce 

Notorious anatomic and physiologic differences 

compared to humans 

Mbl mutant Disruption of its MBNL homolog 

Splicing alterations 

Reproduces muscle defects 

Short lifespan, easy to handle and to reproduce 

It is lethal 

Notorious anatomic and physiologic differences 

compared to humans 

Caenorhabditis 

elegans 

CUG125 

CUG213 

Expression of untranslated CTG 

expansions 

Shows defects in muscle development, reduced motility and 

increased mortality 

Short lifespan, easy to handle and to reproduce 

Notorious anatomic and physiologic differences 

compared to humans 

CeMbl 

mutation 

Mutation of its MBNL homolog 

 

Shows impairment of the neuromuscular junction, a decrease in the 

synaptic density and behavioural abnormalities 

Short lifespan, easy to handle and to reproduce 

Notorious anatomic and physiologic differences 

compared to humans 

Zebrafish 
Mbnl2 

inactivation 
MBNL2 knock-out model 

Splicing alterations 

Presents developmental abnormalities 

Short lifespan, easy to handle and to reproduce 

Notorious anatomic and physiologic differences 

compared to humans 
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2.2.- Cellular models 

There exist several cellular models developed to study DM1, all of which have 

its advantages and disadvantages. They can be divided in two groups: cell lines 

with artificially expressed CTG repeats and patient derived cell lines (Table 3).  

2.2.1.- Cell lines with artificially expressed CTG repeats 

Several cell lines, mostly human and murine, have been inserted with a CTG 

repeat to mimic the pathogenesis of DM1. The CTG repeat is frequently 

inserted in the 3’ UTR of a truncated DMPK gene and its expression is usually 

controlled by a CMV promoter. One of the most used constructs is a 960 CTG 

repeat interrupted with TCGA sequences. The interruptions are used to 

maintain the stability of the CTG expansion but it is not clear whether they 

have an impact in the cell’s pathophysiology106. Besides cell models expressing 

interrupted constructs, there are also cell models expressing short pure CTG 

expansion constructs107.  

These cells lines with artificially expressed CTG repeats reproduce several 

aspects of DM1 pathophysiology, including RNA foci, MBNL1 sequestration 

and splicing defects. However, they have some limitations. They lack the 

genomic context of the CTG expansion, including the complete DMPK gene and 

its surrounding genes SIX5 and DMWD. Moreover, they also lack regulation by 

the DMPK promoter108.  

2.2.2.- Patient derived cell lines  

The limitations that artificial models have are overcome with patients derived 

cell lines, which reproduce the pathogenesis of the disease, including other 

contributors besides MBNL1 sequestration in RNA foci and splicing alterations.  

Primary cells 

Primary cells are directly obtained from DM1 patient biopsies. Cells can be 

isolated either by an enzymatic digestion of the extracellular matrix or by 

explant culture method. The most frequently used primary cells in DM1 

research are skin fibroblasts and myoblasts. Skin fibroblasts are relatively easy 

to obtain and to culture but they are not one of the main cell types affected by 

DM1 and some splicing defects may not be present. Myoblasts, are extracted 

from muscle, which is one of the main affected tissues in DM1. They can fuse 
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into myotubes which preserve most of the splicing alterations observed in 

muscle.  

Despite primary cells being a very useful tool for DM1 study, as they are 

directly obtained from patients, they also have some limitations. 

Unfortunately, they require to perform an invasive procedure in the patient, 

being muscle less accessible than skin. Moreover, primary cultures can divide 

a limited number of times before entering into replicative senescence and 

DM1 primary cultures can be challenging to culture due to the disease 

alterations108.  

Immortalized cells 

Immortalized cell lines are developed to overcome the limitation of replicative 

senescence that characterizes primary cells because they can divide for an 

unlimited number of times. This way, the number of biopsies performed in 

DM1 patients can be diminished. Cells are immortalized by inserting lentiviral 

vectors that express the catalytic subunit of human telomerase (TERT), cyclin-

dependent kinase 4 (CDK4), and cyclin D1 (CCND1)109.  

Nowadays, DM1 immortalized fibroblast, myoblast and transdifferentiated 

fibroblast cell lines have been developed. In the case of myoblasts cell lines, 

which are the most interesting model as they are present in one of the most 

affected tissues in DM1, there are currently three publications in which four 

myoblast patient derived cell lines have been generated. All of them show the 

main molecular alterations that characterize DM1110–112.  

The main inconvenience of immortalized cellular models is that it needs to be 

proven that the insertion of the TERT, CDK4 and CCND1 do not produce 

alterations in cellular behaviour108.  

Transdifferentiated cells 

Skin fibroblasts, which are relatively accessible, can be transdifferentiated into 

myogenic cells, which better reproduce the disease. This is done by 

transducing the fibroblasts with MYOD1 and can be performed in either 

primary or immortalized skin fibroblasts60. DM1 transdifferentiated cells 

exhibit most of the characteristic disease pathology features, however it is 

known that trans-differentiation with MYOD1 leads to an incomplete muscle 

cell reprogramming108.  
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Pluripotent stem cells 

The use of pluripotent stems cells as a DM1 cellular model is especially useful 

for the study of cell types that are affected in DM1 and whose availability Is 

limited, such as brain or heart cells108.  

Pluripotent stem cells can be obtained either by the isolation of embryonic 

stem cells (ESC) from the blastocyst or by the reprogramming of somatic cells 

into induced pluripotent stem cells (iPSC). However, ESC use is ethically 

controversial as it involves the destruction of an embryo108. 

iPSCs are obtained by delivering reprogramming cocktails (Oct4, Sox2, Klf4 and 

c-Myc, also known as OSKM) into somatic cells. These cells can then be 

expanded and differentiated into several cell types113. They reproduce the 

disease pathophysiology and are considered a valuable tool for DM1 study. 

However, one of the main disadvantages is that maturation of the cells is often 

incomplete. Moreover, the reprogramming process involves some challenges 

such as a high instability of the CTG repeat and the maintenance cost of the 

cells is relatively high108.  
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Table 3. Summary of the main cell models used to study DM1.  

Cell line type Description Positive aspects Negative aspects 

Artificial cell lines 
Cell lines with artificially 

expressed CTG repeats 

Show the main DM1 molecular 

alterations 

Lack the genomic context of the CTG 

expansion 

Lack regulation by the DMPK promoter 

Patient-derived 

cell lines 

Primary 
Cells directly obtained from 

DM1 patient biopsies 

Directly obtained from patients 

Show the main DM1 molecular 

alterations 

Require an invasive procedure 

Cell division number is limited 

Challenging to culture due to the disease 

alteration 

Immortalized 

Primary DM1 cells altered 

with the insertion of TERT, 

CDK4 and CCND1 to 

proliferate indefinitely 

Show the main DM1 molecular 

alterations 

Can divide for an unlimited 

number of times 

The insertion of the TERT, CDK4 and CCND1 

may produce alterations in cellular 

behaviour 

Transdifferentiated 

Myogenic cells obtained by 

transducing DM1 skin 

fibroblasts with MYOD1 

Show the main DM1 molecular 

alterations 
Incomplete muscle cell reprogramming 

Pluripotent 

Cells that can be 

differentiated into several cell 

types 

Show the main DM1 molecular 

alterations 

Can then be expanded and 

differentiated into several cell 

types 

Maturation of the cells is often incomplete 

Maintenance cost is relatively high 

Reprogramming process involves some 

challenges 
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3.- Therapeutic strategies in DM1 

Currently there are not any therapies available that either cure DM1 or that 

delay or stop the progression of the disease. Available treatments are just used 

to treat the symptoms. For example, muscular symptoms such as myotonia 

and myalgia can be treated pharmacologically. Muscle weakness can be 

mitigated with exercise to maintain muscle mass. In the case of cardiac 

disfunction the use of a pacemaker is recommended. Moreover, cataracts can 

be surgically fixed, and diabetes can be treated with insulin sensitising drugs114.  

The search for a therapy for DM1 is focused in four main strategies: the 

transcriptional inhibition of DMPK gene, the degradation of mutant DMPK 

transcripts, the recovery of MBNL1 activity levels and the reduction of CELF1 

levels. According to the type of compound used, therapeutic approaches can 

also be classified into three broad categories: small molecules, nucleic acid 

therapeutics, and genome engineering. The challenge of finding a therapy is 

even greater in the case of DM1, because the great heterogeneity between 

patients could impact the efficiency of the treatment.  

 

3.1.- Small molecules 

Small molecules mostly consist of repurposed drugs, which can be tested in 

patients quicker and at a lower risk and cost compared to new drugs.  

Several small molecules are currently being tested in clinical trials:  

- Mexiletine (study conducted by Lupin Ltd.) is an antiarrhythmic drug 

which is able to reduce myotonia blocking the sodium channels that 

are involved in muscle contraction and relaxation. The clinical trial is 

currently in phase III and results obtained in previous phases indicate 

a reduction in handgrip myotonia in DM1 patients.115,116 

 

- Metformin (study conducted by Assistance Publique - Hôpitaux de 

Paris) is an antidiabetic drug that has been shown to correct DM1 

splicing defects and to improve patient’s mobility117. A phase II clinical 

trial revealed an improvement in the 6MWT and in gait’s mechanical 
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power, however no improvement was detected neither in myotonia or 

muscle strength118. Currently, there is an ongoing phase III clinical trial.  

 

- Tideglusib (study conducted by AMO Pharma Limited) is a GSK3β 

inhibitor originally developed to treat Alzheimer. The clinical trial 

evaluating this drug is currently in phase II/III and is studying its effect 

in congenital and infantile cases. Previous phases of the clinical trial 

have shown that tideglusib improves cognitive function, fatigability 

and patient’s ability to perform daily activities119.  

 

- Pitolisant (study conducted by Harmony Biosciences) is a stimulant 

drug that is used in patients with narcolepsy to treat daytime 

sleepiness, which is a condition that also affects DM1 patients120.  

Currently there is a phase II clinical trial going on which will be finishing 

this year.  

 

- Erythromycin (study conducted by Japan Agency for Medical 

Research and Development) is an antibiotic that has been proven to 

decrease RNA foci and rescue missplicing in both animal and cellular 

DM1 models121. A phase II clinical trial has been completed, revealing 

an improvement in splicing alterations and in serum creatine kinase 

(CK) levels in DM1 patients. A phase III clinical trial would be needed 

to further evaluate treatment efficacy.  

 

3.2.- Nucleic acid therapeutics 

Nucleic acid therapeutics are single or double stranded nucleic acids that are 

used to treat diseases by modulating gene expression. They include antisense 

oligonucleotides (ASOs) and small interfering RNA (siRNA). There are two main 

mechanisms of function for ASO: steric blocking and RNaseH mediated 

degradation. In the first case, the oligonucleotide binds the RNA and prevents 

the binding of factors but does not degrade it, while in the second one the RNA 

is degraded by the enzymatic activity of RNAseH. There are already 13 
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molecules which have been approved to treat other diseases, but not 

DM1122,123.  

One of the main challenges of these therapies is the delivery. To improve cell’s 

treatment uptake and stability, the oligonucleotides are chemically modified. 

However, these modifications can produce toxicity and are often not enough 

to achieve the therapeutical dose in the affected tissue. An example of this is 

IONIS-DMPKRx, the first DM1 nucleic acid therapy that was tested in a clinical 

trial. Results in phase I/II showed that the efficacy was too low due to low drug 

muscle concentration. To improve delivery, the chemically modified 

oligonucleotides are now being conjugated with carriers such as lipids, 

peptides or antibodies122,123. 

Currently there are six ongoing clinical trial testing nucleic acid-based 

therapies for DM1, which follow three different strategies, ASOs targeting the 

DMPK gene, siRNA targeting the DMPK gene or antimiRs regulating MBNL1 

expression (Figure 4): 

- AOC1001 (Avidity Biosciences): It is a siRNA that targets DMPK mRNA, 

conjugated with a monoclonal antibody that binds transferrin receptor 

1. It has been shown to reduce DMPK in skeletal, cardiac and smooth 

muscle. The drug is undergoing phase II and III clinical trial and it is 

being administered intravenously at different doses. Preliminary 

results show a significant reduction of DMPK levels in all treated 

individuals, improvement in splicing alterations and in myotonia in 

some of the patients124.  

 

- DYNE-101 (Dyne Therapeutics): It is an ASO that targets DMPK by 

RNaseH cleavage and is conjugated with transferrin receptor 1 

antibody. In preclinical studies it has been shown to reduce RNA foci, 

alternative missplicing and myotonia.125 Currently it is undergoing a 

phase I/II clinical trial and preliminary results reported by the company 

Dyne Therapeutics reveal that the treatment partially corrects splcing 

alterations, muscle weakness and myotonia.  

 

- VX-670 (VERTEX): It is an ASO conjugated with a cyclic pepide which 

enhances the ASO’s effective delivery. The ASO targets the CUG repeat 



 

44 

 

in an allele-specific manner and according to the sponsor VERTEX, 

preclinical studies in DM1 models show a reduction in RNA foci and in 

aberrant splicing. A phase I/II clinical trial to evaluate the safety, 

tolerability, pharmacokinetics and pharmacodynamics of the drug, 

just started earlier this year. 

 

- ARO-DM1 (Arrowhead Pharmaceuticals): It is an antibody-conjugated 

siRNA that targets the CUG repeats. It was developed by Arrowhead 

Pharmaceuticals, who earlier this year presented preclinical results at 

the 2024 Muscular Dystrophy Association (MDA) Clinical & Scientific 

Conference. The results indicated a promising reduction in DMPK 

levels and in missplicing. A few months ago, a phase I/II clinical trial to 

evaluate the safety, tolerability, pharmacokinetics and 

pharmacodynamics of the drug started.  

 

- PGN-EDOM1 (PepGen): It is an ASO conjugated with a peptide 

sponsored by PepGen. It targets the CUG repeat in a steric-block 

manner, blocking the interaction of MBNL1 with the toxic RNA. 

According to the sponsor, preclinical experiments in mice show 

positive results up to six months after the drug administration. There 

is significative correction of the aberrant splicing and an improvement 

in myotonia.  

 

- ATX-01 (ARTHEx Biotech):  this nucleic acid-based therapy has a 

different approach compared to the others that are currently being 

evaluated in clinical trials. Based in the observation that 

overexpression of MBNL1 is well tolerated and reverts several 

hallmarks of DM1, it was proposed the silencing of miRNAs that 

regulate MBNL1 as a therapeutical option.  A study identified that 

miRNA23b and miR218 inhibit MBNL1 translation and are highly 

expressed in muscle, heart, and brain cells. AntimiRs against those two 

miRNAs were developed and preclinical studies in a DM1 muscle cell 

line, mouse-derived muscle tissue and the HSALR DM1 mouse model 

revealed that the delivery of these two molecules improved splicing 



 

45 

 

alterations and myotonia126–129. Derived from these results the start-

up ARTHEx Biotech, whose aim is to develop antimiR therapies, was 

created. After some more studies, including chapter 2 of this thesis, 

ATX-01 is its first developed therapy and it is an antimiR conjugated 

with a hydrophobic moiety which targets miR23b. The clinical trial for 

ATX-01 just started its phase I/II in May 2024.  

  

Figure 4. Schematic representation of the three mechanisms of action of acid nucleic DM1 

therapies: ASOs, which induce the degradation or blockage of the RNA foci; siRNAs, which 

induce RISC-mediated RNA foci degradations; and antimiRs, which block miRNAs that 

downregulate MBNL1.  

3.3.- Genome or transcriptome engineering  

The most promising technique to edit the genome or transcriptome is CRISPR-

Cas9 (clustered regularly interspaced short palindromic repeats - CRISPR-

associated protein 9). CRISPR-Cas9 is an adapted system that is naturally found 

in bacteria as immune protection. This technique allows sequence-specific 

gene editing, which could potentially correct the defects in genetic diseases. It 
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works with a guide sequence that attaches to a specific target and to the 

enzyme Cas9, which cuts at the target site. The cut site is then repaired using 

the cell’s repair machinery. Currently, there are no clinical trials evaluating this 

approach in DM1. However, there are preclinical studies going on with 

promising results122.  

Some studies are targeting the CTG repeats and experiments in DM1 animal 

and cellular models have shown a reduction of RNA foci in muscle130,131. Other 

studies are targeting the RNA CUG repeats and experiments performed both 

in DM1 mouse models and in DM1 human muscle cells have revealed a 

decrease in RNA foci number, missplicing rescue, and an improve in myotonia 

and muscle weakness132,133. The biggest concerns derived from these 

approaches are off-target events and unwanted effects in the target site during 

DNA or RNA repair134.  
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The general objective of this doctoral thesis is to contribute to the myotonic 

dystrophy type 1 (DM1) research by focusing on the great heterogeneity that 

exists between patients and which is often ignored. 

The general objective is divided into three objectives, which comprise the 

three chapters of the thesis: 

 

Chapter 1: To analyse the influence of DM1 cell type and patient subtype over 

DMPK expression, RNA foci accumulation and MBNL1 sequestration.  

 

Chapter 2: To test the effect of antagomiRs 23b and 218 in DM1 primary 

myotube samples derived from a heterogeneous cohort of DM1 patients.  

 

Chapter 3: To develop, characterize and test therapies in three DM1 

immortalized muscle cell models derived from three patients with different 

clinical characteristics.  
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Abstract  

RNA foci are one of the most relevant pathological hallmarks of DM1 as they 

are responsible of the sequestration of proteins relevant for splicing regulation 

(including MBNL1). However, despite both RNAi and MBNL1 aggregates have 

been described in several cell types, there aren’t studies analysing the 

differences in expression between different cell types or between cells 

obtained from different DM1 patient’s subtypes. Moreover, even though 

DMPK, the gene containing the pathological expansion leading to RNA foci 

formation, has been previously reported to be downregulated in DM1 it is not 

known whether RNA foci accumulation has a correlation with DMPK 

expression levels. In the first part of this study, we analysed the RNA foci and 

MBNL1 aggregates accumulation in different cell types (lymphoblasts, 

fibroblasts, myoblasts and myotubes) and observed significant differences 

between the cell lines, with myotubes having the highest number for RNA foci, 

myoblasts the highest number for MBNL1 sequestration and lymphoblastoids 

the lowest number for both RNA foci and MBNL1 sequestration. Furthermore, 

we used single cell technology to determine whether there is a correlation 

between DMPK expression levels and RNA foci number at single cell level. 

Considering muscle is one of the most affected tissues in DM1, we focused the 

single cell study on muscle progenitor cells. As expected, we observed a 

downregulation of the DMPK expression levels in patients compared to 

controls but no correlation between DMPK levels and RNA foci number was 

found. In the second part of this study, we analysed the RNA foci accumulation 

in lymphoblasts derived from the 5 DM1 subtypes (congenital, infantile, 

juvenile, adult and late-onset) and observed a higher accumulation of RNA foci 

in patients with an earlier onset of the disease. Overall, we can conclude that 

RNA foci accumulation is associated with cell type and DM1 subtype but does 

not correlate with DMPK expression.   
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Introduction 

Myotonic dystrophy type I (DM1) is a multisystemic disease with an overall 

estimated prevalence of 1:80001, being the most common form of muscular 

dystrophy in adults. DM1 has an autosomal dominant inheritance pattern, and 

it is caused by a CTG repeat expansion in the 3’ untranslated region (UTR) of 

the dystrophia myotonica-protein kinase (DMPK) gene2. More than 50 CTG 

repeats are considered pathogenic and this length varies from fifty to 

thousands of repeats in DM1 patients, with high variability between 

individuals3. The size of the CTG repeat also varies between tissues within the 

same patient4–6, along a patient’s lifetime7 and produces anticipation1.   

The main pathogenic process underlying DM1 is a toxic RNA gain-of-function 

effect of expanded DMPK transcripts forming hairpin structured aggregates, 

called RNA foci8. RNA foci sequester splicing factors such as MBNL1 protein, 

leading to splicing defects affecting several genes9. The altered transcription of 

these genes in DM1 has been related to several DM1 symptoms.    

DM1 is a highly heterogeneous disease affecting several tissues and systems. 

It affects the muscle, causing myotonia, weakness, fatigue and pain; the 

cardiorespiratory system, producing conduction defects, atrial fibrillation and 

lung function impairment; the gastrointestinal system, causing dysphagia, 

constipation and diarrhea; the central nervous system, producing intellectual 

disability, anxiety, depression or hypersomnia; the endocrine system, causing 

thyroid dysfunction or diabetes; the visual system, producing cataracts; and 

the integumentary system, causing pilomatrixomas or epitheliomas3. The 

complexity of the disease highlights the importance of studying several cellular 

models for a better understanding of the pathophysiology and to better assess 

the potential efficacy of new therapies for the disease.  

DM1 symptoms can appear at any age. Based on the age of onset of the main 

symptoms, five clinical subtypes are defined: congenital (<1 year), childhood 

(1-10), juvenile (11-20), adult (21-40) and late-onset (>40). In general, disease 

severity increases with an earlier onset, and each subtype presents some 

unique features10. Most studies on DM1 are performed using cells derived 

from a single subtype of the disease, not considering the potential differences 

that could be found at a molecular level or in response to a treatment 

according to the subtype. 
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Therefore, the objectives of this study were: 1) to analyze the pathological 

hallmarks of DM1 in different cell types (myoblasts, myotubes, skin fibroblasts 

and lymphoblastoids) 2) to analyze the pathological hallmarks of DM1 in 

lymphoblastoids derived from patients of all clinical subtypes. 

 

Materials and Methods 

Participants and sample collection 

This study was approved by the Ethics Committee of the University Hospital 

Germans Trias i Pujol and was performed in accordance with the Declaration 

of Helsinki for Human research. Written informed consent was obtained from 

all the participants. 6 controls and 24 DM1 patients were included in the study. 

DM1 diagnosis was confirmed with triplet primed-PCR in all the patients, as 

previously describe 6 d. Clinical information of patients was obtained from the 

medical records and updated in the last visit by neurologists. Patients were 

subdivided into five different categories based on age of onset: congenital= 

first year of life, childhood= 1-10 years, juvenile= 11-20 years, adult= 21-40 

years, late-onset > 40 years10.  

Three different samples from patients were obtained, as shown in Figure 1: 

blood, muscle biopsy and skin biopsy. Blood was obtained from peripheral 

blood extraction, and lymphoblastoids were isolated. From a subset of 

patients, muscle biopsies were obtained from the biceps brachialis or vastus 

lateralis, and skin biopsies were obtained by a 0.5 cm skin punch. Myoblasts, 

myotubes and skin fibroblasts were obtained from biopsies. Cell isolation and 

subsequent culturing was performed as previously described11. 

DNA extraction and CTG expansion size analysis 

Genomic DNA was extracted from peripheral blood, skin fibroblasts and 

muscle cells using the QIAamp DNA mini kit (Qiagen, Hilden, Germany), the 

PureLink genomic DNA mini kit (Thermo Fisher Scientific, Waltham, MA, USA) 

or a salting procedure, as previously described12. To estimate the length of the 

expanded allele, a small-pool PCR was performed using flanking primers DM-

C and DM-DR, as previously described13,14. DNA fragments were resolved by 

electrophoresis on a 1% agarose gel, followed by Southern Blot as previously 

described (Gomes-Pereira 2004). CTG expansion sizes were estimated through 

comparison against the molecular weight ladder using GelAnalyzer 19.1 

software (www.gelanalyzer.com, by Istvan Lazar Jr. and Istvan Lazar Sr.). We 

http://www.gelanalyzer.com/
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estimated the modal allele, which is the densest part of the expanded allele 

distribution, thought to be the most representative size for the patient at that 

specific time.  

