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Introduction

Microsatellite repeat expansion disorders
Microsatellite repeat expansion (MRE) was recognized as an entirely new type of human genetic
disease mutation in the early 1990s. Nowadays, at least 40 inherited disorders, most of which are
categorized as neurological diseases, are known to be caused by a repeat expansion [1–3]. Each
of these disorders is associated with a dynamic mutation in one single DNA repeat sequence
in a defective gene and the resulting abnormalities in the expression levels or biological
properties of its transcripts or protein products are considered as the common root causes to
most pathobiological problems [4]. Unfortunately, although the molecular etiology and clinical
consequences of disease have been intensively studied over almost 30 years now, no effective
treatments have been developed and therefore MRE disorders remain essentially incurable up to
now (reviewed in [5]).
Commonly used classifications for MRE disorders are based on the type of repeat sequences
involved, or differences in repeat location: i.e. in the open reading frame or in the non-coding
5’ or 3’ regions (UTRs) of the mutant gene. Trinucleotide MREs are most frequently found,
but disorders with pathologic tetra-, penta-, hexa-, and dodeca-nucleotide repeat expansions
have also been identified [2]. Myotonic Dystrophy type 1 (DM1) is an archetypal example of a
trinucleotide MRE, and is the focus of the studies presented in this thesis. In this introductory
chapter, I will therefore start with a brief description of clinical features and molecular problems
in DM1 and a closely related disorder, myotonic dystrophy type 2 (DM2). For a far more detailed
summary of DM1 and DM2 characteristics I refer to chapter 2 of this thesis.
A more extensive understanding of the different repeat effects that play a role in the etiology
of other MRE disorders can help us in better apprehension of the molecular events involved in
the complex pathogenesis of DM1 and DM2. To this end, I will also give a description of the
two other repeat expansion disorders: fragile X-associated tremor/ataxia syndrome (FXTAS) and
C9orf72-linked amyotrophic lateral sclerosis and frontotemporal dementia (C9orf72-ALS/FTD).
All four diseases have been studied intensively, and the detailed knowledge gained about their
shared pathogenic mechanisms is considered relevant for further progress with diagnosis and
therapeutic intervention in many other neurological and neuromuscular MRE disorders.

1.1 Myotonic Dystrophy type 1 (DM1)
An expansion of a (CTG•CAG)n sequence in the last exon of the DMPK gene and the partially
overlapping antiparallel-oriented DM1-AS gene in chromosome region 19q1.3.3 gives rise to
DM1, also known as Steinert’s Disease. The (CTG•CAG)n repeat is highly unstable and can grow
both somatically and intergenerationally [6,7]. In general, a longer repeat expansion, usually
determined from blood DNA, correlates with a more severe phenotype and earlier onset of
disease, giving rise to distinct clinical features and multiple types of clinical manifestation (Figure
1). DM1 prevalence ranges between 0.5 to 18 cases per 100,000 individuals and is largely
dependent on ethnicity and geographical location [8]. For instance, in the Saguenay-Lac-SaintJean region in Québec (Canada), an exceptionally high prevalence (1 in 550) is due to a founder
effect [9]. The main features of DM1 are myotonia and the progressive muscle weakness and
11
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atrophy of distal muscles, but problems with multiple other organs and functions can be involved
as well. Heart failure, insulin resistance, excessive daytime sleepiness and cognitive problems
are common [10]. Five partially overlapping clinical subtypes are distinguished based on the
first onset of symptoms: congenital (cDM), infantile, juvenile, adult, and late-onset DM1 (Figure
1) [11].
Several pathogenic mechanisms are thought to be at play in DM1, most of them revolving
around RNA gain-of-function. Transcripts from the mutant DMPK gene are considered toxic as
expanded (CUG)n repeats of >37 triplets tend to fold into a hairpin-like secondary structure,
forcing unusual topological DMPK RNA architecture. The (CUG)n hairpin domains abnormally
sequester different RNA-binding proteins (RNPs), altering their availability for binding to other
RNAs and hence their normal biological function in RNA processing and nucleocytoplasmic
transport [12,13]. Two types of proteins with a (CUG)n binding ability that have been intensively
studied in this context are the members of the muscleblind-like (MBNL) family of proteins
and CUGBP Elav-like family member 1 (CELF1) [14,15]. One MBNL family member, MBNL1,
binds in multiple copies to expanded DMPK mRNA and - together with other RNPs - forms
ribonucleoprotein aggregates, known as foci, based on their appearance in microscopy [16].
Further details about the presumed central role of these RNPs in DM1 pathogenesis can be found
in Chapter 2.
Nuclear presence of mutant DMPK transcripts with expanded (CUG)n repeats might also
have other pathomechanistic effects, like altering signaling pathways mediated by PKC and
GSK3β kinases [17,18] or activation of RNA interference pathways by the processing of dsRNA
structures, occurring as long (CUG)n-hairpins or formed by hybridization of mutant DMPK and
DM1-AS RNAs. Since the repeat is located in the 3’ UTR of the DMPK gene, no disruption of
the open reading frame for DMPK protein production occurs upon repeat expansion. However,
through repeat-associated non-AUG (RAN) translation of the (CUG)n stretch in DMPK mRNA
or the (CAG)n stretch in DM1-AS RNA short polyLeu, polyAla, polyCys, polyGln or polySer
peptides may be produced, that may contribute to cellular toxicity by triggering abnormal
protein aggregation and condensation, causing an imbalance in the cellular proteome [19–21].

Myotonic Dystrophy type 2 (DM2)
Formerly known as proximal myotonic myopathy (PROMM) and proximal myotonic dystrophy
(PDM), DM2 was discovered in a group of patients with similar symptoms as DM1, but without
the mutation in the DMPK gene [22,23]. Because of its more mild phenotype, DM2 often goes
undiagnosed and prevalence estimations vary [24]. Clinically, DM2 shares multiple symptoms
with DM1, but is generally milder. Myotonia is less apparent and mainly the proximal muscles
are affected [22,23,25]. In DM2, the structure of the repeat involved in disease is more complex,
namely a (TG)n(TCTG)n(CCTG)n sequence in the first intron of the CCHC-type zinc finger
nucleic acid binding protein (CNBP) gene (previously known as ZNF9) [22,23] (Figure 2).
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Figure 1: Structure of DMPK, location of the (CTG)n repeat and associated DM1 subtypes. Unaffected
individuals generally carry between 5 and 37 CTG triplets in the 3’ UTR of the 15th exon of the DMPK gene.
Individuals carrying the pre-mutation of 38-49 triplets are generally asymptomatic. Repeats of >50 triplets
are classified as pathogenic and result in disease manifestation. Five distinct clinical forms are now known,
whose classification is based on the age-of-onset of first manifestation and the severity and prevalence of
main symptoms [11,23]. Blue boxes represent exons, black lines introns.

The (CCTG)n sequence in the DM2 repeat is extremely unstable and has a tendency to
expand somatically, causing length increase and cell-to-cell heterogeneity during a patient’s life.
In contrast to what is observed for DM, the size of the expansion in DM2 does not correlate with
age of onset or disease severity [26]. A repeat length of up to 26 units is generally considered nonpathogenic. Individuals with 38-50 repeat units carry the premutation, are asymptomatic and will
probably remain asymptomatic during their entire life. Remarkably, DM2 does not have a strong
bias for intergenerational expansion. On average, DM2 patients carry 5000 quadruplet repeats, but
pathogenic lengths between 75 and 11,000 units have been reported [27].
Although genetically distinct, DM1 and DM2 share at least some pathogenic mechanisms. An
RNA gain-of-function effect is caused by (CCUG)n-containing transcripts accumulating in nuclear
foci. Like in DM1, these mutant RNAs form ribonucleoprotein structures leading to deregulation of
the role of MBNL and CELF1 in mRNA processing, transport and translation [28]. Furthermore, just
as the (CTG•CAG)n repeat in the DM1 locus, the tetranucleotide DM2 (CCTG•CAGG)n expansion
mutation in CNBP is bidirectionally transcribed. RAN translation occurs on both the sense (CCUG)
n and antisense (CAGG)n transcripts from the DM2 locus and might play a role in DM2 pathology
by forming (toxic) poly-tetrapeptide proteins [20].
The occurrence of distinct clinical features suggests that not all pathogenic pathways are
identical in DM1 and DM2. Differences in the spatial and temporal expression of the mutant
genes, the clearly distinct biological significance of the protein products of DMPK and CNBP,
and/or repeat effects on the surrounding genes (e.g. SIX5 in DM1) might play an important role
as well [28]. Evidence obtained from mouse model studies supports this idea. For example,
Dmpk knockout mice do not develop a clear DM1 phenotype, while heterozygous Cnbp+/- mice
with reduced CNBP levels do develop a phenotype with similarities to DM2 [29,30]. Although
reduced CNBP levels seem sufficient for developing DM2 symptoms in mice, the question
13
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whether CNBP levels are actually also reduced in DM2 patients still remains, and is a topic of
controversy due to contradictory reports [31–34].
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Figure 2: Structure of CNBP, location of the (CCTG)n repeat and associated DM2 subtypes. Healthy
individuals generally carry between 7 and 24 CCTG quadruplets in the first intron of the CNBP gene.
Individuals with 22-33 uninterrupted CCTG quadruplets are said to carry a pre-mutation, but show no DM2
related symptoms. Starting from 75 uninterrupted CCTG quadruplets, DM2 symptoms appear. Note the very
broad range of repeat lengths detected in DM2 patients (on average DM2 patients carry 5000 quadruplets).

Fragile X-associated tremor/ataxia syndrome (FXTAS)
Fragile X syndrome (FXS) is caused by excessive expansion of a (CGG)n triplet repeat occurring
in the 5’-UTR of the first exon of the fragile X mental retardation 1 (FMR1) gene. This gene codes
for the fragile X mental retardation protein (FMRP), an RNA binding protein, which plays a role
in the development of synaptic connections in brain, testes and ovaries [35]. A full mutation
occurs when the repeat length gets over 200 triplets, resulting in hypermethylation of the locus
and silencing of FMR1 transcription. The resulting disease, FXS, is characterized by X-linked
intellectual disability and frequently by autism and hyperactivity. Typical physical features
include a long and narrow face, large ears, flexible fingers and (in males) large testes [36] (Figure
3).
Unaffected individuals in the population carry a FMR1 repeat that contains a variable
number of 5-54 triplets. Due to instability of the repeat, transition to a pre-mutation length
with 55-200 CGG triplets may occur, found in pre-mutation carriers in FXS families. In the
general population these carriers occur with an estimated frequency of ~1 in 800 males and ~1
in 250 females. In 2001 developmental pediatrician Randi Hagerman and movement disorder
neurologist Maureen Leehey discovered that these family members often suffer from muscle
weakness [37]. Follow up studies revealed that common associated problems include progressive
intention tremor, cerebellar ataxia, Parkinsonism, autonomic dysfunction, cognitive decline and
premature ovarian failure (POF) in women [38,39]. As this clinical presentation and also the
molecular aetiology is completely distinct from FXS, this syndrome got a distinct name and is
now known as fragile X-associated tremor/ataxia Syndrome (FXTAS). So, although the same gene
14
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and same type of mutation is involved, the effects of moderate and full-range expansions render
FXS and FXTAS separate clinical entities. For instance, in contrast to FXS, FXTAS is a late onset
disorder and will not affect all carriers: only ~40% of males and ~10% of females over the age
of 50 will develop disease problems [36,38,40]. To explain this late progressive pathology of
FXTAS, three molecular mechanisms have been proposed, all of which are strikingly similar to
those proposed for DM1.
The first theory proposes a role for repeat-associated non-AUG (RAN) translation of the
(CGG)n leader sequence of the FMRI gene [19,41]. The peptide product (FMRpolyGly) formed
contains a polyGly stretch, which accumulates in ubiquitinated intranuclear inclusions in the
brain, which are toxic to both neurons and astrocytes [42]. Very recently, evidence for cell-tocell propagation of this mediator of FXTAS pathology was obtained from mouse model studies
[43,44]. Recent evidence also points to the formation and accumulation of polyPro and polyAla
RAN translation products from antisense (CCG)n repeats in transcripts from the locus, co-staining
with nuclear and cytoplasmic neuronal inclusions [45].
A second theory suggests that a toxic RNA gain-of-function mechanism is involved, as
the expanded FMR1 gene in FXTAS is transcribed and not silenced like in FXS. FMR1 mRNA
expression is 2-8 fold increased in pre-mutation carriers [46]. FMR1 mRNAs that carry repeats
within the pre-mutation range have abnormal folding topology that allows them to sequester
specific RNA binding proteins. HnRNP A2/B1, MBNL1, Purα, Sam68, TDP43, LMNA, INA,
CELF1, DGCR8 and TRA2A have all been found in the typical FMR1 inclusions in FXTAS [47,48].
Recent evidence points to a mechanism whereby these inclusions behave as dynamic RNP
condensates that phase separate in the nucleus. This liquid-to-solid phase transition alters the
normal fate-specification and biological functioning of RNPs and may be an important element
in cellular RNA function [49,50]. While in DM1 the sequestration of the splicing modulator
MBNL1 may be a key factor, in FXTAS a similar role is proposed for the splice regulator TRA2A
and the DGCR8-Drosha protein complex, an important miRNA production mediator [48,51].
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Figure 3: Structure of FMR1, location of the (CGG)n repeat in FXS and FXTAS. The 5’ UTR of the FMR1
gene is highly polymorphic. Healthy individuals generally carry between 5 and 54 CGG triplets in the first
exon of the FMR1 gene and individuals having the full mutation – causing FXS - carry >200 CGG triplets.
Premutation alleles with 55-200 CGG triplets are known to contribute to the fragile X phenotype via genetic
instability and can expand into the full mutation during germline transmission.
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A third theory proposes a role for DNA damage at the CGG repeat region. Transcription of
the GC-rich region of FMR1 promotes R-loop formation at that locus. R-loops are triple-stranded
RNA-DNA structures that are formed by duplex formation between the template strand and the
transcribed RNA, leaving the non-template strand unpaired. These R-loops are prone to DNA
damage, may influence DNA methylation and transcriptional activity, and can trigger the DNA
damage response (DDR) [52]. In accordance with this theory, phosphorylated histone variant
γH2AX, an important DDR signaling molecule, is detected in FXTAS inclusions [53]. Exactly
how this R-loop mediated DNA damage causes the progressive worsening of the complex
cellular problems in FXTAS is subject for further study.

C9orf72-linked amyotrophic lateral sclerosis/frontotemporal dementia (C9orf72ALS/FTD)
Another MRE, which shares multiple aspects of its molecular etiology with DM1 is a particular
form of ALS, also known as Lou Gehring’s disease in North America. ALS is a truly cruel and
devastating disease, characterized by progressive degeneration of both upper and lower motor
neurons, leading to weakness and eventually paralysis of muscles of the extremities, trunk,
mouth and face [54]. It is one of the most rapidly developing, fatal conditions, which leads
to increasing disability and death within 2-5 years from the onset of the first symptoms. The
estimated incidence of ALS in Europe is 2:100,000 people per year, while the prevalence of
~5:100,000 people reflects the rapid lethality [55].
ALS shares genetic risk factors and pathological hallmarks with another neurodegenerative
disorder known as frontotemporal dementia (FTD). Intriguingly, a high rate of comorbidity of the
two diseases is seen in patients (ALS/FTD). The overlap of ALS and FTD was further validated by
the discovery of a hexanucleotide (GGGGCC)n repeat expansion mutation in the non-coding
region of the chromosome 9 open reading frame 72 (C9orf72) gene in 2012 [56] (Figure 4).
This mutation is the most important genetic cause of familial ALS (~34%) and FTD (~26%), and
can be found in ~6% of sporadic ALS cases [57]. While a repeat length of below 24-30 units is
generally not associated with disease, the hexanucleotide repeat expansion can contain as many
as hundreds or thousands of units [56,58]. However, reports exist of ALS patients with a repeat
length of only 24 to 28 units and also of unaffected individuals with a repeat length of 400 units.
Most probably this discrepancy is due to reduced C9orf72-ALS/FTD disease penetrance and high
variability in age-of-onset [59]. Unlike in DM1, repeat length therefore does not appear to relate
to severity of disease or age of disease onset. Also a large heterogeneity in clinical symptoms is
observed in carriers of the hexanucleotide C9orf72 repeat expansion [59,60].
Three primary mechanisms have been proposed through which the C9orf72 repeat
expansion can contribute to neurotoxicity. First, upon repeat expansion, C9orf72 protein
levels are diminished leading to loss-of-function of C9orf72 in C9orf72-ALS/FTD patients [56].
Reduced promoter activity of the C9orf72 gene, transcriptional impairment by R-loop formation
or G-quadruplex formation across the expanded repeat tract or epigenetic modification of
the locus may play a role. The C9orf72 protein is highly conserved throughout evolution, and
functions in membrane trafficking and autophagy regulation as a Rab guanine exchange factor.
16
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Its diminished presence may have serious consequences for preservation of cellular physiological
integrity throughout the nervous system, particularly in motor neurons.
Second, RNA-mediated gain-of-function may play a role by sequestration of RNA-binding
proteins, by formation of aggregates in nuclear foci [61]. RNP candidates found in cell model
and patient tissue studies include the heterogeneous nuclear ribonucleoproteins hnRNPA1,
hnRNPA2/B1, hnRNPA3, hnRNPH and other types of RNA binding proteins like Purα, SRSF1,
SRSF2, and ADARP, some of which have also been found in DM1 RNP aggregates [62].
Interestingly, the expanded repeat in the C9orf72 locus is transcribed bidirectionally, therefore
both (GGGGCC)n and (CCCCGG)n RNAs are being found and may serve as the scaffold for
abnormal RNP assembly and foci formation. Of note, the age of disease onset sometimes seems
to correlate with the number of (GGGGCC)n or (CCCCGG)n RNA foci in patients [63].
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Figure 4: Structure of C9orf72, location of the (GGGGCC)n repeat in C9orf72-ALS/FTD. A hexanucleotide
repeat expansion is located in the non-coding region of C9orf72 between exons 1a and 1b. Generally, the
cut-off to discriminate between healthy and pathogenic expanded repeats is set at 24-30 repeat units, but large
variations are known due to reduced C9orf72 disease penetrance and high variability in age-of-onset. The
arrows indicate this large variation that can reach to over >4000 hexanucleotides.

Third, dipeptide repeat proteins (DPRs) encoded by the repeat expansion and produced
through RAN translation are thought to be toxic when accumulated. When the bidirectionally
transcribed RNAs with repeat expansions escape the nucleus and are being translated by RAN
translation, either poly(Gly-Pro) (GP), poly(Gly-Ala) (GA) and poly(Gly-Arg) (GR) can be produced
from sense transcripts and poly(Pro-Arg) (PR), poly(Pro-Ala) (PA) or again poly(Gly-Pro) (GP) can
be formed from antisense transcripts. The arginine rich (R-) dipeptides may cause the most havoc
and affect phase separation regulation in intranuclear microenvironments, create alteration in the
liquid-like properties of RNP assemblies therein, and affect stress granule behavior. A recent study
showed that polyPR disrupts the nuclear lamina, associates with histones and DNA, especially
condensed, transcriptionally silent heterochromatin [64]. As a result, histone methylation gets
altered, the levels of heterochromatin protein 1α (HP1α) drop, and the transcription of mostly
repetitive DNA sequences is activated. This leads to ectopic production of toxic dsRNAs. DPR17
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aggregates may also affect RNA/miRNA processing, nucleocytoplasmic trafficking and ER stress
regulation [65].

Disease models for study of Myotonic Dystrophy type 1
Cell and animal models are indispensable tools in understanding human disease mechanisms,
and can help in the development of strategies for intervention and therapy. Therefore, from the
moment that the genetic fault in DM1 was discovered, many groups have started on developing
worm, fly, zebrafish and mouse models that enable study of the repeat instability or of the DNA-,
RNA- and protein-based abnormalities that cause disease problems [66–68]. In the next section
of this introduction, I will briefly introduce some of the most commonly used mouse models in
the DM1 field, before giving an overview of the different types of cell models that are available to
study DM1. Additional information regarding these topics can be found in introductory chapter 2.

DM1 mouse models
Currently existing DM1 mouse models can be classified as transgenic models which either
express natural or artificial types of expanded (CUG)n-repeat containing RNAs or have an altered
repertoire of RNA-binding proteins. Here, I will only briefly discuss the most extensively studied
mouse models of each class: HSALR and DMSXL mice and MBNL knockout mouse models. For a
more detailed overview of all available mouse models for DM1 research, see Braz et al., Thomas
et al. and Gomez-Pereira et al. for recent reviews [67–69].

Mouse models of toxic RNA expression
The HSALR mouse model was developed by the Thornton group and contains a (CTG•CAG)
n tract of around 250 triplets [70], which was engineered in the 3’ UTR of the human skeletal
α-actin gene. This chimeric transgene was inserted in multiple copies in the mouse genome

and its expression is driven by the α-actin promotor, hence is only found in skeletal muscle
tissue and not in other organs like brain. Homozygous animals of the HSALR mouse model show
severe myotonia, MBNL1 nuclear sequestration, massive RNP aggregation in nuclear foci, and
aberrant splicing of several endogenous target transcripts. Nevertheless, muscle weakness and
muscle wasting are absent [70]. The lack of multisystemic effects, the unusually high repeat
RNA expression and the abnormal spatiotemporal distribution of expanded (CUG)n RNA over
tissues limits the application of the HSALR model in studying DM1-typical effects, even in skeletal
muscle [71].
The DM300-328 mouse model and its derivatives DM500 and DMSXL carry a single large
human genomic insert, originating from a cosmid clone of the DM1 locus of a patient with an
expanded (CTG)300 repeat. Intergenerational expansion of this repeat allowed Gourdon and
co-workers to derive several descendant models by selection for long repeat lengths during
breeding [72]. The DMSXL mouse carries the most expanded DMPK transgene, harboring a
transgenic (CTG)1300 repeat [73], which shows a human-like expression distribution pattern
18
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over tissues, but is expressed at rather low levels, except in brain. DMSXL mice display RNP foci
in multiple tissues. Also splicing defects and altered glucose metabolism have been reported,
similar to human DM1 patients [68]. However, progressive muscle weakness, myotonia and
brain problems are only seen in the homozygous state [74], when mice – unlike DM1 patients also have small body posture and reduced weight. Thus again, despite having genetic similarities
with carriers of the longer DM1 mutation, also DMSXL mice do not exactly mimic disease
manifestation as seen in (early) adult onset or congenital patients.

Mouse models of altered expression of RNA-binding proteins
Transgenic mice with altered composition or altered intracellular distribution of RNA binding
proteins represent another important category of animal models for the study of aspects of DM1
pathobiology. The combination of increased CELF1 levels and MBNL sequestration by RNA
with an expanded (CUG)n repeat is thought to be primarily responsible for DM1 pathology (for
more details on DM1 pathology, see also Chapter 2). Mbnl1, Mbnl2 and Mbnl3 single, double
and triple knockout (KO) mice as well as mice overexpressing CELF1 and CELF2 [75–81] are
therefore considered as the most relevant in vivo models.
Indeed, single Mbnl1ΔE3/ΔE3 and Mbnl2ΔE2/ΔE2 KO mice developed by the Swanson group,
mimicking the sequestration of Mbnl1 and Mbnl2 in patients, show an aberrant splicing
phenotype [75,76]. However, these models fail to develop adult-onset muscle wasting, a
feature that is only observed in Mbnl3ΔE2/ΔE2 KO mice. Conversely, Mbnl3ΔE2/ΔE2 KO mice do not
develop the abnormal muscle or CNS phenotype that Mbnl1 and Mbnl2 KO mice show [77].
Additionally, Mbnl1ΔE3/ΔE3/Mbnl3ΔE2/ΔE2 double KO mice fail to show neonatal hypotonia as seen
in CDM [77,82] while Mbnl1ΔE3/ΔE3/Mbnl2ΔE2/ΔE2 double KO mice are embryonic lethal. Mbnl1ΔE3/
/Mbnl2+/ΔE2 are viable and develop cardiac problems, severe myotonia and progressive skeletal

ΔE3

muscle weakness [78]. Finally, by generating a triple Mbnl1/Mbnl2/Mbnl3 KO mouse model,
with ubiquitous deletion of Mbnl1 but muscle-specific deletion of Mbnl2 and Mbnl3, the
researchers managed to recapitulate the congenital myopathy and spliceopathy that is typical for
CDM [82].
In other studies, transgenic mouse models were developed overexpressing human CELF1 or
CELF2 in skeletal muscle and/or heart [81,83,84]. These mice demonstrate a number of common
DM1 traits including central nuclei in muscle, degenerating muscle fibers and disrupted splicing
[83], showing that CELF1 and/or CELF2 overexpression is contributing to DM1 pathogenesis
[85].
Although all of the aforementioned mouse models have provided the DM field with a
tremendous deal of information regarding disease pathology, it is also clear that the ideal model
system for molecular and integral physiology studies of DM1 pathology has not been developed
yet. Therefore, complementary models that reproducibly copy the underlying mechanisms and
clinical phenotypes in DM patients are still urgently needed. Human cell models that mimic the
endogenous state of repeat expansion and its subsequent effects at the genome, transcriptome
and proteome level will therefore be essential for fundamental research, diagnostic progress
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and for the development of therapeutic modalities, including the screening of drug compounds
before in vivo validation [86].

Patient-derived cell models
First, it is important to keep in mind that DM1 is a multifactorial disease, affecting many tissues
and organs, and hence a wide variety of cell types. Not one distinct cell type can fully encompass
the complexity of DM1 pathology. Yet, for the different DM1 cell models that have been obtained
from patients, it has been established that they faithfully reproduce canonical DM1 features
(Figure 5). Indeed, muscle, cardiac and neural cells from patients form (CUG)n-RNA foci that
colocalize with MBNL family members and show the DM1-typical splicing dysregulation (studies
reviewed in [87]). However, the use of cells from patients for study of the more qualitative and
quantitative molecular aspects of disease manifestation inadvertently comes with the crucial
problem of inter-patient variability. For cells obtained from DM1 patients these difficulties are
mainly associated with the large variation in repeat length, with variation in genetic background
and with cell origin (i.e. type and developmental stage) effects [11]. Regarding this latter issue,
one essential distinction to make regarding patient-derived cell models is whether these are
primary cell cultures or immortalized cell lines.

Patient-derived primary cells
For DM1, the main primary cells used as a cell model are dermal fibroblasts and skeletal
muscle cells (myoblasts). Obtaining these types of cells from an individual through a biopsy
is an invasive and sometimes painful process. After a skin or muscle biopsy has been taken,
it invariably contains a mixture of different cell types. To obtain homogeneous populations of
primary fibroblasts or myoblasts for in vitro work, various protocols have been developed [88–
90]. Because of this experimental variation, and also because the exact place of tissue sampling
cannot be standardized and individual differences between patients with respect to age and
genetic background are a prevailing confounding factor, comparison of findings with primary
cell models will remain difficult.
Primary fibroblasts are easier to maintain in culture than primary myoblasts, yet the latter
cell type is the preferred cell model for DM1 studies in vitro. Although the DMPK gene shows a
complex pattern of tissue-specific epigenetics, its chromatin state in the DM1 locus in this cell
type has been well studied [91–93]. Myoblasts show a higher DMPK RNA foci count compared
to fibroblasts and have a higher DMPK expression overall [94,95]. Also, aberrant splicing
and MBNL1 colocalization with DMPK RNA foci are relatively well documented features in
myoblasts and differentiated myotubes thereof. This, and the possibility to compare new findings
with findings in mature muscle tissue in vivo, enables longitudinal comparison of phenotypic
consequences during myogenic differentiation [96,97].
An alternative source to obtain myogenic cells is via transduction of fibroblasts with
myogenic factor MYOD1. Reprogrammed fibroblasts obtained via this method show an increase
in DMPK RNA foci per cell compared to the original fibroblasts [17,98,99]. They also show
DM1-typical aberrant splicing and are capable of myogenic differentiation.
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Primary cells from somatic tissues only have a limited number of cell divisions before
undergoing replicative senescence, limiting the number of experiments that can be performed
[100–103]. Although this feature is a general problem associated with working with primary
cells, it is especially important in DM1, as proliferative capacity of DM1 skeletal myoblasts
appears reduced compared to those from age-matched controls [104–106].

fibroblast

myoblast

myotube

cardiomyocyte

stem cell

neuron

astrocyte

DMPK RNP foci
MBNL colocalisation
splicing misregulation
tissue specificity
instability
proliferation
terminally differentiated
easy handling

Figure 5: Canonical DM1 features in DM1 in vitro cell models of patient-derived cells. All cell models
depicted share the common DM1-typical phenotypes of nuclear DMPK RNP foci, MBNL protein
colocalization with DMPK RNP foci and splicing regulation. Not all cell-types are able to proliferate in vitro,
nor are they all equally easy to handle or manipulate. Inspired by [88].

Immortalized patient-derived cell lines
To overcome replicative senescence, primary cells can be rendered immortal. The main
advantage of using an immortalized cell line over primary cells is consistency throughout the
research, as a larger number of experiments can be performed. Also, a higher purity of cell
cultures is ensured, and possibly masked phenotypic variation due to reprogramming induced by
cellular senescence is circumvented [107,108]. Last but not least, there is no need for repeatedly
obtaining new cells through invasive biopsies.
Two major mechanisms are responsible for replicative cellular senescence. The first is
activation of the p16-mediated cellular stress pathway; the second is the progressive shortening
of telomeres after each cell division [109] until a critical length is reached that triggers the
activation of two anti-proliferation mechanisms involving the p16INK4a/pRB and p53/p21WAF
pathways [108,110–112]. Once activated, these two pathways together can block cell cycle
progression and inhibit cell division. Shortening of telomeres can be overcome by re-expressing
the catalytic subunit of telomerase (TERT). To inactivate the pathways that block cell cycle
progression, viral transduction of genes for SV40 large T antigen and/or the E6/E7 proteins of
the HPV16 virus have been used to interfere with the role of pRB and p53. Expression of these
oncogene products thus leads to overcoming the stage of cellular mortality. The main drawback
of using oncogenes for this purpose is that this gives rise to cancer-associated changes [113],
associated with confounding transcriptome and proteome changes.
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Immortalization of fibroblasts can be reached by re-expression of human TERT, preventing
telomere shortening [113,114]. hTERT alone can immortalize cells without causing the profound
cancer-associated changes or altering phenotypic properties [113] and has been used in many
DM1 studies mainly for the use of MYOD1 trans-differentiated fibroblasts [17,86,115]. For
myoblasts, additional expression of cyclin-dependent kinase 4 (CDK4), a protein that will
block activation of p16-INK4a-dependent stress, is needed to successfully overcome replicative
senescence [108,110,111].
Similarly, as for the work with primary cells, where the senescent phenotype can mask
disease-specific phenotypic characteristics [113], working with immortalized cells also has
its confounding issues. Since immortalized cell lines can divide almost indefinitely, and do
abnormally express proteins involved in the regulation of cell-cycle progression, they have a
gene expression profile that is distinct from that of primary cells or tissue cells in vivo [116,117].
As there are currently no better alternative approaches known, much of the work in this thesis
was performed using a myogenic cell line that was immortalized via the above mentioned
protocol and retained all major molecular abnormalities known for cDM (kind gift Dr. V. Mouly
and Dr. D. Furling, INSERM, Paris) [108,118].

Patient-derived iPSCs
Besides muscle pathology, DM1 problems in heart and brain are also important issues to study.
However, unlike sampling for isolation of dermal fibroblasts or skeletal muscle cells, obtaining a
biopsy from the brain or heart (pre-mortem) for derivation of cell models is far more challenging
[[119], and often simply not possible for obvious reasons. To circumvent the problematic issue
of tissue availability for the study of cardiomyopathic and neurological aspects of DM1, human
embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs) can nowadays be used.
hESCs are derived from embryonic tissue, while iPSCs are derived from somatic cells that are
reprogrammed into a precursor state. Both have the ability to differentiate into any ectodermal,
endodermal or mesodermal cell type of the body [120–122]. Furthermore, due to their stem
cell character, hESCs and iPSCs are capable of unlimited self-renewal in cell culture in vitro
and therefore they do not need to be immortalized [123]. Still, a major drawback of using these
cell types for research is that the procedure for isolation, derivatization and characterization is
time consuming and the efficiencies of transformation and de- and re-differentiation are highly
variable [124,125], often leading to heterogeneous populations of cells.
Until now, several groups have generated iPSCs for DM1 [120,126–131]. Interestingly,
experiments with DM1 iPSCs show that the (CTG)n repeat length increases during passaging
the cells in vitro, which stabilizes after differentiation [128–130]. A similar gradual increase in
repeat length was previously reported for cultured DM1 fibroblasts [132]. Importantly, evidence
is now accumulating that cDM iPSCs recapitulate the main morphologic and molecular markers
of DM1 including nuclear RNP foci and aberrant DM1-typical splicing [120,126–130]. iPSCs
can be transformed into muscle satellite cells via overexpression of master transcription factor
for satellite cells PAX7 [133,134], or via activation of the Wnt pathway via GSK3B inhibition
[135,136].
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Moreover, iPSCs can be differentiated into several different CNS cell types, enabling the
separate study of neurons and astrocytes [131]. For DM1 this is of high interest since it was
shown in DMSXL transgenic mice that astrocytes show higher levels of CUG RNA and a higher
frequency of RNP foci compared to neurons and splicing defects are present in both cell types
[137,138]. Thus, it is likely that the neuromuscular and neuronal problems in DM1 are caused
by abnormalities in both neuronal and glial cell function.

Outline of the thesis
As is clear from this introduction, the “DM1 world” is highly complex. For neurologists, the
disease forms an enormous diagnostic challenge, due to the heterogeneity in clinical symptoms
and the enormous variability in severity of pathophysiological problems. For researchers at
the molecular-cellular end of the spectrum, untangling the enormous complexity of possible
pathways and molecular events that could be involved in disease manifestation in the tissues of
DM1 patients forms an equally difficult task.
Therefore, in the overarching working hypothesis for the research grant of which my PhD
project was part, the many complex molecular-cellular problems that underlie DM1 manifestation
were integrated under one single heading. We suggest that cellular-molecular stress, induced at
the genome-transcriptome-proteome level and caused by presence of an expanded (CTG•CAG)
n repeat in the DM1 locus, is the root cause of disease problems. As a first step to get more
insight in the complex cellular networks that could be involved it was decided to first jointly
concentrate on the development of a new model system of isogenic myogenic cells with and
without a long expanded (CTG•CAG)n repeat. With these cells at hand, dedicated or unbiased
systemic searches could then be started for in-cis effects of repeat expansion on chromatin
configuration in the DM1 locus or in-trans effects at the RNA or protein level.
In this thesis, I describe the theoretical background and products of different phases of
experimental work within this program in which I played a prominent role. First new findings
and the rationale behind the use of new genome editing technology for the development of
the isogenic myoblast models are provided. Then I report on the identification and quantitation
of myogenic differentiation problems in repeat-bearing myoblasts. Considerable efforts were
devoted to better understanding of the involvement of RNA processing abnormalities in the
myogenic impairment behavior of our myoblast cell models. Finally, I present the outcome of
searches for transcriptome and proteome abnormalities, with the identification of new entry
sites/molecules for follow-up studies.
Specifically, after the general introduction to the thesis in this Chapter 1, an overview of the
current knowledge on the general myogenic process and what we know so far on if and how this
is dysregulated in DM1 and DM2 will be provided in Chapter 2. In this chapter, I also give future
prospects on what strategies might be helpful as therapeutic cell-based options for prevention
and treatment.
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Chapter 3 describes how CRISPR/Cas9-mediated genome-editing was used to remove a large
(CTG•CAG)n repeat expansion in transgenic mouse and human myogenic cell lines. We report
on the unanticipated consequences of introduction of dsDNA breaks nearby the mutant repeat
tract and provide first evidence for reversal of aberrant splicing and improvement of myogenic
differentiation once the repeat is excised. The latter topic is further extended in Chapter 4, where
a panel of the newly established human cell lines either with or without the repeat expansion
was used to show what effect removing the repeat expansion has on myogenic development.
Using morphometric analyses, we show a clear amelioration in myogenic differentiation when
the repeat is removed. By molecular analyses during myogenic differentiation, we demonstrate
that the expression of some important myogenic regulators is altered in the edited cell lines.
Surprisingly, transcriptomics and proteomics analyses on the myoblasts showed little quantitative
differences between the RNA and protein repertoires of repeat and non-repeat containing cell
lines. However, qualitative differences showing specific aberrant production of RNA and protein
splice isoforms were evident. Our observations suggest that a subset of events involved in the
transition from early to late myogenesis is impaired in DM1 and that many of the associated
molecular-cellular problems can be alleviated by (CTG•CAG)2600 repeat removal.
One of the proteins that was found to be significantly less abundant in the repeat-containing
cell lines is MBNL1. MBNL1 and its family members have been implicated in DM1 pathogenesis
in many studies. I describe in Chapter 5, that sequencing of the RNA content of cells from the
isogenic panel revealed major differences in MBNL1 and MBNL2 transcript variants. Furthermore,
I show that MBNL1 and MBNL2 splicing is affected in the repeat-containing cell lines and how
this affects the localization of MBNL1 and MBNL2 protein during myogenic differentiation.
Finally, in Chapter 6, the results described in this thesis are summarized and I briefly discuss the
implications of findings and provide a future outlook.
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Abstract
Myotonic dystrophy type 1 (DM1) and 2 (DM2) are autosomal dominant degenerative
neuromuscular disorders characterized by progressive skeletal muscle weakness, atrophy and
myotonia with progeroid features. Although DM1 and DM2 are both characterized by skeletal
muscle dysfunction and also share other clinical features, the diseases differ in the muscle
groups that are affected. In DM1, distal muscles are mainly affected, whereas in DM2 problems
are mostly found in proximal muscles. In addition, manifestation in DM1 is generally more
severe, with possible congenital or childhood-onset of disease and prominent CNS involvement.
DM1 and DM2 are caused by expansion of (CTG•CAG)n and (CCTG•CAGG)n repeats in
the 3’ non-coding region of DMPK and in intron 1 of CNBP, respectively, and in overlapping
antisense genes. This critical review will focus on the pleiotropic problems that occur during
development, growth, regeneration and aging of skeletal muscle in patients who inherited these
expansions. The currently best-accepted idea is that most muscle symptoms can be explained by
pathomechanistic effects of repeat expansion on RNA-mediated pathways. However, aberrations
in DNA replication and transcription of the DM loci or in protein translation and proteome
homeostasis could also affect the control of proliferation and differentiation of muscle progenitor
cells or the maintenance and physiological integrity of muscle fibers during a patient’s lifetime.
Here, we will discuss these molecular and cellular processes and summarize current knowledge
about the role of embryonic and adult muscle-resident stem cells (MuSCs) in growth, homeostasis,
regeneration and premature aging of healthy and diseased muscle tissue. Of particular interest is
that also progenitor cells from extramuscular sources, like pericytes (PCs) and mesoangioblasts
(MABs), can participate in myogenic differentiation. We will examine the potential of all these
types of cells in the application of regenerative medicine for muscular dystrophies and evaluate
new possibilities for their use in future therapy of DM.
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Introduction
Skeletal muscle formation, growth and maintenance in vertebrates are dynamic processes in
terms of tissue differentiation, remodeling, repair and regeneration. During the different phases
of life, muscle may suffer from injury or disease, causing weakness, pain, or paralysis, which
may be even fatal. Muscle problems may be acute or short-lived, like during an infection, or be
long-lasting, as in chronic disorders. Patients with inherited myopathy or muscular dystrophy, a
heterogeneous group of disorders for which disease etiology is rooted in the genetically abnormal
pathways that control formation and physiological integrity of skeletal muscle, commonly
experience progressive muscle weakness and atrophy (i.e. loss of muscle mass). As a result,
physical strength and independence are lost, which causes substantial morbidity over decades. For
the development of novel therapies to halt or reverse progression of muscle problems, validated
classification criteria for differential clinical diagnosis and detailed preclinical knowledge about
what is going wrong at the molecular and genetic level are a prerequisite. Unfortunately, the
current states of clinical and fundamental understanding - and hence the prospects for treatment
- vary enormously between individual myopathies and dystrophies.
This review is meant to bring new background knowledge for myotonic dystrophy (DM).
DM is one of the most prevalent and probably also one of the most difficult to understand genetic
disorders, due to its heterogeneity and its highly complex and variable clinical manifestation and
molecular etiology. DM is the collective name for a disease with two genetic subtypes, DM1
(OMIM #160900) and DM2 (OMIM #602668). In fact, the classification as a skeletal muscle
dystrophy is only partially correct, as the disease also has neuromuscular character and cardiac,
CNS and endocrine problems are commonly involved as well [1–3]. Here, we will only briefly
recapitulate the history of clinical and molecular research in DM as multiple comprehensive
reviews have been published on this subject [1,2,4,5]. The focus here is on a (re)examination
of studies related to the molecular and histomorphological problems that occur during growth,
maintenance and aging of skeletal muscles in patients with DM. Findings in animal model
studies are included only if they faithfully reflect the muscular pathophysiology in DM patients
[6–8].
The main waves of myogenesis occur during embryonic development and growth, when
myoblasts undergo cell cycle arrest and fuse to form the multinucleated myotubes that ultimately
become the mature myofibers [9–11]. Later, regenerative myogenesis serves in muscle turnover
and to replace damaged or diseased muscle [10]. Relevance of embryonic and adult stem cells for
each of the distinct phases of myogenesis for the manifestation of DM will be examined. We will
also describe so-called non-somite skeletal myogenesis through involvement of mesoangioblasts
(MABs) and pericytes (PCs) as muscle progenitor cells, and speculate about the importance of
this process for DM. Finally, we will discuss possibilities to use these progenitor cells in future
therapeutic strategies.
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Myotonic dystrophy
Clinical features and genetic causes
A number of clinical and molecular characteristics are shared between DM1 and DM2, but the
differences prevail and render them distinct disorders.