 

RNA foci quantification and MBNL1 colocalization  

Myotubes, myoblasts, skin fibroblasts and lymphoblastoids were grown on 

coverslips and fixed with 4% paraformaldehyde and permeabilized with 0.3% 

Triton X-100 at 4 ºC for 5 min (0.1% Triton X-100 for lymphoblastoids). To detect 

RNA foci colocalization with MBNL1, we performed fluorescence in situ 

hybridization (FISH) followed by immunofluorescence. Coverslips were 

incubated with 30% formamide in 2x SSC buffer for 30 min at room 

temperature, followed by an overnight incubation at 37 ºC with hybridization 

buffer, containing 0.01 µM Cy3-labelled (CAG)10 probe, 30% formamide, 1% 

dextran sulfate, 0.02% BSA and 2mM vanadyl in 2x SSC buffer. The following 

day, the coverslips were washed with 30% formamide in 2x SSC at 45 ºC, 1x SSC 

at 37 ºC and 1x PBS at room temperature. The coverslips were then blocked 

with 1% goat serum for 1 h, and were incubated with anti-MBNL1 antibody 

(sc47740, Santa Cruz Biotechnology; Dallas, TX, 1:100). Next, cells were 

washed and incubated with anti-mouse conjugated with Alexa Fluor 488 

(A11001, Thermo Fisher Scientific, Waltham, MA, USA). Finally, coverslips were 

washed with PBS and mounted with ProLong Gold Anti-Fade Mountant with 

DAPI (Thermo Fisher Scientific, Waltham, MA, USA). Images were obtained 

with Zeiss Axio Observer Z1 microscope (Jena, Germany), using a 63x/1.4 NA 

oil immersion objective. RNA foci quantification and MNBL1 colocalization 

analysis were performed using ImageJ software. We analyzed at least 20 

arbitrary cells per patient cell type.   

For single cell analysis we developed a new FISH staining method with the aim 

to preserve RNA integrity as much as possible. In brief, myoblast pellets were 

resuspended with formamide and incubated for 20’ at 37ºC. Myoblast were 

then incubated with the hybridization buffer containing AT0488 labelled 

(CAG)10 probe 0.01 uM and 30% formamide in 2XSSC buffer for 20’ at 37ºC. 

Myoblast were then washed with 30% formamide 2x SSC, 1x SSC and 1x PBS 

and incubated for 5’ with 5 ul of DAPI mounting solution. Finally, myoblasts 

were resuspended with 500 ul of 1x PBS. 
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Single myoblast isolation and fluorescence microscope visualization 

Cells were sorted using FACSAria II flow cytometer (BD Biosciences, San Jose, 

CA, EEUU) into 96-Well Optical-Bottom Plates. For each participant, we sorted 

a total of 120 FISH stained myoblasts distributed in two plates. The cytometer 

could not detect the fluorescent signal of the FISH staining (probably because 

RNA foci fluorescence signal is small and because of their nuclear localization). 

Therefore, sorting was only used to isolate individual myoblasts. RNA foci 

signal was observed by fluorescent microscopy. To spend the least time 

possible, since these same cells have to go for posterior RNA analysis, and 

because there were two plates to analyze per participant, two independent 

observers simultaneously visualized one plate each, in similar fluorescence 

microscopes. They had the same criteria for annotating RNA foci number in 

every single myoblast by naked eye visualization.  

 

RNA isolation, cDNA synthesis, preamplification and quantitative PCR (qPCR) 

RNA from single myoblasts was isolated using GenElute™ Single Cell RNA 

Purification Kit (Sigma-Aldrich, San Luis, MO, EEUU) and cDNA was synthesized 

using TruScript First Strand cDNA Synthesis Kit (Norgen Biotek Corp., Thorold, 

ON, Canada), following the manufacturer’s protocol in both. Transcripts of 

interest were preamplified with gene specific Taqman assays using TaqMan™ 

PreAmp Master Mix (ThermoFisher, Waltham, MA, EUU). This preamplification 

step is used in most single cell studies. Transcripts of interest included DMPK, 

MBNL1 exon 7 inclusion (aberrant) and exclusion isoforms, ATP2A1 exon 22 

inclusion and exclusion (aberrant) isoforms and INSR exon 11 inclusion and 

exclusion (aberrant) isoforms. The design of MBNL1, INSR and ATP2A1 Taqman 

assays was done with the Assay Design Tool (Thermofisher), while for DMPK 

we used a previously described Taqman assay 15. We analyzed the expression 

of DMPK and INSR, ATP2A1 and MBNL1 splicing variants by qPCR using Taqman 

Fast Advanced Master Mix (ThermoFisher) and the same Taqman assays as in 

preamplification (Thermofisher). No endogenous control was used for 

normalization because in single cell analysis housekeeping genes can be 

misleading as their expression varies from cell to cell. Expression levels are 

instead reported as relative quantities per cells. Data analysis was performed 

as previously described l16. 

 Statistical analysis  
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The statistical analysis was performed using GraphPad Prism 9.1.2 software 

and the significance level was set at 0.05. Differences in RNA foci, MBNL1 

colocalization and DMPK expression between different cell types and clinical 

categories were analyzed by one-way ANOVA test. Differences in DMPK 

expression were analyzed by Kruskal-Wallis test and the correlation at single 

cell level between DMPK expression and number of RNA foci was analyzed 

with Spearman rank correlation coefficient. 

 

 

Results 

Study cohort  

The study is divided in two parts which are graphically represented in Figure 1. 

For the first part of this study, we analysed different cell types 

(lymphoblastoids, myoblasts, myotubes and skin fibroblasts) derived from 8 

DM1 patients: 1 juvenile, 4 adults and 3 late-onset. For this group of patients, 

age of onset ranged from 15 to 50 years. We did not obtain skin and muscle 

biopsies from paediatric patients for ethical reasons. For the second part of 

this study 18 DM1 patients were included, 2 of which (SP6 and SP12) were also 

included in the first part of the study. We studied lymphoblastoids derived 

from those 19 patients of five different clinical categories: congenital (n=3), 

childhood (n=4), juvenile (n=4), adult (n=5) and late-onset (n=3). The age of 

onset ranged from newborns to 58. Detailed information on the clinical 

phenotypes of the participating patients can be found in Table 1.  
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Figure 1. Experimental design and CTG expansion mode range. 
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Patient Subtype Age of onset Age at sampling Gender Myotonia MIRS Cardiopathy 

Sp13 Congenital At birth 10 F NA NA NA 

Sp107 Congenital At birth 18 M No 5 Yes 

Sp136 Congenital At birth 16 M Yes 3 No 

Sp69 Childhood 6 56 M Yes 4 Yes 

Sp70 Childhood 7 43 M Yes 3 No 

Sp74 Childhood 2 20 M Yes 2 Yes 

Sp77 Childhood 6 40 F Yes 3 No 

Sp3 Juvenile 15 36 F Yes 4 Yes 

Sp68 Juvenile 15 24 M Yes 2 No 

Sp104 Juvenile 15 16 M Yes 2 No 

Sp106 Juvenile 16 37 F Yes 4 Yes 

Sp163 Juvenile 14 15 M Yes 2 No 

Sp6 Adult 36 41 F Yes 2 No 

Sp10 Adult 27 39 F Yes 4 Yes 

Sp12 Adult 36 41 M Yes 3 Yes 

Sp23 Adult 35 41 F Yes 3 Yes 

Sp73 Adult 27 43 F Yes 2 No 

Sp85 Adult 30 45 F Yes 3 No 

Sp5 Late-onset 48 56 M Yes 3 Yes 

Sp9 Late-onset 42 46 F Yes 3 Yes 

Sp15 Late-onset 50 64 F Yes 2 Yes 

Sp96 Late-onset 58 65 M No 1 Yes 

Sp118 Late-onset 55 65 F Yes 4 Yes 

Sp165 Late-onset 48 68 M Yes 4 Yes 

Orange highlights the patients whose cells were used in both parts of this study, blue highlights 

the patients whose cells were used in the first part of this study and white highlights the patients 

whose cells were used in the second part of this study. 

 

RNA foci accumulation and MBNL1 colocalization differs between DM1 

patient-derived cell types 

RNA foci and MBNL1 staining's were performed in 4 different cell types: 

lymphoblasts, fibroblasts, myoblasts and myotubes. Foci staining revealed that 

the average and maximum number of RNA foci/cell were significantly lower in 

lymphoblasts compared to myoblasts and myotubes (Fig. 2 A-C) The RNA foci 

average was 1.01 in lymphoblasts, 2.71 in fibroblasts, 3.92 in myoblasts and 

5.44 in myotubes. The maximum RNA foci per cell was 4.17 in lymphoblasts, 

6.50 in fibroblasts, 10.5 in myoblasts and 19 in myotubes. Moreover, when we 

analyzed the distribution of RNA foci in the cells, we observed that the 

percentage of lymphoblasts with foci was 58.9%, in fibroblasts 85.7%, in 

myoblasts 99.1% and in myotubes 91.1% (Table 2). We also observed that 

while in lymphoblasts most cells (>80%) had between 0 and 2 foci, in 

fibroblasts the cells with these low number of foci were reduced to 60% and 

in myoblasts and myotubes to less than 40%. Furthermore, no lymphoblasts 

showed more than 6 RNA foci while around 15% of the myotubes had more 

Table 1. Clinical characteristics of the DM1 patients in this study  
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than 6 RNA foci (Figure 2D). As observed in RNA foci, MBNL1 staining showed 

a significantly lower average of aggregates in lymphoblasts compared to 

myoblasts and myotubes (Fig. 3A-C). The percentage of RNA foci colocalizing 

with MBNL1 was 3.77 in lymphoblasts, 14.7 in fibroblasts, 28.9 in myoblasts 

and 22.3 in myotubes (Figure 3D, Table 2). 
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Figure 2. RNA foci accumulation differs between DM1 patient-derived cell types. A. 

Representative images of RNA foci (red) and DAPI (blue) staining in DM1 patient-derived 

lymphoblasts (Lb), fibroblasts (Fb), myoblasts (Mb) and myotubes (Mt). Scale bar: 10 μm. B. 

Average RNA foci. C. Maximum RNA foci. D. Percentage of cells with n foci. A minimum of 10 

random cells were analyzed per cell type and patient: n=6 for lymphoblasts, n=8 for 

fibroblasts, n=6 for myoblasts, n=4 for myotubes. Age of onset of the disease in patients 

ranges from juvenile to late onset. Statistical significance was determined by one-way 

ANOVA.*p ≤ 0.05 **p ≤ 0.01 
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Figure 3. MBNL1 colocalizing aggregate number differs between DM1 patient-derived cell 

types. A. Representative images of MBNL1 aggregates foci (green) and DAPI (blue) staining in 

DM1 patient-derived lymphoblasts (Lb), fibroblasts (Fb), myoblasts (Mb) and myotubes (Mt). 

B. Average MBNL1 colocalizing aggregates. C. Maximum MBNL1 colocalizing aggregates. D. 

Percentage of cells with n MBNL1 colocalizing aggregates. A minimum of 10 random cells were 

analyzed per cell type and patient:  n=6 for lymphoblasts, n=7 for fibroblasts, n=5 for myoblasts, 

n=4 for myotubes. Age of onset of the disease in patients ranges from juvenile to late onset. 

Statistical significance was determined by one-way ANOVA.*p ≤ 0.05 **p ≤ 0.01 
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Single cell analysis reveals that RNA foci and DMPK expression does not 

correlate 

To determine whether RNA foci number correlates with DMPK expression, we 

isolated single myoblasts from five of the DM1 patients of the study, quantified 

the RNA foci and determined the expression of DMPK at single cell level. We 

found differences in myoblast foci number both between and within patients, 

indicating the existence of heterogeneity in myoblast foci number. The number 

of RNA foci ranged from 0 to 7 and was heterogeneously distributed between 

patients (Fig4A-B, Table 3). Single cell DMPK expression analysis revealed a 

significantly lower expression in DM1 patients compared to controls (Fig. 4C). 

However, no correlation was found between the number of RNA foci and the 

level of DMPK expression per cell (Fig. 4D).  

 

Table 3. DM1 patient’s CTG expansion size and single muscle progenitor cell 

foci analysis. 

Cell Type Foci/cell average Max. foci/cell 
% of cells 

with foci 

% of RNA foci with 

MBNL1 colocalization 

Lymphoblasts 1.01 ± 0.19 4.17 ± 0.98 58.9 ± 9.2 3.77 ± 2.67 

Fibroblasts 2.71 ± 1.40 6.50 ± 2.93 85.7 ± 14.7 14.7 ± 3.30 

Myoblasts 3.92 ± 0.65 10.5 ± 5.96 99.1 ± 2.16 28.9 ± 25.6 

Myotubes 5.44 ± 3.41 19.0 ±11.3 91.1 ± 15.0 22.3 ±6.96 

     

PATIENT                       FOCI ANALYSIS 

 % cells with foci Mean Median Range 

DM1-1 97,2% 2,3 2 0-6 

DM1-2 98,6% 2,6 2 0-7 

DM1-3 81% 1,4 1 0-4 

DM1-4 97,4% 2,7 3 0-5 

DM1-5 28,8% 0,6 0 0-7 

A minimum of 10 random cells were analyzed per cell type and patient; n=6 for 

lymphoblasts, n=8 for fibroblasts (n=7 for MBNL1) , n=6 for myoblasts (n=5 for MBNL1) , 

n=4 for myotubes.  

Table 2. RNA foci parameters vary by DM1 patient-derived cell types.  
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Figure 4. RNA foci number is heterogeneously distributed and DMPK expression 

is downregulated in DM1 patient’s progenitor cells but there is no correlation between 

RNA foci number and DMPK expression. A. RNA foci staining in four myoblasts of the same 

patient. Foci staining is green and nuclei staining is blue. n = number of foci. The lighter 

stained foci are indicated by white triangles. B. Distribution of RNA foci per myoblast in 

every patient of this study. C. Comparison of the DMPK expression in muscle 

progenitor single cells from four patients and five controls. D. Correlation analysis between 

the DMPK expression levels and RNA foci number in the muscle progenitor cells of four DM1 

patients. Statistical significance between two groups was determined by Kruskal-

Wallis test and correlation was determined by Spearman rank correlation coefficient **p ≤ 

0.01 
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Cells derived from DM1 patients with earlier onset of the disease show 

higher accumulation of RNA foci  

Differences in RNA foci accumulation between DM1 patients of five different 

clinical subtypes were assessed in lymphoblasts. Results showed that there are 

significant differences among DM1 categories. Cells derived from congenital 

and childhood patients present a higher number of RNA foci than other 

categories, while late-onset cells show the lowest number of RNA foci. The 

RNA foci average per lymphoblastoids was 1.55 in congenital patients, 1.26 for 

childhood, 0.81 for juvenile, 0.75 for adult and 0.64 for late-onset patients 

(Table 4 and Figure 5B). The range of RNA foci per cell ranged from 0 to 6 in 

congenital patients; from 0 to 4 in childhood, juvenile and adult cases; and 

from 0 to 3 for late-onset patients (Table 4 and Figure 5A and 5C). Furthermore, 

cells from congenital patients showed the highest percentage of affected cells 

(i. e. cells presenting RNA foci), although there is no statistical significance. The 

percentage of lymphoblastoids with RNA foci was 75% in congenital patients, 

65% in childhood, 56% in juvenile, 50% in adults and 45% in late-onset patients 

(Table 4 and Figure 5D).   

 

Table 4. RNA foci parameters in DM1 patient-derived lymphoblastoids from all 

clinical subtypes. A 

  

Category Foci/cell average 
Foci/cell 

max. Average 

% average of 

cells with foci  

Congenital 1.55 ± 0.41 4.33 ± 1.53 75 ± 13.23 

Childhood 1.26 ± 0.24 3.75 ± 0.5 65 ± 17.8 

Juvenile 0.81 ± 0.17 3 ± 0.82 56.25 ± 16.52 

Adult 0.75± 0.41 2.80 ± 1.10 50 ± 14.14 

Late-onset 0.64 ± 0.21 2.47 ± 0.58 45 ± 17.56 

A minimum of 20 random cells were analysed per patient; 

n=6 for controls, n=3 for congenital, n=4 for childhood, n=4 for juvenile, n=5 for adult, 

n=3 for late-onset. Data are given as mean ± SD. 
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Figure 5. Lymphoblasts derived from DM1 patients with an earlier onset of the disease 

show higher accumulation of RNA foci.  A. Left: Representative images of RNA foci (red) 

and nuclei (DAPI, blue) staining in lymphoblasts. Scale bar: 10 μm. Right: Distribution of cell 

percentage by number of RNA foci. B. Average of RNA foci per cell in lymphoblasts, C. 

Maximum RNA foci per cell, D. Percentage of cells containing RNA foci. A minimum of 20 

random cells were analysed per individual; n=3 for congenital, n=4 for childhood, n=4 for 

juvenile, n=5 for adult, n=3 for late-onset. Statistical significance was determined by one-

way ANOVA. *p ≤ 0.05 **p ≤ 0.01 ***p ≤ 0.005 ****p ≤ 0.0001 
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Discussion 

 

Heterogeneity is a key factor in DM1 as symptoms can affect many tissues, are 

variable between patients and they can debut at any age. Studying this 

heterogeneity and how it affects the pathophysiology of the disease is 

essential to better understand the complexity of the disease and how 

candidate therapies could impact the patients. In our study, we analysed the 

molecular heterogeneity both between tissues and clinical subtypes and 

concluded that RNA foci accumulation is variable according to cell type and 

age of onset.  

 

To analyse tissue heterogeneity, we obtained lymphoblastoids, skin fibroblasts, 

myoblasts and myotubes from eight different patients. We could observe that 

all four of them showed alterations at molecular level: RNA foci accumulation 

and MBNL1 sequestration, validating them as models to study DM1. However, 

we found differences in RNA foci and MBNL1 aggregates average between 

lymphoblasts and muscle cells. These differences could be influenced by the 

RNA expression levels of DMPK in each tissue. According to the Human Protein 

Atlas, normalized RNA expression levels of DMPK in skeletal muscle is 167.5, 

while in skin is 11.9 and in bone marrow 2.4. Other factor that could be 

affecting RNA foci in patients’ accumulation is cell turnover, which is known to 

be higher in skin or blood compared to muscle17. These differences should be 

considered when choosing a DM1 cellular model to either study the 

pathophysiology or the potential effect of therapies.  

 

To analyse DMPK expression and the possible correlation with RNA foci 

number we performed a single cell DMPK analysis. It revealed a decrease in 

DMPK levels in DM1 cells compared to control cells, which has been previously 

reported18. It has been hypothesized that this downregulation could be due to 

epigenetic changes surrounding the DMPK gene, which would be induced by 

the CTG repeats19. In this work, we used single cell technology to analyse both 

the DMPK levels and the number of RNA foci in single DM1 myoblasts. The 

analysis concluded that there is no correlation between the two factors. For 

future studies, it would be interesting to be able to distinguish between the 

expression of the mutant and wild-type RNA. This way we could decipher 

whether a higher expression of DMPK equals to greater accumulation of RNA 

foci or if there are other mechanisms or factors intervening.  
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To study age of onset heterogeneity at a molecular level, we obtained 

lymphoblasts samples from the 5 DM1 subgroups: congenital, infantile, 

juvenile, adult and late-onset. Although muscle samples would have been a 

better model, as it is one of the main affected tissues in DM1, we could not 

obtain children samples due to ethical reasons. The study revealed significant 

differences between categories, being the patients with an earlier age of onset 

the ones to accumulate more RNA foci. It has been described that there is an 

inverse correlation between the age of onset and the expansion size; the 

earlier the symptoms appear the larger the expansion and the more severe the 

symptoms are3. We hypothesise that the expansion size could be a factor 

influencing RNA foci accumulation, so that the larger the expansion the greater 

tendency to accumulate RNA foci.   
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Abstract 

This study evaluated therapeutic antimiRs in primary myoblasts from myotonic 

dystrophy type 1 (DM1) patients. DM1 results from unstable CTG repeat 

expansions in the DMPK gene, leading to variable clinical manifestations by 

depleting Muscleblind-Like Splicing Regulator protein MBNL1. AntimiRs 

targeting natural repressors miR-23b and miR-218 boost MBNL1 expression 

but must be chemically optimized for a better pharmacological profile in 

humans. In untreated cells, miR-23b and miR-218 were upregulated, which 

correlated with CTG repeat size, supporting that active MBNL1 protein 

repression synergizes with the sequestration by CUG expansions in DMPK. 

AntimiR treatment improved RNA toxicity readouts and corrected regulated 

exon inclusions and myoblast defects such as fusion index and myotube area 

across CTG expansions. Unexpectedly, the treatment also reduced DMPK 

transcripts and ribonuclear foci. A leading antimiR reversed 68% of 

dysregulated genes. This study highlights the potential of antimiRs to treat 

various DM1 forms across a range of repeat sizes and genetic backgrounds by 

mitigating MBNL1 sequestration and enhancing protein synthesis. 
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Introduction 

Myotonic dystrophy type 1 (DM1) is a rare neuromuscular disease caused by 

an expansion of a CTG microsatellite repeat in the 3’ untranslated region (UTR) 

of the DM1 protein kinase (DMPK) gene1. The expansion size may reach 

thousands of CTG triplets in DM1 patients, compared to 5-37 in the general 

unaffected population. The disease has a prevalence of 1/3,000-1/8,000 

individuals worldwide2, making it the most common muscular dystrophy in 

adults. The length of the CTG tract in peripheral blood roughly correlates with 

disease severity, survival, and age of onset3. According to this, several clinical 

forms are described: congenital, infantile, juvenile, adult, and late-onset 

DM14. A variable multisystem array of symptoms characterizes the disease 

due to the widespread ubiquitous expression of the DMPK gene, particularly 

cardiac conduction problems, skeletal muscle atrophy, and myotonia. Patient 

sex is also a modifying factor influencing DM1 phenotype5.  

DMPK transcripts containing expanded CUG triplets accumulate in the nucleus 

and induce toxicity by affecting RNA processing mechanisms and disturbing 

key cell signaling pathways2,6. A chief molecular event contributing to DM1 

pathogenesis involves the expansion size-dependent sequestration of 

Muscleblind-like Splicing Regulator proteins in mutant DMPK transcripts, 

mainly MBNL1 in skeletal muscles, forming nuclear aggregates called foci7. 

MBNL1 sequestration affects the functional steady-state levels of the protein, 

depleting it from the nucleus and impairing its functions as a regulator of pre-

mRNA alternative splicing and polyadenylation8-10. Stress responses triggered 

by the accumulation of toxic DMPK RNA in the cell nucleus also cause the 

activation of MBNL1 antagonists, such as CELF111, Staufen112, and hnRNPA113. 

Together, these proteins function as developmental regulators, and their 

imbalance in DM1 causes abnormal persistence of fetal patterns of alternative 

splicing and other pre-mRNA processing defects in adult tissues. This 

pathological mechanism affects hundreds of genes in several tissues and 

organs, many of which have been directly connected to some pathological 

manifestations in DM1. For example, abnormal splicing of cTNT, CLCN1, and 

INSR have been respectively linked to cardiac conduction problems14, 

myotonia15, and insulin resistance16. 

The length of the CTG repeats changes over time in different cells and 

tissues17, with a strong tendency towards generating expanded alleles18. In 

tissues relevant to DM1 pathology, much larger expansions are found in 
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skeletal muscles and the heart, compared to peripheral blood19. This 

phenomenon largely explains the age-dependent and variable nature of DM1 

symptoms and has crucial implications for clinical management because the 

mutation size in a blood sample does not adequately predict the pathogenic 

load in other tissues20, particularly muscle21. In addition, individual genetic 

background and non-CTG repeat interruptions are also known to impinge on 

the clinical presentation of the disease22. Thus, muscle cells directly isolated 

from a diverse cohort of patients constitute a valuable tool to validate novel 

DM1 therapies in the natural genetic context of the mutation23. 

Several therapeutical strategies are under development for DM124, including 

antisense oligonucleotides (AONs) designed to release sequestered MBNLs by 

either targeting DMPK transcripts for degradation or blocking the binding 

between both25. An alternative approach is using AONs to rescue the normal 

free levels of MBNL proteins because essential DM1 molecular alterations 

stem from the depletion of these proteins alone25, which remain encoded in 

functional genes. From the three human MBNL paralogs, MBNL1 is mainly 

expressed in skeletal muscles and MBNL2 in the CNS, while MBNL3 performs 

functions associated with regeneration and aging26-29. MBNL1 overexpression 

is well tolerated and prevents typical DM1 alterations30,31. From a therapeutic 

perspective, this is a particularly favorable situation because MBNL1 protein 

depletion (and antagonist activity) can be compensated with enhanced 

endogenous expression30-33, which is naturally repressed by miR-23b and miR-

218 miRNAs34. Recently, miRNA-targeting AONs, so-called antimiRs, have been 

developed to block miR-23b and miR-218, increasing MBNL1 expression and 

correcting functional and histopathological DM1 alterations34-36. These AONs 

(antimiR-23b-V1 and antimiR-218-V1) were fully modified with 2’-O-Methyl 

(2’-OMe) chemistry, included several phosphorothioate (PS) linkages at each 

end, and were conjugated to cholesterol at the 3’ end. 

In the current study, we used eight DM1 primary myoblast cell lines and nine 

unaffected controls to test the effect of antimiR-23b-V1 and antimiR-218-V1, 

reported previously34, together with a new generation of chemically modified 

antimiRs named antimiR-23b-V2 and antimiR-218-V2. V2 molecules 

incorporate a combination of 2’-OMe, 2'-O-Methoxyethyl (MOE), and locked 

nucleic acid (LNA) residues throughout their sequence, and furthermore, 

antimiR-23b-V2 and antimiR-218-V2 are conjugated with fatty acid to enhance 

their biodistribution37. The cells were transfected at two differentiation times 

to study multiple RNA toxicity readouts, finding that antimiRs enhance MBNL1 
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protein expression and reduce DMPK transcript levels. The results 

demonstrate that lead antimiR drugs rescue DM1 defects across multiple 

genetic backgrounds in vitro through a dual mechanism of action. 

 

Materials and methods  

 

Study design 

This study aimed to evaluate the therapeutic potential of candidate drugs 

antimiR-23b-V1, antimiR-218-V1, antimiR-23b-V2, and antimiR-218-V2 in 

human DM1 primary myoblasts of Table 1, which includes diverse ages and 

repeat sizes, and both sexes. The investigation involved analysing DM1-related 

phenotypes such as fusion index, target miRNA levels, DMPK expression, 

ribonuclear foci number, MBNL1 nuclear foci and protein levels, and 

alternative splicing defects. Two differentiation time points (5 and 10 days) 

were evaluated. The concentrations used for antimiR-23b were 90 nM for 

immunocytochemistry (ICC) and fluorescent in situ hybridization (FISH) and 54 

nM and 34 nM for protein and RNA analyses. The concentrations used for 

antimiR-218 were 366.7 nM for ICC and FISH studies and 220 nM and 138 nM 

for protein and RNA analyses. Myotubes for DNA, RNA, and protein analysis 

were collected as pellets, and coverslips were used for ICC and FISH assays at 

five and ten days after differentiation and treatment (Supp. Fig. S2). 

Additionally, we conducted a thorough assessment of the therapeutic 

potential of the antimiRs and examined the individual responses of each cell 

line to antimiR-23b-V2. Furthermore, an RNA-Seq experiment was carried out 

to investigate the impact of antimiR-23b-V2 on the transcriptome. 

The sample sizes (n) are indicated in each figure, where each data point 

represents an individual cell line. Correlation analyses were performed to 

assess the degree of association between variables. 

Sample donor characterization 

A total of eight genetically confirmed DM1 patients and nine controls with no 

personal or family history of neuromuscular diseases were included in the 

study. The essential clinical characterization of healthy and DM1 primary 

myoblast line donors is shown in Table 1 and was compiled from pre-existing 

medical records from the indicated hospitals.  

Primary myoblast isolation from muscle biopsy 
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Muscle biopsies were cleaned in a Ca2+/Mg2+ containing Hank's balanced salt 

solution (HBSS; Thermo Fisher Scientific) supplemented with 1% of 

penicillin/streptomycin (P/S) and fungizone (amphotericin B; Thermo Fisher 

Scientific). Primary human myoblasts were isolated from the biopsied tissue 

by muscle explants and then purified by CD56 magnetic separation using 

CD56-coated microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) 

following the manufacturer’s instructions.  

Cell culture and transfection 

Myoblasts were grown on 0.1% gelatin-coated flasks in a proliferation medium 

containing Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 

10% FBS, 22% M-199, 1x PSF, 1.74 μM insulin, 2 mM L-glutamine, 1.39 nM FGF 

and 0.135 mM EGF. When the cells reached 80-90% confluence, the 

proliferation medium was substituted by a differentiation medium containing 

DMEM supplemented with 2% FBS, 22% M-199, 1x PSF, 1.74 μM insulin, and 2 

mM L-glutamine. At this point, cells were also transfected with antimiRs and 

Ribocellin (BioCellChallenge, #RC1000) was used as transfection reagent 

according to the manufacturer’s instructions. The concentrations used for 

antimiRs-23b were 90 nM for immunocytochemistry (ICC) and FISH analyses, 

54 nM and 34 nM for protein and RNA analyses on DM1 cell lines and 54 nM 

for protein and RNA analyses on control cell lines. The concentrations used for 

antimiRs-218 were 366.7 nM for ICC and FISH studies and 220 nM and 138 nM 

for protein and RNA analyses. Cell pellets for DNA, RNA, and protein 

extractions, and coverslips for ICC and FISH, were collected five and ten days 

after differentiation and treatment started. RNA and protein pellets from 

treated controls were collected only ten days after differentiation and 

treatment started. 

AntimiR chemistry and synthesis 

All miRNA inhibitors were obtained from Axolabs GmbH (Kulmbach, Germany). 

First, antagomirs antimiR-23b-V1 (5’-G*G*UAAUCCCUGGCAAUGU*G*A*U-3’- 

cholesterol) and antimiR-218-V1 (5’-A*C*AUGGUUAGAUCAAGCA*C*A*A-3’-

cholesterol; * indicates phosphorothioate linkages) were prepared. Then, 

several rounds of optimization of length and modifications lead to the 

optimized antimiR-23b-V2 (16 nucleotides) and antimir-218-V2 (15 

nucleotides) that contain an oleic acid moiety at the 3’-end and several 

modifications. AntimiR-23b-V2 contains 50% phosphorothioate linkages, 50% 

locked nucleic acid (LNA) residues, 30% 2’-O-methoxyethyl (MOE)-RNA and 
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20% 2’-O-methyl-RNA residues. AntimiR-218-V2 contains 66% 

phosphorothioate linkages, 53% LNA residues, and 47% MOE residues. 

 

CTG expansion sizing 

DNA samples were extracted using the QIAamp DNA mini kit (Qiagen, Hilden, 

Germany). To determine CTG expansion size, an EcoRI digestion, followed by a 

long PCR and subsequent electrophoresis and southern blot, was performed 

as described78. The modal allele of each patient, which corresponds to the 

densest CTG bands, was estimated through comparison against the molecular 

weight ladder (GeneRuler 1 kb Plus Ladder, Thermo Scientific, Waltham, USA) 

using GelAnalyzer 19.1 software. 

DMPK expression quantification by RT-qPCR  

Total RNA was extracted using the miRNeasy Mini kit (Qiagen, #217004 and 

79254), and 400 ng of RNA was converted to cDNA by random hexamer 

priming with SuperScript II (Invitrogen, #18064022), following the 

manufacturer's instructions. Subsequently, 0.2 ng cDNA was used with 5x HOT 

FIREPol® Probe qPCR Mix Plus (Solis BioDyne, #08-01-00001) and PrimeTime 

qPCR (IDT, sequences shown Supp. Table S1) probe assays for multiplex RT-

qPCR on the QuantStudio 5 (Applied Biosystems; Foster City CA, USA). In the 

case of RNA isolated with Hot TRIzol from immortalized MyoD-inducible 

(doxycycline) DM1 fibroblasts56, the protocol carried out was as described in 

Gagnon et al.79. Relative expression of DMPK was measured and normalized to 

GAPDH endogenous control, relative to transfection reagent control samples, 

using the 2--∆∆Ct methodology.  

Protein extraction and Jess Simple Western  

For total protein extraction, primary DM1 and control myotubes were 

disrupted by mechanical homogenization with an insulin syringe in Pierce® 

RIPA buffer (Thermo Scientific, #89901) supplemented with protease and 

phosphatase inhibitor cocktails (Roche Applied Science, #11836153001 and 

#4906837001) and subsequently sonicated. Total protein concentration was 

measured using a BCA protein assay kit (Thermo Scientific Pierce, # 23225) and 

bovine serum albumin (BSA) as the protein standard. 

The Jess Simple Western system was used to quantify MBNL1 protein from 

human primary myotubes, and measurements were normalized to total 

protein levels. Briefly, 1 µg of total protein from an individual experimental 

replicate (0.2 mg/ml) was separated in the Protein Normalization Assay 
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module (ProteinSimple, Bio-Techne, # AM_PN01) and used to detect MBNL1 

using a mouse anti-Mbnl1 primary antibody (MB1a [4A8], 1:10, 

Developmental Studies Hybridoma Bank) and a goat HRP-conjugated anti-

mouse IgG secondary antibody (ProteinSimple, Bio-Techne, # DM-002). 

Chemiluminescent detection was performed using luminol-S and peroxide, 

following the manufacturer’s instructions (ProteinSimple, Bio-Techne, # DM-

002). Normalization was done through total protein chemiluminescence 

analysis (ProteinSimple, Bio-Techne, # RP-001) using the Total Protein 

Detection module (ProteinSimple, Bio-Techne, # DM-TP01). Total MBNL1 

levels were defined as the sum of the previously described MBNL1 42/43 

(+ex5±ex7) and MBNL1 40/41 (-ex5±ex7) variants44, normalized to total loaded 

protein. For the individual expression of each isoform, each form was 

separately analysed as MBNL1-42/43/loaded protein and MBNL1-

42/43/loaded protein. 

Fluorescence in situ hybridization (FISH) and MBNL1 immunocytochemistry 

(ICC) 

Cells were fixed with 4% paraformaldehyde (PFA), washed, and permeabilized 

with 0.3% triton. For the ICC, cells were blocked (PBS-T with 1% BSA and 1% 

horse serum) and incubated with anti-Mbnl1 (MB1a(4A8), DSHB or 

MBNL1(3A4), Santacruz) at 1:200 overnight. The antibody was washed with 

PBS-T, and cells were incubated with biotinylated horse anti-mouse-IgG 

(Vector, #BA-9200) at 1:150 for 1 h at room temperature (r.t.). Elite ABC kit 

(VECTASTAIN, #PK-6100) was used for 30 min at r.t. to amplify the signal, 

followed by PBS-T washing and a two-hour incubation at r.t. with streptavidin-

FITC (1:200, Vector). For FISH analysis, after permeabilization as indicated 

above, cells were washed and incubated with acetylation buffer (1.16% 

triethanolamine, 0.25% acetic anhydride) for 10 min at r.t. Upon pre 

hybridization in 2x SSC with 30% formamide, the cells were incubated with 1 

µM Cy3-labelled (CAG)10 probe diluted 1:100 in hybridization buffer for 2 h at 

37ºC34. Finally, the cells were washed and mounted in slides with Diamond 

Anti-Fade Mountant with DAPI (Thermo Fisher Scientific, #P36971). Images 

were taken with a Zeiss AxioObserver Z1 microscope with 63x objective. 

Analyses of MBNL1 quantification scale data, RNA nuclear foci, and MBNL1 

nuclear foci per cell were performed using ZEN blue software. Nuclear MBNL1 

fluorescence was visually quantified according to a previously defined MBNL1 

quantification scale with values ranging from 0 to 3 that matched a gradient of 
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increasing MBNL1 signal. A value of 0 was defined as the complete absence of 

the MBNL1 signal, while 3 was the most intense signal found in control cell 

lines (Supp. Fig. S6). 

Desmin Immunofluorescence 

Cells were grown on coverslips and differentiated as described above. Cell lines 

B55, SP-12, and SP-6 were excluded from these experiments since they did not 

form clear myotubes on glass coverslips. After five or ten days of 

differentiation, cells were fixed with 4% PFA (Electron Microscopy Sciences) for 

10 min at r.t. Then, they were washed in PBS and blocked and permeabilized 

with 0.3% Triton-X (Sigma-Aldrich) and 5% donkey serum in PBS (PBS-T) for 

one hour at r.t. Then, cells were incubated with the mouse anti-Desmin (Abcam 

clone D33, #ab8470) at 1:100 diluted in PBS-T overnight at 4°C. After several 

washes with PBS, samples were incubated with the corresponding secondary 

antibody diluted in PBS-T for one hour at r.t. Cells were washed with PBS and 

incubated for 2 min at r.t. with 1 µg/ml Hoechst solution (Thermo Fisher 

Scientific) for nuclear staining. Washed coverslips were then mounted on glass 

slides in a drop of fluorescence mounting medium. Samples were analysed by 

epifluorescence with a Zeiss Axio Cell Observer Microscope. The fusion index 

was defined as the percentage of nuclei within myotubes (>3 myonuclei) 

relative to the total number of nuclei in each condition. The average number 

of total nuclei per myotube was determined by counting over 250 nuclei from 

randomly chosen Desmin-positive cells (14 micrographs). For area 

measurement with Image J, the saturation of the green channel was initially 

increased by 35% to enhance quality and reduce noise. Subsequently, a 

threshold of 20, 255 was applied to create a mask for the green channel, 

precisely defining the area of myotubes. The total area of the image was then 

measured. Following this, the generated mask was selected, and the area 

within this selection was measured, thereby determining the area occupied by 

the myotubes. Finally, the area of the myotubes was divided by the total area, 

and the result was multiplied by 100 to express it as a percentage. Two 

independent transfection experiments were carried out. Quantification was 

performed using ImageJ software (NIH). 
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miRNA detection by RT-qPCR  

Five ng of RNA from two individual experimental replicates were converted to 

cDNA using the miRCURY LNA RT kit (Qiagen #339340). Four µL of a cDNA 

dilution 1/60 were used in an RT-qPCR reaction with the miRCURY LNA SYBR 

Green PCR kit (Qiagen #339346) and Qiagen primers on the QuantStudio 5, 

according to the manufacturer’s protocol. hsa-miR-218-5p (Qiagen, 

#YP00206034) and hsa-miR-23b-3p (Qiagen, #YP00204790) were detected 

and normalized to endogenous controls, RNU1A1 (Qiagen, #YP00203909) and 

U6 snRNA (Qiagen, #YP00203907), and the transfection reagent controls using 

a 2-∆∆Ct methodology.  

Alternative splicing analysis 

To analyse the alternative splicing, 2 µl of cDNA from two individual 

experimental replicates were used in a semiquantitative PCR reaction with 

GoTaq polymerase and Taq buffer (Promega, Madison, USA) and specific 

primers. For MBNL1, KIF13A, and PPFIBP1, the PCR amplicons were relatively 

weak, and a second PCR on the first products was performed with the same 

GoTaq polymerase and green Taq buffer. Primer sequences, exons analysed, 

and specific conditions of each PCR reaction are described in Supp. Table S2. 

PCR products were quantified using ImageJ software (NIH) and the percentage 

spliced-in (PSI) values for each splicing event of the selected genes was 

obtained to measure changes in splicing patterns. Delta PSI (ΔPSI) in splicing 

quantifies changes in alternative exon inclusion between conditions. 

Specifically, control and treated cells were compared to untreated cells, with 

the latter serving as the reference (change 0) (80). The overall ΔPSI was defined 

as the mean of the ΔPSI of MBNL1 Ex5, KIF13A Ex32, BIN1 Ex11, SOS1 Ex25, 

and PPFIBP1 Ex19. 

RNA-seq analysis 

Following the manufacturer's indications, libraries were prepared using TruSeq 

Stranded mRNA Library prep kit (Illumina). Libraries were sequenced using 150 

base paired-end sequencing with the Illumina NovaSeq 6000 sequencer in the 

Centro Nacional de Análisis Genómico (CNAG-CRG), Barcelona. Around 50 

million reads were obtained from each sample. A quality check eliminated any 

reads with a q value < 30, using TrimGalore (Version 0.6.6) software. All 

accepted reads were aligned to genome version GRCh38.p13 with STAR 

software (version 2.7.10a). Next, BAM results were analysed with RSEM 

(version v1.3.1) software to obtain transcripts per million (TPM) for each gene. 
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R package DESeq2 (version 1.36.0) was used to perform a differential gene 

expression (DGE) test. The threshold for DGE calls was an adjusted p-value < 

0.05. We used a freely available online tool 

(http://nemates.org/MA/progs/representation.stats.html) to calculate the 

statistical significance of the overlap between groups of genes. 

 

 
We categorized the recovery state of the genes according to the following 

scale: totally recovered genes (recovery % > 50 and < 150), partially recovered 

genes (recovery % > 0 and < 50), over recovered genes (recovery % > 150) and 

not recovered genes (recovery % < 0). 

Statistical analyses 

All statistical analyses were performed with Prism 8.2.1 (GraphPad). Results 

are presented as means ± S.E.M. An unpaired, two-tailed Student's t-test was 

used for comparisons between two groups. A two-way ANOVA test was 

performed to compare various groups and conditions, followed by Dunnett's 

post-test. Where data did not follow normality, Kruskal-Wallis's test was 

applied followed by Dunn's post-test. Differences were considered significant 

at p < 0.05. Details about the statistical analysis used for each quantification 

are described in the corresponding figure legend. Sample sizes (n) are included 

in each figure, where each data point represents an individual cell line. 

Correlation analyses were carried out to measure the degree of association 

between two variables. In each case, the most appropriate correlation type, 

Pearson's or Sperman's, was used and is indicated in the figure legends. 

Correlation values were interpreted as very high (0.9 to 1), high (0.7-0.9), 

moderate (0.5-0.7) or low (0.3-0.5).  
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Results 

Cell characteristics and outcomes 

Seven patients with adult-onset DM1 (five female, two male) and one with 

juvenile-onset DM1 (female) served as donors to derive the myoblast cell lines 

used in our study (Table 1). The length of the CTG repeat was determined in all 

cases using DNA from the cells, ranging from 117 to 1054 triplets. Information 

about repeat length from muscle tissue was available in two cases and closely 

matched the size observed in vitro: 726/736 and 835/788 (myoblasts/muscle). 

We also determined the CTG repeat length in blood at the time of biopsy 

collection. As expected, the number of triplets was lower compared to muscle 

tissue in all cell lines except MP-10-31. 

Variability in the patient´s muscle function and disability were clearly shown 

by the battery of functional tests performed (Table 1), which included the 6-

minute walking test (6MWT)38, the muscle impairment rating scale (MIRS)39, 

the modified Rankin Scale (mRS)40, and the biceps Medical Research Council 

(MRC)41. Despite limited data availability and the qualitative nature of the 

variables (except 6MWT), we observed moderate positive correlations (R 

between 0.5 and 0.7; p-values<0.2) between CTG repeat length in muscle cells 

and scales of muscle impairment and patient disability (MIRS and mRS, 

respectively). In contrast, a negative correlation (R = -0.86) was observed 

between CTG repeat length and muscle strength, measured as the MRC score 

of the biceps (Supp. Fig. S1). Primary myoblasts from these patients were 

treated with antimiRs, differentiated, and evaluated for miR-23b and miR-218 

levels, MBNL1 expression and subcellular distribution and nuclear foci, RNA 

foci, DMPK mRNA expression, myotube area and fusion index (Supp. Fig. S2). 
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Table 1. Characterization of DM1 and control cell donors that participated in this study. Muscle performance parameters, mutation size of DM1 

patient donors used in the study, and muscle origin and age at sampling for both DM1 samples and controls. 

ID  Sample type Sex Biopsy muscle 
Age at 

sampling  

Age of 

onset  

CTG triplets in 

Myoblast /Muscle* 

CTG triplets 

in Blood 
6MWT1 (m) MIRS2 mRS3 

Biceps 

MRC4 
Cohort  

SP3 DM1 (juvenile onset) Female Biceps brachialis 36 15 726/736* 445 348 4 2 4 A 

SP6 DM1 (adult onset) Female Biceps brachialis 41 36 686 338 368 2 1 5 A 

SP10 DM1 (adult onset) Female Biceps brachialis 39 27 835/788* 374 N.D. 4 4 4 A 

SP12 DM1 (adult onset) Male Biceps brachialis 41 36 265 130 519 3 2 5 A 

B55 DM1 (adult onset) Female  Deltoid 47 30 1054 800 N.D. 4 3 4 B 

MP-09-57 DM1 (adult onset) Female Intrinsic muscles of the hand or forearm  31 30 702 333 N.D. 2 N.D. N.D. C 

MP-09-73 DM1 (adult onset) Male Intrinsic muscles of the hand or forearm  49 20 704 233 N.D.  2  N.D. N.D. C 

MP-10-31 DM1 (adult onset) Female Biceps brachialis 34 15 117 1400  N.D.  3 N.D. N.D. C 

C5 Control Female Intrinsic muscles of the hand or forearm  67 - - - - - - - A 

C7 Control Female Intrinsic muscles of the hand or forearm  66 - - - - - - - A 

C9 Control Male Intrinsic muscles of the hand or forearm  41 - - - - - - - A 

C10 Control Male Intrinsic muscles of the hand or forearm  26 - - - - - - - A 

C11 Control Female Intrinsic muscles of the hand or forearm  35 - - - - - - - A 

C12 Control Male Intrinsic muscles of the hand or forearm   73 - - - - - - - A 

B71 Control Male Medial calf 18 - - - - - - - B 

MP-35 Control Male Vastus lateralis   35 - - - - - - - C 

MP-49 Control Female  Vastus lateralis  49 - - - - - - - C 

1The 6-minute walking test (6MWT) is an index of aerobic endurance capacity: distance in meters walked by a patient during six minutes (38). 2Muscle impairment rating scale (MIRS): Assesses the 

degree of distal to proximal muscle involvement (39). 3Modified Rankin Scale (mRS): an indicator of disability in patients (40). 4Biceps Medical Research Council (MRC): scale indicative of muscle strength 

(41). N.D.: not determined; A: Germans Trias i Pujol Hospital, Barcelona, Catalonia (Spain); B: La Fe University and Polytechnic Hospital, Valencia, Valencian Community (Spain); C: Donostia University 

Hospital, San Sebastian, Bask Country (Spain). 
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miR-23b and miR-218, which get overexpressed during differentiation of 

DM1 myotubes, are detected reduced upon antimiR treatment 

We analysed miR-23b and miR-218 levels in all primary myoblast cell lines as 

an indication of the expression of these miRNAs prior to antimiR treatment 

(Fig. 1A-B). At ten days of differentiation, the expression of miR-23 and miR-

218 was ∼2.5-fold and five-fold higher in DM1 cells compared to control 

myoblasts, respectively (p < 0.05), a difference that was still not conspicuous 

by 5 days of differentiation. At both time points, we observed a marked 

variability in DM1 cells compared to controls. We wondered whether this 

higher dispersion could be attributed to phenotypic differences caused by the 

variability in CTG repeat length. In fact, in support of this possibility, we 

observed a significant correlation of CTG repeat length of DM1 myoblasts with 

miR-23b and miR-218 expression (Supp. Fig. S3). On the other hand, receptor 

operating curve (ROC) analysis revealed an area under the curve (AUC) of 82% 

for miR-23b and 89% for miR-218, indicating that levels of these miRNAs have 

the potential to predict CTG repeat size in patients accurately (Supp. Fig. S3). 