DM1
DM1, or Steinert’s disease, shows the highest prevalence, ranging between 0.5 to 18 cases per
100,000 individuals among different ethnic populations [12–14]. Progressive muscle weakness
and atrophy of the distal muscles together with myotonia are consistent features. Multiple other
organs in the body can also be affected, causing combinations of symptoms. For example,
heart failure due to conduction problems, insulin resistance, excessive sleepiness, intellectual
disability or mental problems and cognitive deficits are common symptoms [15–18]. Anticipation
is typical for DM1, which means that disease problems become more severe and occur earlier in
successive generations in families. Nowadays, five partially overlapping clinical subtypes of DM1
are recognized, based on the occurrence and onset of the main symptoms: congenital (cDM),
infantile, juvenile, adult, and late-onset/asymptomatic DM1 [19]. This classification is not only
important for patient care, but also for the design of clinical trials [2]. For a fair interpretation of
the literature cited in this review, it is important to note that in studies that appeared before the
recent redefinition and refinement of disease classes, authors mostly only discriminated between
cDM and adult-onset DM1.
The sole known molecular cause of DM1 is the expansion of a (CTG•CAG)n sequence
on chromosome 19q13 in the last exon of DMPK [20,21] (Figure 1). In DM1 families, when
expanded to a length above (CTG)37, the repeat is unstable and has a tendency to grow
somatically and intergenerationally [22,23]. Thus, repeat expansion forms the basis for the
anticipation phenotype, whereby a longer repeat correlates with more severe symptoms and an
earlier disease onset. An expanded DMPK repeat is mostly an uninterrupted (CTG)n sequence
of variable length. However, additional sequence variations like CCG and CGG triplets in the 3’
end or immediate flanking DNA, or non-CTG replacements within the repeat have been found.
These alterations are generally associated with milder disease manifestation and symptomatic
variation in families or seem to occur somatically in certain tissues [24–26].
From the normal and mutant DMPK alleles multiple alternatively spliced transcripts are
produced, all of which contain the (CUG)n repeat sequence in their 3’ untranslated region (UTR)
[27]. In addition, there is partial overlap with an antisense-oriented gene, named DM1-AS,
which encodes variant (CAG)n transcripts with characteristics of long non-coding RNA (lncRNA)
[28].

1.1.2 DM2
Formerly known as proximal myotonic myopathy (PROMM) and proximal myotonic dystrophy
(PDM), DM2 was discovered in a group of patients with clinical features that were slightly
different from those in DM1 [29,30]. Prevalence for DM2 varies strongly by population, but
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is less well known than for DM1, since the mild DM2 phenotype often goes undiagnosed [5].
As mutations have been predominantly identified in Caucasians in Northern Europe and this
population also has the most registered DM2 patients [31,32], prevalence of DM2 and DM1
may be quite similar in countries in this region [33]. Although the myotonic dystrophies share
a number of clinical symptoms, there are distinct differences [34,35] (Table 1). For DM2 no
congenital manifestation is known and diagnosis is always late, when patients have reached
adult age. Myotonia is less evident and myotonia of grip often has a jerky quality [36]. Proximal
muscles are most prominently affected in DM2 and weakness and wasting of facial muscles and
limbs is generally mild [29,30,36].
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Figure 1: Distinct molecular mechanisms contribute to pathology in DM1 and DM2. (1) Expanded (CTG)n
and (CCTG)n repeats in DMPK and CNBP, or the complementary repeats in the antisense genes (not shown),
can cause cellular stress by (1) promoting DNA replication fork stalling and R-loop formation. Expression
of repeat-containing sense and antisense RNAs results in (2) sequestration of members of the MBNL protein
family, leading to mRNA missplicing, alternative polyadenylation, miRNA deregulation and transcription
deregulation. In addition, (3) CELF1 gets hyperphosphorylated and stabilized, resulting in mRNA missplicing
and dysregulation of mRNA stability and translation. (4) Formation of abnormal RNA-protein condensates
by repeat RNA and RNA-binding proteins (RBPs) may alter the intracellular distribution fate and biological
activity of RBPs. (5) Repeat-associated non-ATG (RAN) translation of the repeats may result in the production
of toxic polymeric polypeptides, which perturb cellular proteostasis.

Similar to DM1, only one underlying cause of disease has been identified for DM2: all
patients carry an expansion of a (CCTG)n repeat in intron 1 of CNBP (previously known as
ZNF9) on chromosome 3q21 [29,30] (Figure 1). The repeat is part of a complex (TG)n(TCTG)
n(CCTG)n motif in which the (CCTG)n repeat is often interrupted and consists of up to 26 units
in healthy individuals. In patients the (CCTG)n repeat is usually uninterrupted and contains
75 to 11.000 quadruplets [36]. The DM2 repeat is extremely unstable and has a tendency to
expand somatically, causing length increase and cell-to-cell heterogeneity during a patient’s life.
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Interestingly, in contrast to the behavior of the (CTG•CAG)n repeat in DM1, the (CCTG•CAGG)
n repeat has the tendency to contract intergenerationally [37]. The correlation between repeat
length and disease severity is less strong than in DM1 patients and anticipation is less evident
[1,38].

Molecular mechanisms involved in the etiology of DM1 and DM2
Several molecular mechanisms are thought to contribute to the muscular pathogenesis of
DM throughout all phases of development and maintenance (Figure 1). Similarities with
other neurological disorders that are caused by microsatellite expansions have already been
comprehensively reviewed [4,8,18,39,40]. Here, we aim to accentuate the relationships between
the molecular and cellular levels at which problems caused by the repeat expansions may occur.
The emphasis is biased towards the pathobiology of DM1, based on a longer history of study,
its seemingly bigger variability and complexity of manifestation, and the broader availability of
patient materials, and cell and animal models.

Problems at the chromatin level
The first level at which repeat expansion may contribute to disease is at the chromatin level.
The (CTG•CAG)n repeat in DM1 is situated within the 3’ UTR of DMPK, within the overlapping
antisense DM1-AS gene and in the promoter of SIX5 (formerly known as DMAHP). These genes
lie in the center of a gene-rich region of chromosome 19, spanning also DMWD [41,42], RSHL1
and SYMPLEKIN, within a chromatin loop that is flanked by nuclear matrix attachment regions
[43]. Two binding sites for the transcriptional repressor CTCF with an insulator role in regulation
of transcription and chromatin architecture are within this loop, flanking the repeat area. Already
soon after the discovery of the repeat, Tapscott and co-workers demonstrated that long (CTG•CAG)
n repeats are strong nucleosome positioning elements [44]. Extreme repeat expansion as in cDM
leads to the occlusion of adjacent DNase hypersensitive sites and concomitant changes in local
DNA methylation in the surrounding CG-rich region [45–47], rendering the chromatin more
heterochromatic and inaccessible. In turn, this process has cis-effects on gene activity in the
immediate vicinity, including DMPK, DM1-AS, SIX5 and perhaps other neighboring genes. To
our knowledge, no similar studies of epigenetic changes after repeat expansion in CNBP (DM2)
exist. Clearly, more work is needed to understand the biological effects that DNA methylation,
histone modification and other chromatin changes due to repeat expansion in the DM1 locus
have on muscle progenitor cells.

Problems at the DNA level: Stalled replication forks and R-loops
Numerous studies have addressed DNA instability of expanded (CTG•CAG)n and (CCTG•CAGG)
n repeats. The influence of oxidative damage and mismatch-repair and recombination pathways
for DNA repair on repeat instability have already been thoroughly discussed [55–57]. Less
attention has been focused on the types of cell stress that large repeats may have at the DNA
level and their consequences for loss of cell viability.
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Table 1: Similarities and differences in genetic, clinical and histopathological features of DM1 and DM2
DM1

DM2

Affected gene, chromosome

DMPK; 19q13.3

CNBP; 3q21

[32,48]

Repeat expansion

(CTG)n

(CCTG)n

[48,49]

Anticipation

Always present

Exceptional

[38]

Age of onset

Any age

Adulthood

[19]

Congenital form

Yes

No

[19]

Predominant muscle weakness

Distal

Proximal

[50]

Predominantly affected muscle fibers

Type 1

Type 2

[51–53]

Fiber atrophy

Type 1 fibers (not always
present)

Subgroup of highly
atrophic type 2 fibers
(always present)

[30]

Nuclear clump fibers

In end stage only

Scattered at early stage

[54]

Sarcoplasmic masses

Frequent in distal muscles

Extremely rare

[54]

Ring fibers

Frequent

May occur

[54]

Internal nuclei

Massive in distal muscle

Variable, mainly in type
[54]
2 fibers

Main features

Muscle symptoms

2

Histopathological findings

DNA polymerase stalling and replication fork arrest seem to be frequent events when
unusually large repeat sequences in the genome have to be replicated in S-phase [58]. Cells
have adequate repair systems to resolve problems with DNA replication fork processivity,
either directly when proceeding through the cell cycle, or later when they arrive at so-called
DNA replication checkpoints [59]. Different rescue systems exist, in which Chk1 and γH2AX
phosphorylation, and p53 activation are crucial for the on-site response [59]. Stalling at sites in
eu- and heterochromatin may even require differential composition of the repair machinery that is
recruited. For transcribed repeats, as in the DM1 and DM2 loci, there is an additional complication.
Here the threat comes from the formation of so-called R-loops [60]. R-loops are triple-stranded
RNA-DNA structures formed by duplex formation between the template strand and the transcribed
RNA, leaving the non-template strand unpaired. R-loop formation may influence DNA methylation
and transcriptional activity in its immediate vicinity. Persistent presence of unresolved R-loops or
structures wherein stalled DNA forks and R-loops coincide may affect cellular fitness and arrest the
cell cycle. The associated stress may even cause cell death.
An elegant study indeed showed that transcription of a (CTG•CAG)n repeat, as in the DM1
locus, may cause convergent repeat instability and apoptosis [61]. Against this background, it is
tempting to speculate that proliferating cells in which DMPK and/or DM1-AS are expressed are
vulnerable to the danger of formation of stalled replication forks and R-loops. Specifically, this
holds for all mesodermal derivatives and embryonic and adult muscle stem cells (MuSCs; see
below). An identical pathogenic cascade may be possible in DM2, since CNBP is most highly
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expressed in muscle [62], there is evidence for bidirectional transcription across the locus [63]
and unpaired (CCT/UG)n or (CAGG)n repeats may form abnormal hairpin structures [64].

Misregulation of RNA processing and translation
By far the most intensely studied aspects of DM’s etiology are the pleiotropic problems caused
by the production of repeat-expanded transcripts. Intranuclear residence of repeat transcripts
causes trans effects, which culminate in abnormal processing of many other RNAs in the cell’s
transcriptome [65].
Probably right after transcription, the repeats in RNAs of DMPK and CNBP (and the
corresponding antisense genes) form stable hairpins that alter activities of two antagonistic protein
families, the MBNL (Muscleblind) and CELF proteins. MBNL1, -2 and -3 bind anomalously
across the repeat hairpin, leading them to become sequestered in nuclear aggregates, which
are visualized as so-called foci under the microscope [66–72]. Various other RNA-binding
proteins (RBPs) such as hnRNP F, H, DDX5, -6, -17 and Staufen, some of which have intrinsically
unstructured domains, are engaged in the nuclear aggregates as well [72–75]. CELF1, formerly
called CUGBP1, binds at the base of the hairpin and becomes hyperphosphorylated.
Altogether, these events result in an imbalance in cellular ribostasis and proteostasis,
associated with depletion and a shift in the distribution of MBNL family members and an increase
and redistribution of CELF1 protein. The end result is a cell-type and cell-state dependent wholetranscriptome effect on alternative splicing [76–79], alternative polyadenylation [80,81] and
nucleocytoplasmic transport of other transcripts for which MBNL1-3 or CELF1 play a role in RNA
processing. Changes in mRNA half-life may also occur, as CELF1 has been identified as a key
regulator of RNA decay or translational silencing in muscle cells [82]. In turn, the changes in the
transcriptome have widespread trans-acting effects on the production and makeup of multiple
proteins [83–87]. Some cell-stage effects of MBNL1-3, CELF1 and other ribonucleoprotein (RNP)
anomalies will be discussed in more detail below, in the context of embryonic or regenerative
myogenesis.
Missplicing may have the most obvious links with the myopathy in DM. For instance,
abnormal splicing of ClC1 is sufficient to cause myotonia [88]. Missplicing of the muscle-specific
genes BIN1, TNNT3, RYR1, TTN, LDB3 and SERCA1 is linked to impaired muscle function [89].
Aberrant splicing of the insulin receptor, highly expressed in skeletal muscle, results in reduced
responsiveness to insulin, another contributing factor to skeletal muscle dysfunction [90–92].
Furthermore, alternative splicing of CACNA1S, a calcium channel that controls skeletal muscle
excitation-contraction coupling, is markedly repressed in DM1 and DM2 [93]. Combined with
splicing alterations in the machineries for voltage-induced Ca2+ release and for release and uptake
of Ca2+ in the ER/SR store (RyR1, SERCA1), this may lead to chronic Ca2+ overload, activate ER
stress [94], or become a cause of excitotoxicity. These long-term physiological abnormalities
may induce premature senescence and contribute to muscle degeneration in DM.
Not all splicing abnormalities are congruent in DM1 and DM2 muscles. For instance,
TNNT3 is more often misspliced in DM2 than in DM1, and NCAM1 missplicing can be found
more in nuclear clump fibers of DM2 patients [1,95,96]. Furthermore, in muscle tissue of DM2
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patients, NEDD4 was found to be disrupted. NEDD4 is an E3 ubiquitin ligase for PTEN, an
important regulator of the AKT signaling pathway for protection against cellular stress. The PTEN
protein level is upregulated in DM2 muscle tissue and PTEN accumulations can be found in
nuclear clump 2a fibers in DM2 muscle [97].
For DM2, there may be also a direct effect on ribostasis and proteostasis. Repeat expansion
in CNBP may cause pausing of transcription or retardation of splicing of its pre-mRNA, resulting
in a reduction of mature CNBP mRNA and the CNBP protein product. Initial studies on this topic
yielded conflicting results, as some groups found unaltered levels of CNBP RNA and protein
levels in cells and tissues from DM2 patients, whereas later studies showed a clear inhibitory
effect of an expanded (CCTG)n repeat [98]. Studies on heterozygous knockout mice for CNBP
brought further support for the idea that haploinsufficiency may be involved in myopathy in
DM2 [99]. The CNBP protein has a role in the regulation of translation through binding to
the 5’ UTRs of terminal oligopyrimidine (TOP) tract mRNAs. For example, the production of
RPS17, poly(A)-binding protein 1 and elongation factors eEF1A and eEF2 are controlled by this
mechanism [100].
Also other types of problems at the translational level may play a role in the distinct
manifestation of DM1 and DM2. Differential involvement of CELF1 may herein be a key
issue. CELF1 can act by relieving secondary structures on a subset of target RNAs that exhibit
G-rich sequence stretches with a high-degree of secondary structure, thereby promoting their
translatability. Furthermore, if (hyper)phosphorylated, CELF1 may form a multisubunit complex
with eukaryotic initiation factor eIF2 and other translation initiation factors, promoting the
translation of protein products from alternative start codons in mRNA’s that bear an IRES motif
[101,102]. Importantly, the different effects of CELF1 on the translation of target mRNAs depend
on its phosphorylation status and on the overall level of available protein, which is controlled in
accordance with the stage of myogenic differentiation. Although there is no consensus about the
fate of CELF1 in DM1 and DM2 muscles, evidence points to a situation in which the available
level and thus binding of CELF1 to mRNAs is reduced in DM2. In contrast to the situation in
DM1, its phosphorylation status appears unaltered in DM2. When taken combined, these studies
support the idea that, superimposed on aberrancies in RNA splicing and polyadenylation,
aberrancies in protein translation might have distinct roles in eliciting muscle dysfunction in
both forms of DM [100,103].

RNP condensates: Is phase separation of repeat RNA causing cell stress?
Revolutionary work on polymer physical properties of macromolecular assemblies that undergo
liquid-to-gel phase transition and concentration into microscale structures have led to the idea
that formation of abnormal condensates by repeat transcripts and RBPs may also be involved
in repeat RNA toxicity in DM [104–106]. Jain and Vale have recently provided evidence that
poly-CUG RNA and also poly-CAG RNA, which both can engage in multivalent intra- and
intermolecular reactions, can undergo phase separation in vitro [107]. They also showed that
(CUG)n RNA forms small phase-separated gel inclusions in cells.

41

2

Chapter 2

More basic studies into the thermodynamics of phase transition have revealed that the
threshold concentration at which nano-sized biomolecular RNP condensates are formed are
determined by various parameters, including the type, stoichiometry and local concentration of
available RNA and protein constituents and their folding or solubility properties. Most of these
studies have been focused on phase transition under conditions with high concentrations of
RNA and protein. Future research must thus reveal the requirements for RNA-protein condensate
assembly and phase transition in patient cells with endogenous levels of expanded RNAs. Most
importantly, the question must be answered whether the occurrence of abnormal repeat RNP gel
inclusions containing DMPK, DM1-AS or CNBP mRNA with abnormal repeat length could by
itself be a trigger for stress.

RAN translation
Since its discovery in 2011, repeat-associated non-ATG translation (RAN translation) has
been linked to proteome abnormalities in multiple repeat-expansion disorders [108]. RAN
translation of expanded triplet or quadruplet repeats can occur in all reading frames, resulting
in the production of homopolymeric (DM1) or poly-tetrapeptide (DM2) proteins [63,109,110].
In DM1, polyglutamine nuclear aggregates have been identified in myoblasts, skeletal muscle
and peripheral blood leukocytes of patients and in DM1 mouse tissue [109]. In DM2, RAN
translation across the (CCUG)n and antisense (CAGG)n repeats produces toxic poly-LPAC in
neurons, astrocytes and glia cells, while poly-QAGR proteins accumulate in white matter [63].
Whether these findings can be extrapolated to DM2 muscle is an open question.
Many other unanswered questions remain about the production and relevance of RAN
products in DM. How does an intronic RNA segment that is normally retained in the nucleoplasm
and - without repeat gets quickly degraded - become accessible for the ribosome machinery?
A similar question can be asked for DM1, since also expanded DMPK and DM1-AS RNAs are
mainly retained within the nucleus, unavailable for assembly of ribosomes and subsequent
translation [28]. Nuclear translation is a process that has been demonstrated to occur [111,112],
but at this moment we do not know whether this could be involved. Another possibility is that
the initiation of RAN translation occurs only after the onset of prometaphase in cycling cells,
so when ribosome subunits are accessible because nucleoplasm and cytosol can mix. Indeed,
at mitotic entry, cap-independent translation acquires a dominant role in expression regulation
[113]. Once polymeric proteins have been produced by RAN translation, they may – alike prion
proteins – have a seeding effect in triggering abnormal protein aggregation and condensation
and cause imbalance in the cellular proteome [63,108]. This may come at a considerable fitness
cost for the cell in which it occurs.

Cellular mechanisms involved in the etiology of DM1 and DM2
Quantitative and qualitative aspects do matter
Any of the molecular disease pathways discussed above could contribute to the myopathy during
the different phases of life of patients with DM (Figure 2). However, one should realize that their
involvement at the cellular level may differ dramatically with the stage of development and with
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the type of myofiber that is formed during muscle growth, regeneration and aging. For example,
stalling of replication forks at the (CTG•CAG)n and (CCTG•CAGG)n repeats may not be major
threats in quiescent cells, but danger may increase once cells start proliferating. Similarly,
reciprocal coupling does exist between the stage and type of differentiation and the mode and
extend of alternative splicing in individual muscle progenitor cells or myofibers. The level of
DMPK and CNBP transcripts, splicing factors or their mRNA targets do, however, vary during
muscle differentiation and maturation. So in muscle cells from cDM, DM1 or DM2 patients the
complex changes in stoichiometric ratios between MBNL1-3, CELF1 and other RBPs, and the
DMPK or CNBP RNA molecules that take place during natural development are superimposed
by variable toxic changes caused by abnormal RBP-repeat RNA interactions (Figure 1).
New supportive evidence for a mutual relationship between differentiation abnormalities
and repeat expansion effects was obtained by our group in a study of isogenic CRISPR/Cas9edited DM1 muscle cells with and without (CTG•CAG)2600 repeat [114]. Monitoring of the
molecular causes and cellular effect at the individual cell level, during in vitro myocyte-myotube
differentiation and maturation in culture should thus become possible. Answering the chickenegg question whether the impaired differentiation and regeneration events or the RNA processing
abnormalities and associated cell stress were first in initiating the pathology in DM muscle tissue
is not easy. Heterogeneity in cell type composition and developmental stage in the muscle cell
population is here the confounding factor. In the next sections, we will try to provide background
information on aspects of normal myogenesis and the cellular pathology and histopathology of
DM muscle, to come closer to the root of this problem.

Muscle fiber type and developmental-stage dependent manifestation of disease
Within human skeletal muscle there are different categories of fiber types, defined by myosin
heavy chain (MyHC) isoform expression and metabolic activity [115]. Individual fibers are
characterized as one type of slow-twitch fiber (type 1) and three types of fast-twitch fibers (type
2a, 2c and 2x/d (also referred to as 2b)) [116]. Type 1 and 2a fibers are oxidative, whereas type
2c and 2x/d fibers are primarily glycolytic. Type 2 fibers generally produce higher forces and
fatigue more quickly than type 1 fibers [117]. Walled off from the main part of the muscle in
the muscle spindle, highly specialized fibers, known as intrafusal fibers, can be found. These
fibers serve as specialized stretch receptors that allow the perception and coordination of limb
movement.
Most muscles in the human body are built as a mixture of type 1 and 2 fibers, but between
individuals there are marked differences in muscle composition and size. Fiber type content
and distribution is thereby coupled to aspects of physical performance, such as endurance
and strength. Hence, there is also differential association with disease risk or states between
individuals, as skeletal muscle fiber subtypes respond differently to (patho)physiological signals,
which include atrophy signals. The ratio of type 1 and 2 fibers within a muscle is altered in
muscular disorders when atrophy of one of the two types occurs. Several signaling pathways
for muscle atrophy are known, mostly related to abnormalities in protein degradation [118].
However, the selectivity of fiber-type atrophy remains an unresolved issue [119,120]. For DM,
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the fiber-type specificity of manifestation is a topic that deserves new attention, especially since
revolutionary methodologies for transcriptome, proteome and microscopy analyses at the single
cell level have become available.
Skeletal muscles from all DM patients have a distinct histopathological phenotype, but
biopsies show conspicuous differences between DM1 and DM2 patients (Table 1). The distal
muscles mainly affected in adult DM1 show predominant loss of type 1 fibers [121], whereas
the predominantly affected proximal muscles in DM2 show mostly type 2 fiber atrophy [50].
Furthermore, an increased variation of fiber diameter and prominent central nuclei with
chromatin clumps are present in DM1, normally observed in constantly regenerating muscle
with immature fibers [50,54,122,123]. Another differential observation is the higher frequency
of nuclear clump fibers in DM2. Nuclear clump fibers are typically observed in denervated
muscles and have been termed “denervation-like” when observed in DM2 muscle, since other
neuropathic alterations were not detected [124]. Generally, the alterations seen in muscle of
DM2 patients are rather mild and have a heterogeneous character [123]. Muscle pathology in
DM1 patients has a more typical appearance. However, histological reports, especially of older
DM1 studies, may sometimes have a misleading message as researchers usually only draw a
distinction between muscles of individuals with cDM and the adult-onset form of disease.
Details about graded differences in pathology between muscles from patients with childhood,
juvenile, adult and late-onset/asymptomatic DM1 are not well known.
Already early on it was recognized that cDM is associated with a much broader spectrum
of morpho-anatomical muscle problems, with type 1 fiber preponderance and hypotrophy and
common occurrence of type 2b fiber deficiency [46,125]. Undifferentiated, thin fibers and an
increase in satellite cells at birth indicate immature muscle fiber growth and delayed muscle
fiber differentiation [126,127]. Also, outside the body in in vitro culture the differentiation and
maturation capacity of progenitor cells from embryonic muscle of cDM patients was found to be
defective [128]. The percentage of myoblasts fusing to form myotubes was reduced, the myotube
morphology was abnormal and only immature MyHC protein isoforms were expressed, primarily
the embryonic isoform. Also conspicuous aberrancies in intrafusal fiber and muscle spindle
presence or morphology were reported. These latter features and the specific fiber-type effects may
point additional abnormalities in innervation, motor unit formation or neurotropic signaling during
the later phases of embryonic development and early prenatal muscle maturation [129–131]
(Figure 2).
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Figure 2: Abnormalities in skeletal muscle myogenesis in DM. For DM1, five clinical subtypes have been
identified [19], while for DM2 only the adult onset manifestation is known. The myogenic process in skeletal
muscle is divided in two prenatal and four postnatal stages. The graphic summarizes which stages of the preand postnatal myogenic process are affected in each clinical DM (sub)type. A discontinuous bar indicates
decreased life expectancy.

How healthy and DM muscles are built and maintained
Myogenesis during early embryogenesis
The skeletal muscles of limb and torso and head muscles in vertebrates derive from the paraxial and
prechordal mesoderm layers in the early embryo. The myogenic process starts when the paraxial
mesoderm forms multiple somites, which then further specialize and form the dermomyotome.
First, a large proportion of stem cells in the somites and later in the forming limb buds undergo
frequent mitosis, under influence of factors like IGF-1 and PDGF. The proliferating progenitor
cells derived from the embryonic mesenchyme of the somite then undergo different phases
of myotome development. This process starts with programmed maturation accompanied by
adoption of skeletal muscle fate and withdrawal from the cell cycle, giving rise to a layer of nonproliferating myoblasts that form the primary myotome beneath the dermomyotome [132,133].
When more and more cells are progressively added and start to fuse to already committed
myoblasts (myocytes) that already reside in the myotome this leads to the formation of the first
myofibers and the onset of embryonic muscle growth [134]. The following sections will describe
the different steps on the road to maturation of skeletal muscles before and after birth.

Cell-cycle exit during myogenesis
During all stages of contribution to muscle formation and regeneration, myoblasts first need to
stop their proliferation process by exiting the cell cycle [135]. This occurs by activation of cyclindependent kinase (cdk) inhibitor p21 and retinoblastoma protein (Rb), a downstream target of
p21. P21 is also partially responsible for the decreased Cdk1 activity observed in differentiating
cells [136–138]. Formation of Rb-E2F complexes is necessary for maintenance of inhibition of
cell-cycle progression and for cell-cycle withdrawal [139]. The role of CELF1 in this regulatory
circuit is considered an important link to myogenic problems in DM.
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Phosphorylation of CELF1 regulates its intracellular localization and activity. Normally,
CELF1 is phosphorylated by AKT and cyclin D3/cdk4 at Ser28 and Ser302, respectively. This
posttranslational modification is crucial for myogenic progression. Induction of AKT activity is
otherwise involved in the suppression of apoptosis during myogenesis [140]. In DM1 myoblasts,
CELF1 appears to become hyperphosphorylated by AKT [141], whereas in myotubes, CELF1
phosphorylation by cyclin D3/cdk4 seems to be reduced [142]. Alterations in the activity of
GSK3β influence the activity in the cyclin D3-CDK4 phosphorylation signaling pathway from
upstream. The abnormalities in phosphorylation status compromise CELF1’s role as a translational
regulator of a specific population of mRNAs. As an end effect, the changes lead to an increase of
cyclin D1, an important regulator of proliferation of myoblasts, and to a reduction of p21 in DM1
myotubes. Together, the changes in the AKT-CELF1-cyclin D1 and cyclin D3/cdk4-CELF1-p21
pathways affect the myogenic process in DM1 [69,142,143]. Also the Rb/E2F repressor complex
appears not to be formed, underscoring that impairment of cell cycle withdrawal may have a role
in both forms of DM manifestation [69]. However, because not all pathways in which CELF1 is
involved are similarly abnormal in DM1 and DM2, other obstructions in myogenic programming
might be at play in DM2 as well.

Myoblast fusion
After cell cycle arrest, the fusion of competent myoblasts to form multinucleated myotubes
begins. Fusion is a tightly controlled process that involves distinct mechanistic steps, including
cell-cell interaction, recognition and adhesion, followed by membrane coalescence and merging
of competent myoblasts to form the multinucleated myotube [144]. Extracellular signals from
adjacent tissues have an important role in the initiation of several of these steps. Two waves of
fusion events take place to form the muscle. Primary myofibers that determine the shape and
identity of muscles are formed in the first wave. Secondary myofibers align alongside the primary
myofibers and add mass to the muscles in the second wave. Distinct events govern these stages
for promotion of differentiation and growth of muscle: First, individual myoblasts fuse to form
nascent myotubes and then multinuclear myotubes are formed during subsequent fusion steps
between myotubes and additional individual myoblasts [145–147].
The factors that trigger cell fusion (i.e. fusogens) are not precisely known, but numerous
proteins that coordinate the formation of primary and secondary myotubes have been identified
[145,147–149]. Myomaker, a plasma membrane, Golgi and organellar membrane embedded
protein seems crucial [150,151]. Its importance is illustrated by the finding that mutations in
myomaker cause a congenital myopathy, Carey-Fineman-Ziter syndrome [152,153]. Other
proteins that have an essential role in the myoblast fusion process are myomixer and myomerger.
Myomixer, localized to the plasma membrane, associates with myomaker. Myomixer together
with myomaker are strong promotors of cell fusion, driving the formation of multinucleated cells
from myoblasts [154]. Myomerger is only expressed on myocytes and induces the fusogenicity,
while myomaker is essential to make a cell fusion competent [149].
Rearrangements in the actin cytoskeleton are first involved in the formation of membrane
protrusions between the incoming myoblast and the partner myoblast or myotube. Later they are
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important for pore formation and cytoarchitectural rearrangements in the resulting multinuclear
cell. The entire network that controls the actin network in cells is too complex to discuss here
[155,156], but one issue related to DMPK splice variants may be important. Tentative evidence
points to a role for the kinase activity of DMPK, a member of the Rho kinase family, in the
regulation of myosin light chain phosphorylation. DMPK may therefore functionally link to
plasticity of the actomyosin network [157,158]. DMPK is dispensable for myogenesis, as DMPK
knockout mice are viable and make muscles with only minor abnormalities [157]. However,
the possibility that DMPK splicing becomes spatiotemporally deranged by presence of very long
(CUG)n repeats and exerts a modulatory effect on actomyosin cytoskeleton dynamics during
early and late myoblast-myotube fusion still exists. Tight regulation of DMPK isoform E during
early muscle differentiation is essential for normal development [159] and alternative splicing
causes down regulation of DMPK E during myoblast to myotube differentiation [160].
Generally, the muscle problems in adult DM patients are difficult to attribute to any of
the distinct phases that determine the differentiation, fusion, or senescence or death of different
types of muscle cells in vivo. In vitro studies on myoblast cultures of adult-onset DM1 with
intermediate expansions or DM2 patients are scarce. New methodology was recently published
for the immortalization of primary satellite cells, which stimulate in vitro studies of differentiation
capacity [87]. Interestingly, DM2 satellite cells with (CCTG•CAGG)4000 repeats did not have a
significantly altered myogenic capacity, confirming earlier findings [67,161]. In contrast, more
attention has been concentrated on the study of embryonic or early-postnatally derived muscle
progenitor cells from cDM muscle. These cells consistently showed impaired myogenic potential
and reduced myogenic differentiation capacity during culture in vitro [67,128,161–165].

Transcription factor-induced programming of myogenic lineages
To better understand pathological changes in muscle in DM patients, we will first examine
the molecular processes that govern normal muscle development [166–169] and discuss these
against the background of repeat expansion. The molecular cascade that directs the fate of
somite-derived cells during developmental maturation is principally determined by PAX3 and
PAX7. These transcription factors trigger the sequential expression of a group of highly conserved
myogenic regulatory factors, collectively known as MRFs. MRFs contain a basic helix-loophelix domain and recognize the E-box in the promoter of target genes [170]. MYF5 and MYF6
(also known as MRF4) act as upstream regulators of MYOD, perhaps the best known member
of the family. Co-expression of these three factors is required for myogenic commitment. Then
a fourth factor, myogenin (MYOG) activates advancement to the myocyte stage and terminal
differentiation of the muscle cell [167–169,171]. In this circuit, myogenic transcription factors
act in a complex feedback and feedforward network. For instance, the temporal coordination of
MRF-mediated gene expression is achieved by allowing certain genes to be directly activated
by an individual MRF, whereas the induction of other genes in later stages of differentiation
by the same MRF requires the participation of the earlier target gene products [167]. There is
compelling evidence that the expression of various proteins in this MRF regulatory network,
like MYOD and MYOG, is affected by the expansions in DM1 or DM2 [70]. The involvement
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of RBPs is thereby a key event. CELF1, for example, binds and destabilizes MYOD mRNA via
its GRE-motif, and an increase in CELF1 activity thus has an inhibiting effect on the progress of
myogenic differentiation [73].
Members of the SIX family of homeobox genes (SIX1, SIX2, SIX4 and SIX5), are among the
other upstream regulators of MRFs. In mice, Six4 and Six5 repress Myog, whereas Six1 activates it
[172]. Six1 and Six4 were shown to be required for Pax3 and MRF expression during myogenesis
[173]. Interestingly, SIX5 is immediately adjacent to DMPK and its mRNA level seems decreased
in DM1 patients [174]. Six5 knockout mice, however, show essentially no muscle symptoms.
Hence, the role and relevance of Six5 in DM1 muscle pathology is not very well established
[175–180].
Once it was realized that the coordinate action of transcriptional regulation and alternative
splicing (plus other forms of RNA processing) is of key importance for myogenic development
[73,76,181], also the role of isoforms of accessory transcription factors in impaired muscle
differentiation in DM attracted further attention. First evidence for their significance came from
a study of members of the MEF2 family. In vertebrates, four members of this family, MEF2A, -B,
-C and -D, are expressed. Although MEF2 members do not possess own myogenic activity, they
act together with MRFs to activate and sustain the myogenic differentiation program [86,182].
As discussed earlier, MBNL1, -2 and -3 are key factors in the missplicing in DM. In their normal
role, MBNL1 and -2 are positive regulators of muscle differentiation. MBNL3, on the other
hand, inhibits muscle formation, by repressing adult mRNA splice isoforms [183–186]. Lee et
al. showed that MBNL3 influences myogenesis by disrupting MEF2D splicing, by favoring betaexon exclusion [187]. When the beta-including MEF2D isoform was expressed in a cell model,
normal muscle differentiation was restored. Almost coincidentally, others reported on splicing
changes for MEF2A and -C mRNAs. Dysregulation of MEF2B and –D and genes that are under
transcriptional control of these factors, mainly those involved in calcium signaling, was found as
well [89]. Likewise, CELF1 upregulates translation of MEF2A mRNA via direct interaction with a
GC-rich element in the transcript, causing a delay in myogenesis. Abnormal CELF1 upregulation
thus explains the muscle maturation delay in DM1. For DM2 the involvement of coupled
transcription-RNA processing abnormalities has not yet been documented.