Upon antimiR-23b-V1 treatment of DM1 myoblasts, we observed a significant 

65-75% reduction in the detection of miR-23b at day ten of differentiation for 

both concentrations (34 and 54 nM). The detection on day five was already 

significantly lower using the 54 nM concentration, but not with the 34 nM 

dose (Fig. 1C). The miRNA antagonistic activity of antimiR-23b-V2 seems to be 

considerably stronger since 85-95% reduction of miRNA detection was 

observed at both time points, and it was significantly lower using the 34 nM 

dose. Regarding miR-218 AONs, antimiR-218-V1 and -V2 performed similarly 

across both differentiation time points (Fig. 1D). We observed reductions in 

the detection of miR-218 in the 30%-75% range, with trends of higher activities 

at 220 nM compared to 138 nM. Altogether, these results confirm robust 

reductions in the detected levels of target miRNAs in all cell lines. In addition, 

we observed a trend of increased efficacy of antimiR-23b-V2. 
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Figure 1. Expression of target miRNAs in DM1 cells and treatment modulation. The upper 

graphs show the quantification of (A) miR-23b and (B) miR-218 expression in control vs DM1 

cells during differentiation. Unpaired t-test with Welch’s correction. The bottom graphs show 

the quantification of (C) miR-23b and (D) miR218 expression upon antimiR treatment. Kruskal 

Wallis test *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001 (Dunn’s post-test). Each dot of 

a different colour denotes a different DM1 myoblast line. The asterisks above the bars denote 
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DM1 comparisons, while those above the boxes denote dose comparisons. The names of the 

lines are shown in the legend. Error bars represent the standard error of the mean (SEM). 

MBNL1 levels, which get reduced during differentiation of DM1 myotubes, 

increase upon antimiR treatment 

Alternative splicing of MBNL1 transcripts helps tailor protein function to actual 

cell necessities. The inclusion of exon 5 completes a bipartite nuclear 

localization signal. Consequently, abnormal inclusion of this exon is expected 

to enhance the potential of MBNL1 to be sequestered with nuclear CUG 

expansions so it can be used as an indicator of the pathogenic status of the 

cell. Importantly, as a result of its regulatory splicing activity, MBNL1 promotes 

the exclusion of its own exon 542,43.  

MBNL1 protein levels were significantly lower in DM1 myotubes after ten days 

of differentiation compared to controls, with a trend already noticeable by day 

five (Fig. 2). This pattern was observed for total MBNL1 protein levels (Fig. 2A), 

MBNL1 42/43 kDa (+ex5±ex7) and MBNL1 40/41 kDa (-ex5±ex7) isoforms (Fig. 

2BC). Total and isoform-specific MBNL1 levels were somewhat variable in both 

the control and DM1 cell cohorts. This was expected due to the combination 

of several factors such as muscle of origin, sex and age of donors, repeat 

expansion size, number of in vitro cell passages, and genetic background 

effects, in addition to the intrinsic experimental variability in all these 

determinations. Despite all these sources of variability, the average expression 

levels of total MBNL1 and isoforms 42/43 and 40/41 reached statistical 

significance. The biological relevance of these changes is reinforced by 

focusing on total MBNL1 levels, which reached statistical significance not 

because of lower dispersion of data (standard deviation is actually higher than 

at 5 days) but because of lower average amounts. 

We observed a significant negative correlation between CTG repeat length of 

DM1 myoblasts and MBNL1 levels, both for total protein and each MBNL1 

protein isoform individually (borderline for isoform 40/41 kDa; Fig. 2D-F).  This 

coincides with the positive correlation between repeat length and miR-23 and 

miR-218 levels (Sup Fig. S3). The ratio between these isoforms changed during 

the differentiation of DM1 cells (Supp. Fig. S4). At day five of differentiation, 

we observed a ~60/40 ratio between high/low MW isoforms. By day ten, the 

ratio changed to ~70/30 in DM1 myotubes but remained ~60/40 in control 

cells, which is a difference consistent with observations reported by others44. 

Upon antimiR treatment, we observed a significant increase in total MBNL1 

levels in both differentiation time points, using the higher doses of 54 nM and 
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220 nM for antimiRs against miR-23b and miR-218, respectively (Fig. 2G). 

Remarkably, we observed a four-fold increase in total MBNL levels using 

antimiR-23b-V2. In all cases, the derepression at these doses was significantly 

higher than at the lower doses of 34 nM and 138 nM, respectively. Both 

MBNL1 isoforms contributed to the total increase in protein levels (Supp. Fig. 

S5AB). AntimiRs brought about a solid dose-dependent upregulation of total 

MBNL1 levels, also detectable at the isoform level, in patient-derived primary 

myoblasts. Significantly, antimiR treatment had a similar effect on the isoform 

ratio at days five and ten of differentiation in DM1 cells, maintaining about 50-

55% the percentage of MBNL1-42/43, but because untreated disease controls 

increased the percentage of this isoform from approximately 60% to 70% at 

days 5 and 10, respectively, the overall therapeutic activity of antimiRs 

(measured as skipping of ex5 in MBNL1, which is a splicing activity regulated 

by the protein itself), increased with differentiation time (Supp. Fig. S5C). 
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Figure 2. Expression of MBNL1 proteins in DM1 cells and modulation by antimiR treatments. 

(A-C) Quantification of MBNL1 protein levels in control vs DM1 cells during differentiation. 

MBNL1 total protein levels (A) and for each isoform independently: MBNL1 42/43 kDa 

(+ex5±ex7) variant (B) and MBNL1 40/41 kDa (-ex5±ex7) variant (C) relative to the control 

condition of the same differentiation time. Un-paired t-test. (D-F) Pearson correlation in 

untreated cells between MBNL1 protein levels normalized to the total protein and the number 

of CTG repetitions in DM1 myoblasts. CTG repeats vs. MBNL1 total protein levels (D), MBNL1 

42/43 kDa (+ex5±ex7) variant (E), and MBNL1 40/41 kDa (-ex5±ex7) variant (F). The correlation 

R-value and p-value are shown in the graph for each correlation. (G) Quantification of MBNL1 

upon antimiR treatment relative to the non-treated DM1 condition. The asterisks above the bars 

denote DM1 comparisons, while those above the boxes denote dose comparisons. Kruskal 

Wallis test *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001 (Dunn’s post-test). Each dot of 

a different color denotes an individual DM1 myoblast line (shown in the legend). Error bars 

represent the standard error of the mean (SEM).  
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The number of RNA and MBNL1 nuclear foci, and DMPK transcripts are 

reduced upon antimiR treatment 

DM1 myotubes presented an average of 5-6 foci per nucleus and, as 

expected45, control cells did not show any (Fig. 3A). AntimiR treatment at 

higher doses than in our previous reports34 reduced the average number of 

foci in DM1 cells (Fig. 3B). These reductions were significant for both versions 

of antimiR-23b and differentiation time points. AntimiR-218-V1 and -V2 also 

reduced the number of foci in both time points, but a statistically significant 

difference was reached only after ten days of differentiation. DM1 cells also 

presented an average of 1.7-2.0 MBNL1 nuclear foci (Fig. 3C) and a reduced 

presence of the protein as a diffused free-form in the nucleus (Fig. 3E), both 

indicative of functional sequestration of the protein. Both parameters were 

partially corrected upon antimiR treatment (Fig. 3DF), especially at the ten-

day differentiation time point. As previously reported by others46, we also 

detect more DMPK than MBNL1 nuclear foci in our primary myoblast cohort. 

While several technical issues could impinge on this result, particularly higher 

sensitivity of RNA than protein detection because of lower background in the 

first than in the second case, it is also possible that expanded CUG transcripts 

go through several transient molecular stages inside the nucleus and show 

different protein binding capabilities. Representative images used for foci and 

MBNL1 quantification for all cell lines are shown in Supp. Fig. S6, which also 

includes the use of an anti-human MBNL1 antibody to discard potential issues 

with the specific anti-mouse Mbnl1 epitope detected by MB1a(4A8).  
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Figure 3. Effect on foci number and cellular distribution of MBNL1. Number of (A) RNA nuclear 

foci per cell, (C) MBNL1 nuclear foci, and (E) MBNL1 free form in the nucleus in control vs DM1 

cells during differentiation. Mann Whitney test and Unpaired t-test with Welch’s correction.   

Additionally, the figure shows their responses to the indicated antimiR treatments (B, D, F). 

Kruskal Wallis test and Two-way ANOVA *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001 

(Dunn’s post-test and Dunnett’s post-test). Each dot of a different color denotes an individual 

DM1 myoblast line (shown in the legend). Error bars represent the standard error of the mean 

(SEM). 

 

At this point, we wondered about the reason behind the antimiR-mediated 

reduction of RNA and MBNL1 protein nuclear foci number. We analysed DMPK 

expression in control and DM1 myoblasts to answer this question. We 

observed around 50% of normal DMPK expression in DM1 vs control cells after 

five days of differentiation, which went further down to 30% at the ten days 
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timepoint (Fig. 4A). Our observation is in line with previous studies showing 

lower expression of DMPK expanded alleles47,48 but DMPK relative expression 

only showed a trend towards correlating with CTG repeat size (Fig. 4B). 

AntimiR treatment induced a further reduction of DMPK levels in DM1 cells, 

particularly at the ten days timepoint, of up to ~25% (Fig. 4C). These results 

were reproduced with antimiR-23b-V1 and antimiR-23-V2 in immortalized 

DM1 muscle cells using a hot trizol protocol to ensure complete extractability 

of mutant DMPK transcripts (Supplementary Figure 7A) and are consistent 

with previously published observations with the antimiR-218-V1 using the 

same cell line36. Notably, cell lines that first reduced DMPK expression (at 5 

days of differentiation) were those with a larger number of repeats, such as 

B55, MP-09-57, and MP-09-73, while lines showing a delayed response (at 10 

days of differentiation) were those with smaller repeat sizes, such as MP-10-

31 or SP-12. This suggests that the kinetics of DMPK degradation in response 

to antimiRs may depend on cellular cues, particularly repeat expansion size, 

but does not rule out that differences in basal DMPK gene expression or 

cellular compensation mechanisms among the cell lines used may also 

contribute to some cell lines responding earlier than others. Altogether, these 

data indicate that antimiR treatment successfully contributed to increasing 

the functional free-form levels of MBNL1 by increasing the protein expression 

and reducing the number of DMPK transcripts contributing to its 

sequestration. 

When we analysed these parameters' relationship with each cell line's disease 

load, we did not observe a significant correlation between the number of RNA 

or MBNL1 nuclear foci with CTG repeat length (Supp. Fig. S7BC), which is 

consistent with the lack of relationship already observed between DMPK 

levels and repeat size (Fig. 4B). While to the extent of our knowledge, a 

correlation between foci number and disease severity has not been reported 

in the literature, we do detect a significant negative correlation between total 

MBNL1 protein and repeat expansion size (Figure 2D). Finally, we did observe 

a modest significant correlation between MBNL1 protein levels and the 

MBNL1 free into the nucleus, indicating a direct relationship between the 

increase of the protein and its availability as free form (Supp. Fig. S7D). In sum, 

antimiRs rescue characteristic DM1 cellular alterations. 
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Figure 4. Expression of DMPK mRNA in DM1 cells and treatment modulation.  (A) 

Quantification of DMPK expression in control vs DM1 cells during differentiation. Mann 

Whitney test and Un-paired t-test with Welch’s correction. (B) Pearson correlation between 

DMPK expression levels and CTG repeat sizes in the cell lines. The correlation R-value and p-

value are shown in the graph for each correlation (C) Quantification of DMPK expression upon 

antimiR treatments. Kruskal Wallis test *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001 

(Dunn’s post-test). Each dot of a different color denotes an individual DM1 myoblast line (shown 

in the legend). Error bars represent the standard error of the mean (SEM). 
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Correction of aberrant splicing in DM1 myoblasts 

Next, we evaluated antimiRs on DM1 splicing defects at day 10 of 

differentiation because they generally show higher anti-DM1 disease activity 

than on day five, and phenotypes are more clearly shown. With this purpose, 

we selected for validation by semiquantitative RT-PCR experiments a panel of 

5 genes whose splicing has been previously reported to be altered in DM1 

skeletal muscle49: MBNL1 exon 5, KIF13A exon 26, BIN1 exon 11, SOS1 exon 

21, and PPFIBP1 exon 19 (Supp. Fig S8A). The quantification of exon inclusion 

from these genes revealed an ample window and significant difference 

between DM1 and control cells (Fig. 5A).  

The splicing of MBNL1 exon 5, KIF13A exon 26, BIN1 exon 11, and SOS1 exon 

21 has been directly linked with a lack of MBNL1 activity in previous studies11, 

50-52. In addition, they correlate with force dorsiflexion in DM1 patients50. 

Notably, aberrant splicing of BIN1, a gene with crucial roles for muscle 

function53, positively correlated with the patients' MIRS scale (Supp. Fig S8B; 

p-value=0.0815). In contrast, PPFIBP1 exon 19 is not MBNL1-dependent54, but 

it is also implicated in DM1 pathology, and its aberrant splicing can be rescued 

by the biguanide metformin, a drug that promotes corrective effects on 

several splicing defects associated with DM155. We included this exon to verify 

whether antimiR treatment could contribute to its rescue independently of 

MBNL1 (e.g., through the downregulation of DMPK).  

Upon antimiR treatment, we observed an improved percentage of exon 

spliced-in (ΔPSI=PSIdisease-PSItreated), which was statistically significant for most 

alternative exons (Fig. 5B). In the case of BIN1 exon 11, a significant correction 

was only reached with the higher doses of the antimiRs. For the rest of the 

alternative exons, both doses were effective. When looking at the overall ΔPSI 

that combined all exons analysed (Fig. 5C), we observed a significant ∼50% 

shift from the DM1 splicing pattern towards the control pattern for all 

antimiRs and doses used. ΔPSI values for each exon and treatment and gel 

images used for the quantification are depicted in Supp. Fig. S9. We observed 

a moderate correlation of global ΔPSI scores with total MBNL1 protein levels 

(Fig. 5D, p=0.0005, R=0.59) and a low to moderate correlation for free MBNL1 

form (Fig. 5E, p=0.0411, R=0.37), supporting a relationship between splicing 

correction and increased expression of total MBNL1 in cells treated with the 

antimiRs. 
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Figure 5. Correction of DM1 splicing alterations.  (A) Characterization of the percentage of 

spliced-in (PSI) in control vs DM1 cells for a selection of transcript exons. Unpaired t-test and 

Mann-Whitney test. (B) Heatmap of the effect of antimiR treatment on the delta percentage of 

spliced-in (ΔPSI) of the indicated genes/exons. The numbers within the cells indicate the 

percentage changes in alternative exon inclusion between control and treated cells compared 

to untreated cells, which serve as the reference (change 0). The shading in the cells indicates 

the magnitude of the percentage change, with darker shades representing larger changes 

compared to the reference condition. (C) Overall correction of the ΔPSI per cell line. Kruskal 

Wallis test *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001 (Dunn’s post-test). Each dot of 

a different color denotes an individual DM1 myoblast line (shown in the legend). Error bars 

represent the standard error of the mean (SEM).  Pearson correlation between overall ΔPSI and 

total MBNL1 (D) and free form levels (E) in treated myotubes with the antimiRs. The correlation 

R-value and p-value are shown in the graph for each correlation. 
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The correlation between overall ΔPSR scores and total MBNL1 protein levels 

was analysed separately for miR-23b and miR-218 inhibition. The study found 

that samples using miR-23b-V1 and V2 anti-miR-23b showed a higher 

correlation compared to those using miR-218-V1 and V2 anti-miR-218 

(Supp. Fig. S9FG). 

 We observed ~50% overall ΔPSI correction, with better rescues at the higher 

doses in MBNL1-dependent exons, consistent with the increased MBNL1 

levels observed. Although all cell lines generally responded to treatment, 10-

31 and SP-3 yielded somewhat lower splicing correction. Altogether, these 

results are consistent with the notion that only a moderate increase in MBNL1 

is sufficient to achieve a therapeutic benefit and that antimiR treatment 

efficiently corrects downstream molecular DM1 alterations. 

 

Functional rescue of myotubes area and fusion index 

In previous studies, DM1 myoblasts have been shown to display defective 

differentiation compared to control cells, as determined by lower myotube 

area and fusion index56,57. We analysed both parameters in our DM1 primary 

myotubes and observed a strong reduction at days five and ten of 

differentiation (Fig. 6AB). CTG repeat length only roughly correlated with 

decreased myotube area and fusion index (Supp. Fig. S10AB). Representative 

images used for these quantifications are depicted in Supp. Fig. S11A. We 

observed a negative correlation trend between the MIRS scale and myotube 

area (Supp. Fig. S10C), but no correlation with the fusion index (Supp. Fig. 

S10D). We had previously shown that miR-218 blockage alleviates fusion index 

upon differentiation of immortalized myoblasts36 and miR-23b inhibition 

improved myotube area in a bioengineered in vitro 3D model of DM158. 

AntimiR treatment improved both parameters in primary DM1 cells (Fig. 6CD). 

In fact, antimiR-23b-V2 managed to increase myotube area already at day five 

of differentiation and further improved this parameter by day ten (Fig. 6C). 

Both antimiR-23b versions rescued the fusion index at the day ten 

differentiation time point (Fig. 6D). It is worth noting that in 2D cultures, the 

fusion index showed a significant correlation with myotube area (p < 0.0001, 

Supp. Fig. S10E) in treated cells. Representative images of DM1 cells used for 

myotube area and fusion index quantification upon antimiR treatment are 

depicted in Supp. Fig. S11B. These data support an improved ability for treated 

DM1 myoblasts with different genetic backgrounds and CTG expansions to 

differentiate into myotubes.  
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Figure 6. Quantification of myotube area and fusion index in DM1 cells and treatment effect. 

Myotube area (A) and fusion index (B) quantifications are shown in control vs DM1 cells during 

differentiation. Unpaired t-test with Welch’s correction. Rescue of myotube area (C) and fusion 

index (D) upon treatment with the indicated antimiRs and conditions. Kruskal Wallis test and 

Two-way ANOVA *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001 (Dunn’s post-test and 

Dunnett’s post-test). Each dot of a different color denotes an individual DM1 myoblast line 

(shown in the legend). 
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Integrated evaluation of the antimiR's therapeutic potential 

To rank the preclinical potential of the antimiRs tested in this study, we 

evaluated the overall performance of the tested antimiRs. The four candidates 

were plotted in a spider graph comparing the degree of change (compared to 

control cells) in the five most important parameters previously evaluated: 

MBNL1 protein increase, RNA foci reduction, MBNL1 nuclear foci reduction, 

splicing recovery, and myotube differentiation recovery (Fig. 7A). This analysis 

suggested the selection of antimiR-23b-V2 as the lead candidate for further 

evaluation, since it most consistently ranked at the top of these parameters, 

giving the largest area in the spider plot. 

Focusing on antimiR-23b-V2, Fig. 7C shows not only the mean of DM1-derived 

myoblast lines more than doubled total MBNL1 levels compared to untreated 

but, importantly, that every single cell line responded to the antimiR despite 

unrelated genetic backgrounds and expansion sizes, which is indicative of a 

highly reliable in vitro effect. However, antimiR-23b-V2 potential to increase 

MBNL1 protein levels did not correlate significantly with CTG repeat size (Fig. 

7B). Reduction of DMPK transcript levels followed a different behaviour (Fig. 

7DE) since three lines slightly increased DMPK mRNA levels with antimiR-23b-

V2 while five reduced it, and lines with shorter expansions responded stronger 

reducing DMPK. AntimiR-23b-V2 effect on overall splicing rescue was also 

remarkable since all lines responded to the treatment despite the fact that the 

antimiR activity in this parameter did not correlate with repeat size (Fig. 7FG). 

Finally, the myotube area showed a significant repeat size-dependent rescue, 

and all individual lines improved (Fig. 7HI). Other parameters, such as MBNL1 

quantification scale or fusion index, also revealed a general response by 

individual cell lines but did not seem to depend on CTG repeat number except 

for the fusion index response that was higher the lower the repeat size (Supp. 

Fig. S12).  

A significant controversy in the DM1 field involves the possibility that delayed 

differentiation issues could explain gene expression changes compared with 

control cells. Indeed, while some studies describe normal myogenesis and 

increased apoptosis in primary DM1 muscle cells59, others have reported 

myogenic defects in DM1 cell models60. To address this possibility, we have 

quantified miR-23b, MBNL1, and DMPK in healthy and DM1 cell lines before 

and at differentiation days 5 and 10, finding that compared to health controls, 
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none of the gene expression changes can be explained as a delayed 

differentiation issue (Supp Fig. 13A-C). Reduced MBNL1 levels during 

myogenesis in the presence of the expanded DM1 repeats were also consistent 

with previous reports44. Also, of interest is whether the repressive activity of 

miR-23b is active in a normal background or requires higher-than-normal 

miRNA levels. Indeed, Supp Fig. 13DE shows that antimiR-23b-V2 can robustly 

antagonize miR-23b in a normal background, likely because of lower starting 

levels compared to DM1 and that this translates into upregulated levels of 

MBNL1 protein as similarly observed in DM1 cells.  

Figure 7. Integrated evaluation of the antimiR's therapeutic potential.  (A) Spider plot depicting 

the most relevant DM1 molecular readouts for each antimiR candidate. (B-H) Comparison of 

untreated DM1 myotubes with antimiR-23b-V2-treated DM1 myotubes, including the Pearson 

correlation with CTG repeat number, for the following parameters: (B-C) MBNL1 protein levels, 

(D-E) DMPK transcript levels, (F-G) overall ΔPSI, and (H-I) myotube area. Unpaired t-test and 
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Mann-Whitney test. *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. The correlation R-

values are shown in the corresponding graphs. 