First appearance of committed MuSCs
During early embryogenesis, a subselection of cells from the dermomyotome maintains
proliferation and migrates directly to the myotome. These PAX3- and PAX7-positive cells do not
express members of the MRF, homeobox or MEF families of transcription factors. These cells are
known as the myogenic precursors that form the source of the majority of satellite cells in the
adult skeletal muscle, and as such form the subject for further discussion in the next sections.

Embryonic and prenatal phases of muscle growth
Fiber type specification
In most vertebrates, fibers of diverse types are recognized in the embryo concomitantly with the
earliest time points of muscle appearance, prior to innervation [188]. Interestingly, slow MyHC48
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expressing fibers seem to form earlier than fast MyHC-expressing fibers. Hedgehog signaling is a
determining mechanism required for muscle precursors to commit to the slow muscle fate. Later
in development, beyond the late embryonic and fetal periods of prenatal development, the slow
(type 1) fibers become less common and fast fibers (type 2) start to become the most abundant
fiber type. External soluble signals, such as WNT, coming from tissues adjacent to the somites
- i.e. the notochord and neural tube - plus cell-cell contacts in the embryonic niche play an
important role in further growth of muscle and the specification of fiber types. Excellent reviews
discuss the regulatory principles behind fiber specification [181,188,189].
The functional and architectural properties of fiber types that arise during embryonic
and fetal muscle development are with the advancement of growth further modified by effects
of physical activity, endocrine signals and muscle innervation [181,188–190]. This process
continues further during postnatal life. For a better understanding of the distinct fiber type
involvement in DM1 versus DM2, it is important to reiterate here that not only type 1 and 2 fate
specification, but also intrafusal fiber morphogenesis is under control of new combinations of
transcription factors. Transcription factor EGR3, for example, is selectively expressed in sensory
axon-contacted myotubes, and is a key factor for normal intrafusal fiber differentiation and
spindle development [191–193]. ERB2 signaling also plays an important role [194]. As was
specified above, intrafusal fiber and spindle morphology is clearly affected in cDM muscles.
Similar hierarchical networks determine the fast and slow fiber specification. Involvement
of transcription factors PRDM1 and SOX6 has already been well documented. PRDM1 acts as a
switch that activates the slow-twitch differentiation program in cells by direct repression of fasttwitch specific genes and indirect activation of slow-twitch specific genes through limiting the
activity of the SOX6 transcriptional repressor [189].
During the transition from the embryonic to the fetal phase of development, a switch occurs
from basic muscle patterning (primary myogenesis) to growth and maturation of the muscle
masses and the onset of innervation (secondary myogenesis). These two waves of myogenesis
are mediated by distinct embryonic and fetal myoblasts, respectively, each characterized by
differentially expressed genes and properties. The differentiated cells that these myoblasts
produce later have also distinct features. Expression of NFIX is an important prerequisite for the
continuation of coordination of fiber specification in the switch to fetal muscle growth. Gradual
changes in the networks for transcription regulation, alternative splicing and polyadenylation
thereby jointly control the differential expression of fiber-type specific protein isoforms. Single
muscle fiber proteomics studies have revealed hundreds of proteins that vary in level or identity
between the proteomes of different fiber types. Among these are protein isoforms involved in
sarcomeric architecture, contractile activity, mitochondrial and carbohydrate metabolism,
calcium handling and protein turnover [195]. Differential activation of genes for fiber-type
specific isoforms of myosin, troponin, tropomyosin, creatine kinase, B-enolase and glycolytic
and mitochondrial enzymes is typical in this specialization [196].
Until now, not much attention was paid to differential expression of genes whose products
are linked to the RNA toxicity mechanism in DM. To our knowledge no publications exist on
differences in expression of MBNL1-3 or CELF1 between fast and slow fibers. Also reports on
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abnormalities in expression of DMPK and CNBP in individual fiber types in DM1 or DM2 are
rare. In one early report, a decrease in DMPK expression in type 2a muscle fibers of DM1
patients, compared to the level in normal controls, was mentioned [197]. Wheeler and Thornton
have reported an abnormal foci count in subsynaptic nuclei and in nuclei of motor neurons at
muscle-nerve junctions [68].

Muscle progenitor cells of different origin
During late fetal development the fiber composition of muscle is further defined and profound
changes in the direct neighborhood of the muscle occur. Within the basal lamina formed around
the muscle, the fibers are now located together with the now quiescent population of PAX3+/
PAX7+ MuSCs, the satellite cells. At the end of the fetal period ~30% of myonuclei are satellite
cell nuclei. The remaining ~70% are in the multinucleated fibers. Blood vessels permeate the
interstitial spaces between fibers and nerve endings have established contact via neuromuscular
junctions. During the transition to adulthood the percentage of mononucleated cells located
under the basal lamina at the muscle periphery declines sharply, due to recruitment for muscle
growth and maintenance. In adult muscle, the population of satellite cells encompasses 2-5% of
identifiable nuclei [11,198,199], which declines further during aging.
There is now compelling evidence that the skeletal muscle niches thus formed contain
multiple types of cells, amongst them also cells with nonsomitic origin, with myogenic capacity
(Figure 3). Together with the satellite cells, the major skeletal muscle progenitor/stem cell
population, these cells form the reservoir for use in skeletal muscle repair, regeneration and
maintenance (Table 2). Specifically, different interstitial populations of cells have now been
characterized, referred to as PICs (PW1+ interstitial cells that express the PW1/PEG3) and β4integrin+ cell [200]. Other progenitor cells, MABs and PCs, are located in the fetal or postnatal
muscle vasculature, respectively. PCs express alkaline phosphatase (ALP), but lack myogenic
and endothelial markers [201]. Using lineage tracing, it has been shown that most of these nonsatellite cells are not derived from the somite, as do the true PAX3+/PAX7+ satellite cells. The
vessel-derived progenitors can be traced back to Pax3+ progenitors of the paraxial mesoderm
[202,203]. Both the muscle-resident satellite cells and the PCs contribute to muscle growth
during prenatal and postnatal development.
We will next examine the role and fate of satellite cells in growth, renewal and regeneration
of muscle. The biological significance of the other progenitor cells introduced above will be
discussed in section 3, in the context of regenerative medicine. DM pathobiology has only been
studied in the satellite cell-derived myoblast population in vitro and by histological examinations
in vivo. No data exist on the involvement of PICs, MABs and PCs.

Muscle renewal and regenerative myogenesis
Skeletal muscles endure a lot throughout a lifetime. First, muscle tissue has to grow in size. Then
it must be constantly functionally and structurally renewed and maintained in accordance with
physical demand and repaired after injury or disease. The role of the satellite cell compartment
is thereby indispensable. The mechanisms by which satellite cells participate in renewal and
50

Skeletal muscle myogenesis in DM

regeneration of muscle have overt similarities to developmental myogenesis. Satellite cells
follow largely the same trajectory as somite muscle cells during development, except for their
start, which begins in a state of mitotic quiescence. The population of satellite cells must also be
kept in check, to maintain functionality and to guarantee muscle homeostasis up to high age.
This necessitates maintenance of a delicate balance between self-renewal and differentiation. In
fact, evidence has accumulated showing that distinct satellite
cell pools in anatomically defined muscles in the body are heterogeneous cell populations,
with cells in different stages of development having different gene expression signatures
[168,200,204–206].

2

Table 2: Myogenic cell types
Cell type

Abbreviation

Definition

Muscle stem cell

MuSC

Collective term for cells in (adult) skeletal muscle that can selfrenew and give rise to muscle cells

Satellite cell

-

Muscle progenitor cell located in the adult stem cell niche
under the basal lamina of the myofiber; upon muscle injury this
cell can undergo symmetric or asymmetric cell division and
produces cell progeny that undergo self-renewal or become
myoblasts

Myoblast

-

General term for a mononuclear muscle progenitor cell that
can proliferate or undergo terminal myogenic differentiation

Myocyte

-

Quiescent differentiated myoblast that can fuse to a myotube

Myotube

-

Multinuclear cell formed by the sequential fusion of myoblasts/
myocytes, which will develop into a mature myofiber

Myofiber

-

Mature multinuclear muscle cell; the smallest contractile unit
of a muscle

Induced
stem cell

pluripotent iPSC

Pluripotent stem cell generated from an adult tissue cell (often
a fibroblast)

Mesoangioblast

MAB

Cell isolated from the embryonic microvascular wall. A MAB
has the potential to self-renew and generate multiple types of
differentiated cells

Pericyte

PC

Cell isolated from the microvascular wall of postnatal tissue. A
PC is capable of (trans)differentiating into other cell types when
naturally or experimentally relocated to a different tissue

Maintaining tissue homeostasis in adult muscle
In reaction to disease, injury or prolonged hypoxia, the local release of cytokines, growth factors,
cell differentiation factors like NOTCH and WNT, and other signals triggers satellite cells that
are in a quiescent state. The muscle tissue itself and nearby fibroblasts and macrophages have
a role in this process. The signaling starts a program of re-entry of satellite cells in cell cycle.
Subsequent rounds of cell division, combined with differentiation programming, along similar
lines as in embryonic development, in a subset of the satellite cells produces heterogeneity in
the population. Some satellite cells retain stemness, others become myoblasts or myocytes that
undergo definite differentiation commitment (Figure 3).
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Expansion in the muscle stem cell niche assures that some cells can remain associated to
the extracellular matrix and to cells in the neighborhood. This promotes polarization and allows
different cycles of asymmetric cell division, maintaining undifferentiated satellite cells, ready
for reversal to quiescence (requiescence), and committed progeny for differentiation. Cells with
highest expression of NUMB, an antagonist of NOTCH signaling, go back in quiescence for later
self-renewal [207]. Daughter cells in which p38α/β MAPK is asymmetrically activated by a socalled PAR complex, undergo commitment to myogenic differentiation [208], expand in number
and form binuclear myotubes or fuse to existing fibers [169,200,204,209]
return to quiescence
PIC

quiescent
post-natal
blood vessel

myoblast

satellite cell

myofiber

myofiber

activated

asymmetric
division
symmetric
division

PC

myofiber
MAB
embryonic
blood vessel

myocyte

damaged
myofiber
fusion and differentiation

expression markers
PAX7+

PAX3+/CD31+/CD34+/PW1+/MYF5+

PAX7+/MYF5+/MYOD+

PAX3+/ALP+/PW1+
PW1+/SCA-1+/CD34+

PAX7+/MYF5+/MYOD+
MYOD+

Figure 3: Skeletal muscle growth, maintenance and repair by different myogenic progenitor cells. Satellite
cells from the basal lamina of the myofiber are activated and undergo asymmetric and symmetric division to
generate heterogenous progeny. Some cells undergo self-renewal and return to quiescence, others become
myoblast that will proliferate and differentiate to become myocytes, which fuse to myofibers, enabling repair
and/or growth. Mesoangioblasts (MABs) can contribute to muscle regeneration during embryonic growth,
while pericytes (PCs) are involved in post-natal muscle growth by repopulating the quiescent stem cell
population or maybe by transforming into a myoblast. Participation in growth and/or repair or direct fusion
with the myofiber probably occurs along the same pathways as given for satellite cells. Uncertainties in cell
fate are indicated by dashed arrows. PW1+ interstitial cells (PICs) are mostly involved in perinatal growth.
Expression signatures of differentiation markers in all different cell types are listed at the bottom.

A general repression of translation, mediated by the phosphorylation of translation
initiation factor eIF2α, is also a key event in the maintenance of the quiescent state [210].
The mitotic quiescent satellite cells express both PAX7, MYF5, CD34 and frequently also PAX3
[211–215]. Entrance in cell cycle and progression through the myogenic lineage occurs under
the control of MRFs. Activated satellite cells no longer express CD34 and start expressing
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MYOD. Once activated satellite cells proliferate and become myoblasts, PAX7 expression is
downregulated, while MYOD and MYF5 expression remain [216]. In silico modeling of RNA
processing associated with human muscle development has provided strong evidence that also
the expression of MBNL1, -2 and -3 varies during these transitions in cell state [86]. In addition,
MYOD induces the expression of p21. As mentioned earlier, p21 blocks cell cycle progression
and is involved in the switch from proliferating to differentiating myoblasts, i.e. when they
become myocytes. This switch is essential for myogenic precursor cell, satellite cell, function
in regenerating skeletal muscle [136,217]. During normal healthy life, this whole cascade of
steps for the regulation of muscle differentiation and maintenance is orchestrated by a multitude
of circulating hormones, such as IGFs, FGFs, TGFs, testosterone, thyroid hormones, cytokines
and exosome-secreted signals, which are secreted locally and appear in the muscle stem cell
niches. Whether and how hormonal signaling controls viability, performance and half-life of
multinucleated myofibers - i.e. the bulk of muscle mass in a healthy individual - is still poorly
understood, as attention of study thus far has been mainly directed towards MuSCs [209].

Failure of tissue homeostasis in DM muscle
Not much is known about the fate specification of terminally differentiated multinucleated
myofibers in DM. One likely possibility is that the persistent abnormalities in alternative splicing,
alternative polyadenylation and unscheduled translation of aberrant transcripts lead to the
production of excessive amounts of ectopic proteins. When combined with a bulk of proteins
synthesized in normal accordance with the stage of muscle during adulthood, this will create
a permanent disbalance in the assembly - and perhaps turnover - of multiprotein complexes
in the fiber proteome. Production of polymeric proteins by RAN translation may further create
proteome abnormality. Ultimately, such imbalance will lead to a culmination of problems and
to proteotoxic stress alike UPS, ER stress, or other forms of stress mentioned in this review
[218]. When certain thresholds are exceeded, this may lead to senescence or apoptosis. Somatic
expansion of repeat length during aging may further augment the stress level, causing loss of an
increasing number of fibers with disease progression and aging.
Why pathology specifically involves type 1 fibers in distal muscles of adult-onset DM1
patients and type 2 fibers in proximal muscles in DM2 needs more study. The answers may
not be found only in the mature fibers themselves. They also must be sought in differences
between DM1 and DM2 in the fitness of their satellite cell pools, or in the modes of recruitment
of satellite cells for the regeneration of damaged fibers. As addressed before, the relevance of
the satellite cell pool becomes early apparent in cDM patients, who are born with an excessive
number of satellite cells and have thin muscle fibers, typical markers for immature muscle fiber
growth, diminished recruitment and delayed differentiation [126,127]. Severe disruption of RNA
processing is the key element in the diminished capacity of muscle precursor cells in muscle
formation in cDM, as recently demonstrated by combining transcriptome profiling of muscle
tissue from patients and mouse models [86]. In adult-onset DM1, the number of satellite cells
is increased in distal but not in proximal muscles [219]. Late myogenic differentiation markers
are not fully expressed [220]. In cell culture, DM1 and DM2 myoblasts show a premature
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proliferative growth arrest compared to healthy myoblasts [5]. Combined, these observations
point to a situation in which the regenerative capacity of satellite cells induced in response to
fiber dystrophy is constitutively impaired [36,221].
To understand muscle wasting in greater detail, we first need to know whether the cellular
effects of fiber dystrophy are indeed dominant over those of regeneration failure. Then, to
deconvolute the complexity of DM further, molecular analyses are needed. Firstly, we need to
know whether failure in pools of satellite cells to adequately balance asymmetric and symmetric
division and/or subsequent loss of regenerative potency after myogenic commitment could be
involved. Underlying mechanisms and differences between DM1 and DM2 muscles therein,
must be analyzed. Other studies should be concentrated on the loss of functionality, stability
and viability of fibers in DM1 and DM2. Preferably cell- and lineage-tracing studies should
be non-invasive and concentrated on the fate of individual myoblasts, myocytes and muscle
fibers over longer periods of aging. For obvious reasons, these types of longitudinal analyses of
individual cells are virtually impossible for human muscle. Tracing of cells during development
and maintenance in muscles of animal models of DM will also become challenging, however.

Premature muscle aging in DM
From a clinical perspective, various symptoms of DM1 can be seen as a manifestation of progeria
or accelerated aging [222–224], while aging-like symptoms are not as apparent in DM2. The
progression of dystrophy in skeletal muscle in DM1 patients shows similarities with sarcopenia,
i.e. age-related loss of muscle mass, strength and function [5]. Experimental evidence is mostly
indirect and based on descriptive studies, wherein histopathological features like grouped
atrophy, fiber size variability and central nuclei were investigated in sarcopenic and DM1
muscle [225]. Also compelling ultrastructural and molecular evidence was provided, showing
that alterations in RNA metabolism in myonuclei from DM1 patients and in aging muscle share
similarity [222,223,226].
The mechanisms underlying age-related muscle wasting and weakness are probably
diverse and not well understood [227]. A recent single-fiber proteomics approach showed that
the senescence of type 1 and 2 muscle fibers during aging in healthy donors is characterized
by several diverging mechanisms. Differential adaptations in cellular carbohydrate and energy
metabolism and the networks for protein quality control and proteostasis were among the most
conspicuous changes in slow and fast fibers [195]. Earlier profiling studies had pointed to a
glycolytic to oxidative shift [228] or non-specified overall changes caused by aging in whole
human muscles [229]. The numerical loss and the loss of functionality of MuSCs, rather than
fibers, with aging have attracted until now more attention, as they provide an explanation for the
regenerative failure of aged muscle. For more details on the molecular and cellular findings we
refer the reader to comprehensive reviews on this topic [230–232].
Within the networks for muscle regeneration and maintenance during aging, only a
few players and processes have been identified that bear direct relevance for DM1 and DM2
pathophysiology. DNA repair is one important issue. Nuclei in resting satellite cells and in muscle
fibers are highly efficient in DNA repair through non-homologous end joining, explaining why
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repeat expansion predominantly occurs in these cells [233]. Ongoing somatic expansion of
the (CTG•CAG)n and (CCTG•CAGG)n repeats due to DNA repair in quiescent cells may thus
be an important factor in impaired muscle regeneration in patients [23]. Whether age-induced
changes in the production of mitochondrial reactive oxygen species also have an effect must still
be analyzed. Accumulation of reactive oxygen species damage is a known contributing factor
to repeat expansion [234,235]. Age-dependent changes in oxidative metabolism must, however,
have different effects in DM1 and DM2 muscles, as the affected fiber types differ in both forms
of disease.
The shortening of telomeres is probably not a major contributor to muscle aging, although
effects on premature senescence of DM2 satellite cells have been suggested [221]. The situation
in DM1 is less clear. Satellite cells in cDM patients did have a higher telomere shortening rate,
but they entered senescence before reaching a critical length. This argues against a determining
role of telomere shortening as an explanation for diminished differentiation capacity in cDM
muscle [219,236].
A more likely candidate mechanism for the premature growth arrest in DM1 muscle
precursor cells is activation of the p16Ink4a-pathway that leads to CDK4 inhibition and cell cycle
arrest. P16 accumulates in myoblasts from DM1 patients in response to (CTG)n-related stress
[221,236], resulting in impaired regeneration and atrophy. As mentioned, aging-like symptoms
are not so apparent in DM2 patients and the p16 pathway appears not to be altered in DM2
satellite cells and fibers [221,222]. Finally, increased p38/MAPK signaling is a typical feature
of aged satellite cells [237], but evidence for p38 signaling abnormalities in DM muscle is
lacking. Also evidence for the involvement of apoptosis in DM muscle wasting is still limited
[160,164,238].
An interesting test for the question how DM effects are superimposed on senescence of
normal aging would be to study the effects of ablation of p16Ink4a-expressing cells in muscle of
DM mouse models. This is possible with use of a genetic approach recently developed by Van
Deursen and co-workers [239] and also with drug treatment [240]. Any alteration in muscle
health in the DM mice would provide us with novel insight in the causative effects of expanded
repeats on the viability of progenitor cells in muscle.

Stress signaling in adaptation to regenerative failure, effects of disease and aging
Adaptation to cell-autonomous stress in muscle depends on a combination of intrinsic and
extrinsic signaling mechanisms. Many intracellular pathways are known that protect cells against
stress from for example DNA damage, proteotoxicity and calcium-mediated excitotoxicity
[241]. Best known are the P53, AKT and NRF2 pathways, but these pathways have not yet been
intensely studied in skeletal muscle of DM patients.
Changes in intercellular communication may also fulfill a central role. Many of the secreted
hormones and factors that are exchanged between cells and orchestrate myogenesis and
regeneration have been extensively discussed in some of the reviews mentioned above [209].
Among these are the WNT proteins, HGF, FGFs, IGF-1 splice variants, myostatin and TGF-β
[242]. Although the working mode of these secreted factors is reasonably well understood, it
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is not always clear what cell types in the muscle stem cell niche are in the secretory and/or the
responding mode. Satellite cells from cDM patients secrete increased levels of prostaglandin
E2 in vitro. This secretion is controlled via upregulation of cyclo-oxygenase 2, mPGES-1 and
prostaglandin E2/EP4 receptors. A direct consequence of the prostaglandin E2 upregulation is a
decrease in intracellular Ca2+ and impairment of fusogenic capacity of the satellite cells [243]. It
was also shown that cDM muscle and primary myoblast derived thereof produce a higher level
of IL-6, indicative for increased activity of this myokine signaling pathway [46].
Another conspicuous observation was that variation in the level of CELF1, as seen in cDM
muscles, causes imbalance in the production of subunits for the signal recognition particle
in the ER-secretory pathway [244]. CELF1 misregulation may thus be coupled to changes
in the secretory route for extracellular matrix proteins. Others confirmed that production of
ECM proteins is indeed altered in muscle of a mouse model for DM1 [245]. Taken together,
this is compelling evidence that the hormonal and ECM environment of progenitor cells in
the DM muscle are changed. There is no doubt that this will compromise the “cry-for-help”
communication in DM muscle and its adaptive regenerative capacity in response to accelerated
fiber decay due to repeat stress.

MiRNAs and other non-coding RNAs in muscle homeostasis
MicroRNAs (miRNAs) have a critical role in cellular stress responses, differentiation, proliferation
and apoptosis in muscle [246,247]. MiRNAs are short, highly conserved non-coding RNAs that
occur in all cell types, where they regulate the stability and the translational efficiency of target
mRNAs [248]. Multiple miRNAs that regulate differentiation and stress adaptation of skeletal
muscle, referred to as myomiRs, exist [249]. Among them are miR-1, -133a, -133b, -206 (the
most abundant miRNA in skeletal muscle) and miR-208. Expression of these miRNAs is regulated
by transcriptional networks involving MEF2, MYOD, SRF and TWIST1 [250,251]. Non-muscle
specific miRNAs that regulate differentiation and regeneration after muscle injury are miR-181,
-221 and -222 [252].
Myoblasts and myofibers utilize exosome-clustered extracellular miRNAs as paracrine
and endocrine communication signals to regulate homeostasis and regeneration. Extracellular
myomiRs are elevated during perinatal muscle development and after exercise-induced muscle
regeneration. Also in primary human myoblast and C2C12 cultures, these extracellular myomiRs
were elevated and appeared to be released selectively as a consequence of the differentiation
process [253].
DM1 and DM2 profiling studies showed that deregulation of intracellular miRNA content in
muscle, and extracellular extrusion via exosome secretion is a hallmark of disease. Eight miRNAs
were found to be significantly deregulated in the serum of DM1 patients (i.e. miR-1, -27b, -133a,
-133b, -140-3p, -206, -454 and -574) [254]. Earlier work had shown upregulation of miR-1, -206
and -335 and down-regulation of miR-29b, -29c and -33 in DM1 biopsies compared to controls
[255,256]. Moreover, cellular distribution of miR-1, -133b and -206 was altered in DM1 skeletal
muscles. Koutsoulidou et al. demonstrated that appearance of miR-1, -133a, -133b and -206 in
serum correlated with the progression of muscle wasting in DM1 patients. All four miRNAs were
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found encapsulated within exosomes in the circulation [257]. Cell- and animal model studies
suggest that MBNL expression is controlled by miR-277 and -304 [258], and miR-30-5p [259],
and that this regulatory network could be involved in inhibition of myogenic differentiation
in DM1. In DM2 muscle biopsies, the levels of eleven miRNAs were found to be significantly
modulated [260]. Of these, three also showed modulation in DM1 patients (i.e. miR-193bp,
-208a, -381). Expression levels of the other eight (miR-34a-5p, -34b-3p, -34c-5p, -125b-5p,
-146b-5p, -193a-3p, -221-3p, -378a-3p) fitted in a unique DM2 profile. The differences in
miRNA expression profiles might contribute to the differences in muscle pathobiology between
DM1 and DM2 [260].
LncRNAs and circular RNAs (circRNAs) may also have a role as regulators of muscle
homeostasis and gene expression [261,262]. LncRNAs are arbitrarily defined as RNAs >200 nts
without overt protein-coding potential, of which at least 5,000 have been identified so far [263].
CircRNAs are shaped as covalently closed molecules that lack 5’ and 3’ ends. They are expressed
by a high number of genes and are highly conserved among species [264]. Although little is
known about the function of these RNA species, it has been shown that they can modulate gene
expression by competing for miRNA or protein binding, or with regular mRNA production [265–
268]. Some lncRNAs are important players in muscle differentiation [269,270] and involved
in the pathomechanisms for Duchenne muscular dystrophy [271] and facioscapulohumeral
muscular dystrophy [272]. Malat1, one of the most abundant lncRNAs, was recently found
to slow down myogenic differentiation in mice by interference with MyoD-binding loci and
formation of a repressive histone-methylation complex. After the onset of differentiation, miR181 targets Malat1 RNA for breakdown to release the repression [273]. Our group has published
evidence that DM1-AS transcripts belong to the class of lncRNAs. After alternative splicing and
alternative polyadenylation, different (CAG)n repeat containing DM1-AS RNA isoforms are
produced. Like many other lncRNAs, DM1-AS RNA is expressed at very low copy numbers per
cell, in parallel with (CUG)n-containing DMPK mRNA [274]. It remains to be seen whether
expanded DM1-AS transcripts have an effect on DM1 myopathy, either in isolation or together
with expanded DMPK transcripts. No circRNAs that are possibly linked to DM have so far been
identified, but considering the fast developments, we might soon hear more from this field of
research.

Regenerative medicine for DM: Progenitor cells as source for muscle
healing
Use of MuSCs
The satellite cells, the adult MuSCs located between the basal lamina and the sarcolemma of the
multinucleated myofibers, form the main pool of progenitors for skeletal muscle regeneration
in vivo (Table 2). A large body of research has been devoted to the isolation, propagation and
genome tailoring of these cells, as they are the most logical candidates for use in future cell-
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based therapies, capable of restoring tissue homeostasis and enhancing muscle repair in patients
with myopathies.

Identification and isolation of MuSCs
For an ex vivo approach to gene therapy of DM in coupling with muscle cell transplantation the
availability of sufficient quantities of MuSCs is a prerequisite. Use of these cells for regenerative
medicine in DM, whereby different groups of skeletal muscles are differentially affected, will
not be simple. Indeed, although all “Satellite cells should be considered remnants of embryonic
development prepared to recapitulate muscle development in the event of muscle damage”
[198] it is only a fraction of this heterogeneous population that fully preserves the self-renewal
potential and myogenic capacity, when brought in in vitro culture. This seemingly stochastic
nature of fate adoption, which is associated with a high degree of heterogeneity and plasticity
of the satellite cell population in the natural environment of the muscle [204], is a complicating
factor during the period that they regain proliferative activity as myoblasts.
Another complicating factor is that MuSCs have the same embryonic origin as the muscle
in which they reside. Most skeletal muscles of the trunk and limb are derived from somites, but
head muscles originate from cranial mesoderm. These distinct origins specify distinct genetic
programs [275], which may be permanently associated with the intrinsic properties of MuSCs
[276]. More study is thus needed to verify whether the distinct origin is also a determining and
retained factor for capacity to participate in regeneration of muscles in different locations of the
body, or whether differences are smoothened out upon maintenance of cells in in vitro culture.
Lastly, aging of the donor seems to render the MuSC pool increasingly dysfunctional, as MuSCs
progressively lose their potency due to cell death and terminal differentiation. Hence, aging
forms an extra problem in cases where the patient’s own progenitor cells must be used for cell
therapy to circumvent immunological problems, and especially so in patients with late-onset
genetic myopathies like in DM2 or certain cases of DM1.
Skuk and colleagues came up with three properties that cells used for repair of damaged
and replacement of lost muscle fibers should have: (i) ability to fuse with pre-existing myofibers,
(ii) ability to form new myofibers, and (iii) ability to produce myogenically committed stem cells
[277]. This means that the MuSC’s capacity to participate in all aspects of muscle homeostasis
must be maintained during expansion ex vivo. Novel strategies for satellite cell culture and
preservation of self-renewal capacity before transplantation into muscle have now become
available. Cell culture on pliable soft hydrogel matrices, in combination with pharmacological
inhibition of p38/MAPK signaling [278] or culture on natural biopolymeric films [279] simulate
the conditions of the muscle stem cell niche and help to preserve MuSC quiescence and enhance
their self-renewal capacity. Also modulation of PAX7 expression may thereby be of help [280].

Transplantation of MuSCs: Preclinical studies only
Currently, the use of MuSCs in cell-based therapies is almost impossible. As demonstrated in
animal model studies, MuSCs cannot be delivered systematically to all muscles in the body
[281]. Upon intravenous delivery they accumulate in the lung, liver, spleen and kidney but
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not in skeletal muscle. One of the largest technical hurdles that limit the feasibility of MuSC
transplantation is therefore associated with the route of administration, i.e. intramuscular
injection (Figure 4). Initial trials aiming to regenerate skeletal muscle by local injection of
donor myoblasts failed due to their poor survival and limited ability to migrate more than a few
millimeters away from the site of injection [282–284]. Upon engraftment, these satellite-derived
myoblasts could not efficiently repopulate the satellite cell niche, and therefore were not able to
contribute significantly to muscle regeneration [285,286]. Future work is necessary to find out
whether some of these issues might be overcome by increasing the numbers of engrafted cells, or
by better preservation of their stemness during in vitro propagation as discussed above.
Further work on MuSCs in culture is therefore necessary. For application in basal and
translational research in DM, immortalized myoblast cell lines are available. These lines have
preserved the molecular hallmarks of disease, including splicing abnormalities and repeat
RNA-MBNL foci [87] and were generated by lentiviral-mediated expression of the catalytic
subunit of the human telomerase (TERT) and CDK4, the natural p16 ligand. Immortalized cells
constitute an unlimited source of cells for evaluation of compounds with therapeutic potential.
Immortalization per se may not be detrimental for the ability of muscle progenitor cells to serve
in therapeutic engraftment experiments in mice, as already shown earlier for these type of cells
and for SV40-TAgts immortalized cells [287,288]. However, for obvious reasons use of these
transformed cells for human studies will probably remain restricted for in vitro work.

systemic administration
pericytes

local administration
satellite cells

(different somatic origin)

Figure 4: Strategies for cell-based muscle therapy in DM. Genome-edited autologous or HLA-matched
pericytes can be administered systemically for muscle healing. Genome-edited or HLA-matched satellite
cells need to be engrafted locally in the corresponding muscles to have a regenerative effect.
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Use of stem cells from non-muscle origin
The continuous search for stem cells with potency for transdifferentiation and adaptation from
other sites than within the muscle basal lamina [289–296] has led to the identification of entirely
unexpected cell types with muscle progenitor capacity. Among these are the vessel associated
MABs and PCs the best-known examples (Figure 3) [200].

Identification and isolation of PCs and MABs
The participation of MABs and PCs in myogenic differentiation and regeneration in vivo is still
a poorly understood phenomenon. Compelling evidence points, however, to the potential
that these cells have for boosting muscle repair in regenerative medicine. One advantage
that MABs and PCs may have is that they rapidly acquire unlimited lifespan and maintenance
of multipotency, making them ideally suitable for the generation of replenishable pools of
transplantable cells. Skeletal muscle tissue itself is the most effective source for PCs with this
potential [201,297]. Their isolation can be accomplished by using explant culture methodology
[298,299], eventually in combination with enzymatic dissociation and FACS for surface markers
[201,300]. PCs with skeletal myogenic potential can be distinguished by expression of alkaline
phosphatase (ALP) [201,301] and new biomarkers for therapeutic potency, like PW1/Peg3, a
regulator of myogenic ability and migration capacity in PCs, MABs and satellite cells, have
recently been identified [302]. Expression of PW1/Peg3 is high in both MABs and PCs and its
level of expression correlates with their progenitor cell competence. Moreover, lack of PW1/
Peg3 expression abrogates the cells ability to cross the vessel wall and to engraft into damaged
myofibers through the modulation of the junctional adhesion molecule. PCs and MABs are
expandable in vitro as a relatively homogeneous population and transducible with viral vectors
for genomic editing.

Engraftment of PCs and MABs
PCs and MABs are able to systemically reach the target tissue, where they engraft and differentiate
towards the myogenic lineage (Figure 4). One possible complication, however, is that adequate
measures are necessary to ensure that myogenic commitment of these vessel-derived progenitor
cells is appropriately stimulated, while adipose and fibrogenic commitment must be avoided.
Several recent publications have implicated a role for a PC subtype in fibro-adipose infiltration
of tissues [300,303]. Consistent with age-dependent changes in regeneration capacity seen
before, this property seems to be more present in PCs isolated from aged individuals. PCs failed
to differentiate or participate in myofiber repair following injury, but contributed to enhanced
fibrous tissue deposition within the interstitial space in aged muscle [300,304–306]. Further
work is thus necessary to see whether PCs and MABs are truly the ideal candidates for use in
regenerative medicine in DM patients.
Translational studies in the GRMD dog model of myopathy demonstrated that ex vivo
cultivated PCs can indeed adopt myogenic fate when exposed to injury factors in vivo and are
able to directly differentiate into skeletal muscle or replenish the SC pool via activation of Pax7,
Myf5 or MyoD at the onset of differentiation [201]. For the GRMD model “a remarkable clinical
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amelioration and preservation of active motility” was seen [307]. The first human clinical study
with PCs was published in 2015, investigating primarily the safety of intra-arterial transplantation
of HLA-matched donor cells. This exploratory clinical trial was performed in five Duchenne
patients, in combination with immunosuppressive therapy. Clinical laboratory and MRI analysis
revealed that the study was relatively safe. Unfortunately, the effects of the cellular therapy on
muscle function were inconclusive.
Although the possibility for systemic administration is one of the strongest arguments for
preference of vessel-associated progenitor cells over satellite cells, there is also concern, as
blood flow in the artery of microvasculature downstream of the injection site might get disrupted
[308]. Moreover, a fraction of the injected cells might become trapped in filter organs decreasing
the amount of cells available for engraftment into dystrophic muscle [201]. Modification to
improve homing to damaged muscles [309] or altering cell surface [310] needs to be studied in
more detail to address these possible problems. For DM, research regarding the potential and use
of MABs or PCs for therapy is entirely missing.

Induced pluripotent stem cells (iPCs)
Also whole new approaches towards deriving myogenic progenitor cells from pluripotent
embryonic stem cells and induced pluripotent stem cells (iPSCs) are now being developed [311–
316]. Generation of iPSCs from fibroblasts of DM1 and DM2 patients has been published [317–
322]. Recently, a revolutionary new method to direct human iPSCs to adopt muscle progenitor
cell identity and create a renewable source of muscle progenitors for regenerative medicine was
developed. Hicks et al. found that the use of FACS of cells for two cell surface markers, ERBB3
and NGFR, and treatment with a TGFβ inhibitor gave an enormous enrichment for progenitors
with regenerative potential during engraftment [323]. Further work is necessary to verify whether
simple extrapolation of these animal model transplantation findings to the human situation is
possible.