 

RNA-Seq analysis of primary cells treated with antimiR-23b-V2 

Next, we performed RNA-Seq experiments to test the effect on the 

transcriptome of our leading antimiR molecule. The depth of RNAseq datasets 

was insufficient for a transcriptome-wide assessment, but this was already 

partially addressed by directly measuring five MBNL1-regulated alternative 

exons. We first analysed the RNA samples of control vs. DM1 myotubes at day 

ten of differentiation to identify disease-related genes (DRGs). This analysis 

revealed a total of 109 genes commonly dysregulated in all cell lines, 44 of 

which were downregulated and 65 upregulated (Fig. 8A). TAF11L12, 

PRAMEF11, THBS4, MYH14, and AOC1 were the five most downregulated 

genes, while PRAME, THSD7B, SEMA3D, SNAP25, and CDH6 displayed the 

highest overexpression. To validate the clinical relevance of the detected 

DRGs, we crossed the list of 109 genes with publicly available RNA-Seq data 

comparing tibialis muscle samples of DM1 patients with controls (Fig. 8B). We 

observed a significant overlap of 29 genes (p = 0.01), proving that over 25% of 

the DRGs detected in vitro are also deregulated in patient muscle biopsies. 

Then, we analysed the change in the transcriptome of DM1 cells upon antimiR-

23b-V2 treatment (Fig. 8C), detecting 42 and 44 genes significantly 

downregulated and upregulated, respectively. The log2 fold change (log2FC) 

magnitude of downregulated genes (mean log2FC of ~ -0.55) was low (i.e., 

close to untreated cells levels), while that of upregulated genes was much 

more apparent (mean log2FC of ~ 3.8), where HOXC12, THBS4, ZFP57, MYH14, 

and RPL29 pseudogene ranked among the top-five. It is worth noting that 

antagomiR-23b-v2 was capable of increasing the expression of the MYH14 

gene, which had previously been reported to be decreased in DM161. From the 

list of genes with expression changes upon antimiR-23b-V2 treatment, we 

calculated how many shifted towards the expression observed in control cells 

(Fig. 8D). We observed that the expression of 69% of the DRGs was partially or 

completely corrected by antimiR treatment. Finally, we estimated the overall 

expression change of the DRGs upon antimiR-23b-V2 treatment for each cell 

line, finding that all primary myotubes improved gene expression upon 

treatment (Fig. 8E), thus reinforcing the reliability of the therapeutic effect in 

genetically diverse DM1 cells. Finally, it is noteworthy that the largest changes 

in DRGs expression between untreated and antimiR-23V-2 treated cells were 
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found at the transcriptome level in cell lines with longer CTG repeats, like B55, 

showing a moderate correlation (Fig. 8F). 

 

Figure 8. RNA-Seq analysis of primary myotubes after antimiR-23b-V2 treatment. (A) Volcano 

plot comparing the expression signature of untreated DM1 cells to control myotubes. (B)  

Overlap of disease-related genes (DRGs) found in the primary myotubes in vitro and genes 

dysregulated in the tibialis muscle of DM1 patients. (C) Volcano plot depicting the expression 

changes of DM1 cells upon antimiR23bV2 treatment. (D) Distribution of DRGs according to their 

change in expression upon antimiR23bV2, taking as reference the levels observed in control 

cells. (E) Average changes in DRG expression before and after antimiR-23b-V2 treatment (solid 

bars) and per cell line (connected dots) to highlight individual behaviors. (F) Linear regression 

between the overall change in DRG expression relative to DM1 and the number of CTG repeats 
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in myotubes treated with antimiR-23b-V2. The correlation R values are displayed in the 

corresponding graphs. 

 

 

Discussion 

Our study in DM1 human-derived mature myotubes revealed that the most 

critical disease-associated molecular alterations could be reversed by blocking 

miR-23b and miR-218, two miRNAs that are natural repressors of MBNL1(34). 

Transfection with antimiRs upregulated this protein, alleviating main DM1 

hallmarks such as foci number and DMPK expression, alternative missplicing, 

myotube area, and fusion index. Furthermore, as determined by RNA-Seq, 

antimiR-23b-V2 reversed a substantial percentage of the common abnormal 

expression patterns observed in primary DM1 cells. All these molecular and 

cellular phenotypes have been previously confirmed in cell models of disease 

by independent studies56,62-68. Notably, total MBNL1 levels moderately 

correlated with splicing correction upon antimiR treatment (Fig. 5D, E), 

consistent with a causal relationship.  

Since DM1 is a highly heterogeneous disease, with variable degrees of clinical 

manifestations depending on CTG repeat size, our study using a diverse range 

of primary cells proves that antimiR treatment may successfully treat a broad 

spectrum of DM1 patients. Also, based on these results, we selected antimiR-

23b-V2 for future preclinical development.  

Previously, we reported that miR-218 was upregulated in HSALR mice, DM1 

cells, and muscle biopsies36. In the present study, we extended these 

observations to primary mature myotubes. By ten days in the differentiation 

medium, we found both miR-23b and miR-218 significantly upregulated, 

consistent with the observed lowered amounts of total MBNL1 detected in 

untreated cells. Furthermore, estimated CTG repeat length in the cell lines 

significantly correlated with both miRNA levels, suggesting a shared 

pathological activation mechanism. Importantly, from a therapeutic 

perspective, the fact that miR-218 and miR-23b are overexpressed in DM1 

allows for a wider reduction window before reaching possible unwanted 

effects due to their complete inhibition. In this regard, it is worth noting that 

loss of the miR-23b/27b/24-1 cluster impairs glucose tolerance in mice, 

noticeable after a high-fat diet induction69. Thus, the combination of a higher-
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than-normal expression level of the therapeutic target miR-23b and lack of 

severe phenotypes, even with the complete removal of the miRNA in mice, 

makes it unlikely that a human antimiR-23b treatment may lead to significant 

detrimental effects as a DM1 therapy. 

Prompted by the observation that antimiRs noticeably reduced ribonuclear 

foci in treated cells (Fig 3B), we also quantified DMPK mRNA levels and found 

significant reductions (Fig. 4C). Compared to reports from actual clinical 

trials70, this approximately 30% reduction in DMPK transcript levels in treated 

primary myoblasts is expected to have a clinically meaningful impact since 

smaller percentages of reduction from baseline (25%) already achieved a 

mean splicing correction of 13% across a panel of 22 genes and patients 

experienced a mean benefit of 3.8 s in myotonia after six months of 

administration. On top of this, antimiRs are expected to directly affect MBNL1 

and 2 protein synthesis because of lowered amounts of repressive miR-23b 

and miR-218. Even though our RT-qPCR assay cannot distinguish between 

normal and mutant DMPK transcripts, the fact that both the number of RNA 

and MBNL1 nuclear foci were strongly reduced suggests that at least a 

significant portion of expanded transcripts were reduced by antimiR 

treatment. In support of this hypothesis, non-expanded DMPK mRNAs are 

naturally exported to the cytoplasm and do not colocalize in the foci with 

MBNL1 proteins7. Notably, independent studies reported the same 

phenomenon upon treatment with molecules not directly targeting DMPK71,72 

but failed to explain it mechanistically. Correcting abnormal MBNL1 exon 5 

inclusion by antimiR treatment is expected to promote cytoplasmic MBNL1 

levels (MBNL1 40/41)42,73,74, which is consistent with the confirmed change in 

the ratio between MBNL1 40/41 and MBNL1 42/43 in treated cells (Supp S5C). 

Since it has been previously shown that MBNL1 is the primary determinant of 

focus formation63, by lowering the relative amount of MBNL1 in the nucleus, 

we hypothesize that foci may destabilize and originate the observed reduction 

of DMPK mRNA levels. In conclusion, because a direct interaction by the 

antimiRs with the DMPK RNA is unlikely due to minimal complementarity and 

MBNL1 has been shown to promote foci formation63 and stability of nuclear 

DMPK75, we hypothesize that the subcellular distribution of MBNL1 protein 

isoforms contributes to the destabilization of mutant DMPK mRNA, ultimately 

leading to the reduction of ribonuclear foci. Several other potential 

mechanisms, however, are also possible, such as an indirect effect through 

other RNA-binding proteins involved in nuclear RNA stability and/or transport 
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or DMPK-binding miRNAs, such as those proposed in76 as potential binders to 

CUG repeat expansions. Also, DMPK transcript reduction may explain why we 

observed correction of PPFIBP1 exon 19 inclusion because this missplicing was 

reported altered in DM1 but independently of MBNL1 function54,55. Thus, any 

reduction in disease-causing DMPK levels is expected to rescue PPFIBP1 

splicing regardless of MBNL1 expression.  

How antimiR molecules may reduce miRNA levels is a controversial issue as 

high-affinity antimiR chemistry has been shown to sequester the targeted 

miRNA in a heteroduplex, while lower affinity oligonucleotides seem to 

promote miRNA degradation77.  However, the reduction in the levels may also 

be impacted by competence between primer and antimiR annealing to the 

miRNA to be detected. Thus, reduction in the miRNA levels may be real or 

apparent, but in all cases, it is functionally relevant because the inability to 

amplify also confirms functional blockade. When comparing the ability of 

antimiRs against miR-23b or miR-218 to increase MBNL1 and reverse DM1-

associated features, we obtained different results depending on the target. 

Based on previous experiments34, we estimated that targeting miR-23b 

requires lower doses than those used for miR-218 to achieve comparable 

levels of MBNL1 upregulation. In this study, we confirmed that lower doses 

(34 nM and 54 nM vs. 138 nM and 220 nM) are sufficient to achieve 

therapeutic benefit in vitro using miR-23b- vs. miR-218-targeting antimiRs, 

respectively. Compared to the previous versions (V1), our second-generation 

antimiRs (V2) incorporated PS backbone in the entire sequence, with a 

combination of 2’-OMe, MOE, and LNA residues, and were conjugated to a 

fatty acid instead of cholesterol. Additionally, a side-by-side graphical 

comparison of desirable molecular and cellular rescues in DM1 reveals that V2 

versions of antimiR-23b and -218 were superior to their V1 counterparts (Fig. 

7A), used at the same concentration, in terms of the degree of MBNL1 

upregulation, correction of alternative splicing, reduction of RNA and MBNL1 

nuclear foci, and muscle differentiation markers (myotube area and fusion 

index). Overall, the improvement of antimiR-23b-V2 over antimiR-23b-V1 was 

greater than for the antimiR-218 counterparts. 

The molecular response to antimiR-23b-V2 depended on CTG repeat sizes, and 

cell lines with small expansions showed significantly more pronounced DMPK 

mRNA reduction than those with longer repeats, while an inverse correlation 

was also significant for myotube area recovery. The reason why cell lines 

bearing small expansions reduced DMPK levels better than others may stem 
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from the fact that they show higher basal MBNL1 levels compared to other 

DM1 lines (non-treated condition in Fig. 7B). Hence, as expected, cell lines with 

long repeats may require a higher increase in MBNL1 levels to get rid of DMPK, 

whereas cell lines with shorter repeats seem already closer to normal 

amounts, seemingly protective of DMPK accumulation. AntimiR-23b-V2's 

ability to enhance total MBNL1 levels and rescue splicing moderately (R=0.82, 

and 0.59, respectively) correlated with CTG repeat size (Fig. 7B, F).  

Transcriptomics data analyses confirmed that treatment with antimiR-23b-V2 

reversed the characteristic expression signature of DRGs that were 

dysregulated in primary DM1 myoblasts. These DM1-associated in vitro 

changes were representative (25%, p=0.01) of gene expression alterations 

already reported in muscle biopsies (tibialis) of DM1 patients49, which is 

indicative of their therapeutic predictive power. Notably, individual analyses 

confirmed that all cell lines reduced the amount of dysregulated DRG upon 

antimiR-23b-V2 treatment, even with moderate increases in MBNL1 levels 

(~2-3-fold increases for all lines, Fig. 2G).  

We propose a new model for the mechanism of action of antimiRs 

(Supplementary Figure S14) in which the combined effect of blocking 

upregulated miR-23b or miR-218 will derepress MBNL1 and other direct 

targets of these miRNAs, and reduce DMPK transcript levels, leading to a 

synergistic correction of DM1 spliceopathy and related functional alterations. 

This poses a significant step forward in the preclinical validation of antimiRs 

together with previously demonstrated efficacy in vivo34-36. To conclude, our 

study with antimiRs in a cohort of primary DM1 cell lines revealed that these 

molecules have therapeutic potential across unrelated genetic backgrounds. 

The approach works in cells with a wide range of repeats (range 117 to 1054), 

so it could be beneficial for treating multiple clinical forms of the disease. 
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Supplementary material 

 

Supplementary Table S1. PrimeTime qPCR primers sequence. 

 

 

 

 

 

 

 

 

Supplementary Table S2. Primer sequences, exons analysed, and specific 

conditions of alternative splicing analysis 

 

. 

 

 

 

 

GAPDH qPCR primers 

GAPDH Probe 5’ 5’/MAXN/-GCCTGGTCACCAGGGCTGCT-/3BHQ_1/3’ 

GAPDH Primer F 5’-TGATGGCAACAATATCCACTTTACC-3’ 

GAPDH Primer R 5’-CAACGGATTTGGTCGTATTGG-3’ 

 

DMPK qPCR primers 

DMPK Probe 5’/56-FAM/AGGCCATCCGCACGGACAACC/3IAbRQSp/3’ 

DMPK Primer F 5’- AGCCTGAGCCGGGAGATG-3’ 

DMPK Primer R 5’- GCGTAGTTGACTGGCGAAGTT-3’ 

   PCR 1 PCR 2 

Event Forward Primer Reverse Primer Annealing T (C) Cycles Annealing T (C) Cycles 

MBNL1 exon 5 CCAATACCAGGTCAACCAGGC AGTGTTAAAGACTGCGGTGGC 55 30 55 30 

KIF13A exon 32 TCCTGTCAGTATCCATCGGCT TGAGTGCATCTGACCACCTCT 65 30 65 28 

BIN1 exon 11 AGAACCTCAATGATGTGCTGG TCGTGTTGACTCTGATCTCGG 63 30 - - 

SOS1 exon 25 GTTAACACCTCCGCCTGCTTC AGGGACAGGCACTTCATCAGT 60 30 - - 

PPFIBP1 exon 

19 
GTCAGATCTTCCTTTGGCCGG CCAGCCAGATCTAGGTGCTCT 65 30 65 28 
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Supplementary Figure S1: Pearson or Spearman correlation between the number of CTG 

repeats in untreated myoblasts and muscle impairment rating scale (MIRS), modified Rankin 

scale (mRS), and Medical Research Council (MRC) biceps. The correlation R-value and p-value 

are shown in the graph for each correlation. 
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Supplementary Figure S2: Experimental design for evaluating the therapeutic potential of 

antimiRs in human DM1 primary myoblasts. Schematic representation of the experimental 

design used to assess the therapeutic potential of four candidate antimiRs (antimiR-23b-V1, 

antimiR-218-V1, antimiR-23b-V2, and antimiR-218-V2) in human DM1 primary myoblasts. The 

evaluation analyzed various DM1-related phenotypes, including fusion index, miRNA levels, 

DMPK expression, RNA foci number, MBNL1 nuclear foci, protein levels, and alternative splicing 

defects. Two differentiation time points (5 and 10 days) were considered for assessing the 

effects of the antimiRs. Concentrations of antimiR-23b used for ICC and FISH analyses (90 nM) 

and for protein and RNA analyses (54 nM and 34 nM) are indicated. Concentrations of antimiR-

218 used for ICC and FISH studies (366.7 nM) and for protein and RNA analyses (220 nM and 

138 nM) are also included. Myotubes were collected as pellets for DNA, RNA, and protein 

analysis, and fixed on coverslips for ICC and FISH assays at five and ten days after differentiation 

and treatment. 
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Supplementary Figure S3: Pearson or Spearman correlation between microRNA expression 

(miR-23b and miR-218) and the number of CTG repeats in untreated myoblast. The correlation 

(R-value) and p-values are shown in the graphs. The top two panels illustrate the correlation 

between miR-23b and miR-218 levels and the number of CTG repeats in myoblasts, highlighting 

their potential as predictors of DM1 disease. The area under the curve (AUC) analyses for miRNA 

levels provide additional insights into their diagnostic utility, with AUC values between 0.8-0.9 

considered to have good predictive value.  
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Supplementary Figure S4: Changes in the ratio of high MW/low MW MBNL1 isoforms during 

DM1 cell differentiation. Jess Simple Western was used to analyze the MBNL1 42/43 kDa, or 

high MW (+ex5±ex7) variant, and MBNL1 40/41 kDa, or low MW (-ex5±ex7) variant, in DM1 and 

control cells during differentiation. Error bars represent the standard error of the mean (SEM). 
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Supplementary Figure S5: Simple Western Jess system was used to quantitate the 42/43 kDa 

(high MW, +ex5±ex7) and the 40/41 kDa (low MW, -ex5±ex7) MBNL1 protein variants in antimiR-

treated DM1 myoblasts compared to untreated DM1 cells. (A-B). Both high MW (A) and low MW 

(B) MBNL1 isoforms contributed to the increased total protein levels. The highest doses of 

antimiRs were the most effective in increasing MBNL1 levels. Kruskal Wallis test *: p<0.05; **: 

p<0.01; ***: p<0.001; ****: p<0.0001 (Dunn’s post-test). The asterisks above the bars denote 

comparisons to untreated DM1 myotubes, while those above the boxes denote dose 

comparisons. Each dot of a different color denotes an individual DM1 myoblast line (shown in 

the legend). (C). Changes in the ratio of high/MW/low MW MBNL1 after treatment with the 

antimir for 5 and 10 days. Treatment with antimiRs restored the abnormal isoform ratio 

observed in DM1 cells at day 10 of differentiation. Error bars represent the standard error of the 

mean (SEM). 
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Supplementary Figure S6: Representative confocal images of untreated healthy control 

myotubes (C7, C9, C10, and B71) and DM1 myotubes (MP-10-31, MP-09-57, MP-09-73, B55, 

SP12, SP6, S10, and SP3) after 5 or 10 days of differentiation (A), or DM1 myoblasts treated with 

the antimiRs in the same conditions (B). Representative confocal images of nuclear MBNL1 

fluorescence according to a pre-designed MBNL1 quantification scale, ranging from 0 to 3, 

corresponding to an increasing gradient of MBNL1 nuclear signal (C). Representative confocal 

images of DM1 myotubes (SP12, SP6, S10, and SP3) after 5 days of differentiation with anti-

MBNL1 antibody (3A4) (D). Myotubes were immunostained with anti-MBNL1 (MB1a(4A8) (A-C) 

or MBNL1(3A4) (D), green) for detection of the protein or in situ hybridized with a Cy3-labelled 

CAG probe (red) for detecting ribonuclear foci. Nuclei were contrasted with DAPI (blue). The 
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type of treatment, differentiation time, and cell lines are indicated in the images. Scale 

bar = 20 μm. 

 Supplementary Figure S7: Bar graph representation showing the quantification of the DMPK 

transcripts relative to GAPDH from RNA isolated from the nuclear fraction of immortalized DM1 

myotubes treated with anti-miR-23b-V1 and V2 using Trizol extraction (A). Pearson correlation 

between the number of CTG repeats in myoblast cell lines and the number of (B) RNA nuclear 

foci per cell and (C) MBNL1 nuclear foci in untreated cells. (D) Correlation between MBNL1 

protein levels and MBNL1 free form in the nucleus in cells treated with antimiRs for 10 days. 

The correlation R-value and p-value are shown for each graph. 
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Supplementary Figure S8: Representative gels of semiquantitative RT-PCR are shown to 

illustrate alternative splicing patterns from MBNL1 exon 5, KIF13A exon 26, BIN1 exon 11, SOS1 

exon 25, and PPFIBP1 exon 19 transcripts in CNT and DM1 myotubes. The Delta percentage 

Spliced In (∆PSI) from two independent experiments is shown underneath each lane. (B) 

Pearson correlation between BIN1 splicing in DM1 myotubes and the MIRS scale of DM1 

patients from which the myotubes were derived. The correlation R-value and p-value are 

shown.  
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 Supplementary Figure S9: The alternative splicing patterns of MBNL1 exon 5 (A), KIF13A exon 

26 (B), BIN1 exon 11 (C), SOS1 exon 25 (D), and PPFIBP1 exon 19 (E) transcripts were analyzed 

using ΔPSI values for each exon and treatment. Representative images of semiquantitative RT-

PCR are shown. Each dot of a different color denotes an individual DM1 myoblast cell line. The 

names of the lines are shown in the legend. The correlation between overall ΔPSR scores and 

total MBNL1 protein levels was separately analyzed for miR-23b (F) and miR-218 inhibition (G). 

The correlation R-value and p-value are shown in the graphs.  Kruskal Wallis test *: p<0.05; **: 

p<0.01; ***: p<0.001; ****: p<0.0001 (Dunn’s post-test). Error bars represent the standard error 

of the mean (SEM). 

 



CHAPTER 2 

127 

 

 
Supplementary Figure S10: Pearson and Spearman correlation analyses of myotube area (A) 

and fusion index (B) with myoblast repeat size. Pearson correlation analysis between myotube 

area (C), fusion index (D), and MIRS scale in untreated DM1 myotubes. Pearson correlation 

between myotube area and fusion index in antimiR-treated myotubes at 10 days of 

differentiation (E). The correlation R-value and p-value are shown in the graphs.  
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 Supplementary Figure S11: Representative confocal images of healthy control myotubes (C5, 

C7, C9, C10, C11, C12, B71, MP-35, MP-49) and DM1 myotubes (MP-10-31, MP-09-57, MP-09-

73, S3, and S10) at 5 and 10 days of differentiation (A) and DM1 myotubes treated with the 

indicated antimiRs in the same conditions (B). Myotubes were immunostained with anti-Desmin 

(green) to detect desmin, a class-III intermediate filament protein widely used as a marker of 

myogenic cells. The type of treatment, differentiation time, and cell lines are indicated in the 

images. Scale bar = 100 μm. 

. 
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Supplementary Figure S12: Integrated evaluation of the antimiR's therapeutic potential for all 

DM1 myotube lines. (A-H) Comparison of untreated myotubes with antimiR-23b-V2-treated 

cells, including the Pearson correlation with CTG repeat number (A, C, E, G), or fold change (B, 

D, F, H) for the following parameters: (A, B) Number of RNA foci per cell, (C, D) MBNL1 nuclear 

foci, (E, F) MBNL1 free form in the nucleus, and (G, H) fusion index. The correlation R-values are 

shown in the corresponding graphs. Un-paired t-test with Welch’s correction *: p<0.05; **: 

p<0.01; ***: p<0.001; ****: p<0.0001. 
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Supplementary Figure S13: Impact of differentiation time on control and DM1 primary cell lines 

on the relative miR-23b expression (A), MBNL1 total protein levels (B) and DMPK expression (C).  

Notably, at time 0, only the available cell lines were utilized (C12, C9, C11, MP-35M, MP-B55, 

SP12 and SP10). Kruskal Wallis test */&: p<0.05 (Dunn’s post-test). The first set of symbols above 

compares all conditions to undifferentiated control cells (0 days). The second set of symbols 

above DM1 bars compares undifferentiated DM1 myoblasts to 5- and 10-day time points. 

Symbols above boxes compare control and DM1 cells at the same differentiation time points. 
Comparison between untreated healthy myotubes MP-35 and those treated with antimiR-23b-

V2 after 10 days of differentiation for the following parameters: miR-23b expression (D) and 

total MBNL1 protein levels (E). Unpaired t-test: *: p<0.05. Each point represents an individual 

line of DM1 myoblasts. Error bars indicate the standard error of the mean (SEM). 
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 Supplementary Figure S14: Model of antimiR's dual mechanism of action. DM1 originates from 

CTG expansions in the 3'-UTR of the DMPK gene. (DM1 box) mutant DMPK transcripts generate 

double-stranded CUG RNA structures that sequester MBNL1 proteins and upregulate expression 

of miR-23b and miR-218, which further reinforce MBNL1 functional depletion by reducing 

protein translation. (AntimiR box). AntimiRs against miR-23b or miR-218 release excessive 

inhibition on MBNL1 translation and reduce DMPK levels and foci, thus contributing to a 

reduction in protein sequestration. The combined effect of lower sequestration and higher 

MBNL1 translation rescues molecular (mis-splicing) and cellular DM1 phenotypes. 
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Abstract 

Historically, cellular models have been used as a tool to study myotonic 

dystrophy type 1 (DM1) and the validation of therapies in said pathology. 

However, there is a need for in vitro models that represent the clinical 

heterogeneity observed in DM1 patients lacking in classical models. In this 

study, we immortalized three DM1 muscle lines derived from patients with 

different DM1 subtypes and clinical backgrounds, and characterized them at 

the genetic, epigenetic, and molecular levels. All three cell lines display DM1 

hallmarks, such as accumulation of RNA foci, MBNL1 sequestration, splicing 

alterations, and reduced fusion. In addition, alterations in early myogenic 

markers, myotube diameter and CTCF1 DNA methylation were also found in 

DM1 cells.  Notably, the new lines show a high level of heterogeneity in both 

the size of the CTG expansion and the aforementioned molecular alterations.  

Importantly, these immortalized cells also responded to previously tested 

therapeutics. Altogether, our results show that these three human DM1 

cellular models are suitable to study the pathophysiological heterogeneity of 

DM1 and to test future therapeutic options. 
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Introduction  

Myotonic dystrophy type 1 (DM1) is an autosomal dominant multisystemic 

disease caused by a CTG expansion in the 3’ untranslated region of the 

myotonic dystrophy protein kinase (DMPK) gene. It is the most prevalent 

muscular dystrophy in adults affecting 1 in 8000. It causes a variety of 

symptoms that include, but are not limited to: muscle weakness, myotonia, 

cardiac defects, respiratory failure, endocrine alterations such as diabetes, and 

cognitive impairment. The presence of these symptoms and their severity 

differs between patients. They can appear at any age and there is an earlier 

onset of clinical manifestations in successive generations, which is known as 

genetic anticipation. According to the age of onset, DM1 patients can be 

classified as congenital, childhood, juvenile, adult or late-onset. An earlier age 

of onset is associated with a greater disease severity and higher CTG expansion 

sizes1. 

The CTG expansion length varies in the range between 50 and thousands of 

repeats2 and it has a high degree of instability biased towards expansions in 

germline and somatic cells. Therefore, the size of the CTG repeat increases 

over generations in affected pedigrees and through a patients’ life3–5. 

Moreover, DM1 patients present somatic mosaicism in CTG expansion length 

between different tissues and cell types6,7. Altogether, this results in patients 

presenting heterogeneity at the genetic level, which makes it extremely 

challenging to determine a precise expansion size for each patient8. Currently, 

CTG expansion size can be determined by small pool PCR which allows 

researchers to analyse trinucleotide repeat instability9 in a quantitative 

manner, detecting common and low abundant CTG sizes in a pool of cells. This 

technique allows characterization of the CTG expansion dynamics of this highly 

unstable repeat expansion.  

Epigenetics may have a role in DM1, as the CTG expansion overlaps with a 3.5 

kb CpG island10–13. The DMPK gene is in chromosome 19q surrounded by the 

DMWD (upstream) and SIX5 (downstream) genes. The DMPK locus contains 

several CpG islands, including the CTCF1 and CTCF2 regions, which are 

surrounding the CTG expansion. In the case of CTCF1, aberrant methylation 

patterns have been described by other labs and by ours. For example, DM1 

muscle and muscle derived DM1 cells show CTCF1 hypermethylation 

compared to controls; while blood samples from congenital cases show CTCF1 

hypermethylation compared to controls and adult DM1 cases12,14,15. However, 
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it is not clear how hypermethylation of this CpG island contributes to the 

pathogenesis of the disease, although it has been reported that DMPK and the 

surrounding genes (DMWD and SIX5) are downregulated in DM116,17. 

It has been demonstrated that RNA gain of function18,19 is the main molecular 

pathology mechanism in DM1. DMPK transcripts containing the CTG expansion 

accumulate,20 form hairpin structures21 and agglomerate in the nucleus. These 

agglomerations receive the name of RNA foci, whose quantity varies between 

cells, and patient tissues20. We and others have found correlation between 

RNA foci formation and CTG expansion size, and RNA foci formation and age 

of onset22,23. It is known that foci can bind to important cellular proteins, such 

as the splicing regulator, muscleblind-like 1 (MBNL1)24. MBNL1 sequestration 

and downregulation causes the aberrant splicing of several genes, including 

insulin receptor (INSR)25, sarcoplasmic reticulum Ca(2+)-ATPase 1 (ATP2A1)26, 

LIM Domain Binding 3 (LDB3)27, dystrophin (DMD)28, bridging Integrator 1 

(BIN1)29, and MBNL1 (which regulates its own splicing)30. Some splicing 

alterations are tightly connected with some of the symptoms that DM1 

patients present: INSR is associated with insulin resistance31, BIN1 with muscle 

weakness32, LDB3 with sudden cardiac death33 and ATP2A1 and DMD with 

muscle regeneration34,35.   

Cellular DM1 models have proven to be a valuable tool for studying the 

molecular aspects of diseases and for evaluating the efficacy of potential 

treatments36,37. Nowadays, different cellular models have been developed for 

studying DM1, each with their own pros and cons38. Among them, we have cell 

lines with artificial expressions of exogenous CTG repeats and patient derived 

cell lines39. Cells artificially expressing CTGs, even though they reproduce the 

hallmarks of the disease25,39, lack the genetic context of the DMPK gene, 

including its regulation by the gene promoter and the expression alterations 

of adjacent genes (DMWD and SIX5). This inconvenience is overcome in the 

patient derived cell lines, which can be either primary or immortalized cells. 

Primary cells are obtained from patient biopsies. The most frequently used are 

skin fibroblasts, because they are easier to obtain, and myoblasts, as muscle is 

one of the main affected tissues in DM1, which can fuse into myotubes. 

However, primary cultures have limitations in the number and type of 

experiments that can be performed because they have a reduced number of 

divisions, and it is ethically controversial to take biopsies from DM1 patients. 

Since skin biopsies are more accessible, skin fibroblasts can be 

transdifferentiated into myoblasts by MYOD1 transduction31. However, it has 

been shown that the transdifferentiation does not lead to full muscle cell 
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reprogramming40. Another strategy consists in the reprogramming of patient 

cells into iPSCs41. This approach offers the advantage of differentiating iPSCs 

into any type of cell, including those located in tissues where biopsies are not 

feasible, such as cardiomyocytes or neurons which are also affected in DM142. 

The downsides of iPSCs include a highly unstable CTG repeat during 

reprogramming, incomplete cell maturation, and high maintenance cost. To 

resolve these problems, immortalized muscle patient cells were developed by 

inserting lentiviral vectors expressing the catalytic subunit of human 

telomerase (TERT), cyclin-dependent kinase 4 (CDK4), and cyclin D1 (CCND1)38. 

With these changes, cells can divide an unlimited number of times, thus 

diminishing the need to perform muscle biopsies and allowing the execution 

of experiments that need a high cell number. Nonetheless, it still needs to be 

proven that the insertion of these transgenes does not produce alterations in 

cellular behaviour43. To date, there are only three reports in which four 

myoblast patient derived cell lines have been generated44–46.  

In this work we have immortalized and characterized three DM1 muscle cell 

lines from adult DM1 patients that belonged to the juvenile, adult and late 

onset DM1 subtypes. These patients were clinically heterogeneous in their 

symptomatology, which is demonstrated by their muscle, heart, and lung 

pathologies. The immortalized muscle cell models were also heterogeneous in 

their molecular alterations, but they presented similar alterations to the 

parental cells from which they were derived. Notably, antisense 

oligonucleotide treatment rescued a substantial portion of the molecular 

alterations in these models. In conclusion, the three models generated are 

adequate models to address the heterogeneity in DM1 and to analyse genetic, 

epigenetic, transcriptomic and proteomic alterations, cellular functions, and 

response to therapies in a more diverse way. 

 

Material and methods 

Sample collection and patient characterization 

This study was approved by the Ethics Committee of the University Hospital 

Germans Trias i Pujol and was performed in accordance with the Declaration 

of Helsinki for Human Research. Written informed consent was obtained from 

all participants. Three genetically confirmed DM1 patients with different 

clinical features aged 36, 39 and 42 were selected to perform the 

immortalization of biopsy-derived primary myoblasts. The biopsies from the 

patients were obtained from left biceps. Two different types of controls, 



CHAPTER 3 

150 

 

obtained from different individuals, were used: primary controls, whose 

biopsies were obtained from intrinsic hand muscles and immortalized controls 

that were obtained from healthy individuals quadriceps (AB678, AB1079) and 

paravertebral muscles (KM1412).  Clinical information of DM1 patients was 

obtained from medical records. 

 

Cell culture and immortalization 

Primary myoblasts were isolated from muscle biopsy explants on culture plates 

treated with human plasma and gelatin 1.5% and then purified by CD56 

magnetic separation according to manufacturer’s instructions (Miltenyi Biotec; 

Bergisch Gladbach). Primary myoblasts were grown on 0.1% gelatin-coated 

flasks in proliferation medium containing Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% FBS, 22% M-199, PSF 1x, 10 μg/ml insulin, L-

glutamine 2 mM, 25 ng/ml FGF and 5 ng/ml EGF. At 80-90% confluence 

proliferation medium was substituted by differentiation medium containing 

DMEM supplemented with 2% FBS, 22% M-199, PSF 1x, 10 μg/ml insulin and 

L-glutamine 2 mM. For immortalization, 50.000 primary myoblasts were 

transduced with hTERT and Cdk4 lentiviral vectors with a MOI of 3 in the 

presence of 4 μg/ml of polybrene (Sigma-Aldrich) overnight. 48h after, 

transduced cell cultures were selected with puromycin (1 μg/ml, 

LifeTechnologies) for 6 days and neomycin (0.1 mg/ml, Life Technologies) for 

10 days. Cells were then seeded at clonal density (2 cells per cm2) for 10 days. 

Selected individual myogenic clones were isolated from each population, using 

glass cylinders, and their proliferation and differentiation capacities were 

evaluated. We selected clones which were able to proliferate and to 

differentiate correctly (we tested their ability to differentiate into myotubes, 

using immunostaining with MF20 antibody, which recognizes all skeletal-

muscle myosin heavy chains (MyHCs). We removed the non-myogenic 

clones83. Immortalized myoblasts were grown on uncoated flasks in 

proliferation medium containing DMEM supplemented with 16% M-199, 20% 

FBS, Gentamycin 50 μg/ml, fetuin 25 µg/ml, hEGF 5 ng/ml, bFGF 0,5 ng/ml, 

Insulin 5 µg/ml and dexamethasone 0,2 µg/ml.  For differentiation 

experiments cells were grown in 1:100 matrigel matrix (Corning) coated 

surfaces until 80-90% confluence. Proliferation medium was substituted by 

differentiation medium containing DMEM supplemented with 10 μg/ml of 

insulin and 50 μg/ml Gentamycin. Both primary and immortalized myoblasts 

were differentiated into myotubes for 5 or 9 days, depending on the 

experiment. Pellets for RNA and DNA analysis were collected and coverslips for 

FISH and ICC were fixed with 4% PFA and permeabilized with 0.3% triton. We 
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performed a STR variant analysis of 16 loci for cell authentication purposes. 

Mycoplasma test was performed both before and after the immortalization 

and it turned out negative for all the cell lines.  

 

CTG expansion sizing 

DNA from the primary and immortalized myotube cultures was extracted using 

the PureLink Genomic DNA Mini Kit (Invitrogen) according to the 

manufacturer’s instructions. To determine CTG expansion size we performed a 

small-pool PCR from EcoRI digested DNA followed by Southern blotting. The 

PCR was performed with 5 ng of digested DNA, using Expand™ Long Template 

PCR System (Roche) and primers 102 (5'-

GAACGGGGCTCGAAGGGTCCTTGTAGC-3') and 101 (5'-

CTTCCCAGGCCTGCAGTTTGCCCATC-3'). The conditions of the PCR were divided 

in four steps: 1) 3’ at 96°C. 2) 30’’ at 65°C followed by 3’ at 68°C and 30’’ at 

95°C for 10 cycles. 3) 30’’ at 65°C followed by 3’ at 68°C, which increase the 

duration 30’’ each cycle and 30’’ at 95°C for 15 cycles. 4) 1’ at 65°C and 8’ at 

68°C. PCR products were run in an agarose gel (Serva) ON at 4°C and 

transferred into a nylon membrane. The membrane is cross-linked and 

incubated with a DIG-labelled (CAG)7 LNA probe at 65ºC for 2 hours. The 

membrane is finally developed using anti-DIG alkaline phosphatase and CDP-

star (Roche) according to the manufacturer’s instructions. The progenital and 

modal alleles of each culture were estimated through comparison against the 

molecular weight ladder GeneRuler 1Kb (ThermoScientific) using GelAnalyzer 

19.1 software. The progenital allele length was estimated as the 10th percentile 

of allele frequency distribution. The modal allele length was determined as the 

most frequent allele. The level of somatic instability was calculated by 

subtracting the 10th percentile from the 90th percentile. 

 

DNA Methylation analysis 

DNA was bisulphite converted using the EZ DNA Methylation Gold kit (Zymo 

Research), according to the manufacturer’s protocol. Bisulphite-converted 

DNA was amplified by nested PCR for the CTCF1 region (located upstream of 

the CTG repeat in the DMPK gene) with the TaKaRa Taq DNA polymerase 

(TaKaRa Bio Inc.). For the first PCR, 50 ng of bisulphite-converted DNA were 

used, while for the second PCR 3 µl of the first PCR product were used. Primers 

sequences were the following: CTCF1 F1 5'-TGTYGTYGTTTTGGGTTGTATTG-3', 

CTCF1 R1 5'-TTCCYGACTACAAAAACCCTTYG-3', CTCF1 F2 5'-

GTTGTATTGGGTTGGTGGTTTA-3', CTCF1 R2 5'-CTACAAAAACCCTTYGAACCC-3'. 

PCR conditions for both amplifications were: 5 min of initial denaturation at 94 
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°C, 40 cycles of 30 s denaturation at 94 °C, 30 s annealing at 57 °C, and 30 s of 

extension at 72 °C and a final extension of 5 min at 72 °C. Amplicons were 

purified using Illustra™ ExoProStar 1-Step (Merck), according to the 

manufacturer’s instructions. Purified products were sequenced using the 

BigDye Terminator v3.1 cycle sequencing kit (Thermo Fisher Scientific), 

following the manufacturer’s guidelines. Sequencing products were run on an 

ABI Prism 3130 Genetic Analyzer (Applied Biosystems) and were analysed with 

Chromas software version 2.6.6. The data obtained was represented with the 

Methylation Plotter web tool84.  

 

Expression analysis by qPCR 

RNA was extracted from 5 days differentiated myotubes using PureLink RNA 

Mini Kit (Invitrogen) according to the manufacturer’s instructions. 500ng of 

RNA was retrotranscribed using SuperScript IV reverse transcriptase (Thermo 

Fisher Scientific). cDNA was amplified by qPCR in a LightCycler 480 using the 

Lightcycler 480 SYBR Green I Master (Roche). The primers used are listed in 

Supplementary table 1. Amplification consisted of 40 cycles with the following 

conditions: 10 seconds at 95 °C for denaturation, 10 seconds at 65 °C for 

annealing and 15 seconds at 72 °C for extension. Results were analyzed with 

the LightCycler 480 software. 

 

Impedance measurements 

Real-time impedance measurements were used for addressing myogenic 

behaviour of control and DM1 immortalized human myoblasts, by using the 

Maestro Edge equipment with the impedance module (Axion BioSystems). 

Prior to cell seeding, Cytoview Z 96-well plates (Axion BioSystems) were 

overlaid with 100 µL of culture media and placed into the Maestro Edge to 

record baseline readings of the background impedance without cells. 

Afterwards, myoblasts were seeded on the plates at 20,000 cells per well and 

left 1 hour at room temperature to ensure homogeneous distribution of cells. 

Impedance was measured every minute at 41.5 kHz for the entire duration of 

cell culture, by the exposure of cells to small electrical currents delivered by 

electrodes on the plate surface. Cells were kept at 37 °C and 5% CO2 inside the 

Maestro Edge throughout the experiment for impedance recording. 

Impedance data (resistance in ohms) was obtained with the AxIS Z software. 

Cells were grown in Skeletal Muscle Cell growth medium (SGM, PeloBiotech) 

and differentiated. First in basic differentiation media (bDM) and then in 

complete differentiation media (cDM), which includes different growth factors 
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and extracellular matrix proteins to promote high myotube maturation (Toral-

Ojeda et al., 2018, Lasa-Elgarresta et al., 2022).  

 

Jess Western blot 

RIPA lysis buffer (50mM Tris-HCl pH 7.2, NaCl 0.9%, NP40 1%, EGTA 1mM, EDTA 

1mM) with proteinase and phosphatase inhibitor cocktails (Thermo Fisher 

Scientific) and Cell-permeable inhibitor of calpain I, calpain II, cathepsin B and 

cathepsin L (Merck) was used to extract proteins. A Bovine Serum Albumin 

(BSA) concentration curve was used to quantify protein. Reagents and 

equipment for Jess Western blotting were all purchased from Protein Simple. 

Cell lysates were diluted at a final concentration of 0.5ug/ul with 0.1X sample 

buffer. 5X Fluorescent Master Mix was added to each sample at a 4:1 ratio 

(final concentrations of 1% (v/v) SDS and 40 mM DTT) and samples were 

incubated at 95 °C for 5 min. 3 microliters of each sample were loaded into the 

cartridge. Subsequent rows of the plate were filled with blocking buffer 

(antibody diluent 2), primary and secondary antibody solutions, 

chemiluminescence reagents, and wash buffer according to the 

manufacturer’s instructions. Previously optimized primary antibodies were 

diluted in antibody diluent at different ratios (1:10 MyoD Antibody (C-20): sc-

304, 1:10 sc-12732 - myogenin (F5D), 1:10 Myf-5 (C-20): sc-302), followed by 

HRP-conjugated secondary antibodies. Finally, the plate was spun down for 5 

min at 1000xg. Plates and capillaries were loaded into a Jess machine, and 

assays were carried out using the standard 12- to 230-kDa or 66-440kDa 

separation range protocol. Compass reports data as spectra of 

chemiluminescence signals versus apparent MW by assigning ladder peaks to 

capillary positions. Peak area calculations were performed using the Gaussian 

method. 

 

Fluorescence in situ hybridization (FISH) and immunocytochemistry (ICC) 

ICC was performed on fixed and permeabilized cell coverslips. They were 

blocked (PBS triton 0,1% with 1% BSA and 1% horse serum) and incubated with 

anti-MBNL1 (1:200, MB1a(4A8), DSHB) or anti-desmin (1:50, D33, Abcam) 

overnight at 4 °C. Next, the coverslips were washed with PBS-T and cells were 

then incubated with biotinylated horse anti-mouse-IgG (1:150, Vector) for 1 

hour at RT. Elite ABC kit (VECTASTAIN) was used for 30’ at RT to amplify the 

signal, followed by some PBS-T washes and a 2-hour incubation at RT with 

streptavidin-FITC (1:200, Vector). In the anti-MBNL1 incubated cells we 

subsequently performed FISH. For that, the cells were washed and incubated 

with acetylation buffer (1.16% triethanolamine, 0.25% acetic anhydride) for 10 
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m at RT. After pre-hybridization (SSC2X, 30% formamide) the cells were 

incubated with 1 µM Cy3-labelled (CAG)10 probe diluted 1:100 in hybridization 

buffer (40% formamide, 2x SSC, 0,2% BSA, dextransulfate 100mg/ml, vanadyl 

2Mm, tRNA 1ug/ml, herring sperm 1mg/ml) for 2 hours at 37 °C. Finally, the 

coverslips were washed and mounted in slides with Diamond Anti-Fade 

mounting medium with DAPI (Thermo Fisher Scientific). Images were taken 

with Zeiss AxioObserver Z1 microscope at 63x and analysed with ZEN blue 

software and Image J. 

Splicing analysis 

Total RNA from primary and immortalized myotube cultures was extracted 

with the PureLink RNA Mini Kit (Invitrogen) according to the manufacturer’s 

instructions.  500 ng of RNA was retrotranscribed to cDNA using SuperScript IV 

Reverse Transcriptase (Invitrogen) according to the manufacturer’s protocol. 

One microliter of cDNA was used for the subsequent PCRs to analyse splicing 

alterations. Primers and PCR conditions are described in Supplementary table 

2.  

 

Treatment 

To study treatment effect in the immortalized cell lines, we differentiated both 

primary and immortalized myoblasts into myotubes. On differentiation day 7 

we added an antisense oligonucleotide (ASO), targeting the expansion repeat, 

for 48 hours. The ASO used was a BNANC gapmer with the sequence 

AGCagcagcagCAG (Bio-Synthesis) in which capital letters mean BNANC 

modifications. The ASO concentration used was 30 nM.48 Transfection was 

performed in differentiation media containing 0.2% lipofectamine 2000 

(Thermo Fisher Scientific) and 25% Opti-Mem (Gibco). 

 

Statistical analysis 

Statistical analysis was performed with GraphPad Prism 8 software. Normality 

was determined with ShapiroWilk test. T-test or Mann-Whitney test were used 

for two-group comparison analysis while one-way ANOVA with Dunn’s post-

test or Kruskal-Wallis test was used for comparison analysis between the three 

cell lines. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 

 

Results 

Immortalization of muscle cells derived from DM1 patients with clinical 

heterogeneity 
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In this study, we have immortalized myoblasts from 3 patients with DM1 

showing different clinical manifestations and degrees of disability (Table 1). An 

STR variant analysis of 16 locus was performed for line authentication 

purposes and it confirmed that the immortalized and primary cell lines of each 

patient shared the same alleles (Table 2). The samples came from three female 

patients, ranging in age from 36 to 46 at the moment of sampling.  Their ages 

of onset were 15, 27 and 42, placing them in the juvenile, adult and late onset 

DM1 subtypes, respectively. Muscular involvement was determined with the 

Medical Research Council (MCR) scale in both proximal and distal muscles. 