Cell-based therapy in combination with genome editing
To prevent immunological problems linked to MuSC transplantation the use of progenitor cells
from HLA-matched donors or autologous cells from patients is strongly advisable. For DM1 and
DM2 cells, this implicates that genome editing must be employed to normalize the length of the
expanded repeats or the synthesis of the toxic RNAs must be otherwise permanently prevented.
With the advent of gene editing tools like ZFN, TALEN and CRISPR/Cas9 this now has become a
realistic goal. Specifically for DM1, a small number of gene editing studies have been published
recently, all aiming at the prevention of the presence of toxic, expanded repeat-containing RNA.
Gao et al. inserted a poly(A) signal upstream of the expanded (CTG)n repeat in DMPK in
iPSCs. This insertion led to premature termination of transcription and prevented production
of (CUG)n-repeat containing transcripts. As the DMPK mRNAs were now missing the repeatcontaining 3’ end, a healthy stem-cell pool was created [321]. Cardiomyocytes derived from
these iPSCs reverted to normal splicing for a number of pre-mRNAs known to be misspliced in
DM1.
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Pinto et al. used a deactivated Cas9 variant to impede synthesis of expanded (CUG)n RNA
during transcription [324], while Batra et al. [325] used an RNA-targeting Cas9 to eliminate toxic
expanded RNA after production. Both studies showed efficient elimination of cellular hallmarks
of disease, but the strategies used seem not well suited for permanent transformation of muscle
progenitor cells and prevention of repeat RNA effects.
More permanent effects for use in cellular strategies may be expected from removal or
trimming of the (CTG•CAG)n repeat expansion in the DM1 locus, creating permanently
normalized DMPK/DM1-AS alleles. Our own group and others have published that excision
of the repeat (and short flanking sequences) can be achieved by dual CRISPR/Cas9 cleavage
at either side of the repeat [114,326]. Repeat removal had no adverse biological effects on
DMPK isoform production and normalized splicing and myogenic capacity. Notably, CRISPR/
Cas9 cleavage in the vicinity of the repeat was associated with a risk of uncontrollable DNA
rearrangements across the area [114,326]. Also off-target alteration elsewhere in the genome is
a known danger in the application of CRISPR/Cas9 technology. Hence, careful characterization
and selection of cell clones with only the desired genome alterations should become routine
steps in future cell-based therapeutic strategies.
Use of repeat-corrected cell therapy may serve to halt the degenerative process, or delay or
prevent the onset of disease when applied upon first diagnosis with DM. In parallel, more work
will be devoted to the development of modalities for direct in vivo treatment of DM, with vectormediated gene-editing therapy. Finding ways for improvement of the quality of life of patients
with DM will remain the goal of a large variety of future translational studies.
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Abstract
Myotonic dystrophy type 1 (DM1) is caused by (CTG•CAG)n-repeat expansion within the DMPK
gene and thought to be mediated by a toxic RNA gain-of-function. Current attempts to develop
therapy for this disease mainly aim at destroying or blocking abnormal properties of mutant
DMPK (CUG)n RNA. Here, we explored a DNA-directed strategy and demonstrate that single
CRISPR/Cas9-cleavage in either its 5’- or 3’ unique flank promotes uncontrollable deletion of
large segments from the expanded trinucleotide repeat, rather than formation of short indels
usually seen after double-strand break repair. Complete and precise excision of the repeat
tract from normal and large expanded DMPK alleles in myoblasts from unaffected individuals,
DM1 patients and a DM1 mouse model could be achieved at high frequency by dual CRISPR/
Cas9-cleavage at either side of the (CTG•CAG)n sequence. Importantly, removal of the repeat
appeared to have no detrimental effects on expression of genes in the DM1 locus. Moreover,
myogenic capacity, nucleocytoplasmic distribution and abnormal RNP-binding behavior of
transcripts from the edited DMPK gene were normalized. Dual sgRNA-guided excision of the
(CTG•CAG)n tract by CRISPR/Cas9 technology is applicable for developing isogenic cell lines
for research and may provide new therapeutic opportunities for patients with DM1.
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Introduction
Myotonic dystrophy type 1 (DM1) is an inherited multisystemic disorder that manifests itself
at different ages with variable expression of progressive skeletal muscle wasting, myotonia,
dysfunction of the heart, gastrointestinal problems, insulin resistance, cataract and alterations in
cognitive functions and behavior, associated with white matter loss in the central nervous system
[1,2]. DM1’s autosomal-dominant character, complex symptoms and progression are caused by
expansion of a (CTG•CAG)n-triplet repeat located in the 3’-untranslated region of the DMPK gene
[3–5] and in a partially overlapping antisense (DM1-AS) gene [6,7]. In DM1 families, the repeat
contains more than 37 to up to several thousands of triplets and is unstable, both somatically [8,9]
and intergenerationally [10–12], with a bias towards expansion, causing increase in severity and
earlier onset of disease symptoms during ageing and over successive generations.
Several mechanisms may contribute to the molecular pathogenesis of DM1, but the prevailing
idea is that expanded (CUG)n-containing DMPK transcripts are dominant in disease etiology. In
cells where the gene is expressed, expanded DMPK transcripts may abnormally associate with
RNA-binding proteins, like members of the muscleblind-like (MBNL1-3), DEAD-box helicase
(DDX) and heterogeneous ribonucleoprotein particle (hnRNP) families, causing sequestration in
ribonucleoprotein (RNP) complexes that occur as distinct foci or remain in diffuse soluble state. Other
anomalies in the ribonucleoprotein network of DM1 cells are caused by altered phosphorylation
of RNA-binding proteins like CELF1 or Staufen 1 [13,14], triggered by kinase activation in stress
responses. In turn, these imbalances have serious in-trans consequences for faithful alternative
splicing [15,16], polyadenylation [17] and expression of miRNAs [18–20], creating a network of
cellular dysfunction. Additional problems may emerge from production of toxic homopolymeric
polypeptides, formed by decoding of the normally untranslated (CUG)n repeat tract in DMPK mRNA
by repeat-associated non-ATG (RAN) translation [21,22]. Similar toxic mechanisms may be active
in tissues that express DM1-AS transcripts with expanded (CAG)n repeats. Finally, (CTG•CAG)n
expansion may also modify nearby chromatin structure [23], associated with epigenetic marking or
altered expression of other genes in the DM1 locus, like the SIX5 gene [22–28].
Due to this enormous complexity and our still unripe knowledge about the significance
of these pathobiological mechanisms it is not surprising that the development of therapy that
could stop the cellular problems and thereby delay the onset or slow the progression of muscle
wasting, white matter loss in brain, and other disease features seen in DM1 patients, is still an
unmet medical goal. From DM1 cell and mouse model studies there is significant support for
considering the RNA gain-of-function toxicity the prime therapeutic target and proof-of-concept
testing has already demonstrated that antisense oligonucleotide (AON)-mediated degradation of
DMPK (CUG)n transcripts or disruption of abnormal RNP complexes by RNA binding or MBNL
displacement has potential therapeutic utility [29–32]. Hurdles that still have to be overcome for
use in vivo relate to modes of administration, cell-type specificity of action and possible immune
effects of repeated treatment with AONs or small molecule drugs. Also more fundamental
questions about repeat length effects on DMPK mRNA structure and accessibility in abnormal
RNP complexes, AON or drug effects on intracellular (re)distribution of repeat-containing RNAs
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and their involvement in RAN translation need attention for further progress. Moreover, therapies
that degrade the (CUG)n transcript or destabilize ribonuclear foci are expected to have no impact
on the modification of local chromatin structure, the dysregulation of DM1-AS transcripts [6] or
SIX5 [24,25,33] and possibly other in cis pathobiological effects at the DNA level.
Here we have started to evaluate the use of somatic gene-editing with endonucleases as
a promising alternative for correction of DM1 problems, as this strategy offers the opportunity
to drive permanent correction of the (CTG•CAG)n expansion mutation and cancel out DM1associated problems at all levels, including the cis-epigenetic effects and trans-effects on the
transcriptome and proteome [34]. Specifically, we have sought to test in muscle cells whether
the CRISPR/Cas9 system can be used to excise the expanded (CTG•CAG)n repeat and negate
its negative effects by normalization of the expression and nucleocytoplasmic transport of long
(CUG)n RNA from the mutant DMPK allele, without compromising the expression of genes like
SIX5 and DM1-AS. By conducting tests in myoblasts from a transgenic DM1 mouse model, DM1
patients and unaffected individuals we analyzed how the abnormal topology of the repeat affects
the efficacy of cleavage and repair of double-strand DNA breaks (DSBs) and gaps introduced in
the DM1 locus by single and dual CRISPR/Cas9 genome editing approaches. Our findings on
gene editing outcome are applicable in the development of isogenic cell lines for research and
in developing new strategies for future therapeutic intervention options in tissues of patients with
myotonic dystrophy and perhaps other types of repeat expansion disorders.

Results and Discussion
CRISPR/Cas9 genome editing in the DM1 locus
To select target sequences for CRISPR/Cas9 nucleases in the 3’-UTR in DMPK exon 15, we used
different versions of gRNA design software allowing prediction of performance in the context of
a human genomic background. Multiple candidate target sequences were identified with low
probability for off-target recognition and high capacity for promoting dsDNA cleavage at unique
sequence sites up- and downstream of the (CTG•CAG)n repeat (Figure 1A). The repeat tract itself
cannot be targeted internally due to absence of a PAM sequence. Sequences at its periphery were
poor targets (yellow arrows in Figure 1A) as prediction indicated a high probability of targeting
to other (CTG•CAG)n repeats elsewhere in the genome. Moreover, pilot experiments revealed
conspicuous low efficiency for CRISPR/Cas9 nucleases with repeat-directed gRNAs, so they were
not considered further (Supplementary Table S1; CRISPR-5 and -7 and data not shown).
For comparison of the efficacy of various CRISPR/Cas9 nuclease-guide RNA (gRNA)
expression plasmid combinations we chose to work with muscle cells, a cell type that is highly
relevant for DM1 manifestation. Immortalized myoblast lines from unaffected individuals (LHCN
and KM155C25) [35], lineages that have overcome replicative ageing due to retroviral expression
of hTERT and CDK4 [35], were employed. LHCN myoblasts carry two identical DMPK alleles
with a (CTG•CAG)5 repeat, which facilitated analysis of efficiency of CRISPR/Cas9-mediated
DSB formation by circumventing the need for discrimination between allelic repeat-specific
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effects on indel formation after break repair. Cleavage efficiency in nucleofector-transfected cells
was assessed by a T7 endonuclease I (T7EI) assay [36] on genomic DNA from pools of these cells
(Figure 2B). As controls in the assay, untreated LHCN myoblasts showed a single, distinct T7
endonuclease-resistant fragment, whereas for KM155C25 myoblasts, carrying one (CTG•CAG)5
and one (CTG•CAG)14 allele, cleavage across CTG5•CAG14 or CTG14•CAG5 misaligned tracts
in hybrid PCR products resulted in the appearance of two additional fragments (Figure 2A,B).
Based on signal strength in the T7EI-assay, two gRNA/Cas9 nucleases were chosen that showed
the best ability to direct cleavage, with target sites located 11 bp upstream of the first CTG triplet
(CRISPR-2, 8-21% efficiency) and 51 bp downstream of the last CTG triplet (CRISPR-3, ~14%
efficiency). Other gRNA vectors with lower efficiencies (e.g. CRISPR-1 or candidates in Figure
1A, Supplementary Table 1) were not used further in this study.

3

Figure 1: CRISPR design. (A) Schematic overview of CRISPR/Cas9 target sites across part of the 3’-UTR in
DMPK exon 15. The (CTG•CAG)n repeat is indicated in black, flanking regions in the DMPK gene in grey.
Using different web tools, multiple candidate gRNA target sequences were identified up- and downstream
of the repeat. Positions of guide RNA target sites are displayed by arrows in different colors, representing a
good (red), average (blue) or poor (yellow) utility score. Target sites that were chosen for further experiments
are encircled and numbered as CRISPR-1, CRISPR-2, etc. in the text. (B) Schematic overview of the structural
organization of the DMPK gene, including the (CTG)n repeat in exon 15 in black. Positions of cleavage sites
for CRISPR-1, -2 and -3, i.e. the gRNA target sites that were most intensely used in this study, are indicated.
The corresponding sequence in exon 15 is displayed below with the (CTG)n repeat in bold black, CRISPR
sites in red, and PAM sequences in green letters.
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As a next step, we assessed activity of CRISPR-2 and -3 nucleases towards potential off-target
sites elsewhere in the genome. By use of computational target prediction potential sites were
identified based on similarity to the gRNA sequences. Among the sites with highest prediction
values were the CARMIL2, EBF3, DVL1 and ALK loci (Supplementary Table S2). Verification with
the T7E1 assay revealed no indels within these loci, indicating that no or very low cleavage
activity outside the DMPK locus occurred upon use of CRISPR-2 and -3 (Supplementary Figure
S1). We realize, however, that indel formation at these and non-predicted off-target cleavage
sites in the genome may depend on the timing and level of expression and the cell type in which
these CRISPRs are being used. Precise monitoring of their development of a new high-fidelity
version of CRISPR/Cas9 nuclease was reported [37].

Figure 2: CRISPR activity in myoblasts with normal-size (CTG.CAG)n repeats. (A) Schematic outline
of the T7EI assay for determination of CRISPR cleavage efficiency. Part of DMPK exon 15 ((CTG•CAG)n
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repeat in black) containing CRISPR-1, -2 and -3 recognition sites and positioning of PCR primers used for
amplification of the relevant segment are shown on top. Possible fragments formed in the assay are depicted,
with sizes given underneath. (B) T7EI assay of DNA from small pools of transfection-positive LHCN cells.
Quantification of signal strength (assessed by scanning of fluoresce signal intensity upon UV illumination
for all assays shown in B-E) revealed target efficiencies of <1% for CRISPR-1, 8-21% for CRISPR-2 and 14%
for CRISPR-3. DNAs of non-transfected (untr.) LHCN (two alleles with equal DMPK repeat lengths) and
KM155C25 myoblasts (one (CTG•CAG)5 and one (CTG•CAG)14 allele) were used as negative and positive
control, respectively. (C) T7E1 assay of DNA from a pool of LHCN myoblasts treated with CRISPR-2 and -3
simultaneously. Untransfected LHCN and KM155C25 were included as controls. Note that we could not
differentiate between deletion of the entire region between the two CRISPR sites or simultaneous formation
of small indels at each of the two CRISPR sites. (D) PCR analysis of the relevant DMPK genomic segment
after dual genome-editing with CRISPRs-2 and -3. The upper band represents unmodified PCR product, the
lower band is indicative for deletion of the 77 bp (CTG•CAG)5 repeat and flanking regions in a small portion
of CRISPR-2 and-3 treated cells. (E) PCR analysis of genome changes in three CRISPR-2 and -3 treated
LHCN cell clones. Clone LHCN-B2.1 contains two unmodified repeats (single signal at 636 bp), while clone
LHCN-B2.2 has a repeat deletion on both alleles (single signal at 559 bp). Clone LHCN-F3.2 carries one
unmodified and one edited allele (signals at 559 bp and 636 bp). (F) Sequence verification of excision of the
repeat-containing segment. Top: Sequencing profile of the DMPK exon-15 gene region in clonally expanded
LHCN cells after dual gene-editing with CRISPR-2 and -3. The site at which the DSBs are fused is indicated
by an arrowhead. No indels were found. Bottom: The exon-15 sequence lacking the 77 bp repeat-containing
segment aligned with the normal DMPK sequence.

Switching to this new tool in combination with the two gRNAs identified heremay thus
become a useful strategy for avoidance of potential problems. Because our observations made
sufficiently clear that occurrence of off-target DSBs constitutes only a minor problem with gene
editing in the DMPK gene in myoblasts, we decided not to pursue this issue here further.

Deletion of a short (CTG)n repeat in unaffected human myoblasts
Having observed that CRISPR-2 and -3 were effective tools for cleavage in the 3’-UTR of the
DMPK gene, we next wondered whether combined use could be applied for removal of the entire
repeat-containing segment. This strategy was first tested in (CTG)5/(CTG)5 LHCN myoblasts,
in which this segment has the smallest possible size, spanning only 77 bp. T7E1 analysis of
editing events (Figure 2C) combined with conventional PCR analysis (Figure 2D) revealed the
appropriate size changes across the genomic area. Importantly, in most cases where cleavage
had occurred, both CRISPR-2 and -3 must have been simultaneously active on one allele. PCR
amplification gave the original and edited products of 636 and 559 bp, respectively, in a 5:1 ratio
(Figure 2D). This confirmed that the 77 bp repeat-containing segment had been deleted in a fair
percentage of cells and also that the area was unmodified in other cells within the population.
Conventional PCR analysis of a series of eighteen single cell clones (representative clones
shown in Figure 2E), obtained by limiting dilution after initial enrichment in small cell pools
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showed that in ~67% of cells the (CTG•CAG)5-containing segment had been completely
removed from at least one allele. Sequence analysis of PCR products confirmed that this excision
had largely occurred cleanly, without additional deletions or insertions in 83% of the modified
target sites (Figure 2F; Supplementary Table S3). LHCN cell clones with double clean deletions
were designated LHCN-(clone#)-Δ/Δ cells (Supplementary Table S4) and used for later biological
typing (see below). Only in ~17% of alleles small 2-27 nt indels (deletions only) were identified
at CRISPR-2 and/or -3 recognition sites. Among the cells with these changes, small deletions
were slightly more frequent at the CRISPR-3 site, presumably due to better guidance efficiency,
associated with more frequent cleavage.

Removal of a long (CTG•CAG)n repeat segment in myoblasts derived from a DM1
mouse model
To characterize the editing potential of the CRISPR-2/3 nuclease combination for DMPK genes
with large (CTG•CAG)n expansions, we performed an initial series of tests in DM500 myoblasts,
an immortalized cell lineage derived from calf muscle of a compound-hemizygous DM1
model mouse that carried one cosmid-sized transgenic insert with expanded (CTG•CAG)330
DMPK allele [38] and one H-2Kb-SV40tsA58 transgene [31]. We reasoned that the best view
on authentic genome and transcript changes after dual CRISPR-cleavage would be obtained in
cells with only one target chromosome, without the possibility of target competition or gene
conversion between DMPK alleles of different length, as might occur in patient cells with two
chromosomes 19. Unfortunately, this criterion was not fully met as the DM500 myoblast lineage
had undergone tetraploidization during propagation in culture at the permissive temperature
(Supplementary Fig.S2), a common feature of cells which express the SV40 large T-antigen during
cell cycle progression [39,40]. Small pool PCR analysis of repeat length variation in the DM500
cell population revealed three types of main alleles with ~540, ~570 and ~610 CTG•CAG
repeats (Figure 3 A-D) and a subset of rarer expansion and contraction events around these two
alleles. We assume that the three main alleles detected represent somatic variants that arose early
after, or possibly during, the tetraploidization event. Overall, the degree of somatic instability
in the DM500 cell population appeared relatively low likely reflecting the comparatively low
level of somatic instability observed in muscle in vivo in the original transgenic mice 38 and the
close correlation between the tissue specificity of somatic mosaicism in vivo and that observed in
vitro in tissue culture [41]. Although the presence of two chromosomes per cell containing large
expanded alleles does not reflect the normal situation in patients, we nonetheless considered
this cell line useful for determining the efficiency of CRISPR-mediated cutting in modifying the
length of large expanded (CTG•CAG)n repeats at the DM1 locus.
Encouragingly, small pool PCR analysis of the entire population of quadruple-transfected
cells (CRISPR-2 and -3 gRNAs, Cas9 vector, EGFP-reporter plasmid) suggested the ~1.7 kbp
deletions (~540/570/610 CTG•CAG triplets plus 62 bp of flanking sequences) were very
efficient, yielding a predominant product of ~200 bp when amplified with the distal DM-A/-BR
primer pair (Figure 3A,C). Although the primary product appeared to be the hoped for clean
excision of the repeat tract, a subset of molecules with CRISPR-2-3 treatment yielded variably
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sized fragments presumably carrying repeat tracts intermediate between (CTG•CAG)0 and
(CTG•CAG)500 (Figure 3B). The failure to detect most of these products with the inner DM-C/DR primer pair (Figure 3B) suggests that many of these targeted loci acquired deletions that have
removed the DM-C or DM-DR primer site (note the clean full excision DM-C/-DR product is
only 85 bp long and is not expected to be detected with the DM56 probe).
Interestingly, the small pool PCR analysis revealed that both CRISPR-2 and -3, singly and
together, preferentially targeted the (CTG•CAG)570 and (CTG•CAG)610 repeat tracts (Figure
3C-D). We assume that the chromatin configuration at the two transgenic DM1 loci differed
between the duplicated chromosomes and that this generated differential accessibility for
CRISPR/Cas9 complexes, consistent with recent data suggesting a role for chromatin structure
in mediating CRISPR activity [42,43]. This may have important implications for the targeting
efficiency of the normal and mutant chromosome in DM1 patient cells given the known effect of
the (CTG•CAG)n repeat expansion in altering local chromatin structure [23,27,33].
To better define the efficacy of CRISPR-mediated removal of large genomic regions we also
performed PCR (Figure 3E) and sequence analysis of the DMPK exon 15 region on a number
of individually propagated genome-edited DM500 cell clones. From this analysis we estimated
that clean loss of the segment between the CRISPR-2 and -3 cleavage sites had occurred in
approximately one third (30%) of the modified transgenic chromosomes (Supplementary Table
S3). Imperfect deletions extending beyond the CRISPR sites were seen in 4% of the modified
transgenic chromosomes. Other mutations (7%) involved large insertions and deletions and
inversions. A representative subset of clones with clean repeat loss, i.e. with complete deletion
in either one or both of the identical transgenic chromosomes (designated DM500-(clone#)-Δ1 or
DM500-(clone#)-Δ2, respectively; Supplementary Table S4), was used for further biological study
(detailed below). In a number of clones that still contained at least one transgenic chromosome
with an expanded (CTG•CAG)540/570/610 repeat, small indels of 1-24 bps were found at the
CRISPR-2 or -3 recognition sites. These indels were present in 37% of all modified transgenic
chromosomes, which is higher than the percentage of indels found in CRISPR-edited LHCN
cells (17%; Supplementary Table S3). About 90% of the indels consisted of small deletions and
10% of small insertions (data not shown). This finding may reflect species (i.e. human vs mouse),
chromosome or cell-type specific differences in efficacy or modes of DNA repair.
Also cis-effects of the long (CTG•CAG)540/570/610 repeat on the repair-ability of CRISPR-2 or -3
breaks may have been involved. DSBs stimulate DNA repair by at least two distinct mechanisms
– non-homologous end joining (NHEJ) and homology-directed repair (HDR) – of which the
former is error-prone [44]. Differential activities of NHEJ or HDR on any of the two chromosomes
19 of different parental origin in the LHCN cells or on the two essentially identical transgenic
chromosomes of maternal origin in DM500 cells, or simply timing differences needed for sealing
of small 77-bp or large ~1.7-kbp gaps by these mechanisms, may thus have influenced the steps
used for sealing of the CRISPR cut sites by DNA repair enzymes.
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Single DSBs near a long (CTG•CAG)n segment frequently induce loss of the entire
repeat
In order to gain further insight into the mechanism(s) that direct healing of the large gap between
CRISPR-2 and -3-induced DSBs in DM500 myoblasts, we examined the fate of the repeat
segment after a single cleavage up- or down-stream by either CRISPR-2 or -3, respectively. Triple
transfection (gRNA vector, Cas9 vector, EGFP reporter) followed by cell sorting for GFP was
therefore executed. For global monitoring of sequence alterations within the target region, we
PCR-amplified genomic DNA isolated from small batches of 20-30 individual clones, propagated
until day 28 after transfection, and combined this with detection by Southern blot analysis. To
cover a broad range of possible indels, a large region was PCR amplified, bracketing the entire
repeat and 273 bp and 348 bp of unique sequences up- and downstream of the repeat, including
CRISPR-2 and -3 sites. PCR products were hybridized with two independent probes (Figure 4).
Even though segments with long repeats amplified with poor efficiency, these analyses were
informative and demonstrated that introduction of one DSB at either side induced loss of almost
the entire repeat surprisingly often, occurring once or multiple times in almost every batch
of pooled cells (Figure 4). Small pool PCR, carried out on genomic DNA from these batches
of CRISPR-2 or -3 transfected cells, corroborated this observation and demonstrated again
that repeat tracts were primarily lost from the transgenic chromosome that carried the larger
(CTG•CAG)570/610 repeat tract (Figure 3). Sequence determination across the newly formed
junctions within DMPK exon 15 confirmed that healing of the initial DSB induced formation
of large gaps across the entire repeat (Figure 4B, Supplementary Figure S3). The application of
single CRISPR cleavage adjacent to the repeat may thus have utility in generating isogenic cell
lines with variable (CTG•CAG)n repeat sizes.
To our knowledge, such frequent occurrence of exceptionally large deletions has never
before been reported in genome-editing studies with endonucleases. Formation of small
indels is commonly seen at CRISPR/Cas9-induced DSBs, but deletions in the kbp size range,
preferentially formed in unidirectional direction as we show here seem exceptional (e.g.,
compare deep-sequencing assessment of indels after NHEJ and HDR events [45]). Instability
resulting in contraction has been reported for TALEN-cleaved short (CAG•CTG)30-75 repeats
engineered in yeast [46] and ZFN-cleaved (CAG•CTG)23-95 repeats engineered in human cells
[47]. Both studies demonstrated that introduction of one DSB and the subsequent recruitment
of DSB repair machinery significantly contributed to repeat instability, mostly contraction, via
mechanisms in which intramolecular repair reactions prevail. Repair in which gene conversion
events - between allelic segments or sister chromosomes in S- or G2-phase - could also have
played a role at low frequency. Finally, as a last speculative possibility, aberrant pairing between
the extremely GC-rich regions up- and downstream of the repeat may have occurred upon single
cleavage and mechanisms that promote removal of large DNA overhangs (including the repeat!)
in the single strand annealing pathway for closure of ds DNA breaks might have become active
[48]. Interestingly, contraction of the (CGG•CCG)n repeat in the FMR1 gene occurred at low
frequency in iPSCs derived from fragile X-syndrome patients when cleaved upstream by CRISPR/
Cas9 [49] and deletion of a (TG•CA)70 dinucleotide repeat was induced by TALEN cleavage
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Figure 3: Treatment of DM500 cells with CRISPR-2 and/or -3. (A) Schematic overview of CRISPR/Cas9 target
sites relative to the (CTG•CAG)n repeat (black) and the flanking DNA (grey) PCR primers (arrows) and probes
used for small pool PCR analysis. (B-D) Small pool PCR analysis of genomic DNA from DM500 cells treated
with CRISPR-2 and/or CRISPR-3. (B) shows amplicons from control and treated DM500 cells, generated using
the inner primers (DM-C-/-DR) and hybridized using the (CTG•CAG)n probe DM56. (C) shows amplicons
from control and treated cells, generated using the outer primers (DM-A/-BR) and hybridized using the
5’-flanking probe. For the untreated and treated cells, four replicate PCRs containing ~50 molecules of
template DNA are shown. Note that a clean full excision DM-C/-DR product is only 85 bp long and is not
expected to be detected with the DM56 probe in (B). In (B) and (C) the molecular weight markers (right
hand scale) have been converted to number of (CTG•CAG)n repeats on the left hand scale. (D) A zoomedin shorter exposure of the autoradiograph in (B) reveals that the DM500 cell line comprises three primary
alleles of ~540, ~570 and ~610 (CTG•CAG)n repeats and that the ~570 and ~610 alleles are preferentially
modified by both CRISPR-2 and -3. (E) PCR analysis of genome changes in DM500 clones treated with
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CRISPR-2 and -3 using the DMPK e15 primers described in Material and Methods. Clone DM500-A2.6
contains unmodified (CTG•CAG)540/570/610 repeats (single signal at ~2.2 kb). Clone DM500-A1.3-Δ2 has
a repeat deletion on both chromosome copies (single signal at 559 bp). Clone DM500-A2.2-Δ1 carries one
unmodified allele and one edited allele (signals at ~2.2 kb and 559 bp, respectively). Note that the enormous
difference in signal intensity is due to relative inefficient amplification of the expanded repeat-containing
allele.

129 bp downstream of the repeat in zebrafish [50]. Extensive DNA loss may thus be a common
process if simple tandem repeats are exposed to the DNA repair machinery by nearby DSBs.
Precise comparison between the extent of DNA loss in the different systems remains difficult,
however, as PCR primers used for analysis were differentially positioned at variable distances
from the CRISPR/Cas9 or TALEN cut sites and large deletions may have been missed in some
studies.
Strikingly, the gaps formed across the repeat in the transgenic DM1 locus in DM500 cells
extended to different nucleotide positions within the repeat or its unique flanking sequences.
Because remaining (CTG•CAG)n repeats (n>50) were difficult to amplify and sequence, an exact
repeat number could not be precisely determined for most products, but a rough estimate from
agarose gel electrophoresis indicated that considerable size contractions must have occurred,
with some alleles collapsing to less than 100 triplets. In a few clones we found - by sequencing
- a deletion of the larger internal part of the CTG repeat, but a fully intact flanking region
between the leftover of the repeat and the actual site of CRISPR cleavage (Figure 4B). Most
likely this type of complex genome-repair must have occurred after cleavage and unidirectional
trimming across the repeat segment. We propose that the unique 11 bp (for CRISPR-2) or 51
bp (for CRISPR-3) flanking region was thereby lost initially. Subsequently, exchange of genetic
information by gene conversion between the two (essentially-) identical transgenic chromosomes
in the tetraploid DM500 cells may have served to restore the unique flanking region. Apparently
this reconstruction leads to incomplete repair, as the repeat tract itself did not serve as template.
Direct and indirect in vitro and in vivo studies revealed that the expanded DM1 (CTG•CAG)n
repeat can adopt unusual non-B DNA slipped strand structures [51,52]. It is thus tempting to
speculate that the large deletions are facilitated by slipped strand structures already present, and/
or the formation of slipped strand structures during DSB processing. Occurrence of abnormal
non-B DNA topology may also partly explain why CRISPRs designed to cleave inside or very
close to the repeat did not work or worked less efficiently (e.g. CRISPR-5 and -7; Supplementary
Table S1). Interestingly, work with ZFN nucleases that cleave within the (CAG•CTG)n repeat
suggested higher efficiency of cleavage with increasing repeat length [47]. Further study is thus
required to determine more about how chromatin configuration, DNA topology and sequence
context contribute to target site accessibility and efficiency of different types of endonucleases.
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Excision of a long expanded repeat in DM1 patient myoblasts
Together, our findings demonstrate that gene editing with single CRISPR cleavage near the
trinucleotide repeat may trigger uncontrollable repeat loss. Dual CRISPR/Cas9-directed cleavage
may therefore be the preferred approach for repeat deletion in DM1 patient cells. To assess this
idea in a more direct manner we tested mode and efficiency of removal of a large expanded
(CTG•CAG)n repeat in cells with a fully authentic DM1 genotype, in retrovirally immortalized
DM11 cl5 myoblasts derived from a DM1 patient [35] with (CTG•CAG)13 and (CTG•CAG)2,600
repeats. Due to the large difference in allelic repeat size, any anomalous exchange of DNA
between these chromosomes, during or after genome editing, can be easily monitored with this
cell line.
Dual expression of CRISPR-2 and -3 nucleases resulted in fairly efficient cleavage and loss
of both the 101 bp fragment ((CTG•CAG)13 repeat plus 62 bp flanking sequences) from the
normal allele, as well as the large ~8 kb fragment ((CTG•CAG)2,600 plus flanking sequences)
from the mutant allele. Through single cell FACS and clonal propagation we managed to derive
103 different myoblast clones from transfected DM11 cells, allowing precise analysis of editing
events at the level of individual cells (Figure 5). Due to difficulties with PCR amplification across
the large repeat, we had to adapt our analysis strategy and used a combination of PCRs to
monitor the editing fate of the expanded and the normal allele in the same cell lineage (Figure
5A-D). In addition, northern blot analysis was performed on a few representative clones to
verify PCR findings, showing normal dosage, or complete lack of allelic DMPK mRNA products
in the clones shown in Figure 5E. Supplementary Table S3 provides an overview of genome
alterations that were observed for the (CTG•CAG)13 and (CTG•CAG)2,600 allele. Because of
the above-mentioned difficulties with sequencing, small changes in the (CTG•CAG)2,600 allele
could not be detected. Altogether, in thirty-six myoblast clones (out of 103) the CRISPR-2-3
segment was cleanly removed from both DMPK alleles (Figure 5F). Only one myoblast line had
a deleted expanded repeat segment and a (CTG•CAG)13 allele that was still fully intact. While
69% of the (CTG•CAG)13 alleles had lost the CRISPR-2-3 fragment cleanly (62%) or with small
imperfections (7%), 51% of the (CTG•CAG)2,600 alleles had a deletion of the entire repeat
segment (46% clean and 5% imperfect deletions). Together, these results corroborate findings
with (CTG•CAG)540/570/610 repeats in DM500 cells and demonstrate that even repeats of the
largest size class, associated with severe DM1 forms, can be efficiently excised from the DMPK
gene by dual CRISPR-2/3 cleavage. The finding that not much difference in excision efficiency is
observed between wt and long-expanded DMPK alleles is important as it implies that CRISPRmediated gene-editing cannot be easily tuned for selective removal of the repeat segment from
the mutant allele only, unless combined with clonal selection of cells with the desired targeted
change to their genome.
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Figure 4: Alterations in the DM500 repeat region after cleavage with a single CRISPR. DM500 cells
were treated with either CRISPR-2 or -3, after which a 2.2 kb region (including the (CTG•CAG)530/580
repeat) was PCR amplified and subsequently analyzed on blot using 32P-labeled probes. (A) Top: Outline
of the relevant region in DMPK exon 15. Shown are the (CTG•CAG)500 repeat in black, cleavage sites for
CRISPR-2 and -3, locations of PCR primers (arrows) and probes used for hybridization detection (bars).
Bottom: Four large panels showing signals from PCR products from nine pools of DM500 cells (~20-30
clones per pool), treated with CRISPR-2 (left panel) or CRISPR-3 (right panel), hybridized with probe 1, a
32P-labeled DMPK oligonucleotide located 5’ of the CRISPR cleavage sites (upper panels) or probe 2, a
32P-labeled (CAG)9 oligonucleotide (lower panels). Besides, PCR products of untreated DM500 cells and
clone DM500-A1.3-Δ2, carrying a verified deletion of both repeats, were used as controls (small panels far
right). Presence of small PCR products in the upper panels indicates deletion of large parts of the repeat in a
fair proportion of cells. These products are invisible in the lower panels as the (CAG)9 probe will not bind if
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the repeat is lost entirely or considerably shortened. (B) Overview of different types of deletions induced by
cleavage with single CRISPRs in isolated DM500 cell clones treated with CRISPR-2 (left; four examples) or
-3 (right, 7 examples). Results shown are based on sequencing of the transgenic DMPK exon-15 gene region
of these clones. Sizes of residual (CTG•CAG)n repeats and sequences flanking the deletions are indicated.
Grey rectangles with dotted outlines indicate that no sequence data was available for that particular region.

3

Figure 5: Dual genome-editing of DM11 cells using CRISPR-2 and -3. (A) PCR strategy used for characterization
of DM11 clones treated with CRISPR-2 and 3. Four possible outcomes for PCR analysis are displayed (primer
positions indicated on top). As it is not possible to amplify the (CTG•CAG)2600 repeat efficiently, the
putative ~8 kbp signal (grey band with dotted outlines) will not be visible on gel. (B) Results from the PCR
for untreated DM11 cells and seven independent DM11 clones treated with CRISPR-2 and 3. Sequencing
showed that the deletion of the (CTG·CAG)2600 repeat in clone DM11-1E6 started 15 bp upstream of the
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CR-2 site and extended until 16 bp downstream of the CR-3 site, hence the lower signal is somewhat smaller
than the expected 559 bp (outcome 3 in A). A small deletion of 11 nt was found in the (CTG•CAG)13 allele.
(C and D). Analysis of the fate of the (CTG•CAG)2600 repeat in five different DM11 clones that yielded a
single PCR fragment of 559 bp with the assay described in (A). A clean deletion of the (CTG•CAG)13 repeat
was confirmed by sequencing for all five clones. To verify the fate of the (CTG•CAG)2600 repeat PCRs were
done across the CRISPR-2 site and across the CRISPR-3 site. Absence of products in both reactions indicate
deletions of the (CTG•CAG)2600 repeat in both alleles (outcome 4 in A; clones DM11-3B11 and DM114A3). (E) Northern blot analysis of RNA isolated from DM11 clones using a 32P-labeled (CAG)9 probe to
verify DMPK (CUG)2600 expression. RNA from non-treated DM11 cells was included as positive control.
Absence of signal in clones DM11-3B11-Δ/Δ and DM11-4A3-Δ/Δ corroborates successful repeat removal.
Clone DM11-4F9 shows a slightly larger DMPK transcript than DM11 cells, presumably due to expansion of
the repeat during cell culture. (F) Sequence verification of excision of the repeat-containing segment in clone
DM11-4A3-Δ/Δ. Top: DMPK exon 15 sequence that has lost the repeat-containing segment aligned with the
normal DMPK sequence. Bottom: DNA sequencing profile of the DMPK exon 15 region. The site at which
the two DSBs are fused is indicated by an arrowhead. Absence of double peaks indicates that no differences
exist between the two modified alleles.

Unexpectedly, we detected three cell clones in which inversion of the 101 bp (CTG•CAG)13
segment had occurred (Supplementary Figure 4). Inversion can only be explained if the fragment
that was liberated by dual CRISPR activity was re-incorporated during repair of the DSB. One
idea that may explain the relatively high frequency with which we found chromosomal fragment
inversion with the (CTG•CAG)13 repeat is that the rearrangements are effectively controlled
mechanistically by genomic proximity and nuclear organization, by a process that keeps the ends
of fragments formed by DSBs together in nuclear locales for DNA repair [53–56]. Also others
noticed a high incidence of chromosome segment inversion upon use of dual CRISPR genome
cleavage [57]. Although no evidence was found for inversion of the (CTG•CAG)2,600 repeat,
our combined observations and results of others make clear that careful analysis is essential and
caution is warranted in use of the CRISPR/Cas9 system in myoblast genome engineering.
We expect that further adaptation of the editing strategy, for example by combining dual
CRISPR/Cas9 cleavage with homology-directed recombination (HDR) to achieve repair of
genome-editing scars in the mutant DMPK gene will not be of much help to avoid unwanted
genome changes. In theory, repair of a CRISPR-induced gap or a small inversion would be possible
by performing a second round of gene-editing with CRISPR cleavage at the junction site(s) and
co-transfection of a donor fragment derived from DMPK exon 15, for example a single stranded
oligonucleotide [45] with a normal (CTG•CAG)5 repeat. Insertional recombination of this donor
fragment by HDR would leave no or only minor sequence alterations around the CRISPR-2 and
-3 recognition sites [58]. Genome-editing with this two-step approach is, however, only realistic
for use in cells in vitro and too elaborate for use in vivo. Any direct use of a donor fragment
for HDR in muscle cells would make the procedure too highly dependent on correct timing of
CRISPR/Cas9 treatment, as NHEJ is a much faster process and HDR only occurs in S and G2-M
phase [59–61]. Further sophistication may thus only be possible by genetic or pharmacological
suppression of NHEJ [62,63] or by increasing HDR via use of special engineered Cas9 variants
[64], cell-cycle manipulation of the host cell or precise timing of CRISPR cleavage events. We
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thus anticipate that clean-cut repair of repeat anomalies may not be easily achievable, as too
many variables must be tailored for use in DM1 muscle cells in vitro and certainly in vivo.

Biological effects of (CTG•CAG)n repeat excision: Are biologically relevant
sequences lost?
Excision of the (CTG•CAG)n repeat and flanking regions in DMPK exon 15 can only have
meaningful medical applications or provide therapeutic benefit if the loss of this gene segment
has no adverse biological effects. To gain insight into possible side effects of our excision strategy,
we performed a bioinformatics search using RegRNA 2.0, an integrated web server for the
identification of regulatory motifs and elements in RNA [65]. Analysis of a somewhat larger
region than the lost segment of the DMPK RNA (nucleotides 45,770,337-45,770,127 in DMPK)
revealed a binding motif for IKAROS family zinc finger 3 (IKZF3), which is involved in chromatin
remodeling [66]. However, IKZF3 is expressed most strongly in leukocytes, spleen and thymus,
and is virtually absent in other tissues (www.proteinatlas.org). In addition, two overlapping DNA
motifs for PARP binding and an ATF/CREB activator motif were identified. As none of these
proteins has a known function in the DM1 locus, this leaves the role of the deleted tract still
enigmatic. A search across the novel junction sequence generated by repair of the DSB in the
edited DMPK gene yielded no evidence for newly formed regulatory motifs.