Patients JCC-DM1 and ADE-DM1 had moderate muscle involvement; they had 

an MRC score of 4 for proximal muscles and an MRC score of 3 for distal 

muscles. In contrast, GPM-DM1 had mild involvement with an MRC score of 5 

for proximal muscles and an MRC score of 4 for distal muscles. Cardiac 

involvement was mild in patients JCC-DM1 and GPM1-DM1, while in ADE-DM1 

it was severe. This patient needed a pacemaker after suffering several bouts of 

syncope and after being diagnosed with an elongated HV interval. Respiratory 

involvement was mild in ADE-DM1 who had a forced vital capacity (FVC) of 

65%, moderate in JCC-DM1 who had an FVC of 58% and severe in GPM-DM1 

who had a FVC of 50% and required mechanical ventilation. Finally, to 

determine their level of functionality, we used the modified Rankin scale 

(mRS), which determines DM1 patient’s degree of disability and dependence 

in daily activities. GPM-DM1 had a mRS of 1, implying she did not present 

significant disability and was able to carry out usual activities. JCC-DM1 had a 

mRS of 2, implying she suffered a slight disability and even though she could 

live unassisted, she could not perform all the activities she performed previous 

to the onset of the disease. ADE-DM1 had a mRS of 4; implying she had a 

moderately severe disability and wasn’t able to attend bodily functions or walk 

without assistance. Globally, ADE-DM1 was the most affected patient as she 

suffered from severe cardiac and functional involvement, as well as moderate 

muscular involvement. She is followed by JCC-DM1 in severity, who had 

moderate functional, muscular and respiratory involvement. Lastly, GPM-DM1 

had mild involvement in all the parameters studied, except for respiratory 

function which was severely affected.  

 

Table 1: General data and clinical characterization of the DM1 patients and 

controls. 
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mRS: Modified Rankin Scale 

 

 

Table 2: STR profiling of the patients from which the cells were isolated and 

immortalized. 

 
 

 

A high level of CTG repeats instability characterized all studied DM1 cell lines  

CTG expansion was measured in primary and immortalized cell lines from the 

three DM1 patients by small pool PCR, which revealed highly heterogeneous 

CTG expansion patterns within each patient. We created density plots with the 
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results and calculated the estimated progenitor allele (ePAL), the size of the 

two main expanded populations, and the expansion instability observed in 

each cell line (Fig. 1A and Fig. 1B). Primary GPM-DM1 cells had an ePAL of 435 

CTGs and showed two expanded main populations with 581 CTGs and 1028 

CTGs, while in the immortalized cells the ePAL was 280 CTGs and the two most 

abundant populations had 379 and 863 CTGs, respectively.  Primary JCC-DM1 

cells had an ePAL of 663 CTGs and the average sizes of the two main expansion 

populations were 875 CTGs and 1950 CTG, while the ePAL in the immortalized 

cells was 654 CTGs, and the two main populations had a size of 953 CTGs and 

2080 CTGs. Primary ADE-DM1 cells had an ePAL of 578 CTGs, and the highest 

expansion sizes of the most abundant populations (1505 CTG and 3075 CTG), 

while the immortalized cells, had an ePAL of 700 CTGs, and the two most 

abundant populations had a size of 1224 CTGs and 2301 CTGs. When analysing 

the expansion instability, GPM-DM1 had the lowest levels both in the primary 

and the immortalized cell lines, followed by JCC-DM1 and then ADE-DM1 

(Fig.1B). All immortalized cell lines had some increase in expansion instability, 

which was between 6 and 25% of that observed in the parental cell lines, but 

the expansion instability pattern closely resembled the parental after the 

immortalization process. Interestingly, the larger the size of the most abundant 

CTG expansion and the greater degree of instability, the more severely affected 

the patient was. However, maybe due to small sample size, no significant 

correlation was found.  

 

Figure 1. CTG instability is similar between primary and immortalized DM1 cells lines. A. 

Density plots showing the distribution of the CTG alleles detected in both the primary (black) 

and immortalized (red) myotubes derived from the three patients participating in the study. We 
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measured between 41 and 105 alleles per sample. B. CTG expansion ePAL, mode and instability 

in primary and immortalized myotubes of the three DM1 patients participating in the study. The 

progenital allele length was estimated as the 10th percentile of allele frequency distribution. 

The modal allele length was determined as the most frequent allele. The level of somatic 

instability was calculated by subtracting the 10th percentile from the 90th percentile. “p” and 

“i” before cell line name mean primary and immortalized, respectively. 

CTCF1 Methylation level is increased in the DM1 immortalized cell lines when 

compared with immortalized control cell lines as observed in primary cell 

lines 

We analysed DNA methylation levels of the CTCF1 region, which is located 

upstream of the CTG expansion in the DMPK gene (Fig. 2A), in myoblasts and 

in 5 days differentiated myotubes derived from the primary and immortalized 

cell lines, in both controls and DM1 patients. There were significant differences 

in the level of methylation between controls and patients; while controls did 

not show methylation in the analysed CpG sites of the CTCF1 region, DM1 

patients showed increased levels of methylation, both in myoblasts and in 

myotubes, in most of the CpG sites (Fig. 2B). Moreover, we observed a 

significant increase in the methylation level in immortalized myoblasts 

compared to primary ones (Fig. 2C). In the case of myotubes, a tendency (p = 

0.06) was observed. No consistent differences were detected between 

patients regarding the methylation level of the CTCF1 site (Supplemental Fig. 

1). To determine whether the methylation status of this region could change 

the expression level of neighbouring genes, we analysed the expression of 

DMWD, DMPK, and SIX5 in immortalized myotubes from controls (iCtrls) and 

DM1 patients (iDM1). Although significance was not reached due to dispersion 

in control cell values, all patient cell values were below any of the control 

values for the three genes (Fig. 2D). More data would be needed to confirm 

the downregulation of DMWD, DMPK and SIX5, which could be a consequence 

of the hypermethylation in the CTCF1 region in DM1 muscle cells compared to 

controls. 
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Figure 2. DNA methylation levels in CTCF1 is increased in immortalized cell lines when 

compared to primary cell lines. A. Schematic representation of the genomic DMPK locus. B. 

Methylation plotter showing the methylation status of the CTCF1 region. Each circle represents 

a CpG dinucleotide. The level of methylation is represented by the grey gradient. C. Graphical 

representation of the methylation levels in DM1 immortalized and primary myoblasts and 

myotubes. D. Relative expression of DMWD, DMPK and SIX5 genes at 5 days of differentiation. 

HPRT was used as housekeeping gene to normalize the data. All data are expressed as mean ± 

SEM. “p” and “i” before cell line name mean primary and immortalized, respectively. “mb” refers 

to myoblasts and “mt” to myotubes. Means were compared using unpaired two-tail Mann-

Whitney test. 
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DM1 myoblasts show higher cell proliferation and reduction of early 

myogenic markers 

We next sought to characterize the myogenic process in immortalized DM1 

myoblasts by using real-time impedance analysis. Figure 3A shows the average 

real-time impedance curves of control (blue) and DM1 (red) myoblast samples 

throughout the myogenic process. Initially, all cultures increased their 

impedance values, which was indicative of myoblast adhesion, spreading, and 

proliferation, until they reached confluence, which resulted in achieving their 

maximum impedance values. Notably, at this step DM1 myoblasts showed a 

significant increase in impedance at 24 and 48 hours after seeding, which was 

indicative of a higher adhesion, spreading, and proliferation levels in 

comparison to the control cells (Fig. 3B). After switching to differentiation 

medium, a decrease in resistance was observed in both, control and DM1 cells, 

at 2 days post differentiation (dpd), due to cell reorganisation prior to muscle 

differentiation/fusion, being this decrease higher in DM1 cells (Fig. 3C). To 

address whether myogenic process could be altered in DM1 cells, we analysed 

the levels of the myogenic regulatory factors Myf5, MyoD and myogenin, in 

time course experiments by Jess Western blots. Myf5 is expressed during stem 

cell activation and myoblasts proliferation; MyoD is expressed during myoblast 

proliferation, commitment to differentiation and myotube fussion; and 

myogenin is expressed during myotube fussion and maturation into 

myofiber47. As shown in Figure 3D, Myf5 levels were significantly reduced in 

DM1 cells at 0,2,3 dpd, meanwhile MyoD was also significantly reduced at 3 

dpd. No differences were found for Myogenin levels. In conclusion, DM1 cells 

show alterations in early myogenic markers My5 and MyoD.  
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Figure 3. DM1 myoblasts show higher cell proliferation and reduced   levels of early myogenic 

markers.  A. Real-time impedance curves of human iCtrl (blue) and iDM1 (red) myoblasts during 

culture in proliferation medium (SGM) and differentiation media (bDM and cDM). B. 
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Proliferation of iCtrl (blue) and iDM1 (red) myoblasts was analysed at 24 and 48 hours after 

seeding. C. Differentiation of iCtrl and iDM1 myoblasts was analysed after 2 days in 

differentiation medium bDM (2dpd). D. Jess Western blot analysis of Myf5, MyoD and Myogenin 

in iCtrl and iDM1 3 differentiating myoblasts at 4 different time-points: 0, 1, 2 and 3 (dpd. Values 

are represented over Ctrl 0 dpd. Data information: n=3 for iCtrl and iDM1. Dpd: days post 

differentiation. All data are expressed as mean ± SEM. A-B-C. Dots indicate mean values of 

individual samples from 10 replicates. Means were compared using unpaired two-tail Student’s 

t test. *p ≤ 0.05, **p ≤ 0.01. “i” mean immortalized cell line. 

 

DM1 immortalized cells maintain a reduced fusion index as observed in their 

parental lines 

Next, we investigated the fusion capacity of immortalized DM1 myotubes at 5 

days of differentiation by desmin staining (Fig. 4A). As shown in Figure 4B, the 

fusion index was significantly reduced in both primary and immortalized DM1 

myotubes compared to the corresponding controls. We also observed that 

immortalized cells, both control and DM1, showed a higher fusion index than 

the parental cell lines (Fig. 4B). When studied individually, we found significant 

differences in the fusion index between the three immortalized control cell 

lines and the three immortalized DM1 cell lines (Fig. 4C). Moreover, we found 

differences in nuclei distribution in the myotubes (Fig. 4D). We found a 

significant difference between patients and controls in the number of 

myotubes with more than three nuclei. Immortalized patients myotubes with 

two nuclei were more abundant than immortalized controls with two nuclei, 

reaching statistical significance. The number of myotubes with more than 

three nuclei was significantly higher in controls than in patients both in primary 

and immortalized cell lines (Fig. 4D). Furthermore, the diameter of DM1 

myotubes was dramatically reduced compared to the control ones (Fig. 4E). 

When analysing individually the cell lines, differences in myotube diameter 

were found in all cell lines (Fig. 4F). iGPM-DM1 was the cell line that had the 

smallest myotube diameter size when compared to the other cell lines. 

Altogether, the results demonstrate that the immortalized DM1 cell lines also 

show reduced muscle fusion capacity. 
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Figure 4. DM1 primary and immortalized myotubes present a lower fusion index compared to 

controls. A. Desmin (green) and nuclei (blue) immunofluorescence analysis performed in 5 days 

differentiated primary and immortalized DM1 or control myotubes. B. Fusion index (% of nuclei 

in desmin positive myotubes with 2 or more nuclei) in primary and immortalized 5 days 

differentiated DM1 or control myotubes. C. Fusion index (% of nuclei in desmin positive 

myotubes with 2 or more nuclei) in individualized immortalized 5 days differentiated DM1 or 

control myotubes D. Percentage of 5 days differentiated primary and immortalized myotubes 

containing 2, 3, >3 nuclei. E. Myotube diameter (calculated using the maximum diameter value 

of desmin positive myotubes with 2 or more nuclei) in primary and immortalized 5 days 

differentiated DM1 or control myotubes. F. Myotube diameter in individualized immortalized 5 

days differentiated DM1 or control myotubes. All data are expressed as mean ± SEM. In figures 
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B and C, dots indicate mean values of 5 individual analysed images. In figures B and D at least 

350 nuclei/cell line were analysed. In figure C at least 850 nuclei/cell line were analysed. In 

figures E and F at least 20 myotubes/cell line were analysed. Means were compared using 

unpaired two-tail t-test. *p ≤ 0.05, ****p ≤ 0.0001. “p” and “i” before cell line name mean 

primary and immortalized, respectively. 

 

DM1 immortalized myotubes maintain patient-derived heterogeneity and 

have equal or greater RNA foci and MBNL1 co-localization than their primary 

myotubes 

First, we checked for the presence of nuclear RNA foci in 5 days differentiated 

myotubes. Primary and immortalized control cells did not show RNA foci as 

expected (Supplemental Fig. 1), whereas primary DM1 myotubes showed 

variable numbers in the percentage of cells carrying RNA foci and in the 

number of RNA foci per cell (Fig. 5A-B). Notably, this patient-derived 

heterogeneity with respect to the accumulation of RNA foci was greatest in 

immortalized DM1 cells. Interestingly, the JCC-DM1 and ADE-DM1 

immortalized myotubes, which are the cells carrying the longest CTG 

expansions and derived from the most affected patients, showed not only a 

significantly higher number of RNA foci per cell compared to GPM-ADE (Fig. 

5D), but also the highest proportion of cells carrying more than 10 foci per cell 

(Table 3). 

It is well known that staining with an anti-MBNL1 antibody shows the presence 

of MBNL-1 aggregates, which co-localize with RNA foci only in DM1 cells. This 

aggregation of MBNL1 leads to a decrease in cytoplasmic and nuclear 

fluorescence of MBNL1 compared to that of control cells (Fig. 5A). As we 

observed with RNA foci, primary DM1 cells had a variable number of co-

localized aggregates. Immortalized JCC-DM1 and ADE-DM1 myotubes showed 

a significantly higher mean number of MBNL1 aggregates, as well as a high 

percentage of cells with more than 10 MBNL1 aggregates when compared to 

primary cell lines (Fig. 5D and Table 3). Altogether, these results indicate that 

these DM1 immortalized cell lines also show the cell heterogeneity associated 

with DM1 tissues. 



CHAPTER 3 

165 

 

 

Figure 5. DM1 immortalized myotubes present equal or higher amount of RNA foci and MBNL1 

aggregates than the original primary culture. A. Foci (red), MBNL1 (green) and nuclei (blue) 

immunofluorescence analysis performed in 5 days differentiated primary and immortalized 

DM1 myotubes. B. Number of RNA foci/nucleus in primary and immortalized 5 days 
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differentiated DM1 myotubes C. MBNL1 aggregates/nucleus in primary and immortalized 5 days 

differentiated DM1 myotubes. D. Comparison of the number of RNA foci/nucleus and MBNL1 

aggregates/nucleus between the three immortalized DM1 cell lines.  All data are expressed as 

mean ± SEM. Between 25 and 35 DM1 nuclei and between 20 and 25 control nuclei were 

analysed per cell line. “p” and “i” before cell line name mean primary and immortalized, 

respectively. Means were compared using unpaired two-tail Mann-Whitney test. ***p ≤ 0.001, 

****p ≤ 0.0001. 

 

Table 3: Detailed data of the RNA foci and MBNL1 aggregates found in 5 days 

differentiated primary and immortalized myotubes. 

 
“p” and “i” before cell line name mean primary and immortalized, respectively. 

 

DM1 immortalized myotubes showed the same pathological splicing 

alterations than their primary myotubes 

Next, we analysed splicing alterations in immortalized DM1 myotubes. We 

addressed the splicing pattern of transcripts previously described as altered in 

DM1 patients (BIN1 (exon 11), MBNL1 (exon 5), LDB3 (exon 11), INSR (exon 

11), DMD (exon 78), and ATP2A1 (exon 22)). As shown in Figure 6A, DM1 

primary myotubes have significantly different BIN1 and LDB3 splicing patterns, 

while a p-value of 0.08 was observed in ATP2A1 splicing. The same results were 

obtained when analysing immortalized DM1 myotubes and comparing them 

with control cells (Fig. 6B). Moreover, we found a splicing alteration in KIF13A 

gene that was heterogeneously expressed among DM1 immortalized 

myotubes (Fig. 7A). IJCC-DM1 myotubes had a significantly higher exon 32 

inclusion than iGPM-DM1 myotubes (Fig. 7B), as it can be observed in the 

agarose gels (Fig. 7C). These results indicate that immortalized DM1 myotubes 

maintain the splicing defects that characterise this disease, although they can 

show heterogeneity in the levels of splicing alteration. 
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Figure 6. Immortalized DM1 myotubes maintain the splicing defects that characterize DM1 

primary myotubes. A. Exon inclusion analysis of BIN1, LDB3 and ATP2A1 in primary control and 

DM1 5 days differentiated myotubes. B. Exon inclusion analysis of BIN1, MBNL1, LDB3, INSR, 

DMD and ATP2A1 in immortalized control and DM1 5 days differentiated myotubes. All data are 

expressed as mean ± SEM. 3 DM1 samples and 3 control samples were analysed in each splicing 
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both in primary and immortalized samples, except for ATP2A1 and LDB3 in primary samples 

where 2 DM1 samples and 3 controls were analysed. Means were compared using unpaired 

two-tail t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. “p” and “i” before cell line 

name mean primary and immortalized, respectively. 

 

Figure 7. KIF13A splicing defect is heterogeneously expressed among immortalized cell lines. 

A. Exon inclusion analysis of KIF13A in immortalized control and DM1 5 days differentiated 

myotubes. B. Exon inclusion analysis of KIF13A in immortalized 5 days differentiated myotubes 

derived from the three DM1 cell lines. C. Gel analysis of KIF13A splicing analysis in control and 

patient DM1 myotubes. All data are expressed as mean ± SEM. n = 3 for each cell line. Means in 

A were compared using unpaired two-tail t-test and in B with ANOVA. *p ≤ 0.05, ***p ≤ 0.001. 

“i” before cell line name means immortalized. 

 

Antisense oligonucleotide treatment is equally efficient in DM1 immortalized 

cell lines as in their original parental lines 

To test whether these immortalised cell lines would be suitable for testing 

DM1 treatments, we treated the cells with an ASO targeting the CTG 

expansion48, previously used in our laboratory (unpublished data). We 

measured the effect of treatment by analysing the number of RNA foci and 

colocalising aggregates of MBNL1 (Fig. 8A and Supplemental Figure 3). 

Importantly, we observed a significant reduction in both the number of RNA 

foci (Fig. 8B) and the MBNL1 colocalising aggregates (Fig. 8C) in all 

immortalised DM1 cell lines. These reductions were also observed in two of 

the primary cell lines, JCC-DM1 and GPM-DM1, but not in ADE-DM1. Notably, 

the MBNL-1 colocalising aggregates decrease was associated in some cases 

with an increase in the fluorescence signal of MBNL1 in the nucleus. To test 

whether the RNA foci reduction caused splicing restoration we studied the 

effect of the ASO treatment in the usual DM1 splicing alterations. Notably, we 

found a significant reduction in MBNL1 exon 5 splicing alteration.  (Fig. 8D). 
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Figure 8. Immortalized DM1 myotubes respond to treatment in a similar way to primary DM1 

myotubes. A. Foci (red), MBNL1 (green) and nuclei (blue) immunofluorescence analysis 

performed in 9 days differentiated primary and immortalized DM1 myotubes. Rows 1 and 3 

correspond to non-treated cells while rows 2 and 4 correspond to 48 hours ASO-treated cells.  

B. Number of RNA foci/nucleus in primary and immortalized 48 hours ASO-treated or non-

treated 9 days differentiated DM1 myotubes. C. Number of MBNL1 aggregates/nucleus in 

primary and immortalized 48 hours ASO-treated or non-treated 9 days differentiated DM1 

myotubes. D. MBNL1 splicing analysis in immortalized 48 hours ASO-treated, control-treated or 

non-treated 9 days differentiated myotubes. All data are expressed as mean ± SEM. For each cell 

line in figures B and C, it was analysed between 29 and 43 DM1 nuclei. In figure D, 3 DM1 

samples were analysed for each condition. “p” and “i” before cell line name mean primary and 

immortalized, respectively. Means were compared using unpaired two-tail Mann-Whitney test. 

*p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001. 
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Discussion 

Heterogenicity in molecular, clinical, and functional parameters in DM1 is often 

not represented in the cellular models used to study this disease. The need to 

generate cellular models that mimic the reported patient differences is 

increasing, especially with the current development of therapies, and with the 

necessities to understand pathophysiological mechanisms of DM1. To have 

more robust results, it is important to work with cell cultures derived from 

DM1 muscle biopsies, which can show patient heterogeneity and preserve 

their natural genomic context. However, the accessibility and availability of 

muscle biopsies from DM1 patients is very limited, and primary muscle 

cultures show a reduced proliferative capacity after few passages. In this study 

we have generated three immortalized human muscle cell lines derived from 

three different subtypes of DM1 patients (juvenile, adult, late-onset). The 

genetic, epigenetic, and molecular characterization of these cellular models 

have shown that all three present the hallmarks of the disease and 

importantly, they are heterogeneous both from a clinical and molecular point 

of view.  

Given the high instability of the CTG repeat in DM1, we performed SP-PCR to 

better characterize the genetic expansion variability in our cellular models. Our 

results revealed high heterogeneity in CTG expansion, with two of the patient-

derived cells (ADE-DM1 and JCC-DM1) showing higher ePAL (above 500) and 

higher instability (above 1900) than the other cell line (GPM-DM1, below 500 

and 700, respectively). In addition, the patient-derived muscle cell line with 

the highest instability (ADE-DM1) was the one whose most abundant 

populations had the largest CTG expansions and interestingly, corresponded 

with the most severely affected patient, both from the cardiac and functional 

points of view. In contrast, the patients with less instability (JCC-DM1 and 

GPM-DM1) were the mildest affected patients, both cardiacally and 

functionally. Somatic instability of the CTG expansion has been previously 

described to be a contributor of disease severity49, yet the major contributor 

of the severity is the ePAL. In this case, the highest ePAL was also found in the 

immortalized cells of the patient with the highest disease severity (ADE-DM1). 

However, the primary cells derived from this same patient did not have the 

highest ePAL, in fact JCC-DM1 had the highest one of the primary cells. These 

differences between primary and immortalized cells must be derived from the 
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clonal selection that takes place during the immortalization process, in which 

the CTG expansion tends to expand, but can also contract.  

It is indeed remarkable, that clonal cells originating from a single CTG 

expansion end up having a very similar instability to the primary cells they 

derived from. It has been hypothesized that individual specific differences, as 

well as environmental or genetic factors, may contribute to somatic 

instability49. Although 40% of the variance has been reported to be attributed 

to genetic factors, our results indicate that the contribution of the genetic 

factors should be above 75% (since only between 6 and 25% variation in 

instability was found between parental and immortalized cell models). In 

addition, it is likely that part of the instability was not detected in our study, 

since measuring these CTG expansions was challenging, and muscle, unlike 

other tissue such as blood, has larger CTG expansions that are difficult to 

detect by SP-PCR50–52.  Deep genomic sequencing techniques53,54 would 

probably give more accurate and precise information regarding the larger CTG 

fragments in muscle and the instability of CTG expansion in DM1 samples. 