Effects of (CTG•CAG)n repeat excision on gene expression, DMPK mRNA
localization and ribonuclear foci
We next endeavoured to test the consequences of repeat deletion for DNA coding capacity, RNA
fate, integrity of cellular functions, and myogenic capacity. Deletion of the (CTG•CAG)n repeat
and 62 bp of flanking regions appeared to have no impact on DMPK’s coding capacity or on that
from its neighbor SIX5. RT-qPR determination of steady-state levels of DMPK mRNA in healthy
control LHCN myoblasts and gene-edited LHCN-E2.3-Δ/Δ and LHCN-B2.2-Δ/Δ derivatives, or
myotubes derived thereof (Figure 6A; Supplementary Table S4 for clone designations), showed
that expression did vary, but with marginal statistical significance between pairs of cells in the
series. Differences could also not be attributed to absence or presence of the repeat tract. A similar
picture was observed for DMPK mRNA expression in gene-edited myoblasts and myotubes from
the DM11 series (Figure 6B). Note that variation in expression in Figure 6A-B is within the 1-2.5
arbitrary unit range when normalized to expression levels of DMPK in the parental LHCN and
DM11 myoblasts or myotube populations.
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Fgure 6: Effects of (CTG•CAG)n repeat excision on expression of RNA and protein products from genes
in the DM1 locus. RNA was isolated from (A) LHCN myoblasts (MB) or LHCN-Δ/Δ derivatives (see S4 Table
for genotype specification) or myotubes (MT) formed thereof after 5 days in differentiation medium, or (B)
from DM11 and CRISPR-edited derivative (see S4 Table) myoblasts (MB) and myotubes (MT), and used for
RT-qPCR analysis of expression of DMPK (black bars) and SIX5 (white bars). Bar heights in the diagram
correspond to steady-state expression levels given in arbitrary units (n =3; Mean +SEM); (C) RT-PCR analysis
of DM1-AS expression in myoblasts (signal strength of the specific 150 bp product is given in arbitrary units
underneath; the lower band seen in all lanes represents a primer-dimer signal). (D) RT-PCR analysis of major
splice isoforms of DMPK mRNA formed by alternative skipping of exon 13-14 or 14 regions in DMPK hnRNA
from myoblasts. (E) Visualization of DMPK protein production in parental and gene-edited LHCN myotubes
(5 days differentiation) by western blot analysis. The most abundant DMPK isoform, i.e. the protein produced
from the longest RNA splice isoform with exons 13-14 included, has an apparent molecular weight of 80-85
kDa (arrow) and is present in all cells. The smaller DMPK isoform, lacking exon 13-14 sequences, comigrates
with cross-reacting proteins 80. Variation in signal strength of immunostaining with polyvalent rabbit antiDMPK antiserum (red) is given in arbitrary units below. Staining with monoclonal mouse-anti-β tubulin
antibody (green) was used as control for loading and normalization.
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Differences in the extent of myogenic differentiation, which can be attributed to clonal
(epigenetic?) inequality and difficulty in controlling precisely the onset of myogenesis in
culture, may explain this variation. An overall similar picture was obtained for expression from
SIX5, the neighboring gene in the DM1 locus, albeit that RT-qPCR quantification revealed that
expression of this gene in myoblasts-myotubes in culture is very low, corroborating literature
data [24,25,33]. Muscle cells may thus not be the proper cell type to assess cis-acting repeateffects on transcriptional activity of SIX5, as its promoter may already be in a heterochromatic
repressed state in these cells. From our findings in LHCN and DM11 clonal derivatives we can
conclude, however, that Six5 expression by promoter leakage is not altered upon deletion of
DMPK’s repeat tract. Further study of epigenetic-effects of repeat loss on SIX5 expression must
await gene-editing efforts in cells of other tissue origin, as this is not reliably possible in our
isogenic LHCN or DM11 cell series.
Since the DNA segment comprising exon 15 of the DMPK gene is also transcribed as part
of the antisense gene in the DM1 locus (DM1-AS) [6] (Gudde et al., manuscript in preparation),
we wondered whether DM1-AS expression might be affected by loss of the (CTG•CAG)n repeat
segment. We therefore monitored untreated and edited LHCN myoblasts for expression of DM1AS RNA using semi-quantitative RT-PCR ( due to the high GC-content of the DM1-AS gene,
reliable primer pairs for use in qPCR could not be designed (Gudde et al., in preparation)).
DM1-AS RNA was detected in all cells (Figure 6C) with only minor variation in expression level.
Collectively, our results demonstrate that gene expression in the DM1 locus is not substantially
altered by deletion of the fragment containing the (CTG•CAG)5 repeat.
To verify that alternative splicing involving exon 12-15 of the DMPK transcript was not
affected in cis, RT-PCR analysis across this region was performed (Figure 6D). Comparison of
PCR products from isoforms present in untreated and edited LHCN myoblasts revealed three
major splice forms that have been previously described [31,67]. No significant differences in
signal ratio for these splice forms were found, confirming our expectation that alternative splicing
across the exon 12-15 region would not be overtly affected by the deletion. Finally, western
blot analysis via immunodetection with a DMPK specific antibody also revealed no qualitative
differences in translatability between wt and gene-edited DMPK mRNAs. As anticipated, the
longest DMPK isoform product, translated from the most abundant DMPK mRNA variant with
exons 12-15 included (see Figure 6D), also yielded the strongest staining signal in lysates from
LHCN myotubes with and without the 77 bp repeat tract, with some clonal variation in intensity
(Figure 6E). Because our genetic experiments in LHCN, DM500 and DM11 myoblasts showed
that successful dual CRISPR excision of normal and long-expanded repeat tracts yields exactly
identical alleles, we may thus conclude from these combined biological results that repeatediting leaves the normal coding capacity of genes in the DM1 locus in myoblasts largely intact.
Concomitantly, we expected to see reversal of the abnormalities in location of expanded
DMPK mRNA in modified DM500 and DM11 myoblasts. Transcripts from the expanded allele in
DM1 patients form stoichiometrically abnormal complexes with RNP proteins. These complexes
prevent proper nucleocytoplasmic transport or could in fact be formed as a result of the impairment
in nuclear export [68,69]. We therefore examined whether transcripts from the edited DMPK
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allele had regained a normal intracellular distribution, despite partial deletion of the 3’-UTR.
We used cell fractionation to follow nuclear retention and transport of mature RNA transcripts
to the cytoplasm. Genome-edited DM500 myoblasts with two original or two edited DMPK
copies formed ideal substrates for comparison, as no interference of normal-sized transcripts
could occur in these cells. Consistent with our expectation, transgenic DMPK transcripts that
lacked the entire (CUG)570-610 repeat tract of ~1,7 kb were mainly found in the cytoplasmic
fraction, whereas expanded RNAs resided predominantly in the nuclear fraction (Figure 7A).
Similar tests in edited DM11 cells corroborated this picture (data not shown). To address whether
removal of the trinucleotide repeat resulted in effective dissipation of abnormal RNP structures,
we performed fluorescence in situ hybridization (FISH) and immunofluorescence microscopy
for subcellular MBNL1 protein distribution. Comparison of nuclear RNP foci numbers between
DM500 and DM11 myoblast clones with and without expanded repeats, revealed complete
absence of foci in edited cells (Figures 7B-C and Supplementary Figure S5). In accordance
with this observation, immunodetection of MBNL1 sequestration in original DM11 cells and
clone DM11-4F9, versus clones DM11-3B11-Δ/Δ and DM11 DM11-4A3-Δ/Δ, provided clear
supportive evidence for reversal of abnormal ribonuclear complex formation: Anti-MBNL1
stained nuclear foci were no longer seen in myoblasts without the repeat (Supplementary Figure
S6).
Next, we checked whether the experimental protocol of genomic engineering had not
jeopardized the ability of myoblasts to form multinuclear myotubes. Panels in Figure 8A (second
row) and Supplementary Figure S7 illustrate maintenance of fusion capacity for four ∆/∆ cell
lineages (DM11-3B11-∆/∆, DM11-3E3-∆/∆, DM11-4A3-∆/∆ and DM11-1E6-∆/∆) and one DM500
cell clone (DM500-A3.5-∆2). We consider the appearance of normal looking ]multinuclear
myotubes convincing evidence for retainment of myogenic potential after the multinuclear
myotubes convincing evidence for retainment of myogenic potential after the cell manipulation
and editing steps. Furthermore, more detailed quantitative analysis revealed that loss of the
DMPK repeat has a true beneficial effect, as a significant increase in fusion index was seen for all
cell clones in the ∆/∆ group, compared to the parental DM11 or CRISPR-treated myoblasts that
still had a repeat. This improvement in myogenic capacity was noticeable at both day 7 (Figure
8A-B) and day 10 (not shown) after onset of differentiation in vitro. Thus, using our collection
of isogenic human and mouse myoblasts with and without repeats (Supplementary Table S4)
precise comparative studies can now be done of all the different steps involved in myogenic
differentiation, involving cell-cycle arrest, activation of the muscle-specific transcriptome, and
elongation, alignment and fusion of myoblasts into multinucleated myotubes. Finally, removal of
the repeat also lead to normalization of alternative splicing of biomarker-RNAs in ∆/∆ myoblasts,
with reappearance of adult splice modes for both BIN-1 and DMD pre-mRNAs as seen in control
KM155 myoblasts, but different from the anomalous embryonal splicing that occurred in the
parental DM11 myoblasts and in DM11-4F9 cells with the repeat (Figure 8C).
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Figure 7: Effects of (CTG·CAG)n repeat excision on nuclear DMPK RNA retention in DM500 myoblasts.
(A) Cell fractionation was used to collect nuclear and cytoplasmic RNA from three DM500 clonal cell lines
containing unmodified (CTG•CAG)530/580 repeats and three independent DM500-Δ2 clonal cell lines with
deletions of the repeat in both transgenic alleleles. RT-qPCR analysis was used to determine expression levels
for (i) nuclear markers Malat1 and pre-DMPK mRNA (exon 2-intron 2 amplicon), (ii) cytoplasmic markers Actb
and Dmpk from mouse and (iii) mature DMPK mRNA from the human transgene (exon 1-exon 2 and internal
exon 15 amplicon). (B) RNA FISH on untreated DM500 cells, clone DM500-A2.4, containing two expanded
(CTG·CAG)530/580 repeats, and two DM500-∆2 clones. Foci containing DMPK (CUG)540/570/610 RNA
were labeled using a (CAG)6-TYE563 LNA probe (red). Nuclei were stained with DAPI (blue). No foci were
seen in the DM500-Δ2 clones. Scale bar: 10 μm. (C) Quantification of nuclear foci in cell lines shown in (B).
Each symbol represents the number of foci in one nucleus. Mean + SEM. *** p < 0.005.
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Collectively, our comparison between edited and non-edited myoblasts validates the
already well-known detrimental influence that repeat expansion has on DMPK RNA location
and some of the best known gain-of-function properties. More opportunities for fundamental
discoveries with DM1 cells emerge now. Genome-editing approaches with selective use of
single or dual CRISPR cleavage in DMPK’s 3’ UTR region, perhaps in combination with a second
round of editing with HDR [58], could be applied to generate isogenic populations of myoblasts
or other DM1 relevant cell types. Simple identification and cloning of cells with stepwise
incremental repeat lengths or repeat sequence alterations from these populations could help
to establish series of next generation isogenic DM1 cell models, without the modifier effects of
genetic background heterogeneity.
The outcome of our genome editing efforts demonstrates that therapeutic reversal of DM1related problems is a realistic goal and may be effectively achieved in the future. Deletion of
the (CTG•CAG)n repeat and small flanking segments from the non-coding region of the DMPK
gene had no overt consequences for in vitro cultured cells. Better tests for capacity in myogenic
development and for muscle function still need to be done before editing can be evaluated for
use in vivo. Our dual CRISPR editing approach may thus have value for future development of
somatic gene therapy for DM1, either directly in muscles in adult tissues in vivo, in myofibers
or satellite cells, or via use in stem cells prior to muscle regeneration. An alternative genomeediting strategy with therapeutic potential, based on the introduction of a premature poly(A)
addition site at few kbps upstream of the repeat in the DMPK gene in iPSCs, was published
by Xia et al [70]. Clearly this approach was similarly aimed at loss of repeat toxicity at the
RNA level. However, in addition to requirement of a repair template and activity of HDR, this
modification also invoked greater changes in the 3’-UTR of the DMPK mRNA and would not be
expected to directly correct any epigenetic abnormalities across the mutant DM1 locus. A future
comparison between the effectiveness and adverse biological consequences of both strategies is
therefore warranted.
Testing these CRISPR/Cas9 approaches in animal models is still very much dependent on
procedural progress at the cell level. Further improvements that need to be established consist
of combined use of new high-fidelity Cas9 variants [37], with gene sizes that can be easily
accommodated in recombinant vectors for in vivo transduction like AAV [71]. Also, attention is
needed to further improve the specificity of gRNA recognition by using special gRNA lengths, in
order to keep the off-target activity at the lowest possible level [72]. Fortunately, developments
that are relevant for these issues appear with revolutionary speed in the CRISPR/Cas9 field.
Our analyses provide evidence that unilateral cleavage with CRISPR nucleases, to only one
side of an unstable repeat in the genome should probably be avoided. Deployment of intrinsic
machinery for DNA end-resection, NHEJ and recombination repair may produce unpredictable
genome changes across the site of cleavage and DNA closure if repeat DNA with intrinsically
odd topology hangs around as a loose end. Repair functions from specialized endonuclease
complexes (CtBP-CtIP-MRN proteins) for resection-processing may thereby fulfill a modulatory
role [73]. The scheme in Supplementary Figure S7 provides a simplified model and hypothetical
explanation for the fate of DNA with non-B structure exposed by unilateral DSBs. Our work
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includes therefore a cautionary note for all attempts to remove unstable DNA by genome editing
in repeat expansion disorders.

3

Figure 8: Effects of (CTG•CAG)n repeat excision on myogenic capacity and aberrant RNA splicing in DM11
myoblasts. (A) Immunostaining of MHC expression (green) in DM11 cells after 7 days of differentiation.
Nuclei were stained with DAPI (red). Scale bar: 100 μm. (B) Fusion index of DM11 cells after 7 days of
differentiation. The fusion index was calculated as the ratio of the number of nuclei inside MHC positive
myotubes to the number of total nuclei x 100. Note the improvement of fusion index after excision of the
expanded repeat. Mean + SEM. ** P < 0.01. (C) Comparative RT-PCR analysis of BIN-1 and DMD in DM11
cells after 5 days of differentiation. Typical embryonic splicing patterns (e) were reverted to the normal adult
(a) modes of alternative splicing after loss of the repeat. KM155 myoblasts were used as control cells. (n=4,
Mean + SEM). ** p < 0.01, *** p < 0.001.
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Materials and Methods
Design and construction of components for the CRISPR/Cas9 platform
A human codon-optimized version of the Streptococcus pyogenes Cas9 protein was used in
combination with a custom guide RNA [74]. Throughout the text, the term CRISPR-x is used to
indicate the Cas9/gRNA ribonucleprotein endonuclease complex. Target sites for CRISPR/Cas9
across the trinucleotide repeat in exon 15 of DMPK (NCBI, Gene Database, GeneID: 1760,
nucleotides 45,770,345-45,770,148) were selected using four CRISPR gRNA design web tools
(www.omictools.com, http://crispr.mit.edu, https://chopchop.rc.fas.harvard .edu, https://www.
dna20.com). Different target sites were scored based on the number of predicted off-targets
and whether off-targets were perfect hits or contained mismatches. Also considerations like
location of the target site in the gene, GC-content and presence of a guanine at position 20 in
the target site, which appears to improve cutting rate [75], were included. Only CRISPR target
sites with the highest scores and with a location as close as possible (either 5’- or 3’-flanking)
to the (CTG•CAG)n repeat were chosen. Target sites should perfectly match the PAM sequence
and 8 to 12 nt sequence at the 3’-end of the gRNA, mismatches at the 5’-end will be tolerated
[74,76,77]. According to the rules outlined by Mali et al., [74] potential off-targets were found
by identifying exact matches to the thirteen 3’-most bases of the gRNA and the PAM sequence in
the human genome using BLAST searches. The best matches were reported as potential off-target
sites for the CRISPR gRNAs.
Complementary DNA oligonucleotides specifying the 20-nt gRNA sequence were
annealed and incorporated into gRNA cloning vector 41824 (Addgene) by use of the Gibson
Assembly kit (NEB, Ipswich, MA, USA). Proper insertion of the target sequence into the vector
was verified by sequencing. The vector encoding hCas9 was obtained from Addgene (plasmid
41815). Plasmid pMAX-EGFP encoding green fluorescent protein, an indicator of efficiency of
transient transfection, was purchased from Lonza, Köln, Germany.

Cell culture and nucleofection
Immortalized human myoblasts LHCN-M2 (LHCN in short) [35] and KM155C25 [78] were
derived from primary myoblasts obtained from control individuals unaffected with DM1
and with two normal-sized DMPK alleles, (CTG5/CTG5) and (CTG5/CTG14) respectively.
Immortalized human DM1 myoblasts, DM11 cl5 (CTG13/CTG2600) (DM11 in short) were
derived from primary myoblasts obtained from a DM1 patient. LHCN and KM155C25 myoblasts
were propagated in Skeletal Muscle Cell Growth Medium (PromoCell, Heidelberg, Germany)
supplemented with 15% (v/v) FBS (Sigma-Aldrich, Zwijndrecht, the Netherlands) and glutamax
(Gibco, Gaithersburg, MD), on dishes coated with 0.1% gelatin (Sigma-Aldrich). DM11 myoblasts
were grown in a 1:1 mix of Skeletal Muscle Cell Growth Medium and F-10 Nutrient Mix (Gibco),
supplemented with 20% (v/v) FBS (Sigma). Differentiation to myotubes (fused myoblasts with ≥ 2
nuclei) was induced by growing myoblasts to confluency and replacing the proliferation medium
by differentiation medium consisting of DMEM (Gibco) supplemented with 4 mM L-glutamine
(Gibco), 1 mM pyruvate (Sigma), 10 μg/ml insulin (Sigma) and 100 μg/ml apo-transferrin (Sigma).
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All culturing of human myoblasts was performed under normal conditions, by incubation under
a 7.5% CO2 atmosphere at 37oC.
DM500 cells, an SV40-TAgts-immortalized DM1 model myoblast cell line expressing a
transgenic human DM1 locus bearing a (CTG•CAG)500 repeat [31], were grown in DMEM
supplemented with 4 mM L-glutamine, 1 mM pyruvate (Sigma), 20% (v/v) FBS (PAA Laboratories,
Pasching, Austria), 20 units γ-IFN/ml (BD Biosciences, San Jose, CA) and 2% (v/v) chicken embryo
extract (Sera Laboratories International, Bolney, UK) on gelatin-coated dishes at 7.5% CO2 and
at a permissive temperature of 33°C. Differentiation to myotubes was induced by growing the
myoblasts to confluency on matrigel (BD) coated dishes, replacing the proliferation medium
by differentiation medium containing DMEM (Gibco) supplemented with 4 mM L-glutamine
(Gibco), 1 mM pyruvate (Sigma) and 5% Horse Serum (Gibco) and placing the cells at a
temperature of 39°C (to inactivate the SV40TAgts) in an atmosphere of 7.5% CO2.
Expression vectors were introduced by nucleofection, as this turned out to be the most
efficient procedure for DNA delivery into these difficult to transfect cell types. Nucleofection
was performed using the Amaxa P5 Primary Cell 4D-Nucleofector Kit (Lonza, Köln, Germany),
according to the manufacturers protocol for human skeletal muscle myoblasts. For conucleofection of 1 x 106 cells, 10 μg hCas9 plasmid, 10 μg total gRNA plasmid and 2 μg pMAX
EGFP (a reporter for transfection efficiency) were used. After nucleofection of LHCN and DM500
cells and subsequent cell sorting (BD FACS Aria Cell Sorter) for GFP-positive cells two days postnucleofection, cells were diluted to about 200 cells/ml, seeded into 96-well plates (~20 cells per
well) and propagated for eleven days. DNA from these cell populations was then isolated and
analyzed by PCR. Independent LHCN cell clones were obtained by limiting dilution cloning,
and ring cloning was used to obtain independent DM500 lines. For further analyses each clone
was expanded to a population of ~3.8 x 105 cells for both cell lines.
In the case of DM11 myoblasts, GFP-positive cells were collected after nucleofection by
single cell sorting two days post-nucleofection. Single cells were collected in 96-well plates and
cultured in medium consisting of a 1:1 mix of normal and conditioned medium. Conditioned
medium was harvested from untreated DM11 cells that had been grown in this medium for three
days. Conditioned medium was filter-sterilized before use. Once the cells in the 96-well plate
had reached 70% confluency (several weeks, no passaging), medium was switched to normal
medium and then each clonal population was expanded to about 3.8 x 105 cells.

PCR amplification analysis of genuine and off-target genome-editing events
PCRs were performed using Q5 High-Fidelity DNA Polymerase (NEB). Most loci were
successfully amplified using the standard Q5 High-Fidelity DNA Polymerase protocol. PCR
on the remaining loci was performed in the presence of the GC enhancer provided by the
manufacturer. The following primers were used: CARMIL2: 5’-AGTGGCTGGTCTAAG
GGTGTCAGCTTCAGGA-3’ and 5’-TCCTAGACAAAGGTCAGTCAGAGCATGGTGAGGAT-3’,
EBF3: 5’-AGACAGCATAGCA GGTCAGCAGCAG-3’ and 5’-ACCCTGAGCCCATCTGGAACCCTC3’,ALK:

5’-CAATCT-GCTTTCTCCCAGTTTGACT-3’

and

5’-ATCTCGTGATCCGCCCACCTT-

3’,DVL1:5’-TAACGAGCACCTACTTCATT-3’ and 5’-CACAACATAATGGGCTGG-3’,DMPKe15:
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5’-GCCAACTCACCGCAGTCTGG-3’ and 5’-TCAGCGAGTCGGAGGACGAGG-3’CR-2 site:
5’-GCCAATGACGAGTTCGGACGG-3’

and

5’-AGCAGCAGCAGCATTCCCG-3’CR-3

site:

5’-CCATTTCTTTCTTTCGGCCAGGCTG-3’ and 5’- GCGAGTCGGAGGACGAGGTCAATAA-3’

T7 endonuclease I cleavage assay
For identification of indels after CRISPR/Cas9 cleavage the T7 endonuclease I assay, adapted
from Wyvekens et al. [36], was used. Briefly, cells were collected and digested with 100 μg/ml
proteinase K in lysis buffer (100 mM Tris-HCl pH 7.5, 5 mM EDTA, 0.2% SDS, 2 mM NaCl) for 3
h at 55°C. Samples were centrifuged for 15 min at 16.000 g (4°C). Supernatants were collected
and equal volumes of isopropanol were added, after which the samples were centrifuged for 20
min at 16.000 g at 4°C. Supernatants were discarded and the pellets were washed once with 200
μl 70% ethanol. After the washing step, the DNA pellets were dried and dissolved in TE buffer
(10 mM Tris pH 7.5, 1 mM EDTA).
PCR primers were designed to amplify the sequence containing the CRISPR target site,
such that the total length of the PCR product was about 600 bp with the cleavage site located
approximately in the middle. Pertinent segments were amplified by PCR and resulting products
were purified using a gel extraction kit (Qiagen). Approximately 250 ng of purified PCR product
was denatured at 94°C and re-annealed in NEB buffer 2 using a thermocycler (5 min, 95°C; ramp
down to 85°C at -2°C/s; ramp down to 25°C at -0.1°C/s; hold at 4°C). The reannealed PCR products
were digested with 10 U T7 endonuclease I (NEB) for 15 min at room temperature. The reaction
was stopped by adding 2 ul of 0.25 M EDTA and PCR products were resolved by electrophoresis
on a 1% agarose gel. DNA fragments were stained with 0.5 µg/ml ethidium bromide (Amresco)
and ImageJ software was used for quantification of band intensities. Targeting efficiencies were
calculated using the following formula: % gene modification = 100 x (1-(1-fraction cleaved)1/2)
[79].

Small pool PCR
Small pool PCR was carried out as previously described using either DM-C and DM-DR or the
more distal DM-A and DM-BR 41. PCR conditions were 28 cycles of (96°C 45 s, 68°C 45 s, 70°C
3 min), followed by 68°C 1 min, 70°C 10 min. The PCR buffer was Custom PCR Master Mix-No
Taq (Thermo Scientific #SM-0005) supplemented with 69 mM β-mercaptoethanol (Sigma-Aldrich
UK). Taq polymerase (Sigma-Aldrich UK) used at 1 unit per 10 𝜇l reaction. Template DNA from
untreated and CRISPR/Cas9-treated DM500 cells was measured using the Qubit® fluorometer

and the dsDNA HS kit (Thermo Fisher Scientific UK). One percent agarose gels were blotted onto

Hybond N membrane (GE Healthcare) and hybridized. Probes and molecular weight marker (1
kb+ ladder, Thermo Fisher Scientific UK) were labeled using

P-dCTP (Perkin Elmer) and the
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Random Primers DNA Labeling System (Thermo Fisher Scientific UK). The (CTG•CAG)n repeat
probe DM56 was a 244 bp fragment comprising (CTG•CAG)56 and 54 bp flanking sequences
amplified using primers DM-C and DM-ER (5’-AAATGGTCTGTGATCCCCCC-3’) using
template DNA from a late onset DM1 patient. Probe H was a 99 bp fragment that hybridizes
to the 5’-flanking sequence upstream of the (CTG•CAG)n repeat. Probe H was amplified using
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primers DM-H (5’-TCTCCGCCCAGCTCCAGTCC-3’) and DM-CR (5’-AGGACCCTTCGAGCC
CCGTTC-3’).

Karyotyping
Karyotyping was performed to confirm tetraploidization of the DM500 cell line. DM500 cells
were grown to sub-confluency in a 6-well dish and incubated in 1 ml DMEM medium containing
20 μl 10 µg/ml colcemid (Gibco) for 2 hrs at 37°C. Cells were trypsinized and collected by
centrifugation. The cell pellet was resuspended in 1 ml 75 mM KCl after which another 2 ml
75 mM KCl was added to the sample. Cells were incubated for 10 min at 37°C. Three drops
of fixative solution (75% methanol, 25% glacial acetic acid) were added to the sample and
cells were collected by centrifugation. The pellet was washed twice with fixative solution and
resuspended in 6 to 20 drops of fixative solution depending on the amount of cells. Drops of
cell suspensions were dropped from a height of 30 cm onto clean wet slides and left to dry. The
cells were then stained using freshly made Giemsa Stain solution (Merck, Darmstadt, Germany).
Chromosomes were analyzed using a phase contrast microscope with a 40x objective.

Southern blot hybridization of PCR products
To determine the presence of the (CTG•CAG)500 repeat in CRISPR/Cas9 genome-edited DM500
myoblasts, we used PCR amplification of the (CTG•CAG)500 repeat-containing gene segment
followed by Southern blot hybridization. PCR products were resolved by electrophoresis on a
1% agarose gel, transferred by capillary transfer to a Hybond-XL nylon membrane (Amersham
Pharmacia Biotech, UK) and hybridized with

P-labeled oligonucleotides. A DMPK oligo
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(5’-AGAACTGTCTTCGACTCCGGG-3’), located 5’ of the CRISPR cleavage sites, was used to
visualize PCR products from both the unmodified DMPK gene and from cells with a deletion
of the region between the two CRISPR sites. The oligo was 5’-end-labeled using γ32P-ATP and
T4 polynucleotide kinase and hybridized to the membrane in Church-Gilbert hybridization
solution overnight at 42°C. The membrane was washed, exposed to a Bio-Rad Phosphor Imaging
Screen and imaged by Phosphor-Imager analysis (Molecular Imager FX, Bio-Rad). Analysis was
performed with Quantity One (Bio-Rad) and ImageJ software. After imaging, the probe was
stripped from the membrane using boiling buffer (0.1 X SSC, 0.1% SDS). Subsequently, using
similar conditions for hybridization, washing and exposure analysis,

P-end-labeled (CAG)9

32

probe was used to visualize PCR products containing an expanded (CTG•CAG)n repeat.

Western blot analysis of DMPK
Analysis of DMPK protein production in myoblasts was performed by western blotting, essentially
as described in [80]. Staining with monoclonal anti-β tubulin E7 antibody (Developmental
Studies, Hybridoma Bank, University of Iowa, USA) was used as control for loading. As
secondary antibodies 1:10.000 goat-anti-mouse 800CW and goat-anti-rabbit 680RD (Thermo
Fisher) were used. Detection was performed on the Odyssey CLx Infrared Western Blot Imaging
System (Westburg). ImageJ software was used for quantitative protein expression analysis.
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Cellular fractionation and RNA isolation
The protocol for RNA isolation from different cell fractions was adapted from Rio et al., [81].
Briefly, 0.6 x 106 cells (70% confluency) were trypsinized and collected by centrifugation. Cell
pellets were washed twice with cold PBS after which the cell pellet was resuspended in 0.5
ml ice-cold cell disruption buffer (20 mM Tris-HCl (pH 7.5), 1.5 mM MgCl2, 10 mM KCl, 10
mM dithiothreitol). After 10 min in cell disruption buffer on ice, the cells were transferred to
a 1 ml glass Dounce Tissue Grinder (Wheaton, Millville, NJ, USA) and homogenized using 15
strokes with a tight pestle. The crude cell lysate was transferred to a fresh tube, 5 μl 10% Triton
X-100 (Sigma-Aldrich) was added to a final concentration of 0.1% Triton X-100 and mixed by
inversion five times. Cell nuclei were pelleted immediately by centrifuging the homogenate at
1500 g at 4°C for 5 min. The supernatant containing the cytoplasmic fractions was collected.
RNA was isolated from both fractions using the Aurum Total RNA Mini Kit (Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s protocol. All RNA preparations were quantified using
a NanoVue spectrometer (GE Healthcare Europe GmbH, Eindhoven, NL). Approximately 500 ng
RNA of the cytoplasmic fractions and equal volumes of the corresponding nuclear fractions were
used as template for subsequent cDNA synthesis and RT-qPCR.

Northern blotting
To determine absence or presence of (CUG)n-repeat-containing RNA transcripts from the (CTG)13
and (CTG)2600 alleles in CRISPR/Cas9 genome-edited DM11 myoblasts, northern blotting was
performed according to standard procedures. RNA was isolated from the DM11 cell clones
using an Aurum Total RNA Mini Kit. All RNA preparations were quantified using a NanoVue
spectrometer. Depending on RNA yield from different clonally expanded cell lineages, 5-10 μg
RNA was dissolved in loading buffer and loaded onto a 1.2% agarose-formaldehyde denaturing
gel and resolved by electrophoresis. RNA was transferred to Hybond-XL nylon membrane by
capillary transfer in 10X SSC and UV cross-linked using a UV Stratalinker 1800 (Invitrogen). The
membrane was hybridized with a 32P-end-labeled (CAG)9 probe in Church-Gilbert hybridization
solution overnight at 42°C, after which the membrane was washed and the probes were detected
and analyzed as described above.

RNA FISH and image analysis of ribonuclear foci
DM500 cells were grown in 8-well IBIDI chambers coated with 0.1% gelatin (Sigma) and
expanded to 90% confluency. DM11 cells were grown on coverslips coated with 0.1% gelatin
(Sigma-Aldrich) to 50-60% confluency. The cells were washed once with PBS and fixed in 4%
formaldehyde, 5 mM MgCl2 in PBS for 10 min at room temperature. Cells were washed three
times for 5 min with PBS, after which ice-cold 70% ethanol was added for overnight incubation.
The ice-cold 70% ethanol was refreshed once, after which the fixed cells were washed two
times for 5 min with PBS at room temperature. Cell-containing coverslips were prehybridized
in 40% deionized formamide (Ambion) in 2X SSC (Ambion) for 20 min at room temperature,
followed by overnight hybridization at 37°C with 0.1 ng/μl (CAG)6-TYE563 LNA probe (Exiqon,
Vedbæk, Denmark) in hybridization buffer containing 40% deionized formamide, 2 mg/ml BSA
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(Sigma), 100 mg/ml dextran sulfate (Pharmacia), 0.1% Triton X-100 (Sigma-Aldrich), 1 mg/ml
herring sperm DNA (Promega), 100 μg/ml yeast tRNA (Ambion), 2 mM vanadyl ribonucleoside
complex (NEB) and 2 X SSC. Coverslips were washed twice for 5 min with PBS before staining
cell nuclei with 1 µg/ml DAPI (Sigma) in PBS for 10 min at room temperature. Cells were then
washed twice for 5 min with PBS and preparations were mounted with Mowiol 488 (Hoechst,
Frankfurt, Germany).
Fluorescent images were acquired using a Leica DMI6000B microscope with a 63X
objective in three different wavelength intervals using filter sets for DAPI, FITC and TRITC/Cy3.
Images were subsequently analyzed using FIJI software. DAPI masks were created using autothresholding using Huang’s method [82] followed by a watershed. For analysis of DM11 cells a
‘find maxima’ option in FIJI was applied for the TRITC channel using a noise tolerance of 200,
resulting in images containing single points. Positive pixels were counted in the nucleus using
the previously made DAPI masks. For DM500 the ‘find maxima’ was also applied for Cy3, but
using a noise tolerance of 150. Fluorescence signal intensity needed correction for aspecific
maxima, by subtracting the consistently high autofluorescence background signal observed in
DM500 cells. Using the DAPI masks, the positive pixels in each nucleus were counted.

RT-qPCR
To quantify endogenous RNA levels in the various cell lines, reverse transcriptase quantitative
PCR (RT-qPCR) was performed. RNA was isolated using an Aurum Total RNA Mini Kit (Bio-Rad)
according to the manufacturer’s protocol. Next, cDNA synthesis was performed using 500 ng
RNA as template with random hexamers and the iScript™ cDNA synthesis kit (Bio-Rad) in a
total volume of 20 μl. For RT-qPCR, 3 μl of the 10-fold diluted cDNA sample was mixed in a
final volume of 10 μL containing 5 μl iQ™ SYBR® Green Supermix (Bio-Rad) and 4 pmol of
each primer. Samples were analyzed using the CFX96 Real-time System (Bio-Rad). As negative
controls no-RT controls (RT-) and no-template controls (NTC) were included. Endogenous DMPK
levels were normalized to GAPDH and HPRT1 levels.
Primers used: Malat1: 5´-GCTGTTGGCACGACACCTTC-3´ and 5´-ACTGTGAACCA AAGCCGCAC-3´,
Actb: 5´-GCTCTGGCTCCTAGCACCAT-3´ and 5´-GCCACCGATCCACACAGAGT-3´, Dmpk e15(3’):
5´-GGATCAGCAAGACCTCTGCCAG-3´ and 5´-TGTGGCTCCGTTGTTAGAGTGC-3´, DMPK
e1-e2: 5´-ACTGGCCCAGGACAAGTACG-3´ and 5´-CCTCCTTAAGCCTCACCACG-3´, DMPK
e2-in2: 5´-GAGGGACGACTTCGA GATTCTGAA-3´ and 5´-CACCACGAGTCAAGTCAGGC-3´,
DMPK e15(3’): 5´-TGCCTGCTTACTCGGGAAATT-3´ and 5´-GAGCAGCGCAAG TGAGGAG-3´,
GAPDH: 5´-CCCGCTTCGCTCTCTGCTCC-3´ and 5´-CCTTCCCCATGGTGTCTGAGCG-3´,
HPRT1: 5´-TGACACTGGCAAAACAATGCA-3´ and 5´-GGTCCTTTTCACCAGCAAGCT -3´.
Primers for SIX5 have been described previously [33], however because the efficiency
of amplification for this primer pair appeared to be an artificial 113.5% in our analyses, an
efficiency correction was included in the calculations.
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RT-PCR analysis of in cis and in trans effects on alternative splicing and DM1-AS
RNA expression
To analyze DMPK exon 12-15 splice isoforms, 500 ng of total RNA was used as template for
cDNA synthesis with random hexamers using the Superscript III RT kit (Invitrogen) in a total
volume of 20 μl, according to the manufacturer’s protocol. The cDNA was diluted 1:10 and
1 μl was used for subsequent amplification by PCR using forward and reverse DMPK e12-e15
primers: 5’-GAACCGGGACCTAGAGGCACACGT-3’ and 5’-TCGGAGCGGTTGTGAAC TG-3’.
As negative control a no RT control (RT-) was included. PCR products were separated on a 1%
agarose gel. Quantification was performed using ImageJ software.
For analysis of DM1-AS expression, 1 μg of total myoblast RNA was used
as template for cDNA synthesis with 2 pmol of gene-specific primer RT AS 3CAG
5’-CGACTGGAGCACGAGGACACTGACGCCTGCCAGTTCACAACCGCTCC AGCGT-3’ and the
Superscript III reverse transcriptase kit (Invitrogen) in a total volume of 20 μl, according to the
manufacturer’s protocol. Undiluted cDNA (1 μl) was used for subsequent amplification by PCR
using AS DMPK: 5’-CCTTCGAGCCCCGTTCGC-3’ and RT AS 3CAG primer [81]. As negative
control a no RT control (RT-) was included. PCR products were separated on a 2% agarose gel.
To analyze BIN1 exon 11 inclusion and DMD exon 78 inclusion in alternative RNA splicing,
500 ng of total RNA from myotubes at 5 days of differentiation was used as template for cDNA
synthesis with random hexamers using the iScript™ cDNA synthesis kit (Bio-Rad) in a total
volume of 20 μl. The cDNA was diluted 1:10 and 1 μl was used for subsequent amplification by
PCR using forward and reverse primers BIN1 ex11 5’-AGAACCTCAATGATGTGCTGG-3’ and
5’-TCGTGGTTGACTCTGATCTCGG-3’ or DMD ex78 5’- TTAGAGGAGGT GATGGAGCA-3’
and 5’-GATACTAAGGACTCCATCGC-3’. As negative control a no RT control (RT-) was included.
PCR products were separated on a 2.5% agarose gel. Quantification was performed using ImageJ
software. Exon inclusion was quantified as percentage of the total intensity of isoform signals.

Immunofluorescence staining
For assaying myogenic capacity with myosin heavy chain (MHC) staining DM11 clones were
seeded in 8-well IBIDI chambers, propagated for two days in growth medium and cultured in
differentiation medium for five or more days. Cells were washed with PBS and fixed with 2% PFA
in 0.1 M phosphate buffer for 15 min at room temperature. After fixation, cells were washed with
PBS again and permeabilized with blocking buffer (0.1% Triton-X100 (Sigma-Aldrich), 0.1%
glycin (Merck) and 3% BSA (Sigma) in PBS) for 30 min at room temperature. Samples were
incubated overnight at 4°C with blocking buffer containing 1:10 diluted anti-MHC antibody,
MF 20 (DSHB, University of Iowa, US). Cells were washed with PBS and incubated with 4 µg/
ml goat-anti-mouse AF488 (Thermo Fisher) and 100 ng/ml DAPI (Sigma) in blocking buffer for 1
hour at room temperature in the dark. Cells were washed and kept in PBS. Fluorescent images
were acquired using a Leica DMI6000B microscope with a 10X objective.
For visualization of co-accumulation of muscleblind-like protein 1 (MBN1) with (CUG)
n expanded DMPK transcripts in intranuclear RNP foci, DM11 cells were grown on coverslips
coated with 0.1% gelatin (Sigma-Aldrich) to 80% confluency. Cells were washed with PBS, fixed
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in ice-cold 1:1 aceton/methanol, incubated overnight at -20°C, washed with PBS again and
incubated for one hour in block buffer containing 3% BSA (Sigma), 0,1% glycin (Merck) and 0,1%
Triton X-100 (Sigma) at room temperature. Samples were then incubated overnight at 4°C in the
same buffer containing 1:10 diluted anti-MBNL1 antibody, MB1a (4A8) from DSHB, University
of Iowa, US. Samples were washed and incubated with 4 µg/ml goat-anti-mouse AF488 (Thermo
Fisher) and 100 ng/ml DAPI (Sigma) in blocking buffer for 1 hour at room temperature in the
dark. Finally, sides with fixed cells were washed with PBS, milliQ, 70% and 100% ethanol
and mounted with Mowiol 488 (Hoechst, Frankfurt, Germany). Images were acquired using an
Olympus FV 1000 microscope with a 60x, NA 1.35 oil objective. Quantification of MBNL1 foci
was performed on wide-field images taken with a Leica DMI600B microscope with a 63x, NA
0.90 dry objective.

Statistical analysis
All statistical analyses were performed with GraphPad Prism version 5.01 software (GraphPad
Software Inc.) using one way ANOVA or Student’s t-test. All values in graphs are presented as
mean ± SEM. The significance level was set at 0.05. * p<0.05, **p<0.01, ***p<0.001.
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Supplementary Files

Figure S1: Low off-target cleavage by CRISPR-2 and -3 in LHCN cells. Cleavage of CRISPR-2 and -3 at
predicted off-target sites in CARMIL2, EBF3, DVL1 and ALK was assessed using T7E1 assays. DNA fragments
containing these putative sites were PCR-amplified on DNA isolated from transfection-positive pools of
CRISPR-treated LHCN cells. DMPK amplicons of non-CRISPR treated LHCN (two DMPK (CTG)5 alleles) and
KM155C25 myoblasts (with (CTG)5 and (CTG)14 alleles) were included as controls. Note that essentially no
cleavage products were observed.

Figure S2: Karyotype analysis of DM500 cell clones. Top: Representative Giemsa-stained chromosome
spreads for clone DM500-A2.4, containing two unmodified (CTG•CAG)540/610 repeats, and genomeedited clone DM500-3.6-Δ2, which lacks the entire ~1.8 kbp area containing the (CTG•CAG)540/610
repeat and flanking segments from both chromosomes. Bottom: Listing of chromosome counts for these and
other genome-edited DM500 cell clones described in the text (normal tetraploidy, 4n =80).
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Figure S3: Deletion of the DM500 repeat region after cleavage with a single CRISPR. Sequence verification
of excision of the repeat-containing segment in three different DM500 clones treated with CRISPR-2 or
CRISPR-3 only (related to Fig 4). DNA sequencing profile (A) and sequences (B) of the DMPK exon 15 region
in three DM500 clones. Fusion sites are indicated by arrow heads. The first two bases of the sequences
shown in A are underlined in B.
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Figure S4: Inversion-deletion of the CRISPR-excised (CTG)13-containing segment in DM11 clone. (A) DNA
sequencing profile, indicating inversion of the (CTG)13 repeat-containing segment in DMPK exon 15 of
the normal-sized allele in clone DM11-1E8. Newly created fusion sites in the DMPK DNA sequence are
indicated by arrow heads. Note that the double peaks are caused by the copurified PCR product from
the edited expanded allele in this clone, from which the repeat sequence was removed and a TG was
inserted. (B) DMPK sequence that contains the inverted (CTG)13 fragment, aligned with the normal DMPK
sequence. Alignment shows that the sequence in red, containing a 10 nt deletion (dotted line), is reverse
complementary to the WT sequence.
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Figure S5: (CTG·CAG)n repeat excision normalizes RNA foci formation in DM11 myoblasts. (A) Confocal
microscope images of RNA-FISH on untreated DM11 cells, clone DM11-4F9 (CTG13/CTG2600) and two
DM11-Δ/Δ clones (see Supplementary Table S4). Foci containing DMPK (CUG)2600 RNA were labeled
using a (CAG)6-TYE563 LNA probe (red). Nuclei were stained with DAPI (blue). Scale bar: 10 μm. (B)
Quantification of nuclear foci in DM11-derivative clones shown in (A). Each symbol represents the number
of foci in one nucleus. Mean + SEM. *** p < 0.005.

115

Chapter 3

Figure S6: (CTG·CAG)n repeat excision normalizes RNA foci formation in DM11 myoblasts. (A) Confocal
microscope images of RNA-FISH on untreated DM11 cells, clone DM11-4F9 (CTG13/CTG2600) and two
DM11-Δ/Δ clones (see Supplementary Table S4). Foci containing DMPK (CUG)2600 RNA were labeled
using a (CAG)6-TYE563 LNA probe (red). Nuclei were stained with DAPI (blue). Scale bar: 10 μm. (B)
Quantification of nuclear foci in DM11-derivative clones shown in (A). Each symbol represents the number
of foci in one nucleus. Mean + SEM. *** p < 0.005.
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Figure S7: Myogenic capacity of representative gene-edited mouse myoblast clone without (CTG•CAG)
n repeat. Immunostaining of MHC expression (green fluorescence) in DM500-A3.5-Δ2 cells after 5 days
in differentiation culture. Nuclei were stained with DAPI (red). Formation of myotubes and preservation of
differentiation capacity in edited myoblasts is apparent from the expression of MHC in multinucleated cells.
Scale bar: 100 μm.
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Figure S8: Model for behavior of the (CTG·CAG)n repeat during CRISPR-mediated genome-editing in the
DM1 locus. (A) Dual cleavage with one CRISPR at either side of, and close to, a normal or an expanded
(CTG•CAG)n repeat frequently results in clean loss of the entire repeat-containing segment. When the segment
carrying the expanded repeat DNA with non-B DNA topology (red curved structure) is simultaneously cut
at both ends, it probably gets lost in the nuclear environment and is degraded. Hence it exerts no perturbing
effect on the efficiency of NHEJ-mediated resealing of the gap. (B) Single cleavage close to the expanded
(CTG·CAG)n repeat promotes formation of one-sided large deletions. We hypothesize that these deletions
occur because the DSB exposes abnormal DNA configuration at the side of the repeat segment, while at
the same time keeping both ends of the DNA in close proximity. The non-B or slipped-strand structure of
the DNA (red structure) is probably a difficult substrate for NHEJ and will first be trimmed by nucleases of
the recombination-repair machinery (arrow heads in dsDNA). Note that expanded repeat DNA is uniformly
represented as having abnormal topology, even though transitions between normal and non-B slipped strand
configuration may be dynamic and cell-type and -state dependent, or be induced after CRISPR cleavage.
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Supplementary Tables
Table S1: Cleavage efficiency of gRNA-expressing vectors determined by T7E1 assay in LHCN cells.
Target region

Target sequence 5’ -> 3’

On-target
cleavage
efficiency

CRISPR-1

5’ flank

CCGCCCCCTAGCGGCCGGGGAGG

<1%

CRISPR-2

5’ flank

GCTCGAAGGGTCCTTGTAGCCGG

8-21%

CRISPR-3

3’ flank

GCTGAGGCCCTGACGTGGATGGG

~14%

CRISPR-4

3’ flank

GCCTGGCCGAAAGAAAGAAATGG

~18%

CRISPR-5

5’ flank

AGCAGCAGCAGCAGCATTCCCGG

~3%

CRISPR-6

5’ flank

CGAGCCCCGTTCGCCGGCCGCGG

~5%

CRISPR-7

(CTG•CAG)n repeat

TGCTGCTGCTGCTGCTGCTGGGG

<1%

3
Table S2: Potential off-target sites for CRISPR-2 and CRISPR-3 in the human genome.
Mismatches are indicated in red, PAM sequences in blue.
CRISPR-2 target sequences

GCTCG AAGGG TCCTT GTAGC CGG

CARMIL2

AGGGG AAGGG TCCTT GTAGC AGG

EFB3

TAGGG AAGGG TCCTT GTGGC TGG

CRISPR-3 target sequence

GCTGA GGCCC TGACG TGGAT GGG

DVL1

CCAAA ATGCC TGACG TGGAT GGG

ALK

AAACG GGCCC TGACG TGGTT TGG

Table S3: Summary of CRISPR-induced events across repeats in LHCN, DM500 and DM11 cells (healthy
and mutant allele separately) after dual treatment with CRISPR-2 and -3.
In the column ‘Other’ all clones are listed which carry large insertions of unknown origin (>30 nucleotides),
inversions, deletions that extend to over the CRISPR-2 or -3 sites and also removed primer sites used for PCR
analysis, or combinations of these mutational events. The high percentage (25%) of anomalous editing events
in the (CTG•CAG)2600 allele of DM11 cells is explained by a high frequency (21%) of partial deletions
across the (CTG•CAG)2600 repeat segment between CRISPR-2 and -3 sites.
Cell line

Clean
deletion
between
CRISPR sites

Clones with deletion
of the (CTG•CAG)
n repeat tract but
imperfect fusion of
CRISPR-2 and -3
cleavage sites

Small indel at
either one of
both CRISPR
sites

Other

Unable to
call

LHCN (CTG•CAG) 5/5

83%

0%

17%

0%

0%

DM500 (CTG•CAG)530/580

30%

4%

37%

7%

22%

DM11 (CTG•CAG)13

62%

7%

11%

8%

12%

DM11 (CTG•CAG)2600

46%

5%

ND

25%

24%
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Table S4: Characteristics of CRISPR-edited clonal myoblasts employed in this study.
Tetraploid DM500 mouse myoblasts contain two identical transgenic chromosomes, each with one repeat
in the (CTG•CAG)540-610 length range; diploid human LHCN or DM11 myoblasts contain two parental
chromosomes 19 with allelic (CTG•CAG)5/(CTG•CAG)5 or (CTG•CAG)13/(CTG•CAG)2600 repeats,
respectively (see text). The number of nucleotides (nt) in small insertions or deletions (indels) found at
CRISPR-2 or -3 cleavage sites is listed for each clone; N.D. is not determined.
Name clone

Species

Repeat length/Repeat fate

Indel types

LHCN-E2.3-Δ/Δ

human

deletion in both alleles

none

LHCN-B2.2-Δ/Δ

human

deletion in both alleles

none

DM500-A1.4

mouse

two (CTG•CAG)540-610 copies

CRISPR-3 site in one copy: +1nt

DM500-A2.4

mouse

two (CTG•CAG)540-610 copies

CRISPR-3 sites: 1x -5nt, 1x -10nt

DM500-A2.6

mouse

two (CTG•CAG)540-610 copies

CRISPR-3 sites: 1x -9nt, 1x -4nt

DM500-A1.3-Δ2

mouse

deletion in both copies

none

DM500-A2.3-Δ2

mouse

deletion in both copies

none

DM500-A3.5-Δ2

mouse

deletion in both copies

none

DM500-A3.6-Δ2

mouse

deletion in both copies

none

DM11-4F9

human

(CTG•CAG)13 and
(CTG•CAG)2600

none

DM11-EA7

human

(CTG•CAG)13 and
(CTG•CAG)2600

(CTG•CAG)13, CRISPR-3 site: 1x
-1nt
(CTG•CAG)2600, CRISPR-3 site:
N.D.

DM11-EA11

human

(CTG•CAG)13 and
(CTG•CAG)2600

(CTG•CAG)13, CRISPR-3 site: 1x
-1nt
(CTG•CAG)2600, CRISPR-3 site: 1x
-10nt

DM11-3B11-Δ/Δ

human

deletion in both alleles

none

DM11-4A3-Δ/Δ

human

deletion in both alleles

none

DM11-3E3-Δ/Δ

human

deletion in both alleles

CRISPR-2 site in one allele: +1nt
CRISPR-3 site in one allele: +1nt

human

(CTG•CAG)13 and
deletion of (CTG•CAG)2600

(CTG•CAG)13, CRISPR-2 site: -11nt
(CTG•CAG)2600, CRISPR-2 site:
-15 nt
and CRISPR-3 site: -16 nt

DM11-1E6-13/Δ
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Abstract
The congenital form of myotonic dystrophy type 1 (cDM) is caused by large-scale expansion
of a (CTG•CAG)n repeat in DMPK and DM1-AS. Production of toxic transcripts with long
trinucleotide tracts from these genes results in impediment of myogenic differentiation capacity
as cDM’s most prominent morpho-phenotypic hallmark. In the current in vitro study, we
compared the early differentiation programs of isogenic cDM myoblasts with and without a
(CTG)2600 repeat obtained by gene editing. We found that excision of the repeat restored the
ability of cDM myoblasts to engage in myogenic fusion, preventing that the ensuing myotubes
remained immature. Although the cDM-typical epigenetic status of the DM1 locus and the
expression of genes therein were not altered upon removal of the repeat, analyses at the
transcriptome and proteome level revealed that early abnormalities in the temporal expression
of differentiation regulators, myogenic progression markers and alternative splicing patterns
before and immediately after the onset of differentiation became normalized. Our observation
that molecular and cellular features of cDM are reversible in vitro and can be corrected by
repeat-directed genome editing in muscle progenitors, when already committed and poised for
myogenic differentiation, is important information for future development of gene therapy for
different forms of DM1.

124

Recovery in myogenic program after (CTG)n excision

Introduction
Generation of muscle tissue during development, growth, maintenance and ageing is a highly
integrated process that generally involves the formation of distinct types of terminally differentiated
myofibers [1]. These myofibers emerge after fusion of mononucleated myoblasts into immature
multinucleated myotubes. The onset of differentiation and gradual transition of muscle progenitor
cells and the subsequent fusion for formation of terminally differentiated myofibers is controlled
by an intricate network of factors and machinery for control of transcription, RNA processing
and translation [2], and turnover of gene-products [3]. Proper coordination and regulation of
the underlying molecular events by helix-loop-helix (bHLH) proteins, associated myogenic
regulatory transcription factors (MRFs) and RNA binding proteins is thereby highly critical [4–6].
Mutations in a wide range of genes, whose regulatory or structural products are essential
for these cellular and molecular mechanisms that control muscle development and function,
have been implicated in muscular dystrophies, characterized by the progressive degeneration
and weakness of skeletal muscle [7]. Among the muscular dystrophies, congenital muscular
dystrophies are a clinically and genetically heterogeneous subgroup of disorders that occur at
birth or early infancy and often have a devastating course [8,9].
A typical pleiotropic and complex combination of problems in muscle maturation is seen
in congenital myotonic dystrophy (cDM), the early and severely manifesting form of autosomaldominant myotonic dystrophy type 1 (DM1; OMIM160900) [10–12]. cDM is characterized by
the extreme expansion of an unstable (CTG)n trinucleotide repeat in the 3’ untranslated region
of the DM1 protein kinase (DMPK) gene [13,14], resulting in repeats of over 1000 CTG triplets
[15,16]. Early studies involving histological examination of cDM muscle biopsies revealed
delayed maturation and fiber immaturity [17,18]. Moreover, ex vivo analyses of primary and
immortalized skeletal muscle cells taken from cDM fetuses or children with infantile DM
consistently showed that their myogenic capacity is significantly compromised [19–21].
At the molecular level, severe disruption of developmentally regulated alternative RNA
splicing and polyadenylation pathways, evoked by expression of toxic repeat-containing
transcripts from DMPK and its antisense gene DM1-AS early in myogenesis, is presumably the
main cause of the muscle problems in cDM [22]. Furthermore, at the DNA level, the extreme
expansion of the (CTG•CAG)n repeat modulates its epigenetic environment, resulting in increased
nucleosome occupancy and hypermethylation of the CpG-island surrounding the repeat [23–
25]. Unfortunately, it is largely unexplored how these different cDM-typical abnormalities at the
DNA, RNA and protein level are mechanistically coupled to the defective myogenic capacity of
cDM muscle progenitor cells.
Here, we report on a morpho-phenotypic and molecular comparison of differentiation
behavior, chromatin conformation effects across the DM1 locus, and transcriptome-proteome
characteristics of clonally derived, isogenic cDM myoblast lines with and without a (CTG)2600
repeat in the DMPK gene. This work builds on and extends our previous report that describes
the process of CRISPR/Cas9-mediated editing of the DM1 locus to generate these cell lines and
the immediate effects thereof on repeat fate [26]. We here address long-lasting consequences
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and describe that complete excision of the expanded repeat did not noticeably alter the cDMspecific chromatin status or transcriptional activity of alleles within the mutant DM1 locus,
but did permanently modify the expression of representative muscle markers and regulatory
transcription and RNA-processing factors. Furthermore, morphological aspects of differentiation
were normalized already during the earliest stages of the myogenic process, when myoblasts
are transiting from proliferation to quiescence and subsequently fuse to become multinuclear
myotubes. Thus, cDM-specific features show distinct reversibility upon repeat excision by
somatic genome editing during the stage wherein muscle cells are already committed and poised
for terminal differentiation.

Results
Isogenic cDM myoblasts with and without expanded repeat: Use as DM1 cell
models
To investigate how presence of a large-scale (CTG)n repeat in the mutant DMPK allele of a cDM
muscle progenitor cell (referred to as parental DM11 myoblasts throughout the text) influences
myoblast-to-myotube formation along the path of terminal differentiation, we have generated a
panel of eight isogenic myoblast lines for use as cell models (Figure 1A). The lines were initially
generated for a study of repeat instability upon induction of dsDNA (double strand DNA) breaks
up- and downstream of the (CTG)n expansion by CRISPR/Cas9 genome editing [26,27]. The
DM11 line used to generate the panel originated from an 11-year old female patient with DM1
[20,21]. Our myoblast panel harbors four cell lines carrying (CTG)13 and (CTG)2600 alleles,
i.e. the DM11 cell line itself and three non-modified clonal derivatives (4F9, EA11, EA7), one
genome-edited clone that had retained the normal (CTG)13 tract (1E6), and three clones that
had both the normal and expanded repeat tracts (i.e. the (CTG)13/2600 repeat and an additional
11 (upstream) and 51 (downstream) flanking base pairs) fully removed (3E3, 3B11, 4A3) [26].

DM1 foci are uniquely associated with presence of the (CTG)2600 repeat
As all myoblasts in our panel were actively cycling immortalized cells that had undergone several
rounds of clonal selection, and been maintained for at least seven to eight passages in vitro, we
verified whether the lineages with expanded repeat had retained the classical hallmark of DM1,
i.e. the presence of nuclear foci due to abnormal protein binding and retention of expanded
DMPK transcripts [28]. By comparison, we checked whether this feature was absent in myoblasts
without the (CTG)2600 repeat. With FISH analysis using a CAG repeat probe, on average 4-5
DMPK ribonucleoprotein (RNP) foci per nucleus were detected in the parental DM11 population
and in all clonal lines with (CTG)2600 repeat (Figure 1B and C). Foci count varied between

126

Recovery in myogenic program after (CTG)n excision

4

Figure 1: CRISPR/Cas9-mediated excision of the DMPK (CTG)2600 repeat results in loss of intranuclear
RNA foci and MBNL1 aggregates in cDM myoblasts. (A) Schematic outline of the CRISPR/Cas9 editing
procedure by which the panel of isogenic myoblast clones with (three lines) and without (four lines) the
repeat was obtained (see [26]). (B) Images of DMPK (CUG)2600 ribonuclear foci using FISH analysis with
the (CAG)6 LNA probe (red). Representative pictures of intranuclear RNA foci in one myoblast line with and
one line without the (CTG)2600 repeat are shown. Nuclei were stained with DAPI (blue). Bar = 100 µm.
(C) Quantification of RNA foci in the myoblast lines with and without repeat. Each symbol represents the
number of foci in one nucleus (mean ± SEM; n = 28-318 (average 110) nuclei per cell line). ***p<0.001
(one-way ANOVA). (D) Representative images of MBNL1 immunofluorescence analyses on 4F9-13/2600
and 3B11-Δ/Δ cell lines. Bar = 20 µm (E) Quantification of nuclear MBNL1 foci in repeat-containing cell
lines (mean ± SEM, one-way ANOVA). n/a = not analyzed.
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individual cells, ranging from 0-17 foci per nucleus. 5% of the nuclei did not contain any focus.
In none of the lineages without the (CTG)2600 significant foci numbers were observed (Figure
1C). These observations corroborate findings on earlier passages of these cells [26].
For comparison, we also performed RNA FISH on five-day old myotubes derived from the
cell lines. As expected, foci were only observed in myotubes with the (CTG)2600 repeat (Figure
S1). Importantly, we observed a similar variation in foci number between nuclei within one
myotube as in the total population of myotube nuclei in the culture, which provides evidence
for the idea that DMPK expression differs between the nuclei of one myotube.
Automated immunofluorescence analysis of repeat-containing cells revealed 0-15 MBNL1positive RNP aggregates per nucleus (mean count 2-3; Figure 1D and E). In our images these
became visible as bright foci against a strongly variable background of dispersed nuclear and
cytoplasmic MBNL1 staining. MBNL1 foci were not observed in myoblasts without repeat.
A detailed comparison of intracellular MBNL1 and MBNL2 partitioning behavior in our cell
panel was recently published [29]. When combined, the observations described here and in
the previous study confirm that aberrant partitioning of MBNL family members is a persistent
feature in clonally-derived cDM myoblasts with (CTG)2600 repeat, in a manner alike that seen in
muscle and nerve cells from DM1 patients with long repeats [22,30]. Abnormal RNP aggregation
is obviously abrogated quickly after cells have lost the ability to produce (CUG)n expanded
RNAs from the DM1 locus.

Proliferative capacity of cDM myoblasts is unaltered upon repeat removal
Cell cycle analysis of growing myoblasts in adherent 2D culture, as determined by Ki-67 staining,
showed that the ratio between cells in quiescence and cells that were in the active phase of the
cell cycle remained similar after repeat removal (Figure S2A). Also, the percentage of cells in
S-phase, marked by incorporating 5-ethynyl-2´-deoxyuridine (EdU) for 1 hour, did not differ
between exponentially growing lines with and without (CTG)2600 repeat (Figure S2B). These
observations together suggest that cell cycle regulation was largely unaltered, and that passaging
before, during and after the gene-editing procedure and presence of an expanded repeat did not
overtly affect the proliferative capacity of our model cells.

Myogenic fusion is improved after (CTG)2600 repeat excision
To understand the effect of (CTG)2600 repeat removal on myogenesis, we first conducted imaging
and morphometric analyses to verify whether typical cDM muscle problems seen in vivo, like
differentiation impairment and fiber immaturity, were lessened in the myoblasts from which the
repeat was excised. Already early, at day 5 of differentiation, the fusion index (i.e. number of
nuclei in myotubes as percentage of the total number of nuclei in culture) was significantly higher
in cell populations without than with the (CTG)2600 repeat (44% versus 34%, respectively)
(Figure 2A and B). For the identification of myotubes that were formed after myoblasts got poised
for fusion, we used immunofluorescent staining for myosin heavy chain (MHC) expression.
Quantitative image analysis revealed that all four lines without the (CTG)2600 repeat had a
significant higher myogenic capacity than their counterparts with the repeat, resulting in a
128

Recovery in myogenic program after (CTG)n excision

significant difference in mean grey value for averaged MHC staining intensities between the two
groups of myoblast populations (Figure 2C). Western blot imaging of MHC signals in cell extracts
(Figure 2D and E) corroborated the morphological and IFA observations, confirming that MHC
expression levels were significantly higher in differentiated myotubes derived from myoblasts
from which the (CTG)2600 repeat was excised. Combined, these observations point to delay in
the initial period of myogenic programming in (CTG)2600 repeat-containing myoblasts, which
can be relieved by repeat removal.

4

Figure 2: Myogenic fusion capacity of myoblasts with and without expanded (CTG)2600 repeat. (A)
Images of myotube formation after five days of differentiation in myoblast lineages with (4F9) and without
(3B11) the (CTG)2600 repeat expansion. MHC staining in green, DAPI in magenta. Bar = 100 µm. (B)
Fusion index: Each data point represents the mean of three independent differentiation experiments for one
myoblast lineage (mean ± SEM). (C) Groupwise microscopic quantification of mean grey values of MHC
stain in immunofluorescent images of cells with and without repeat. (D) Western blot visualisation of MHC
protein levels in proliferating myoblast cultures (day -2), at the start (day 0) and day 5 of differentiation.
(E) Quantification of MHC expression at day 5 by western blot analysis of extracts from two myoblast
lineages with and two lineages without the (CTG)2600 repeat. Averaged MHC signal intensities (arbitrary
units) determined from three independent differentiation experiments are shown (mean ± SEM). *p<0.05,
**p<0.01, ***p<0.001 (two-way ANOVA).

Morphometric tests at the single cell level confirmed our initial perception. For our
morphometric analyses, we defined a myotube as an MHC-positive cell with two or more nuclei.
On average, (CTG)2600 myotubes were significantly shorter and thinner and contained fewer
nuclei per cell than myotubes without the repeat expansion (Figure 3A-C). Also the percentage of
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mononucleated MHC-positive cells – used as an indicator for myogenic cells that started aspects
of myogenic differentiation process but did not yet, or would not fuse – was markedly higher in the
populations of myoblasts with the repeat (Figure 3D). Based on these observations, we conclude that
at day 5, myotubes without the (CTG)2600 tract or with a normal repeat size are morphologically
more advanced and already in a more mature state than those with expanded repeat.

Figure 3: Morphotyping of myotubes formed from myoblasts with and without (CTG)2600 repeat. Myotubes
in five-day differentiated cultures were analyzed for their average length (A), width (B) and number of nuclei
per tube (C). (D) Quantification of mononucleated MHC-positive cells in the myogenic culture. (E) Histogram
depicting the number of nuclei per tube. Each data point in A-D represents one of the four cell lines with
or without the (CTG)2600 repeat expansion, averaged for four independent experiments (mean ± SEM; on
average 56 myotubes were included per cell line per experiment). *p<0.05, **p<0.01 (two-way ANOVA).

Binning of all MHC-positive cells based on the average number of nuclei per cell confirmed
this observation, since a conspicuous overrepresentation of mononucleated and binucleated
cells was seen among the populations derived from (CTG)2600 myoblasts (Figure 3E). Few
myotubes carrying the repeat expansion contained more than five nuclei, with 80% of the
myotubes containing two to four nuclei. In myotubes lacking the repeat expansion only 35% of
myotubes with fewer than four nuclei were detected, indicative for the higher rate of myotube
maturation overall for these lines. Apparently, presence of the repeat slows or inhibits myogenic
progression directly after the initial round of myoblast-myoblast fusion, before or early in the
phase of subsequent myoblast-myotube fusion rounds. Even after 15 days of differentiation, the
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(CTG)2600 populations did not show a more mature myotube phenotype, indicating that the
early cDM-typical fusion problems have a persistent character under our culture conditions (data
not shown).
We consider it highly likely that these early myogenic abnormalities of cDM myoblasts
in culture have the same underlying mechanistic cause as the well-known differentiation
impairment and fiber immaturity problems seen in patient muscles in vivo [23,24]. To further
deconvolute the myogenic differentiation trajectories for cells with and without the repeat, we
next used both informed and unbiased analyses at different time points before, at and after the
induction of the switch to quiescence and cell fusion by serum starvation, with the aim to reveal
clues about pathobiological pathways that lead from the DNA expansion to consequences at the
transcriptome and proteome level.

No change in chromatin status and associated transcriptional activity of DM1 locus
genes upon (CTG)2600 repeat excision in myoblasts
At the level of DNA topology and function, cDM-typical alterations regarding the coding
capacity of genes in the mutant DM1 locus might be involved, due to hypermethylation of the CpG
island surrounding the (CTG)n repeat and epigenetic modification of the nearby chromatin. In a
separate study focusing on methylation dynamics, we revealed that the abnormal cDM-typical
heterochromatization of the locus was maintained after repeat removal in myoblasts [31]. Due
to the apparent inability to change the methylation status of the DM1 locus at the somatic level,
we assumed that the two sets of cell lines in our panel thus only differed in the mere presence
of the (CTG)2600 repeat, but that they both harbor the abnormal chromatin topology of cDM
cells. To investigate the consequences of this possibility in more detail and determine whether
presence of the repeat proper could affect the expression of neighboring DM1 locus genes in cis,
we compared RNA-seq data from proliferating myoblasts with and without (CTG)2600 repeat at
80% confluency (day -2). Use of SNP information for assessment of total and allelic expression
of a region that covers >150 kbp around the DM1 repeat revealed that expression of FBX046,
BHMG1, SIX5, DMPK, DMWD, RSPH6A and SYMPK was not significantly different in myoblasts
with and without (CTG)2600 repeat (Figure 4A).
Importantly, whereas DMPK expression was essentially similar in proliferating (day -2)
and confluent (day 0) myoblast cultures, a significant and persistent higher DMPK expression
was observed in cells without repeat during later phases of myogenic differentiation (Figure
4B). The RT-qPCR-determined profile remained relatively flat throughout the entire 15 days of
myogenic differentiation for myoblasts with repeat, whereas DMPK expression peaked at day
5 after the onset of differentiation in myoblasts without repeat. Transient induction of DMPK
mRNA production in differentiating myoblasts is a typical feature of early myogenesis and has
been reported before [32,33]. To us, the near absence of a peak in the profile for (CTG)2600containing myoblasts suggests that their normal DMPK expression regulation during myogenic
differentiation is suppressed, presumably by an in trans effect exerted by the repeat on both
alleles simultaneously. An in cis mechanism, acting on the mutant allele only is less likely, as it
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would leave expression regulation of the normal DMPK allele unaffected; repair of the mutant
allele by repeat excision in DM11 cells, would then only produce a less-pronounced effect.

Figure 4: Gene expression of DM1 locus genes in proliferating myoblasts with and without (CTG)2600
repeat. (A) Expression of the six genes flanking DMPK/DM1-AS (size and location on scale depicted in
blue arrows) was determined by RNA-seq analysis of poly(A)-containing RNA prepared from proliferating
myoblasts with (red) and without (grey) the (CTG)2600 repeat. Based on SNP sequence information, the
contribution of the two alleles of each gene (on the DM1 chromosome or the unaffected chromosome
19) could be independently determined. It was assumed that methylation of the repeat-expanded allele
decreased expression of e.g. DMPK and SIX5 from this allele [34]. (None of the genes featured significant
differential expression levels before and after excision of the (CTG•CAG)n repeat. (B) DMPK expression
levels as determined via RT-qPCR. Each data point shows expression (mean ± SEM) in four cell lines with
and without (CTG)2600 repeat. *p<0.05, ***p< 0.001 (two-way ANOVA).

(CTG)2600-repeat effects on expression of myogenic transcription factors
Terminal differentiation with myoblast-to-myotube transition is dominantly controlled by
a network of muscle-specific transcription factors and RNA-binding proteins, involved in
processing and transport. The temporal appearance and cellular expression levels of these
regulatory factors (i.e. protein drivers) are under a strict regime of gene expression regulation,
which, in turn, controls the production of multiple other proteins (here referred to as myogenic
progression markers) that have an active or passive role in the myoblast’s transition to myotube
formation and maturation (Figure 5A) [1,30,35,36].
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To reveal gene-to-product expression differences in this network between cells with
and without the (CTG)2600 repeat, we used RT-qPCR quantitation of transcript levels for
representative transcription-driver factors MYOD, MYOG, MYF5 and PAX7 at different time
points over the 15-day-period of myoblast growth and differentiation. Over this entire trajectory,
MYOD expression was consistently higher in myoblasts without (CTG)2600 repeat expansion
than in repeat-containing cell lines (Figure 5B). Also MYOG levels appeared increased in lines
from which the repeat was removed, but expression was only significantly different during the
second half of the test period (Figure 5C). Conspicuously, the mRNA levels for MYF5 and PAX7
were largely similar in both sets of cell lines (Figure 5D and E). Only early in proliferating
myoblasts, MYF5 expression was two-fold higher in the lines without repeat. Taken together,
our findings indicate that transcriptional programming of early myogenic factors is not grossly
altered, but rather distorted in a subtle and selective manner by (CTG)2600 repeat presence
in our cells. Importantly, repeat presence appears to have no concerted effect on the temporal
expression profiles of all four regulatory factors examined.
A conspicuous exception with a more profound qualitative effect of the repeat, was seen
for myogenic transcription factor MEF2D [22,37]. RT-PCR analysis revealed that expression of
the MEF2D mRNA variant with an included β-exon increased significantly, already during early
differentiation (Figure 5F). In myoblasts without repeat the percentage of processed MEF2D
mRNA containing the β-exon continued to increase to ~80% during the first three days of
differentiation and remained constant thereafter. For the lines with the (CTG)2600 repeat, a
significant lower level of the MEF2D mRNA variant with β-exon (~22%) was seen, with a peak
in the expression profile at day three of differentiation and a decline later.

Levels of archetypal markers of myogenic progression increase after repeat excision
RNA expression profiling for myogenic progression markers DMD, MHCp and MHCe, i.e.
well-known structural proteins with a cytoarchitectural role whose levels are known to increase
steadily during myoblast-myotube transition and further progression of normal myogenic
differentiation [1,38,39], revealed the effects of repeat removal more clearly and consistently.
Throughout the entire 15-day differentiation period RNA expression levels of these three markers
appeared significantly increased in the myoblast lines from which the repeat was excised (Figure
5 G-I). A corresponding trend was observed in non-isogenic control line C25 (Figure S3).
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Figure 5: Excision of the (CTG)2600 repeat differentially alters the temporal expression of drivers and
markers of myogenic differentiation. (A) The experimental set-up for analysis of mRNA levels for myogenic
transcription factors and structural proteins before and during myoblast-myotube differentiation in cells
with and without (CTG)2600 repeat. Time points for sampling and RT-qPCR analysis are indicated (top).
Anticipated changes in the expression of muscle-specific factors are depicted (bottom). (B-E) RNA expression
for myogenic transcription factors (“drivers”) MYOD, MYOG, MYF5 and PAX7 (in arbitrary units). (F) RNA
expression for the MEF2D+β-exon factor isoform. (G-I) RNA expression for structural muscle proteins
(myogenic progression markers) DMD, MHCp and MHCe. Each data point shows mean ± SEM of the four
different cell lines either with or without the (CTG)2600 repeat expansion. *p<0.05, **p<0.01, ***p<0.001
(two-way ANOVA).
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(CTG)2600-repeat effects on expression of DM1 relevant splice factors
Findings of others repeatedly pointed into the direction of RNA-splicing alteration, not change
in transcriptional programming, as the main actor in impaired myogenesis by expanded (CTG)n
presence [22,40,41]. Earlier observations of our group regarding repeat effects on the temporal
expression of the three isoforms of the MBNL family of RNA-binding factors, i.e. the key posttranscriptional regulators with a well-documented role in DM1 pathobiology, are concordant
with this model [29]. Indeed, transcript level determination by RT-qPCR did not reveal differences
in total MBNL1 RNA content between myoblasts with and without repeat, but MBNL1 protein
variants were significantly over- (42/43 kDa) and underexpressed (40/41 kDa) in myoblasts with
repeat. Total MBNL1 protein content was consistently two to three-fold higher in cells without
the (CTG)2600 repeat, before and after the onset of differentiation. Similarly, MBNL2 RNA
expression did not differ markedly, but the MBNL2 38/40 kDa variants were higher expressed
in repeat-containing myoblasts, whereas MBNL2 39 kDa variant was expressed lower. The level
of MBNL2 was higher in myoblasts without repeat, albeit that this difference was most evident
somewhat later during differentiation. Unfortunately, MBNL3 protein, known to be involved
in MEF2D splicing [42], could not be detected by western blotting, presumably due to its low
expression in skeletal muscle.
For one other candidate thought to be centrally involved in abnormal programming of RNA
metabolism in DM1, CELF1, the protein expression appeared not to differ between cell lines
with and without (CTG)2600 repeat (Figure S4).
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(CTG)2600-repeat removal restores DM1-typical alternative splicing abnormalities
early in myogenic progression
Our findings regarding the differences in expression of members of the MBNL family between
cells with and without repeat [29] support the commonly accepted model that repeat effects on
the posttranscriptional regulation of RNA and protein isoform production play a dominant role in
cDM manifestation in muscle. Hence, we checked if repeat removal affected splicing signature
of known myogenic markers in proliferating myoblasts, before the onset of myogenesis. The fate
of alternatively spliced exons in a number of known DM1 target transcripts was analyzed by
RNA-seq. Inclusion of DMD e78, SERCA1 e22, CLASP e20, NCOR2 e45, NUMA1 e16, MXRA7
e4, and NF2 e16 significantly differed between the populations of myoblasts with and without
the (CTG)2600 repeat (Figure 6). Interestingly, also for MBNL1 e5 a clear difference was observed
(Figure 6, left uppermost panel), corroborating our own and others earlier findings mentioned
above [29,43–45]. Monitoring of alternative splicing of DMD e78, SERCA1 e22, BIN1 e11 and
LDB3 e11 in differentiating myotubes confirmed that the correction of splice abnormalities was
permanent and remained persistent over at least the first five days of the myogenic program
(Figure S5). For all transcripts, the embryonic splice mode was shifted towards a more mature
splice mode upon repeat removal, matching the situation in non-isogenic myoblast control line
C25.
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Figure 6: Alternative splicing patterns for early markers in cDM myoblasts change from embryonic-to-adult
mode after (CTG)2600 repeat removal. Analysis of RNA-seq reads across alternatively used splice junctions
in transcripts from eight misspliced DM1-related genes in myoblasts shows reversal of aberrant splicing
after (CTG)2600 repeat removal. Each data point represents one cell line with or without (CTG)2600 repeat.
**p<0.01, ***p<0.001, ****p<0.0001 (two-way ANOVA).