The CTG expansion overlaps with a 3.5 kb CpG island flanked by two CTCF 

binding sites, named CTCF1 and CTCF2. We and others have reported changes 

in the DNA methylation pattern of the CTCF1 region in blood samples from 

DM110–12. In addition, our group also demonstrated that the CTCF1 region was 

methylated in a tissue-specific manner only in DM1 muscle biopsies (and not 

in skin or blood from the same patients), as well as in primary DM1 muscle 

cells, whereas tissues from unaffected individuals were completely 

unmethylated12. Importantly, the DM1 immortalized muscle cells showed the 

previously reported CTCF1 hypermethylation in both myoblasts (muscle 

progenitor cells) and myotubes (mature muscle cells), indicating that the DNA 

methylation alterations were conserved. However, we observed a significant 

difference in the methylation levels between primary and immortalized cell 

lines. Immortalized cell lines methylation levels were increased compared to 

the primary ones. This can be explained by the observation that cellular 

models, especially immortalized cell lines that have been in culture for a 

substantial amount of time (since they are originated from a single cellular 

clone), can increase DNA methylation levels55,56 and/or because of the purity 

of cell cultures. The presence of a small portion of fibroblasts in the primary 

cultures, which have an unmethylated CTCF1 region, can have an impact in 

these CTCF1 methylation studies. DNA methylation is considered a repressive 
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epigenetic mark that plays a role in gene silencing57–59. Although we did not 

find a significant reduction of DMPK, SIX5, DMWD in our study, probably due 

to a small sample, it has been previously reported a decrease in the expression 

of these genes in DM160–62. This reduction could be suggesting that DNA 

hypermethylation in the CTCF1 region could alter transcriptional activity in 

DM1 muscle samples, which could affect muscle functions. Notably, SIX5 is 

abundantly expressed in muscle, heart, brain, and eyes, which are tissues that 

are affected in DM1. It is homologous to the Drosophila eye development gene 

sine oculis and it has been proven that SIX5 deficient mice develop cataracts, 

as observed in DM1 patients63. The DMWD gene is abundantly expressed in 

the brain and testis64, although its function is still not clear. However, very 

recently a quadruple mutant mouse was generated in which expression of 

SIX5, DMWD, DMPK and MBNL1 were reduced, and these mice recapitulate 

many important manifestations in congenital DM1, suggesting that changes in 

gene expression in genes at the DMPK locus may modulate disease severity65. 

The immortalized DM1 cellular models showed an increased proliferation rate 

when compared with immortalized control models. An advantage in growth 

and proliferation has already been described in immortalized DM1 lymphocyte 

cell lines66. This effect has been termed “mitotic drive” and it explains why the 

CTG region tends to expand. Khajavi and colleagues demonstrated that 

immortalized lymphocytes carrying longer CTG expansions had a growing 

advantage due to increased Ras, Erk1, and Erk2 activity and decreased p21WAFI 

activity. However, once DM1 immortalized muscle cell models stop growing 

and are stimulated to differentiate, they start having  alterations44. In our 

immortalized cellular models, DM1 immortalized cells showed a decrease in 

the impedance during the myotube fusion process, reduced levels of early 

myogenic markers, a diminished fusion capacity with smaller myotubes, and 

lower nuclei number per myotube. Some of these alterations have also been 

found in primary muscle derived cells and have been linked to abnormalities 

in the temporal expression of differentiation regulators, myogenic progression 

markers, and alternative splicing patterns before and immediately after the 

onset of differentiation67. These alterations are intrinsically linked to the CTG 

expansion, since excision of the expanded repeat reverts all these 

abnormalities67. However, some influence may also come from the 

environment, since studies in 3D models with immortalized cells 

demonstrated that these differentiation deficiencies were attenuated68 when 
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a better niche for differentiation was utilized.  Moreover, when comparing 

primary and immortalized myotubes, we observed an increase in the fusion 

index in immortalized cell lines, both in controls and DM1. As discussed with 

the methylation pattern in CTCF1, it is likely that this difference is due to the 

greater purity of immortalized cultures compared to primary ones. Regarding 

heterogeneity in the fusion index between cell lines, we found differences 

between both immortalized controls and patients; meaning that other factors 

may contribute to the fusion capacity. 

Analysis of the molecular hallmarks of the disease revealed heterogeneous 

alterations in the accumulation of RNA foci and in the sequestration of MBNL1 

in our immortalized cell models. Importantly, we have observed that the 

higher the CTG instability, the higher the average RNA foci per cell. ADE-DM1, 

had an instability of 3068 CTGs, and had a mean of 18,40 foci per nucleus; JCC-

DM1 had an instability of 2467 CTGs and a mean of 17,51 foci per nucleus, and 

GPM-DM1 had an instability of 828 CTGs and an average of 8,08 foci per 

nucleus. A direct association between CTG size and foci number in muscle cells 

has been reported before by our group23. We hypothesize that although the 

CTG size would determine the number of RNA foci at the single cell level, the 

instability of the CTG repeat in the cells of a certain tissue, would determine 

the mean of the RNA foci in this particular tissue18,24,30.  

MBNL1 sequestration was also dependant on the RNA foci average. So, the 

higher RNA foci/ cell, the more MBNL1 aggregates/cell colocalizing with those 

foci. Again, ADE-DM1 is the cell line carrying more MBNL1 aggregates (7,68 per 

myotube), followed by JCC-DM1 (7,63 aggregates per myotube), and finally, 

GPM-DM1 (carrying 4,16 aggregates per myotube). So, it is clear that there is 

a relationship between CTG expansion, DMPK pathological transcript 

accumulation, and MBNL1 trapping. Heterogeneity in RNA foci accumulation 

and MBNL1 sequestration can be modified by different experimental 

conditions.  A lower number of RNA foci was observed in the immortalized 

patients cell lines with 9 differentiation days, when compared to 5 

differentiation days. We hypothesize that the heterogeneity could be due to 

the higher mortality rate observed after 9 days of differentiation, which may 

difficult the detection of RNA foci.  

Splicing alterations were also found in our cellular models. We observed 

alterations in the splicing of ATP2A1 and SERCA1, which is observed only in 
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mature skeletal muscle cells and is sometimes hard to detect in patient 

primary cultures34,69 and in patient derived iPSCs that are differentiated to 

myotubes70. Our cell models showed alterations in BIN1, ATP2A1, MBNL1, 

LDB3, INSR, DMD and KIF13A, which have previously been found altered in 

DM1 muscle cell models44. We found heterogenicity in the alterations of 

KIF13A with JCC-DM1 having significantly less alterations than GPM-DM1. 

KIF13 codes for a gene involved in the positioning of endosomes71. It is likely 

that heterogenicity is present in other splicing alterations, but more global 

transcriptomic studies would be needed to further determine this 

heterogenicity.  

The generation of specific therapies72 targeting either the gene through 

CRISPR-Cas973–75, the foci76,77, or the increase in MBNL1 availability78,79 would 

make these cells an attractive cellular model in which the heterogenous 

defects are present in different proportions, which can be quantified after 

treatments. Notably, the three models showed a significant reduction of RNA 

foci and MBNL1 aggregates after being treated with an ASO directed against 

the CTG expansion48. Moreover, a significant recovery of the MBNL1 splicing 

alteration was observed. Overall, these models would allow treatments to be 

tested on a larger and more heterogeneous sample than was previously 

possible. 

Prior to this publication, only four DM1 immortalized muscle cellular models 

have been developed by different research groups (Table 4)44,45. These cellular 

models have been a powerful tool used to discover knowledge, develop 

therapeutic strategies, and overcome the challenges presented by artificial, 

primary or transdifferentiated disease models. However, heterogenicity in 

molecular, clinical, and functional parameters was not represented even 

though it is a hallmark of the disease. 

In this paper, we have presented three immortalized muscle cell models for 

the study of DM1. We have demonstrated that these immortalized cell models 

behave similarly to the parental cells from which they derive. However, they 

are heterogenous, and harbour different molecular alterations that are linked 

to the presentation of different clinical symptoms in patients. These models 

will offer new possibilities to understand DM1 from a more diverse point of 

view. The cells will serve as a tool to study and quantify the degree of certain 

molecular alterations, and to assess the efficacy of different therapies in a 
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context of different molecular alterations in different genetic backgrounds. 

Overall, we have generated three cellular models for DM1 that we expect will 

contribute to the better understanding of this pathology from a more diverse 

point of view.  

Table 4: Comparative table of the characterization of the immortalized DM1 

myoblasts/myotubes models available 

 

NA: not available 
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Supplementary table 1. Primers used for qPCR. Related to Material and 

Methods 

Supplementary table 2. Primers and conditions used for splicing 

analysis. Related to the STAR Methods  
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Supplementary Figure 1. Methylation levels did not differ between the three DM1 cell 

lines except for iJCC-DM1 vs iGPM-DM1 immortalized myoblasts. Related to Figure 2. 

“i” before cell line name means immortalized. “mb” and “mt” after cell line name mean 

myoblasts and myotubes, respectively. For each patient there are between 19 and 28 single 

measurements.  

iJCC-DM1 

iGPM-DM1 

iADE-DM1 

Supplementary Figure 2. Immortalized control myotubes do not show neither RNA foci or 

MBNL1 aggregates. Related to Figure 5 Foci (red), MBNL1 (green) and nuclei (blue) 

immunofluorescence analysis performed in 5 days differentiated primary and immortalized 

control myotubes.  
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Supplementary Figure 3. Immortalized DM1 myotubes respond to treatment in a similar way 

to primary DM1 myotubes. Related to Figure 8. Foci (red), MBNL1 (green) and nuclei (blue) 

immunofluorescence analysis performed in 5 days differentiated primary and immortalized 

DM1 myotubes. “p” and “i” before cell line name mean primary and immortalized, respectively. 
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Heterogeneity is a key factor in DM1, which is observed both clinically and 

genetically. The organs or systems affected, and the severity of the symptoms 

can vary significantly between patients. This clinical heterogeneity is partially 

caused by the CTG repeat expansions instability, which leads to both inter and 

intraindividual expansion size variability. Clinical and genetic heterogeneity are 

likely to produce molecular pathophysiology variability and could influence in 

the degree of efficacy of treatments. For these reasons, DM1 models that 

reproduce said variability, are a valuable tool in DM1 studies. In this thesis, 

heterogeneity has been approached from different points of view and results 

strengthen the need to take into account heterogeneity in DM1 studies.  

 

 

One of the main molecular hallmarks of DM1, RNA foci accumulation is 

variable according to cell type and age of onset 

 

DM1 is a multisystemic disease, however, not all organs and tissues are equally 

affected. Actually, it is known that CTG expansion size is variable in the same 

patient depending on the tissue or cell type analysed, but no studies had been 

performed to analyse the molecular alterations in different cell types from a 

single patient. Moreover, DM1 is a disease that can appear at any age, and 

despite it is know that the earlier it appears, the more severe the symptom 

are, it has not been studied the impact of the age of onset at a molecular level. 

In this study it is analysed the molecular heterogeneity in DM1 samples 

derived from different cell types and DM1 subtypes. 

 

The study of four different cell types (lymphoblasts, fibroblasts, myoblasts and 

myotubes) revealed that despite all of them had RNA foci accumulation in the 

nucleus and MBNL1 aggregates colocalizing with the RNA foci, there were 

significant differences between lymphoblasts and muscle cells. These 

differences may be caused by differences in DMPK expression levels, which 

according to the Human Protein Atlas are more than 10 times higher in muscle 

compared to skin and bone marrow. However, our single-cell study showed no 

correlation between DMPK levels and RNA foci number meaning that there are 

possibly other contributors. Another contributing factor could be cell turnover, 

which is known to be lower in muscle than skin and blood, which could benefit 

the accumulation of RNA foci in muscle cells135. These differences highlight the 
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importance of choosing an appropriate cell model according to the objective 

of the study.  

 

The study of RNA foci in lymphoblasts samples from the 5 DM1 subtypes 

(congenital, infantile, juvenile, adult and late-onset) showed significant 

differences between the subtypes. A higher number of RNA foci was found in 

the patients of the subtypes with an earlier age of onset. It is known that an 

earlier age of onset correlates with a larger expansion, which could mean that 

another factor influencing RNA foci number would be the CTG expansion size1. 

The differences between categories observed in one of the main molecular 

hallmarks of DM1 emphasize the heterogeneity of the disease and how it is 

important to consider that therapies may have a different efficacy depending 

on the patient. 

 

 

The most relevant disease-associated DM1 molecular alterations are 

reversed by blocking miR-23b and miR-218 in DM1 human-derived mature 

myotubes with unrelated genetic backgrounds 

 

Recently, antimiRs, which target and block MBNL1 repressors miR-23b and 

miR-218 have been developed as potentials treatments to DM1126,128,129. Its 

positive effect had been tested in in vitro and in vivo models; however, it had 

not been assessed in a range of cell lines that represented the heterogeneity 

of the disease. In this study, a range of heterogeneous DM1 primary muscle 

cells were used to test the effect of antimiR-23b-V1 and antimiR-218-V1, 

reported previously 124dyne, together with a new generation of chemically 

modified antimiRs named antimiR-23b-V2 and antimiR-218-V2. Results show 

that the drugs significantly reduce the DM1 associated molecular alterations 

across a genetically heterogeneous DM1 sample. Moreover, in this study it is 

discovered that the antimiRs do not only enhance MBNL1 expression, but also 

reduce DMPK transcript levels.  

 

In the study, it was observed a significant upregulation of miR-23b and miR-

218 in ten days differentiated DM1 myotubes, which was consistent with the 

observed lowered amounts of total MBNL1. Moreover, estimated CTG repeat 

length in the cell lines correlated with both miRNA levels, suggesting a shared 

pathological activation mechanism. The upregulation of miR-218 and miR-23b 
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in DM1 is relevant from a therapeutical point of view because it allows for a 

wider reduction window before possibly reaching undesirable effects. 

 

 

The treatment with antimiRs, even though it is not directly targeting DMPK, 

was found to reduce the number of RNA foci in the nucleus of DM1 cells. 

Prompted by this observation, DMPK expression levels were also quantified 

and it was found an approximate 30% significant reduction. This reduction is 

expected to have a clinical benefit in patients, as a smaller reduction observed 

with another drug in a clinical trial significantly improved splicing deregulation 

and myotonia (ACHIEVE Trial). It is hypothesized that the treatment’s 

correction of the abnormal DM1 exon 5 inclusion in MBNL1 gene may be 

responsible of the decrease in DMPK RNA foci. The abnormal exon 5 including 

isoforms, MBNL1 42/43 are mostly expressed in the nucleus, while the exon 5 

excluding isoforms, MBNL1 40/41 are mostly expressed in the cytoplasm. 

Considering that it is known that nuclear MBNL1 promotes foci formation and 

stabilization, it is proposed that a reduction of the aberrant nuclear splicing 

isoforms, would minimize RNA foci formation and stabilization136,137.  

Even though all antimiRs showed a positive effect, different results were 

obtained depending on the target and the chemical version. Versions V1 of 

the antimiRs had 2’-O-Methyl (2’-OMe) chemistry, included several 

phosphorothioate (PS) linkages at each end, and were conjugated to 

cholesterol at the 3’ end. Versions V2 of the antimiRs had a combination of 2’-

OMe, 2'-O-Methoxyethyl (MOE), and locked nucleic acid (LNA) residues 

throughout their sequence, and were conjugated to a fatty acid instead of a 

cholesterol to enhance their biodistribution138. It was observed that targeting 

miR-23b required lower doses than targeting miR-218 to achieve comparable 

levels of MBNL1 upregulation. Moreover, it was observed that the V2 antimiRs 

improvement was greater than the V1 antimiRs improvement  

AntimiR-23b-V2 treatment effect depended on CTG repeat sizes, as cell lines 

with small expansions showed significantly more pronounced DMPK mRNA 

reduction than those with longer repeats. Furthermore, DM1 cell lines with 

shorter CTG expansions showed higher basal MBNL1 levels compared to the 

other DM1 lines, suggesting that cell lines with long repeats may require a 

higher increase in MBNL1 levels to reduce DMPK expression.  

Overall, results suggest that the antimiRs tested in this study may have a 

combined mechanism of action in which MBNL1 and other direct targets of 
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the miRNAs 23b and 218 are derepressed and in which DMPK transcripts levels 

are reduced. This combined mechanism corrects DM1 aberrant splicing and 

other functional DM1 alterations. In conclusion, the study reveals that 

antimiRs 23b and 218 have therapeutical potential across heterogeneous 

genetic backgrounds, meaning that they could be useful for treating multiple 

clinical forms of the disease. Finally, and based on this study results, antimir-

23b-V2 was selected for preclinical development.  

 

 

The development of three immortalized DM1 muscle cell lines, which 

reproduce the main molecular hallmarks of the disease, will be useful to 

study DM1’s pathophysiology and treatment efficacy in different genetic and 

molecular contexts 

 

Clinical, genetic and molecular heterogenicity in DM1 is often not represented 

in the cellular models used to study the disease. Cellular models that mimic 

patient’s heterogeneity may be key to better understand the molecular 

mechanisms of DM1 and to assess therapeutical effect of therapies that are 

under development. Even though, primary cells from the most affected tissues 

may be the most reliable cellular models to study DM1, limitations in its 

accessibility and proliferation opened the need to find alternatives such as 

immortalized cell models. We have generated three immortalized human 

muscle cell lines derived from three different subtypes of DM1 patients 

(juvenile, adult, late-onset) who show different clinical characteristics.  

The study revealed that the generated DM1 cellular models show the genetic, 

epigenetic and molecular hallmarks of the disease and are suitable to study 

potential treatments. Moreover, it showed that there is heterogeneity 

between the three cell lines DM1 studied alterations.  

From a genetic point of view, it was studied the ePAL, the most abundant 

population and the instability of the CTG expansion. Somatic instability of the 

CTG expansion has been previously described to be a contributor of disease 

severity139, yet the major genetic contributor of the severity is usually the ePAL. 

It was found that there was genetic variability in the CTG expansion size and 

instability between the three patient’s samples. In our sample, the most 

severely affected patient was the one with the largest most abundant 

population and with the greatest instability in both primary and immortalized 
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cells, but it was the one with the largest ePAL just in immortalized cells. The 

differences between primary and immortalized cultures could be due the 

clonal selection that takes place during the immortalization process. 

From an epigenetic point of view, it was studied the methylation pattern of 

CTCF1, a region upstream the CTG repeat, which flanks one of the ends of a 

3.5 kb CpG island that overlaps with the expansion. It has been previously 

demonstrated that the CTCF1 region was methylated in a tissue-specific 

manner in DM1 muscle biopsies and in primary DM1 muscle cells, whereas 

tissues and cells from unaffected individuals were completely unmethylated45. 

In this study, the DM1 immortalized muscle cells showed the previously 

reported CTCF1 hypermethylation in both myoblasts and myotubes meaning 

that the DNA methylation alterations were preserved. However, we observed 

a significant increase in the methylation levels in immortalized cell lines 

methylation levels compared to the primary ones. This could be explained 

either by the fact that immortalized cell lines are in culture for a prolongated 

time (they derive from a single clone) which is known to increase DNA 

methylation levels140,141 and/or because of the purity of cell cultures. DNA 

methylation is considered a repressive epigenetic mark that plays a role in 

gene silencing142–144. Although it was not found a significant reduction of DMPK 

and its surrounding genes SIX5 and DMWD in the study, probably due to a 

small sample, it has been previously reported a decrease in the expression of 

these genes in DM1145–147. In fact, a quadruple mutant mouse model in which 

expression of SIX5, DMWD, DMPK and MBNL1 were reduced, reproduced the 

most typical manifestations in congenital DM1, which suggests that changes in 

DMPK, SIX5 and DMWD expression, which could be partially regulated by 

CTCF1 methylation levels, modulate DM1 severity148.  

From a molecular point of view, it was studied RNA foci accumulation, MBNL1 

sequestration and splicing alterations. It was revealed a heterogeneous 

accumulation of RNA foci and sequestration of MBNL1 in the immortalized cell 

models. Indeed, it was observed that the higher the CTG instability, the higher 

the average RNA foci and MBNL1 aggregates per cell. These results match with 

a previous study that reported a direct association between CTG size and foci 

number in muscle cells149. The study also showed that the immortalized 

models had the splicing alterations that characterize DM1 in BIN1, ATP2A1, 

MBNL1, LDB3, INSR, DMD and KIF13A trancripts150. Moreover, it was found 
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that there were significant differences in the missplicing levels of KIF13A 

between the DM1 cell lines.  

From a therapeutic point of view, in this study it was demonstrated that the 

immortalized DM1 models, equally to what is observed in primary DM1 

models, showed a reduction in RNA foci and MBNL1 aggregates and a 

significant recovery of MBNL1 splicing after being treated with an ASO that 

targeted the CTG expansion151.  

Overall, results reveal that the immortalized DM1 cellular models reproduce 

the main genetic, epigenetic and molecular hallmarks present in the primary 

models and that are a suitable model to study therapies under development. 

Moreover, the results show heterogeneity between the three cell lines which 

will allow to study the disease pathophysiology and to test candidate 

treatments in a larger and more diverse sample than was previously available. 

 

 

 

 

 



 

197 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

198 

 

 

 

 

  

CHAPTER 3  
 

CONCLUSIONS  
 



 

199 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CONCLUSIONS 

200 

 

The main conclusion of this doctoral thesis is that heterogeneity is a key factor 

in DM1, which should be taken into account when studying the 

pathophysiology or the efficacy of a new therapeutical compound. 

 

Chapter 1 

 

- Lymphoblast, fibroblast, myoblast and myotube cells derived from 

patients are good models to study DM1, since they show alterations 

in two of the main hallmarks of the disease, RNA foci accumulation 

and MBNL1 sequestration.  

 

- The differences in RNA foci formation and MBNL1 sequestration, due 

to the cell type model and due to the patient age of onset, should be 

kept in mind when selecting DM1 models for scientific studies.  

 

- Number of RNA foci in patient derived myoblasts does not correlate 

with DMPK expression levels, indicating that single cell RNA foci 

accumulation is dependent on other factors.  

 

 

Chapter 2 

 

- AntimiRs 23b and 218 significantly ameliorate DM1-associated 

molecular alterations in primary myotubes with heterogeneous 

genetic background, indicating that these therapies in development 

could be of use for a broad group of DM1 patients. 

 

- Our results suggest that antimiR-23b and antimir-218 have a 

combined mechanism of action by both upregulating its direct target, 

MBNL1, and reducing DMPK transcripts levels.  
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- The chemical improvements of antimiR-23b-V2 showed better results 

in reversing the molecular alterations in DM1 than V1 and the two 

versions of antimiR-218, Furthermore antimiR-23b achieved these 

results at lower doses than antimiR-218. Based on these results, 

antimiR-23b-V2 has been selected for further clinical studies. 

 

 

Chapter 3 

 

- The three immortalized DM1 muscle cell lines generated reproduce 

the main genetic, epigenetic and molecular hallmarks present in the 

primary DM1 models and in DM1, and are a suitable tool to study 

further the disease and to test therapies under development. 

 

- The presence of molecular heterogeneity, which characterizes DM1, 

among the three generated muscle cell lines, will allow studies of 

disease pathophysiology and testing of treatments, in a larger and 

more diverse sample than previously available. 
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