Selective changes in the transcriptome composition of cDM myoblasts in cells with
a (CTG)2600 repeat
To broaden our picture of alterations triggered by expanded (CTG)n repeat expression, we used
RNA-seq as an unbiased approach to compare the transcriptomes of the two sets of myoblast
lines with and without (CTG)2600 repeat, while still in the proliferative phase. Unexpectedly,
RNA-seq analysis revealed that (CTG)2600 repeat removal caused only 52 genes, of the 15,960
genes identified, to become significantly (p<0.05) differentially expressed and >1.5-fold changed
(Figure 7, Table S1). Of these differentially expressed genes (DEGs), 24 were lower expressed and
28 were higher expressed in cells with a (CTG)2600 repeat. Two genes, IGFBP5 and AFF2 (Table
S1), contain a trinucleotide repeat sequence [46].
The top four enriched GO-pathways for the DEGs were (i) enzyme-linked receptor protein
signaling pathway (GO:0007167), (ii) regulation of cell migration (GO:0030334), (iii) cellular
response to IFNγ (GO:0071346) and (iv) cAMP-mediated signaling (GO:0019933). Importantly,
all four pathway-related gene sets contained one or more genes that were upregulated as well
as genes that were downregulated. We found that 21 of the 52 DEGs were previously linked
to myogenesis, but none of the best known myogenic regulators of the temporal landscape of
myocyte differentiation [1,36] was in this group of genes (Table S1). Adaptation in expression
and – hence, the biological significance – of these 21 genes may represent a loss-or gain-offunction reaction to presence of the repeat or be related to gain of a more normal course of
myogenesis after repeat excision. The functions of the eight genes that were higher expressed in
repeat-containing myoblasts, LAPTM5, PDE3A, BMPR1B, CASP1, MMP23B, ABCG2, DCN and
GLUL may have most relevant pathobiological significance and must be considered candidates
for involvement in myogenic impediment in cDM1 (see Suppl. Materials for background
information on genes with a known function in myogenesis). Further tests with overexpression
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Figure 7: RNA-seq analysis shows few changes in RNA expression in cells with a (CTG)2600 repeat.
Volcano plot showing global transcriptional changes in cells with a (CTG)2600 repeat. The log2-fold change
in expression is represented on the x-axis. The y-axis shows the -log10 of the p-value. A p-value of 0.05 and
a fold change of 1.5 are indicated by the black dashed lines. All 15,960 genes found in all eight cell lines
are plotted. Each circle represents one gene. 24 genes significantly and >1.5-fold downregulated in cell lines
with (CTG)2600 repeat are shown in blue; 28 genes significantly and >1.5-fold upregulated in cell lines with
the repeat are shown in red.

or knockdown of the expression of these DEGs in our myoblast lineages with the (CTG)2600
repeat are thus necessary to clarify their possible role.
As mentioned earlier, our transcriptome analysis not only revealed quantitative but also
qualitative expression changes, related alternative exon use (Figure 6). From the finding that
our list of over- or underexpressed DEGs is relatively limited and that also the inventory of
alternatively spliced transcripts studied here and published by others comprises only a select
group of candidates among all RNAs expressed in myoblasts, we conclude that CRISPR/Cas9based excision of the (CTG)2600 tract has a very specific effect on the transcriptome composition.
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Our findings thus suggest that only a relatively small portion of early transcriptome changes
upon repeat-excision may be directly associated to transcriptional effects, whereas the majority
of changes must be attributed to post-transcriptional events. Secondary changes, as a result of
physiological response to the relief of cell stress caused by repeat toxicity may also be involved.

Changes in the proteome of cDM myoblasts after (CTG)2600 repeat excision are
limited and show little congruence with transcriptome alterations
Different changes in the cellular proteome but in an equally small subset of genes were revealed
by mass spectometry analysis. By examination of the protein content of proliferating myoblasts
with and without (CTG)2600 repeat by nanoflow LC-MS/MS we identified in total 53 proteins,
of the 5,838 detected, that were significantly (p<0.05) differentially expressed >1.5-fold after
(CTG)2600 repeat removal (Figure 8). 27 proteins were significantly more abundant and 26
proteins were less abundant in the (CTG)2600 repeat-containing lines than in the lines without
repeat (Figure 8, Table S2). The genes encoding four of them, KCTD12, CDK6, SDC3 and
NCAM1, contain a trinucleotide repeat sequence [46].
Two GO-pathways were enriched for differentially expressed proteins (DEPs): (i) movement
of cell or subcellular component (GO:0006928) and (ii) cell-matrix adhesion (GO:0007160).
We consider the 53 protein candidates for involvement in DM-pathobiological pathways. It
is therefore important to mention that the functions of 20 proteins out of the total of 53 were
previously linked to myogenesis (see Suppl. Materials). MBNL1 is within this group, which
confirms our earlier finding of its underexpression in (CTG)2600-repeat containing myoblasts
using western blotting and immunofluorescence analysis [29]. Conspicuously, two members
of the family of metallothionein proteins, MT1L and MT2A, were significantly less abundant in
(CTG)2600 cell lines, while a third member, MT1E, did just not meet the significance criterion
(p=0.057) to be included in the table, but actually showed the highest fold-change (log2 fold
change=-1.9).
Taking these data together, we conclude that (CTG)2600 repeat removal is associated with
surprisingly few and rather selective changes in both the transcriptome and the proteome signature
of proliferating cDM myoblasts. Transcriptional and post-transcriptional mechanisms thereby have
no congruent nature, as effects scored by RNA-seq and MS analysis do not or hardly overlap. From
this, we conclude that the few early changes identified in proliferating myoblasts must set the stage
for the more generalized phenotypical effects later, including the morphological and functional
alterations after the forced induction of the differentiation program in vitro.
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Figure 8: Proteomic analysis of myoblasts with and without (CTG)2600 repeat. Volcano plot showing global
changes in protein abundance in cells with a (CTG)2600 repeat. The log2 fold change is represented on the
x-axis. The y-axis shows the -log10 of the p-value. A p-value of 0.05 and a fold change of 1.5 are indicated
by the black dashed lines. All 5,838 proteins detected in all eight cell lines are plotted. Each circle represents
one protein. Proteins significantly and >1.5-fold less abundant in cell lines with (CTG)2600 repeat are shown
in blue, all proteins significantly and >1.5-fold more abundant are shown in red.

Discussion
Skeletal muscles are formed during prenatal development, are extensively remodeled after birth
and undergo satellite-cell mediated regeneration upon injury throughout life [47]. From ex vivo
and in vitro studies, we know that impediment of terminal differentiation is a feature of myoblasts
derived from skeletal muscles from DM1 patients who carry long expanded (CTG)n repeats [48–
50]. Yet, details about how myogenic differentiation is impaired at the cellular and molecular
level, and whether all types of muscle progenitor cells from different somitic origin in the body
are affected, remain cloaked in uncertainty. Poor myogenesis [21,51–53], normal myogenesis
with increased apoptosis [54] and normal myogenesis without increased cell death [55] have all
been reported. Importantly, different cell models, including mouse C2C12 myoblasts expressing
a (CTG)200 construct, MyoD-converted fibroblasts, and DM1 patient myoblasts from limb
muscle origin and with different genetic backgrounds were used for these studies. Here, we are
the first to report on a comprehensive study on the myogenic properties of a unique series of
myoblasts, which are near-isogenic and only differ in the presence of a cDM-length (CTG)2600
repeat in the DM1 locus. Our data confirm and extend initial findings published by our own
group and others on gene-edited cells in DM1 (reviewed in [27]).
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Our myoblast panel was derived from gastrocnemius muscle of an 11-year old girl with
the infantile form of DM1 and subjected to CRISPR/Cas9-mediated excision of DMPK’s (CTG)
n segment. For interpretation of findings presented here, we have to keep in mind that these
cells originate from a hTERT- and CDK4-lentivirally immortalized population of myoblasts.
Immortalization was necessary to preserve proliferative capacity during passaging and singlecell cloning. Although it cannot be entirely excluded that the immortal phenotype may have
influenced the outcome of our findings, it is of note that the groups of Furling and Mouly, from
whom our DM11 cells originate, have demonstrated that the archetypal DM features of the
myoblasts are largely preserved [21].
Microscopic analyses confirmed (CUG)n-repeat appearance and MBNL1 aggregation in
nuclear foci in proliferating myoblasts and in cultures of multinucleated myotubes. Foci were
only seen in cells that had retained the (CTG)2600 repeat. The number of FISH-detectable foci
differed between cells within a clonal myoblast population, but fell within the same range as
seen for muscle cell nuclei in biopsies of DM1 patients with long repeat expansions [56] or in
nuclei in MyoD-converted fibroblasts of patients [55]. The variation in foci number per nucleus
can be best explained by stochastic and temporal variable initiation-elongation speeds of DMPK
transcription in individual cells (i.e. transcriptional bursts). Similar variation was also observed
for the number of MBNL1 foci, albeit that these occurred in somewhat lower numbers. Stringent
background subtraction in automated image analysis probably explains why some weaker
MBNL1 foci may be missed [29].
Morphometric examination established that the DM1-typical differentiation impairment
was reproduced in the (CTG)2600-containing myoblasts and evidently relieved upon excision
of the repeat. We found myoblasts containing a (CTG)2600 repeat to be thinner, shorter and
to contain fewer nuclei per tube compared to their non-repeat counterparts. From our study
of myoblast-myotube appearance before, at and after differentiation induction, we inferred
that repeat effects must be exerted early (day 0-3 in our set-up). Further deconvolution of the
repeat effects by use of molecular approaches corroborated this conclusion, and points to the
existence of repeat-associated problems that are already in effect before the onset of quiescence,
in a phase wherein cells are poised for commitment to muscle development, but actually not
yet engaged in the ensuing differentiation. Within this period – and immediately thereafter –
a complex program requires the activity of various protein drivers to control the production
of multiple other proteins that have a role in myoblast’s transition to quiescence, metabolic
change, changes in migration, adhesion and fusion behavior and the structural rearrangement in
cytoarchitecture needed for myotube formation [1,4,5]. We conclude that the inhibition during
this first myogenic phase persists and also interferes with later myogenic programming, as more
mature (CTG)2600 myotubes remained abnormal, even at day 15 of testing.
Aberrant DNA methylation of the CpG island in the DM locus seems not causally involved
in the atypical behavior of myoblasts with a repeat at the onset of myogenesis. Excision of the
repeat in myoblasts did, unlike in cDM iPSCs, not lead to DNA demethylation of the CpG
region to a status found in adult-onset DM1 or normal myoblasts [31]. It is therefore likely that
methylation effects on chromatin configuration in the DM locus still persist in our myoblasts.
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Indeed, maintenance of the epigenetic status may explain why we found no significant effects
from repeat excision on allelic expression of RNAs from the DM locus genes. Further work is
needed to untangle the possible relationship between repeat presence, chromatin configuration
across the DM1 locus and myogenic differentiation capacity.
Our observations regarding the role of bHLH and MADS-domain transcription and
enhancer factors in repeat-associated problems are largely in line with earlier studies. Amack and
Mahadevan did not find a noticeable effect on MyoD and Myf5 from (CUG)200-repeat presence
in C2C12 cells, but they did report that – alike in our cells – it impeded upregulation of MyoG
and p21 [57]. Likewise, an altered expression of members of the MEF2 family of factors has been
observed before in studies of heart and skeletal muscle tissue of DM1 patients [58,59]. Especially
interesting is that the role of MEF2D isoform switching in activation of the myogenic program
[60,61] and the process of alternative splicing are interconnected via the involvement of MBNL,
and elevated MBNL3 levels are thereby correlated with impaired myogenesis via Mef2D β-exon
exclusion [42]. Unfortunately, we could not investigate this relationship further as we were
unable to detect MBNL3 protein [29,62]. Earlier, we have shown that RNA expression of MBNL3
was equal in myoblasts with and without repeat, but we know from the same study, that despite
unaltered total RNA expression of family members MBNL1 and MBNL2 their protein and splice
variant expression did considerably change upon repeat expression [29]. Importantly, MBNL1
and MBNL2 are simultaneously expressed and occur at 250- and 80-fold higher RNA levels,
respectively, than MBNL3 in our myoblasts [29]. In sum, a more sensitive method to determine
endogenous MBNL3 protein levels is required and more work is needed to resolve the initiating
and prolonged effects that long repeats have on the isoform and splice variant expression and
complementary roles of the MBNL family [29]. Only then can we understand the integrated
function that these factors have in the coupling between the pre- and posttranscriptional networks
for control of myogenic progression in muscle [63].
Of note, the abnormal patterns of MEF2D variant expression and MYOD, MYF5 and MYOG
activation in DM1 cells have a specific temporal nature [58,59]. Care must thus be taken with
precise documentation of experimental conditions and points of measurement when using
the expression level of these factors as reliable early indicators for myogenic differentiation
difficulties in (CTG)n-repeat containing cells. Further downstream during muscle differentiation,
repeat effects became more apparent, as exemplified for products of well-established marker
genes for progression of myogenesis, i.e. DMD and MHCe and MHCp.
Multiple studies have demonstrated that RNA processing is abnormal in DM1, particularly
in cDM [10,64]. We confirmed by testing a selection of around ten transcripts that RNA splicing
differed between our two sets of myoblasts. All abnormal embryonic splice patterns were
normalized in cells from which the repeat was excised. Among these, DMD e78 splicing is
among the most widely used and generally best accepted biomarker for abnormal embryonic
splicing in terminally differentiated DM1 muscle [65–68]. Our findings here demonstrate that it
is also a useful indicator for aberrant splice fate specification early in development, as the DMD
gene is already expressed in committed myoblasts and binuclear myotubes. DMD e78 inclusion
occurred 2-3 times more frequently in proliferating myoblasts lacking the repeat, well before
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the switch to quiescence and fusion. Altogether, we conclude that repeat removal produces
an immediate-early and lasting reversion of the RNA splicing profile, as may be expected for
an abnormality whose root cause is eliminated by DNA editing. Further work must be done to
prove that this fault correction also applies to alternative polyadenylation, another process that
is disturbed in DM1 muscle [22,69,70].
Finally, we conducted comparative transcriptome and proteome analysis of our myoblasts
to identify new annotated transcripts and protein candidates with pathobiological significance,
and to generate data that can be re-evaluated when new repeat-sensitive DEG sequences will
become available from future DM1 studies of other cell types. Comparison of our findings with
information in publicly available databases from other DM studies in tissues [22,71] may be
complicated, however, as in these data sets the superimposed effects of (i) genetic, cell type
and sample heterogeneity, (ii) neurodegenerative cell loss or senescence and the concomitant
loss of cell-type specific RNAs, (iii) autoinflammatory tissue responses and other cell-intrinsic
compensatory stress responses may be reflected. We realize that in transcriptomes of myoblasts
in our panel, several of the toxic effects that repeat expansion has in vivo will be missed, but
the homogeneity of the cell populations allows more robust conclusions about the relevance of
distortion of gene functions, specifically in muscle progenitor cells.
Interestingly, cellular response to IFNγ, cAMP-mediated signaling, enzyme-linked receptor
protein signaling pathway, regulation of cell migration, movement of cell or subcellular
component, and cell-matrix adhesion were the most frequently found enriched GO-terms.
An autoinflammatory disease response has been recently mentioned as a typical hallmark of
neurodegenerative diseases like DM [72] and aberrant myokine and cytokine signaling activities,
processes that are tightly coupled to IFNγ function, have been reported before, for both cDM
muscle tissue and endocrine levels in circulation of DM patients [73]. Similarly, cAMP/PKA
signaling is required at multiple stages during myogenesis, also very early, in the formation of
myoblasts in the myotome during embryogenesis [74]. Furthermore, the essential role of cell
migration in myoblast behavior and subsequent myoblast-myotube fusion in normal muscle
formation is well recognized [75]. Also on the basis of earlier findings about distortion of cell and
matrix adhesion a possible role for cell migration in cDM pathology was anticipated [37,76].
Still, it is important to emphasize that our studies presented here suggest that disturbed migratory
capacity in DM cells, may be a primary and cell-intrinsic property and feature that also must
emerge at the level of 2D and 3D cell culture in vitro. Further study of cell migratory behavior of
our myoblast lineages is necessary to confirm this idea.
Among the 52 DEGs that came up from our RNA-seq analysis, the expression of 24
was apparently upregulated after repeat excision. In contrast, 28 types of transcripts were
significantly higher expressed in the four (CTG)2600-containing myoblast lineages than in the
lineages without repeat. We consider these DEGs and their products interesting candidates for
involvement in cDM, as they may have an either active or passive role in impaired or immature
myogenic regulation [77]. More research is now required to confirm and pinpoint individual
activities and contributions of each of these genes in cDM.
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To us, the most surprising outcome of our transcriptome and proteome analyses was that
essentially no overlap was found between names in the transcriptome (DEG) and proteome
(DEP) candidate lists. Only, one gene, NPTX2 (neuronal pentraxin-2), was shared. However,
while NPTX2 protein was less abundant in (CTG)2600 carrying myoblasts, NPTX2 RNA was
upregulated in these cells. This discrepancy may be explained by effects from post-transcriptional
regulation or post-translational modifications and breakdown, but we do not know whether
this observation has any pathobiological significance. Also the fact that NPTX2’s role has until
now been only connected to synapse formation, not myogenesis, does not help to reveal clues
[78]. For now, more relevant may be that the role of MT2A, MBNL1, CA3, AGL, FABP5, NID2,
ITGA11, S100A4 and TNNT2 already have been linked to events in myogenesis before (Table
S2 and Suppl. Materials). The finding that MBNL1 was among the proteins downregulated by
repeat presence confirms our own observations using western blotting [29] and those of many
colleagues in the field, and supports the key role of this RNA-processing factor in DM.
Of note, some of the protein candidates that were differentially overexpressed in repeatcontaining myoblasts have an annotated role in cell-matrix adhesion, like NID2, ITGA11 and
ADAMTS12, suggesting that alterations in cell-matrix adhesion are an important feature. This
confirms the GO-term enrichment findings from our RNAseq study and supports the results
published by Batra et al, obtained from a “omics” study of DM1 mouse models [79]. Finally,
no less than three members of the metallothionein (MT) family, MT1E, MT1L and MT2A were
among the clearly underexpressed proteins in (CTG)2600 myoblasts. MTs are proteins without a
yet clearly defined physiological role, whose expression is induced in cells when put under stress
conditions, e.g. by zinc, glucocorticoids or oxidative stress. MT expression in skeletal muscle
tissue was reported to be elevated under conditions of atrophy [80], in sarcopenic muscle or
under specific conditions of muscle immobilization [81], rat muscle atrophy from different
causes [82] or in vitro upon induced atrophy in C2C12 cells [83]. Blocking MT1 and MT2 levels
resulted in increased myotube size in vitro and increased muscle strength in vivo in MT null mice
[84]. Our finding is thus in contrast to expectation, and does not support a direct role of MT
proteins in the reduction of myotube size and fusion capacity of the (CTG)2600 cell lines in our
panel. Also the downregulation of MTs, instead of activation as would be expected in response
to general repeat-induced stress conditions, cannot be explained easily. Still, the fact that three
MT family members appear in parallel in the list, makes them interesting candidates for further
survey of their role in coping with (CTG)-repeat toxicity in muscle cells.
In conclusion: Our work in a newly developed myoblast panel has confirmed several
well-established ideas about cDM muscle pathobiology. Production of toxic transcripts with
long triplet repeat tracts has in trans-effects on the normal physiological role of other RNAs in
the development, growth and regeneration of muscle in cDM patients. These effects result in
impediment of myogenic differentiation capacity as the most prominent morpho-phenotypic
hallmark. We believe that our observations bring more detail in this scenario. The specific
repeat effects on muscle regulatory and marker proteins appear as distinct events in the
temporal landscape of myocyte differentiation. This is most easily explained by assuming that
early induced differentiation impairment acts selectively, affecting only distinct branches of the
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myogenic program. In such a model repeat toxicity would be the upstream effector for particular
cellular abnormalities, but leave other aspects of cellular commitment and muscle differentiation
unaffected. We consider our finding that molecular and cellular features of cDM can be reversed
through gene editing in myogenic progenitor cells important information for the development of
gene therapy for skeletal muscle in DM1.

Materials and Methods
Cell culture
Immortalized human DM11 myoblasts with/without (CTG)13 and/or (CTG)2600 repeat [26]
and immortalized human C25 healthy control myoblasts (CTG5/CTG14) were propagated in a
1:1 mix of Skeletal Muscle Cell Growth Medium (PromoCell; Heidelberg, Germany) and F-10
Nutrient mix (Gibco; Carlsbad, CA, USA), supplemented with 15% (v/v) Hyclone fetal bovine
serum (GE Healthcare) and glutamax (Gibco). Cells were grown in adherent culture on dishes
coated with 0.1% gelatin (Sigma-Aldrich). For differentiation of myoblasts to myotubes, cells were
grown to confluency until their alignment was confirmed visually. Then, proliferation medium
was replaced by differentiation medium containing DMEM supplemented with 1% glutamax,
10 μg/mL insulin (Sigma-Aldrich; St. Louis, MO, USA) and 100 μg/mL apo-transferrin (SigmaAldrich). These low-serum conditions were maintained for the number of days indicated in the
various experiments, and medium was changed every other day. All myoblasts and myotubes
were cultured at 7.5% CO2 and 37ºC.

EdU and Ki-67 proliferation assays
Myoblasts were grown on 0.1% gelatin-coated coverslips until 70% confluency over 48 h and
incubated for 1 h in culture medium containing 20 μM EdU (5-ethynyl-2'-deoxyuridine; Thermo
Fisher Scientific). Adherent cells were fixed in 2% paraformaldehyde in 0.1 M phosphate buffer
for 15 minutes at room temperature (RT), washed three times with phosphate-buffered saline
(PBS) and permeabilized with blocking buffer containing 0.1% Triton-X100 (Sigma-Aldrich),
0.1% glycin (Merck) and 3% BSA (Sigma-Aldrich) in PBS for 30 min at RT. After incubation
for 3 h with anti-Ki-67 antibody (Sp6, Thermo Fisher Scientific; Boston, MA) in blocking buffer,
samples were washed three times with PBS and incubated with goat-anti-rabbit AF568 (Thermo
Fisher Scientific) in blocking buffer for one hour at room temperature. EdU was visualized using
the click-iT EdU imaging kit (Thermo Fisher Scientific) as per the manufacturers’ instruction.
Coverslips were mounted on microscope slides in DAPI-containing Mowiol and images were
collected on a Leica DMI6000B microscope with a 63x objective. DAPI, Ki-67 and EdU positive
nuclei were counted automatically using FIJI software (v2.0).

RNA isolation and RT-qPCR
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RNA was isolated using the Aurum Total RNA Mini Kit (Bio-Rad; Hercules, CA, USA) and total RNA
yield per sample was determined by absorbance at 260/280 nm (NanoVUE spectrophotometer,
GE Healthcare Life Sciences; Chalfont St. Giles, UK). RNA was reverse transcribed using the
iScript™ cDNA Synthesis Kit (Bio-Rad). For quantitative PCR (qPCR), 3 µL 10-fold diluted cDNA
preparation was mixed in a final volume of 10 µL containing 5 µL iQ™ SYBR® Green Supermix
(Bio-Rad) and 4 pmol of each primer (primer sequences are listed in Table S3). Samples were
analyzed using a CFX96 Real-time System (Bio-Rad). A melting curve was obtained for each
sample in order to confirm single product amplification. cDNA samples from no template
control (NTC) and no reverse transcriptase control (NRT) were included as negative controls.
RT-qPCR quantitation of expression levels of GAPDH and HPRT1 was used for normalization.

Validation of alternative splicing by RT-PC
To analyze the splicing for BIN1 e11, DMD e78, SERCA1 e22, and LDB3 e11, a PCR was
performed with the primers listed in Table S3 using Q5 high-fidelity DNA polymerase (Bio-Rad).
The program involved initial denaturation at 98°C for 3 min, followed by 30 cycles consisting of
the following steps: 98°C for 10 seconds, the indicated annealing temperature for 30 seconds,
72°C for 30 seconds. Additionally, a final extension at 72°C for 10 minutes was performed.
Samples from NTC and NRT were included as negative controls. Percentage of exon inclusion
was determined after quantification of the embryonic and adult splice variant on agarose gel
with ImageJ software. For β-exon inclusion of MEF2D, PCR samples were run on a QIAxcel
Advanced capillary electrophoresis apparatus (Qiagen) and analyzed using the accompanying
QIAxcel screengel software.

Myogenic fusion index determination and myotube characterization
The myogenic fusion index was determined by growing and differentiating myoblasts in adherent
culture in 0.1%-gelatin coated IBIDI 8-wells as described above. Cells were fixed at different time
points in 2% paraformaldehyde in 0.1 M phosphate buffer for 15 minutes at RT. After fixation,
cells were washed three times with PBS and permeabilized with blocking buffer containing 0.1%
Triton-X100 (Sigma-Aldrich), 0.1% glycin (Merck) and 3% BSA (Sigma-Aldrich) in PBS for 30 min
at room temperature. After overnight incubation at 4°C with anti-MHC antibody MF-20 (DSHB;
Iowa City, IA) in blocking buffer, the samples were washed three times with PBS and incubated
with goat-anti-mouse AF488 (Thermo Fisher Scientific) and 100 ng/mL DAPI (Sigma-Aldrich)
in blocking buffer for one hour at room temperature. After three PBS washes, samples were
stored in PBS at 4°C until imaging using a Leica DMI6000B microscope with a 20x objective.
The fusion index was calculated by determining the number of nuclei in an MHC-positive
area divided by the total number of nuclei present in the imaging area, which was done using
ImageJ software. Detailed analysis of myotube length and width was done manually with FIJI
software. The number of nuclei per myotube were counted and scored by hand. Two researchers
independently analyzed four differentiation experiments for all eight cell lines, while sample
identity was blinded. Averages of the two scorings were used for further statistical analysis.
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RNA fluorescence in situ hybridization (FISH) and image analysis of RNP foci
DM11 myoblasts were grown on 0.1%-gelatin coated glass cover slips to 50-60% confluency.
The cells were washed once with PBS and fixed in 4% formaldehyde, 5 mM MgCl2 in PBS
for 10 min at room temperature. The coverslips were washed three times for 5 min with PBS
and incubated in 70% ice-cold ethanol overnight. After refreshing the 70% ethanol, the fixed
cell-containing coverslips were washed twice in PBS at room temperature. Coverslips were
prehybridized in 40% deionized formamide (Ambion; Foster City, CA) in 2xSSC (Ambion) for
20 min at room temperature, followed by overnight hybridization at 37°C with an 0.1 ng/μL
LNA-(CAG)6-TYE563 probe (Exiqon, Vedbæk, Denmark) in hybridization buffer containing 40%
deionized formamide, 2 mg/mL BSA (Sigma-Aldrich), 100 mg/mL dextran sulfate (Pharmacia),
0.1% Triton X-100 (Sigma-Aldrich), 1 mg/mL herring sperm DNA (Promega; Madison, WI),
100 μg/mL yeast tRNA (Ambion), 2 mM vanadyl ribonucleoside complex (NEB; Ipswich, MA),
2xSSC. Coverslips were washed two times for 5 min with PBS before staining of cell nuclei with
100 ng/mL DAPI (Sigma) in PBS for 10 min at RT. Coverslips were then washed two times for
5 min with PBS and mounted with Mowiol Fluorescent images were acquired using a Leica
DMI6000B microscope with a 63x objective, in three different wavelength intervals using filter
sets for DAPI, FITC and TRITC/CyImages were subsequently analyzed using ImageJ software.
DAPI masks were created using auto-thresholding using Huang’s method [85] followed by a
watershed. For analysis, a Find Maxima option in FIJI was applied for the TRITC channel using a
noise tolerance of 200, resulting in images containing single points. Positive pixels were counted
in the nucleus using the previously made DAPI masks.

Protein extraction and western blotting
Protein of proliferating myoblasts or differentiating myotubes was extracted after two PBS washes
in 2x Laemmli sample buffer and denatured by boiling for 5 minutes at 95°C. Samples were
electrophoresed through 8%, 10% or 15% SDS polyacrylamide gels in SDS-containing running
buffer. Proteins were transferred to Immobilon PVDF membrane (GE Healthcare, 0.45 µm pore
size) and membranes were blocked for one hour with 5% skim milk powder in Tris-buffered saline
with 0.1% Tween-20 (TBST) or PBS with 0.1% Tween-20 (PBST). Blots were then incubated with
primary antibodies (anti-MHC; anti-MBNL1, DSHB) diluted in blocking buffer overnight at 4°C.
Membranes were washed three times in TBST or PBST and incubated with appropriate IRDeye
secondary antibody diluted 1:10,000 in TBST or PBST for one hour and washed three times
before being scanned in 700 nm and 800 nm wavelength channels on the Odyssey Clx imaging
system (LI-COR Biosciences; Lincoln, Nebraska USA). Densitometry was performed using Image
studio version 5.0 software (LI-COR Biosciences).

RNA-sequencing
RNA from proliferating myoblasts growing at 80% confluency was isolated and RNA-sequencing
(RNA-seq) libraries were generated and analyzed as described previously [29]. Data were
deposited in Gene Expression Omnibus under accession code GSE127296 and used here for
analysis of splice variants and quantification of transcription levels of DM1 locus genes. In
short, for analysis of alternative splicing rMATS v3.0.9 [86] was used and for quantification of
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total expression levels RSEM v1.2.12 [87] was used after merging reads for transcripts with an
identical reference transcript with BowTie2 v2.2.5 [88]. To estimate allele-specific expression
levels based on single nucleotide polymorphisms (SNPs), the relative occurrence was quantified
using Integrative Genomics Viewer [89] and averaged to gain an estimation of each gene for the
following SNPs in dbSNP [90]: rs11537711 (FBXO56), rs2014377, rs2014576 (SIX5), rs672348,
rs522769, rs659444 (DMPK), rs2070736, rs617988, rs8110017 (DMWD), rs17850110 (SYMPK).
R-studio version 1.2.1335 was used for generating heatmaps and volcano plots of the data.
Gene Ontology (GO)-enrichment analysis was performed using the GO enrichment analysis and
visualization tool (Gorilla) [35,91].

Protein preparation, mass spectrometry and data analysis
Protein from proliferating myoblasts growing at 80% confluency was isolated and on-bead
digested with trypsin. Extracted proteolytic peptides were labeled with TMT 8-plex labeling
reagents (Thermo Scientific) allowing for peptide quantitation. Peptides were mixed at the 8-plex
level and further fractionated by HILIC chromatography. Fractions were collected and analyzed
by nanoflow LC-MS/MS. nLC-MS/MS was performed on EASY-nLC 1200 coupled to an Orbitrap
Lumos Tribid mass spectrometer (Thermo Scientific) operating in positive mode and equipped
with a nanospray source. Peptides were separated on a ReproSil C18 reversed phase column (Dr
Maisch GmbH; column dimensions 15 cm × 50 µm, packed in-house) using a linear gradient
from 0 to 80% B (A = 0.1 % formic acid; B = 80% (v/v) acetonitrile, 0.1 % formic acid) in 70 min
and at a constant flow rate of 200 nl/min using a splitter. The column eluent was directly sprayed
into the ESI source of the mass spectrometer. Mass spectra were acquired in continuum mode;
fragmentation of the peptides was performed in data-dependent mode using the multinotch SPS
MS3 reporter ion-based quantification method.
Data were analyzed with Proteome Discoverer 2.Peak lists were automatically created
from raw data files using the Mascot Distiller software (version 2.3; MatrixScience). The Mascot
search algorithm (version 2.3.2, MatrixScience) was used for searching against the Uniprot
database (taxonomy: Homo sapiens, version July 2016). The peptide tolerance was typically set
to 10 ppm and the fragment ion tolerance was set to 0.8 Da. A maximum number of 2 missed
cleavages by trypsin were allowed and carbamidomethylated cysteine and oxidized methionine
were set as fixed and variable modifications, respectively. The target FDR for both peptide and
protein validation was set to 1%. Typical contaminants were omitted from the output tables.
MetaboAnalyst (https://www.metaboanalyst.ca) version 4.0 was used for generating heatmaps
and volcano plots of the data [92]. Gene Ontology (GO)-enrichment analysis was performed
using the GO enrichment analysis and visualization tool (Gorilla) [35,91]. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD016056.

Statistical analysis
All experiments were performed in triplicate unless otherwise specified and representative results
are shown. Statistical analysis was performed using Prism software (4.01; GraphPad, LaJolla, CA),
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using a two-way ANOVA or one-way ANOVA , as indicated in figure legends, with α=0.05. *
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure S1: CRISPR/Cas9-mediated excision of the DMPK (CTG)2600 repeat results in loss of intranuclear
RNA foci in cDM myotubes. Images of DMPK (CUG)2600 ribonuclear foci using FISH analysis with the
(CAG)6 LNA probe (red). Representative images of intranuclear RNA foci in (A) one myogenic cell line with
and (B) one line without repeat are shown. MHC staining in green and DAPI in blue. White squares indicate
the magnified region shown on the right. (C) Quantification of RNA foci in myotubes of four lines with and
one line without repeat. Each symbol represents the number of foci in one nucleus (mean ± SEM; n=104,
113, 70, 147, and 64 nuclei, respectively). ****p<0.001 (2-way ANOVA).
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Figure S2: Proliferation capacity of myoblasts with and without expanded (CTG)2600 repeat. (A) Myoblasts
with Ki67-positive nuclei during non-confluent in vitro culture, at day -2 before the onset of myogenic
differentiation (mean ± SEM, n=3) (B) Myoblasts in S-phase during a one-hour EdU incorporation in nonconfluent cell culture (mean ± SEM, n=3).

Figure S3: Excision of the (CTG)2600 repeat alters the temporal expression of myogenic progression markers
to an expression pattern similar to the expression of an unaffected control cell line. RNA expression for
structural muscle proteins DMD, MHCp and MHCe. Each data point shows mean ± SEM of the four different
cell lines either with or without the (CTG)2600 repeat expansion, and non-isogenic control line C25 (See
also Fig. 5G-I).

Figure S4: CELF1 protein expression during myogenesis in cells with and without (CTG)2600 repeat.
Western blot images of representative cell lines with (4F9-13/2600) and without (4A3-ΔΔ) the (CTG)2600
repeat (left). Quantification of the western blot signals, using GAPDH as loading control, is shown at the
right.
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Figure S5: Comparative RT-PCR analysis of BIN-1, DMD, SERCA-1 and LDB3 splicing in cells with and
without (CTG)2600 repeat, and non-isogenic control line C25, after five days of differentiation. Note that
typical embryonic splicing patterns were reverted to the normal adult modes of splicing in lines without
(CTG)2600 repeat expansion, similar to those in the control line. *p<0.05, **p<0.01, ***p<0.001.
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Background information on DEGs and DEPs listed in Table S1 and Table S2
DEGs in Table S1:
XIRP2 (Xin Actin Binding Repeat Containing 2): Exclusively expressed in striated muscle cells, believed to
play an important role in development. Xin (encoded by XIRP1) and XIRP2 proteins are concentrated at
attachment sites of myofibrils. Xin and XIRP2 protein interactions are important during the process during
which myofibril are build or rebuild [1,2].
FRG1 (FSHD Muscular Dystrophy Region Gene 1): In C2C12 cell lines overexpression of FRG1 showed
a myoblast fusion defect upon differentiation. Also myoblast isolated from mice overexpressing FRG1
(showing an FSHD muscular dystrophy phenotype) showed a fusion defect [3]. FRG1 has been suggested as
an epigenetic regulator of muscle differentiation [4].
NGFR (Nerve Growth Factor Receptor): Cell surface receptor that is enriched on hPSC-SMPCs (human
pluripotent stem cell – skeletal muscle progenitor cells). Cells positive for NGFR (and ERBB3) were the most
myogenic and able to form myotubes more efficiently in vitro [5]. Furthermore, NGFR overexpression in
C2C12 leads to enhanced muscle differentiation [6].
TIE1 (Tyrosine kinase with Immunoglobulin-like and EGF-like domains 1): Cognate receptor of Angiopoietin
1. Tie1 mRNA increases during muscle cell differentiation in vitro [7].
IGFBP5 (Insulin-like Growth Factor Binding Protein 5): Promotes skeletal muscle development [8] and
reduction of IGFBP5 (along with myogenin and IGF1) is associated with myotube loss and reduced myogenic
differentiation in C2C12 cells [9].
ADRA1D (Adrenoceptor Alpha 1D): ADRA1D is associated with myotube survival and reduction in
ADRA1D levels are associated with reduced myogenic differentiation in C2C12 cells [9].
SOCS2 (Suppressor Of Cytokine Signaling 2): A signaling molecule for the NFkB cascade [10] that interferes
with myotube formation through upregulation of JunB in C2C12 cells [11].
RUNX1T1 (RUNX1 Translocation Partner 1): RUNX1T1 plays a role in stem cell differentiation as low levels
of RUNX1T1 are detected in undifferentiated ESCs and a gradual increase is observed during differentiation
[12].
CYFIP2 (Cytoplasmic FMR Interacting Protein 2): CYFIP2 expression is reduced in mesenchymal stem cells
derived from ALS patients compared to healthy control subjects [13].
FILIP1L (Filamin A Interacting Protein 1 Like): Knockdown of Filip1 inhibits myogenic differentiation in
C2C12 cells [14].
FLRT2 (Fibronectin Leucine-Rich Transmembrane Protein 2): FLRT2 is expressed in heart, skeletal muscle
and pancreas. Acts as FGF regulator together with other FLRTs by interacting with FGFR1 during (mouse)
embryogenesis [15].
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EDN1 (Endothelin 1): EDN1 impairs insulin-stimulated glucose uptake and was found to be the key gene
with an increased expression in C2C12 cells after treatment with a strong differentiation inhibitor (GDF8)
[16].
GLUL (Glutamate-Ammonia Ligase): GLUL is also known as glutamine synthetase (GS) and was previously
shown to be upregulated in various conditions causing muscle atrophy, usually accompanied by an increase
in FOXO1 expression. An increase in expression of the latter gene was not detected in repeat-containing
cells [17,18].
LAPTM5 (Lysosomal Transmembrane 5): LAPTM5 is highly expressed in haematopoeitic tissues and only
lowly in muscle, whose protein product is post-translationally modified, has a role in embryonic development
and cell-cycle and apoptosis regulation via involvement in endosomal-lysosomal transport and autophagy in
various cell types. A role for this protein - together with its partner CD53 - in efficient formation of myofibers
in regenerating muscle at the level of cell fusion has been suggested [2,19].
ABCG2 (ATP Binding Cassette Subfamily G Member 2): ABCG2 is a gene that participates in muscle
regeneration and can be a source of satellite cell replenishment [20,21].
PDE3A (Phosphodiesterase 3A): PDE3A together with its isoform PDE3B is involved in regulation of Ca2+
channel physiology and apoptosis of myocytes [22,23].
BMPR1B (Bone Morphogenetic Protein Receptor Type 1B): BMPR1B is a protein with a role in BMP
signaling, a process with a known role in the inhibition of early myogenesis [2,24].
CASP1 (Caspase 1): Caspases have a role in proteolysis control, as an essential regulatory process in early
myogenesis [25–27].
MMP23B (Matrix Metallopeptidase 23B): MMP23B is a gene expressed in prenatal skeletal muscle [28,29].
DCN (Decorin): DCN may be involved in normal muscle differentiation during embryonic myogenesis via
regulation of myoblast density by control of migration [2,30–33].

DEPs in Table S2:
MT2A (Metallothionein-2): Silencing of MT1 and MT2 results in activation of the Akt pathway and increases
myotube size in type IIb fiber hypertrophy and increases muscle strength [34].
MBNL (Muscleblind-Like Protein 1): CUG/CCUG expansion transcripts sequester MBNL1 protein in DM1
and DM2 and lower MBNL1 protein levels are reported in DM1. Overexpression of MBNL1 in mouse
models rescues myopathy and myotonia [35,36].
CA3 (Carbonic Anhydrase 3): Elevated CA3 levels are found in blood from Duchenne and Becker muscular
dystrophy patients [37], but CA3 was among the downregulated genes in FSHD patients [2].
AGL (Glycogen Debranching Enzyme): AGL is among the important players in energy metabolism and is
significantly down-regulated in ALS muscle tissue [38]. AGL is upregulated during myogenesis [39].
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FABP5 (Fatty Acid-Binding Protein 5): Along with FABP4, FABP5 has a crucial role in nutrient homeostasis
during prolonged fasting and exercise [40] and is downregulated during FSHD myogenesis [2].
MYOZ2 (Myozenin-2): MYOZ2 is a z-disk protein that specifically binds calcineurin [41]. MYOZ2 is
involved in hypertrophic cardiomyopathy [42]. Loss of MYOZ2 and MYOZ1 leads to pronounced loss of
type-II muscle fibers in double knock-out mice [43]. MEF2A is bound to MYOZ2, and is thought to regulate
myoblast differentiation via regulating MYOZ2 [44].
SP100 (Nuclear Autoantigen Sp-100): SP100 is a transcriptional regulator. Its expression levels are found to
be decreased in patients with ischemic cardiomyopathy [45].
TIMP1 (Metalloproteinase Inhibitor 1): Epigenetic reprogramming of TIMP1 plays a role in smooth muscle
responses to mechanical signals [46]. When cardiac function decreases, TIMP1 levels are decreased as well
and are thought to be involved in myocardial remodeling [47].
NCAM1 (Neural Cell Adhesion Molecule 1): NCAM1 levels are increased in neuromuscular junction
denervation in age related denervation and loss of skeletal muscle mass and function [48].
COL12A1 (Collagen Alpha-1(XII) chain): Loss-of-function mutations in COL12A1 underly a muscle and
connective tissue disorder [5,49,50].
ITGA4 (Integrin Alpha-4): ITGA4 is a target gene of the let-7 family members, which are highly dysregulated
in mdm mouse diaphragm. Overexpression of let-7 family members leads to decreased expression of ITGA4
(among other targets) [51].
SDC3 (Syndecan-3): SDC3 is a transmembrane proteoglycan expressed in developing skeletal muscle tissue
and on activated satellite cells, suggesting a role in muscle development, homeostasis and regeneration
[52–54]. SDC3 null mice show improved myogenesis and improved muscle ageing [55].
CDK6 (Cyclin-Dependent Kinase 6): CDK6, CDK2 and CDK4 are the G1 CDK enzymes. In C2C12 cells
CDK6 activity is low in both proliferating myoblasts as differentiated myotubes, while CDK2 and CDK4
activity decreases during differentiation [56,57].
SDC2 (Syndecan-2): SDC2 is a surface marker on PAX7-induced myogenic progenitors, which allows for
isolation of myogenic progenitor cells [58].
TPM2 (Tropomyosin Beta Chain): TPM2 is predominantly expressed in skeletal muscle, both in type I as in
type II muscle fibers. Mutations in this gene have been linked to different forms of congenital myopathies
[59,60].
HMGN1 (Non-Histone Chromosomal Protein HMG-14): HMGN1 binds to chromatin without DNA sequence
specificity [61]. While early reports showed how HMGN1 can prevent myogenesis when ectopically
expressed in myoblasts [62] an HMGN1-null mouse model later showed no muscle differentiation problems
[61]. HMGN1 protein shows a gradual decline during myogenic differentiation as a consequence of cell
cycle arrest.
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NID2 (Nidogen-2): Inhibition of NID1 and NID2 interferes with basement membrane stabilization. In NID1
knock-out mice, NID2 is upregulated as compensation mechanism in heart and muscle [63]. However, in
C2C12 NID1 declines dramatically during myogenesis while NID2 remained stable [64].
ITGA11 (Integrin Alpha-11): ITGA11 is a collagen receptor. Its mRNA and protein levels are upregulated
during myogenic differentiation in skeletal muscle [65,66].
S100A4 (Protein S100-A4): S100A4 induces proliferation and migration of vascular smooth muscle cells
[67] and is among the genes upregulated during FSHD myogenesis [2].
TNNT2 (Troponin T, Cardiac Muscle): TNNT2 is primarily located in cardiac muscle [68], embryonic TNNT2
isoforms re-expression in DM1 adult heart muscle is associated with diminished cardiac efficiency [69].
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Table S3: PCR primer sequences used in the study.
Gene

Purpose

Forward sequence (5’ –> 3’)

Reverse sequence (5’ –> 3’)

Literature
reference

DMPK e15

RT-qPCR

TGCCTGCTTACTCGGGAA ATT

GAGCAGCGCAAGTGAGGAG

GAPDH

RT-qPCR

CCCGCTTCGCTCTCTGCTCC

CCTTCCCCATGGTGTCTGAGCG

HPRT1

RT-qPCR

TGACACTGGCAAAACAATGCA

GGTCCTTTTCACCAGCAAGCT

MBNL1

RT-qPCR

GCTGTTAGTGTCACACCAATTCG

AGGCGATTACTCGTCCATTTTC

MBNL2

RT-qPCR

TCAAAGAGGAACATGCTCACG

AACGGCCCTTTAGGGAATCAA

MBNL3

RT-qPCR

CAATACTGTGCATGGCACCCG

GGTGGCAGGTGTTGTTGCTG

MBNL2

RT-qPCR

TCAAAGAGGAACATGCTCACG

AACGGCCCTTTAGGGAATCAA

DMD

RT-qPCR

CCAAACTAGAAATGCCATCTTC

TCTGAATTCTTTCAATTCGAT

MHCe

RT-qPCR

GAAATCGAGATCCAGCTGAGC

AAGTTCAAACTCCAGCTCTCG

MHCp

RT-qPCR

TGCATCAACTTCACCAACGAG

GACTGGCTAGAGTCTTCATTG

MYF5

RT-qPCR

AATTTGGGGACGAGTTTGTG

CATGGTGGTGGACTTCCTCT

PAX7

RT-qPCR

CCCCCGCACGGGATT

TATCTTGTGGCGGATGTGGTTA

MYOD1

RT-qPCR

TGCACGTCGAGCAATCCAAA

CCGCTGTAGTCCATCATGCC

MYOG

RT-qPCR

GCTGTATGAGACATCCCCCTA

CGACTTCCTCTTACACACCTTAC

MEF2D-β

RT-PCR

TACCCACAGCACCCAGCTT

TAGACTGGGAGACCCCAAGG

BIN1 e11

RT-PCR

AGAACCTCAATGATGTGCTGG

TCGTGGTTGACTCTGATCTCGG

[70]

DMD e78

RT-PCR

TTAGAGGAGGTGATGGAGCA

GATACTAAGGACTCCATCGC

[71]

SERCA1 e22

RT-PCR

ATCTTCAAGCTCCGGGCCCT

CAGCTCTGCCTGAAGATGTG

[72]

LDB3 e11

RT-PCR

GCAAGACCCTGATGAAGAAGCTC

GACAGAAGGCCGGATGCTG

[73]
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Abstract
Myotonic dystrophy type 1 (DM1) is a severe neuromuscular disorder caused by the expression
of trinucleotide repeat-containing DMPK transcripts. Abnormally expanded (CUG)n repeats
in these transcripts form hairpin-like structures that cause the RNA to accumulate in the cell
nucleus by sequestering isoforms of the Muscleblind (MBNL) family, tissue-specific regulators of
developmentally programmed, post-transcriptional processes in RNA metabolism. Through this
mechanism, the function of MBNL in RNA processing becomes dominantly perturbed, which
eventually leads to aberrant alternative splicing and the expression of foetal splice variants of a
wide variety of proteins, including the MBNL isoforms themselves. Here, we employ a patientderived muscle cell model for DM1 to examine in detail the expression of MBNL RNA and
protein variants during myogenic differentiation. This DM1 model consists of a panel of isogenic
myoblast cell lines that either contain a pathogenic DMPK allele with a congenital mutation of
2600 triplets, or lack this expanded repeat through CRISPR/Cas9-mediated gene editing. We found
that the temporal expression levels of MBNL1, MBNL2 and MBNL3 RNAs are not influenced by
presence of the (CTG)2600 repeat during myogenesis in vitro. However, throughout myoblast
proliferation and differentiation to myotubes a disproportionate inclusion of MBNL1 exon 5 and
MBNL2 exons 5 and 8 occurs in cells with the (CTG)2600 repeat. As a consequence, a reduced
quantity and imbalanced collection of splice variants of MBNL1 and MBNL2 accumulates in
both the cytoplasm and the nucleus of DM1 myoblasts and myotubes. We thus propose that both
the quantitative and qualitative changes in the intracellular partitioning of MBNL proteins are a
pivotal cause of skeletal muscle problems in DM1, starting already in muscle progenitor cells.
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Introduction
Members of the Muscleblind-like (MBNL) protein family belong to a class of tissue-specific,
developmentally programmed regulators of gene expression [1,2]. They control many aspects
of RNA metabolism, such as alternative splicing and alternative polyadenylation, mRNA
localization, translation and stability, and microRNA processing. In humans, like in other
mammals, three MBNL isoforms, MBNL1, MBNL2 and MBNL3 are expressed. MBNL1 and
MBNL2 are found ubiquitously, with MBNL1 being more prominent in skeletal muscle and
MBNL2 relatively abundant in brain [3–5]. Expression of MBNL3 is generally low in all tissues,
with exception of liver and placenta [2,3,5,6].
		MBNL1-3 are highly homologous genes, of which the open reading frames are
distributed over 9-10 exons, many of which are alternatively spliced [1,2]. Especially splicing of
exons in the 3’ end of the primary MBNL transcripts is cell-type- and tissue-specific, and under
developmental control [2,7–14]. Various combinations of exon inclusion and skipping events
give rise to the production of a complex set of MBNL protein variants with different functional
characteristics [1,2]. This process has been studied in detail predominantly for MBNL1. More
specifically, inclusion of exon 5 (54 nts; nomenclature taken from Pascual et al. [1]) enhances
nuclear localization of MBNL1, presence of exon 7 (36 nts) results in increased MBNL1
dimerization, while exon 3 (204 nts), almost always included, regulates MBNL1 RNA binding
and splicing activities [8,10,11,13–16].
Aberrant alternative splicing of MBNL1 and MBNL2 is characteristic of the foetal splice
pattern reported in patients with the severe neuromuscular disease myotonic dystrophy type
1 (DM1; OMIM#160900). In fact, functional down-regulation of MBNL isoforms is thought
to be the actual cause of the pathological adult-to-foetal splice switch typical for this disease
[2]. DM1 patients are characterized by the expression of an expanded (CTG)n repeat in the 3’
untranslated region of DMPK [17]. In unaffected individuals, the number of triplets in this gene
varies between 5 and 37, but in patients with DM1 the repeat can expand to several thousand
repeat units. Consequently, in tissues where the DMPK gene is expressed long pathological
DMPK transcripts are formed. These RNAs remain retained in the cell nucleus where they form
long hairpin structures that aberrantly sequester MBNL protein. This sequestration is associated
with the formation of DMPK (CUG)n RNA-MBNL aggregates, which can be visualized as socalled foci by microscopy [18]. Also other effects on the intracellular partitioning of MBNL
protein may occur. In turn, these processes may have widespread effects on muscle integrity
and functioning, typical for the problems seen in DM1 patients. For example, reduced MBNL1
expression in proliferating DM1 myoblasts impairs foci formation, whereas enhanced MBNL1
expression induces nuclear retention of (CUG)n-expanded transcripts [13,19]. Moreover, Mbnl
knockout mouse models replicate splicing abnormalities and disease symptoms of patients with
DM1 [3,4,6,20–22].
All in all, there is overwhelming evidence that the MBNL gene family plays a crucial role in
the muscle phenotype in DM1. Unfortunately, we still know remarkably little about the temporal
effects of presence of an expanded (CTG)n repeat on the expression of MBNL family members
173
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during skeletal muscle myogenesis. We therefore present here a detailed study on RNA and
protein expression, alternative splice modes and subcellular localization of MBNL isoforms in
proliferating and differentiating cells of a human muscle cell model for DM1. This unique cell
panel includes isogenic control myoblasts from which the expanded (CTG)2600 mutation has
been excised via CRISPR/Cas9-mediated gene editing [23]. We found that RNA expression levels
of MBNL1, MBNL2 and MBNL3 were similar in cells with and without the expanded repeat
and did not noticeably change during myogenesis. However, at the post-transcriptional level,
presence of the (CTG)2600 repeat caused a significant shift in alternative splicing of both MBNL1
and MBNL2 primary transcripts. At the post-translational level, this RNA splicing imbalance
resulted in lower intracellular concentrations and also altered splice variant compositions of
the MBNL1 and MBNL2 protein populations. These changes were already apparent in muscle
precursor cells, the proliferating myoblasts, and were accompanied by a sustained, reduction of
MBNL protein during differentiation to myotubes. Our study thus demonstrates a disturbed MBNL
expression in DM1 pathology, already early during myogenesis, before myotube formation.

Results
MBNL1, MBNL2 and MBNL3 RNA levels are unchanged after excision of the
(CTG)2600 repeat
To study RNA and protein expression of MBNL isoforms during myogenesis in DM1, we used the
myoblast cell panel previously generated via gene editing in our lab (Fig 1A) [23]. The parental
myoblast cell line from which the cell panel was derived carried 13 and 2600 CTG triplets in its
two DMPK alleles [24]. Following the CRISPR/Cas9 editing procedure and careful cell cloning,
we obtained four myoblast lines from which the mutant repeat was removed and four lines still
carrying the (CTG)2600 repeat expansion (one of which being the parental cell line). Three of
the four lines in the former group contained DMPK alleles lacking both the expanded and the
normal repeat tract (the so-called ∆∆ lines), while one line still carried an unmodified (CTG)13
allele (line 13/∆) [23]. This myoblast cell panel provides an elegant, isogenic study model to
analyse effects of presence of a congenital DM1 repeat on endogenous MBNL expression.
First, to quantify MBNL expression, we performed RNA-seq analysis on proliferating
myoblasts. Transcript levels of MBNL1, MBNL2 and MBNL3 in (CTG)2600 repeat-containing
cells did not differ from those in cells from which the repeat expansion was removed (Fig 1B).
When comparing the expression of the three individual MBNL isoforms, we found that MBNL2
RNA abundance was around three times lower than that of MBNL1. MBNL3 RNA was even
much lower expressed, in fact around 250 times lower than MBNL1 [25].
RT-qPCR analysis showed that MBNL expression was largely unresponsive to five days of
myogenic differentiation in vitro (Fig 1C-E). RNA abundance of all three genes in proliferating
myoblasts (day -2), aligned myoblasts committed to cell fusion (day 0), and in differentiating
myotube cultures (day 5) was similar between cell lines with and without (CTG)2600 repeat. This
analysis further confirmed that expression of MBNL1 and MBNL2 was much higher than MBNL3.
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We decided to concentrate this study on MBNL1 and MBNL2, the two most prominent MBNL
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Figure 1: RNA expression of MBNL isoforms in myogenic cell cultures with and without expanded
(CTG)2600 repeat. (A) Schematic outline of the CRISPR/Cas9 editing procedure by which the (CTG)2600
repeat was excised from the DMPK gene in the DM1 myoblast cell line named DM11 [23]. As a result, a
panel of eight isogenic myoblast cell lines was obtained: four non-edited clonal cell lines with expanded
(CTG)2600 repeat (the parental cell line and three independent clones) and four clonal lines from which
the mutant repeat was removed. (B) MBNL1, MBNL2 and MBNL3 expression in proliferating myoblasts
determined by RNA-seq. (C-E) Quantification of MBNL1, MBNL2 and MBNL3 RNA levels in proliferating
myoblasts (day -2) and day 0 or 5 of myogenic differentiation measured by RT-qPCR. All bars show the mean
values for the four cell lines with and without (CTG)2600 repeat expansion, all values are relative to the
parental cell line.

Excessive exon inclusion of MBNL1 exon 5 and MBNL2 exons 5 and 8
occurs in cells with a (CTG)2600 repeat
Alternative splicing of MBNL1 and MBNL2 pre-mRNAs results in the production of a complex
mix of at least a dozen possible splice variants for each isoform (see Fig 2A-D for the MBNL1
and MBNL2 exon nomenclature used in this paper [1,8,9,12,14]. In adult DM1 muscle,
abnormal inclusion of MBNL1 exon 5 (54 nts) is an accepted hallmark for the foetal splice
pattern characteristic for the disease [8,9,12]. Abnormal splicing of MBNL2 in DM1 has not been
studied in detail yet, but it has been reported that also for this isoform the conserved exon 5 (54
nts) is overrepresented in mature transcripts [8,10].
We have analysed MBNL1 and MBNL2 splicing in proliferating myoblasts using RNAseq and focussed on the main alternatively spliced regions, encompassing MBNL1 exons 5-9
and MBNL2 exons 5-8 (Fig 2A-D) [1,14]. For MBNL1, we identified manifest alternative use of
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exons 5, 7 and 8, while exons 6 and 9 were nearly always constitutively included and excluded,
respectively. In the case of MBNL2, exons 5 and 8 were alternatively spliced, while exons 6 and
7 were nearly always included and excluded, respectively. Exons 1-4, including alternative exon
3, were present in essentially all MBNL1 and MBNL2 transcripts in the samples examined.
When comparing myoblasts carrying the (CTG)2600 repeat with cells from which the
repeat had been recently removed, we found that MBNL1 exon 5 was preferentially included in
cells with the repeat (56% vs 24%; p<0.001; FDR=0.0001) (Fig 2E). No significant differences
were seen for MBNL1 exon 7 (64% vs 61%) nor exon 8 (94% vs 91%). For MBNL2, we measured
increased inclusion of exon 5 (26% vs 6%; p<0.001; FDR=0.007) and exon 8 (87% vs 63%;
p<0.001; FDR=0.0005) in myoblasts with a (CTG)2600 repeat (Fig 2F).
We subsequently performed semi-quantitative RT-PCR across MBNL exons 5 to 9/8 on
RNA isolated from proliferating and differentiating myoblasts to verify the RNA-seq data and to
investigate the combinatorial use of multiple alternative splice events during myogenesis. We
could confirm that in proliferating myoblasts containing the (CTG)2600 expansion the majority
of MBNL1 transcripts included exon 5, unlike in myoblasts without the expanded repeat (75%
vs 8%; Fig 2G, I). We assume that the slightly deviating ratios obtained by RT-PCR and RNA-seq
analysis are due to fundamental technical dissimilarities between the two methods. Inclusion of
MBNL1 exon 7 was indeed independent of expanded repeat presence (80% vs 75%). When we
looked more specifically at combinatorial use of exons 5 and 7, we found that the +ex5+ex7 and
+ex5-ex7 MBNL1 variants, encoding MBNL143 and MBNL142 proteins respectively, were around
nine-fold higher expressed in cells carrying an expanded repeat than in cells without repeat.
In contrast, the -ex5+ex7 and -ex5-ex7 variants, corresponding to the smaller MBNL141 and
MBNL140 proteins respectively, were four-fold less abundant in cells with repeat. Of note, despite
the fact that alternative splicing and myogenesis are intrinsically related processes, the MBNL1
splice pattern did not undergo an overt change upon the onset of differentiation or the next five
days of further myoblast-to-myotube differentiation in vitro, irrespective of repeat presence.
RT-PCR analysis of the MBNL2 splice pattern confirmed that proliferating myoblasts
containing the (CTG)2600 expansion showed a higher degree of exon 5 and exon 8 inclusion
than those without (25% vs 7%, and 74% vs 36%, respectively) (Fig 2H, J). We observed that
the +ex5+ex8 and -ex5+ex8 MBNL2 mRNA variants, encoding MBNL240 and MBNL238 proteins
respectively, were both around two-fold higher expressed, whereas the -ex5-ex8 variant, encoding
MBNL239 protein was around three-fold reduced in (CTG)2600 containing myoblasts. The +ex5ex8 mRNA variant, encoding MBNL241 protein, could barely be detected at all. Remarkably,
MBNL2 exon 5 and exon 8 inclusion increased significantly during myogenic differentiation, but
only in cells with the (CTG)2600 repeat. This phenomenon seems a distinct feature of MBNL2
expression, as it was not observed for MBNL1.
All data combined, we conclude that alternative MBNL splicing is noticeably perturbed
during the proliferative phase of DM1 myoblast cell formation and involves increased inclusion
of MBNL1 exon 5 and MBNL2 exons 5 and 8. Upon induction of myogenic differentiation, this
situation is maintained during the subsequent phase of quiescence and myoblast fusion into

176

Dysregulation of MBNL expression in DM1

myotubes, whereby a specific transition occurred between MBNL2 +ex5+ex8 (MBNL240) and
-ex5+ex8 (MBNL238) variants.
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Figure 2: Alternative splicing of MBNL1 and MBNL2 during myogenic differentiation in vitro in presence
and absence of an expanded (CTG)2600 repeat. (A, B) Gene structures of MBNL1 and MBNL2, adapted from
[1,11]. Boxes represent exons, numbered 1-10, connected by horizontal lines, the introns. Exon lengths are
indicated in base pairs. Primers for RT-PCR are shown as red arrows. (C, D) The main alternative splice modes
for MBNL1 and MBNL2 identified in this study and the molecular weights of the corresponding protein
products, adapted from [1,11]. (E, F) Summary of RNA-seq data of the most prominent alternative splice
modes of MBNL1 and MBNL2 in proliferating myoblasts with and without (CTG)2600 repeat (averaged data
of four cell lines for each condition). Numerals indicate the percentage of reads spanning an upstream exon
to a downstream exon. (G, H) Representative QIAxcel images of RT-PCR analyses of the exon 4 to exon 10/9
region in MBNL1 and MBNL2, respectively, in proliferating myoblasts (-2) and at day 0 and 5 of myogenic
differentiation. (I, J) Quantification of the RT-PCR data shown in (G, H).
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(CTG)2600 repeat-induced alternative splicing results in reduced MBNL1 and
MBNL2 levels and altered protein composition
We next examined whether the abnormally spliced, yet similar total levels of MBNL1 and
MBNL2 mRNAs would significantly alter MBNL protein expression in cells with a CTG(2600)
repeat compared to cells lacking the repeat. To this end, whole-cell protein lysates of
proliferating myoblast cultures and of cultures harvested at different time points after initiation of
differentiation were prepared and used in western blotting. The MBNL1 antibody MB1a that we
used for detection was directed against an epitope encoded by exon 3 [26], present in essentially
all MBNL1 variants in our cells.
From the inferred amino acid (aa) sequences , we predicted that exon 5 or exon 7 inclusion
would contribute an extra 2.0 kDa (18 aa) or 1.2 kDa (12 aa), respectively to the total molecular
weight of the MBNL1 variants. The blots showed a complex collection of MBNL1 signals with
migration behaviour around the 40 kDa marker protein, as expected (Fig 3A). Two bands were
most prominent, irrespective of the presence of an expanded repeat in the cells. Taking our
RT-PCR results and the available literature data [11,12,26] into account, we assumed that the
top signal represented mainly MBNL143 (+ex5+ex7) cosegregating with MNL142 (+ex5-ex7),
while in the bottom signal MBNL141 (-ex5+ex7) and MBNL140 (-ex5-ex7) migrated together. Total
MBNL1 levels were three to four-fold lower in proliferating myoblasts with a (CTG)2600 repeat
than in cells without the repeat (Fig 3C). This difference in expression was mainly caused by a
reduction in the MBNL140/41 (-ex5±ex7) variants (bottom signal), the dominant proteins in cells
lacking the repeat (approximately 75% of total MBNL1). More specifically, during five days of
differentiation, the total MBNL1 level, again mainly the MBNL140/41 variants, decreased around
two-fold, particularly in cultures with a (CTG)2600 repeat.
Also for MBNL2, multiple signals were detected, using antibody MB2A directed at the
N-terminus shared by all MBNL2 variants [26] (Fig 3B). Inclusion of exon 5 would contribute an
extra 2.0 kDa (18 aa) to MBNL2, while exon 8 inclusion initiates a shift in the open reading frame
resulting in a novel C-terminus and a reduction in molecular weight of 1.2 kDa. The top signal,
most prominently observed in cells with the (CTG)2600 repeat probably reflected MBNL240
(+ex5+ex8), cosegregating with MBNL241 from the barely expressed +ex5-ex8 splice variant.
We assumed that the bottom signal represented a mix of MBNL239 (-ex5-ex8) and MBNL238
(-ex5+ex8). Total MBNL2 levels were not significantly lower in cells with a (CTG)2600 repeat
than in cells without the repeat (Fig 3D). However, in cells containing the (CTG)2600 repeat,
the MBNL240/41 (+ex5±ex8) variants were significantly more abundant under differentiation
conditions; in fact, these MBNL2 variants were essentially absent in cells from which the repeat
expansion had been removed. In contrast to MBNL1, total MBNL2 level remained relatively
constant during myogenic differentiation.
In sum, the total level and protein composition of both MBNL1 and MBNL2 is altered in
the presence of the expanded (CTG)2600 repeat. During myogenic differentiation, MBNL1, but
not MBNL2, levels decreased slightly, particularly in cells with the repeat.
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Figure 3: MBNL1 and MBNL2 expression in proliferating and differentiating myogenic cells with and
without (CTG)2600 repeat. (A,B) Representative western blots for MBNL1 and MBNL2 from cell lines with
(4F9-13/2600) and without (4A3-ΔΔ) the (CTG)2600 repeat. (C,D) Quantification of MBNL1 and MBNL2
expression, including specific variants, in arbitrary units (a.u.) after normalization to β-tubulin expression.
Bars summarize data from two cell lines with and two cell lines without (CTG)2600 repeat. Each cell line
was measured three times, in independent experiments.

MBNL1 and MBNL2 are reduced in the nucleus and in the cytoplasm in DM1
myoblasts and myotubes
We wondered about the effects of lower protein expression and altered protein composition on
MBNL localization in the cell. It has been reported that inclusion of MBNL1 exon 5 is implicated
in the nuclear localization of MBNL1 [10,11,13]. Moreover, the exon 5-encoded amino acid
stretch is highly conserved in MBNL2. We employed immunofluorescent microscopy using the
same antibodies as for western blotting, and examined the subcellular distribution of MBNL1
and MBNL2 in myoblasts with and without (CTG)2600 repeat.
The typical DM1 foci in the nuclei of cells with the expanded (CTG)n repeat contained
MBNL1 as well as MBNL2 (Fig 4A-B; on average around 3 foci per nucleus). Notably, only
a fraction of MBNL1 and MBNL2 was contained within these foci and these typical intense
signals were not present in cells lacking the repeat [23]. In fact, we always observed a diffuse,
homogenous distribution of MBNL1 and MBNL2 in both the cytoplasm and the nucleus. Careful
quantification of MBNL1 staining in individual cells through advanced image analysis showed
that the average MBNL protein content was three to four-fold higher in the nucleus than in
the cytoplasm in all cell lines (Fig 4C-D). Notably, up to five-fold differences in intensity were
measured between cells of one clonal population, illustrating a high cell-to-cell variability. More
importantly, when comparing the staining intensities between the two cell populations, we
consistently measured a two to three-fold higher MBNL1 intensity in both compartments in cells
lacking the (CTG)2600 repeat (Fig 4C-D). In contrast, MBNL2 staining intensities were essentially
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equal in the nucleus and the cytoplasm, while only some clones without the (CTG)2600 repeat
displayed a significantly higher expression in both cellular compartments than cell lines with the
expanded repeat (Fig 4E-F).
Since immunofluorescence detection in situ using antibodies MB1a and MB2a did not
allow for discrimination between MBNL variants, we performed subcellular fractionation of
proliferating myoblasts followed by western blotting to identify the MBNL1 and MBNL2 variants
in the cytoplasmic and nuclear-enriched fractions. As expected, the MBNL142/43 and MBNL240/41
variants, corresponding to exon 5 inclusion, were enriched in the nuclear fractions, particularly
in cells with the expanded (CTG)2600 repeat (S1A-B Fig).
The subcellular localization of MBNL was also determined in five-day old multinucleated
myotubes. For both MBNL1 and MBNL2, next to the nuclear foci in (CTG)2600 repeat-containing
cells, we observed a diffuse granular staining in the nucleus and in the cytoplasm (Fig 5AD). Excision of the (CTG)2600 repeat resulted in a two to three-fold higher MBNL1 intensity
in the nuclear and cytoplasmic compartment, respectively, and a 1.5-fold higher MBNL2
intensity in both compartments (Fig 5E-H). More importantly, in contrast to the localization in
myoblasts, we measured on average in myotubes an essentially equal distribution of MBNL1
and MBNL2 throughout the cell, irrespective of repeat presence. It should be noted however,
that we regularly observed myotubes containing nuclei with highly variable MBNL1 and
MBNL2 intensities. Subcellular fractionation followed by western blotting confirmed that also
in myotubes MBNL142/43 and MBNL240/41 variants were morebundant in the nuclear fractions,
particularly in cells with the expanded (CTG)2600 repeat (S1C-D Fig).

Discussion
As important cell type-specific regulators of RNA processing, MBNL family members must be
spatiotemporally expressed with high accuracy during development. Functional loss or change
in the composition of the cellular MBNL isoform population is thought to be, at least in part,
responsible for the spliceopathy typically seen in DM1 [27]. In the present study, we examined
MBNL expression, with a focus on MBNL1 and MBNL2, in a well-controlled human cell model
for DM1 with normal expression of an expanded repeat. Our unique isogenic muscle cell panel,
comprising several independent cell lines with and without a congenital DM-type mutation,
enabled us to study repeat effects without possible confounding influences of genetic background
or other forms of interpatient variability. Using independent methods for the identification and
quantification of RNA and protein, we investigated MBNL expression in detail in proliferating
myoblasts and in differentiating myotubes. Earlier, we and others had already shown that (CTG)
n repeat excision in DM1 cells restores the normal cellular phenotype [23,28,29]. With regard
to the progressive muscle phenotype in DM1, we conclude here that (CTG)n-repeat toxicity
perturbs MBNL expression as early as in myoblasts, the muscle progenitor cells.
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Figure 4: Subcellular localization of MBNL1 and MBNL2 in myoblasts with and without (CTG)2600 repeat.
(A, B) Immunofluorescent localization of MBNL1 and MBNL2 in proliferating myoblasts with (4F9) and
without (4A3) the (CTG)2600 repeat expansion. Merged images show DAPI in blue, MBNL1 in green and
MBNL2 in magenta. Scale bars are 50 µm. (C-F) Quantification of MBNL1 and MBNL2 levels in the nucleus
and the cytoplasm in all eight cell lines. Each symbol represents the average intensity in one myoblast.
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Figure 5: Subcellular distribution of MBNL1 and MBNL2 in five-day differentiated myotubes with and
without (CTG)2600 repeat. (A-D) Immunofluorescent localization of MBNL1 and MBNL2 in myotubes with
(4F9) and without (4A3) the (CTG)2600 repeat expansion, after five days in differentiation medium. Images
show DAPI in blue, MBNL1 in green and MBNL2 in magenta. Bars are 50 µm in large images and 10 µm in
insets. (E-H) Quantification of MBNL1 and MBNL2 levels in the nucleus and the cytoplasm in all eight cell
lines. Each symbol represents the average intensity in one multinucleated myotube.

RNA-seq and RT-PCR analyses demonstrated that removal of the (CTG)2600 repeat did not
alter RNA expression levels of any of the three MBNL isoforms in our cell model. This observation
matches findings from a comparative RT-qPCR study on muscle biopsies from a cohort of DM1
patients and unaffected individuals [30] and a recent large transcriptomics study on quadriceps
samples from patients and controls [31]. Interestingly, the latter study reported a slight increase in
MBNL1 expression, but not MBNL2 and MBNL3, in tibialis muscle from DM1 patients compared
to controls, indicating that expression levels can vary in different muscle tissues [31]. We also
observed that MBNL RNA levels did not overtly change during myoblast alignment and myotube
formation during five days in vitro. All in all, these RNA quantifications indicate that changes in
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MBNL protein expression in early myogenesis in DM1must be predominantly the result of (CTG)
n repeat-mediated effects at the posttranscriptional level.
Probably the main level of posttranscriptional regulation of MBNL is alternative splicing.
Alternative splicing of MBNL1 and, to a limited extent, MBNL2 has been studied by a number
of laboratories, but only rarely under well-controlled conditions of normal expression of an
expanded DM1 repeat [2,7–14]. The current literature is confusing with regard to MBNL gene
structure, but using the nomenclature summarized in Fig 2 [1], we could confirm alternative
splicing of MBNL1 exons 3 (204 nts), 5 (54 nts), 7 (36 nts) and 8 (95 nts) in muscle cells. Of these,
we basically only found a significant increase of exon 5 inclusion in DM1 cells. We did not
detect increased inclusion of exon 7, which was reported in DM1 brain [9]. The two alternatively
spliced MBNL2 exons, exon 5 (54 nts) and exon 8 (95 nts), were both preferentially included in
DM1 cells. It is important to note that we mainly detected a shift in splice variant composition
of MBNL1 and MBNL2 and did not identify significant expression of uncommon or novel splice
variants.
When comparing the data on RNA and protein expression from either cells with or
without (CTG)2600 repeat, we did not observe a quantitative one-to-one correlation between
alterations in MBNL mRNA and protein splice variant composition, indicating additional
regulatory mechanisms after the MBNL mRNA has been made. The most likely explanation for
the difference in the regulation of MBNL mRNA and protein abundance are variations in mRNA
translation efficiency and protein stability [32,33]. The latter may be related to differences in
multimerization behaviour and subcellular localization between splice variants. Detailed
analysis of MBNL splice variant synthesis rate and half-life, beyond the scope of this paper, is
needed to clarify this issue.
We found that MBNL1 protein, in particular MBNL141 (-ex5+ex7) was significantly reduced
in myoblasts with repeat and even stronger in myotubes. As a result, MBNL143 (+ex5+ex7) was
overrepresented in these cells. Total MBNL2 protein level did not significantly change upon
repeat expansion, but MBNL240 (+ex5+ex8) increased at the expense of MBNL239 (-ex5-ex8),
particularly in myotubes. We therefore conclude that the dysfunction of MBNL1 and MBNL2 in
DM1 consists of a moderate (two to five-fold) reduction in protein expression, combined with a
modified splice variant content, i.e. overrepresentation of predominantly +ex5 variants. Effects
of MBNL protein loss in DM1 have been studied in detail in vivo in Mbnl knockout mice, which
showed that Mbnl1 and Mbnl2 have distinct functions, predominantly in muscle and brain
respectively, but also that the two isoforms can partially compensate for each other’s absence
[3,4,21,22]. Effects of altered splice variant compositions, but normal total levels, of MBNL1 and
MBNL2 protein has not been studied yet, to our best knowledge.
Alternative splicing determines MBNL1 and MBNL2 localization in the cell, next to effects
on RNA and protein binding, dimerization behaviour and splicing activity [8,10,11,13–16].
In particular, inclusion of the highly conserved exon 5 has been shown to be responsible for
nuclear localization of MBNL1 [1,2]. Despite preferential inclusion of exon 5 in DM1 cells and
accumulation of this variant in the nucleus, we consistently measured a reduced MBNL1 and, to
a much lesser extent, MBNL2 expression in both the nucleus and the cytoplasm. The decrease
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was most prominent in myoblasts carrying the (CTG)2600 repeat, but also evident in the
corresponding myotubes. A reduced staining in the nucleoplasm of cortical neurons from DM1
patients has been reported earlier [34]. In our muscle cells, irrespective of (CTG)2600 presence,
MBNL1 concentration was highest in the nucleus, while MBNL2 was more or less equally present
in nucleus and cytoplasm. Importantly, as expected, MBNL staining was concentrated in foci,
but these signals were only a fraction of the total MBNL staining in the nuclei. The difference in
foci number and the relatively large variations in MBNL protein staining in nuclei and cytoplasm
between cells, even in one clonal population, could reflect transcriptional bursts of DMPK,
MBNL1 and MBNL2 [35]. Recently, Wang et al. reported on the involvement of ubiquitination
in the subcellular distribution of MBNL1 in neurons [36], but we have not been able to identify
this type of post-translational modification for MBNL1 in our model system.
An important question that remains is how pathogenic DMPK (CUG)n transcripts trigger
the prominent changes in the posttranscriptional regulation of MBNL. Presumably, expanded
(CUG)n RNA-MBNL binding and subsequent formation of foci is the initiating event of the toxic
cascade. After all, the use of antisense oligonucleotides and small molecules that specifically
block this interaction has demonstrated that repeat RNA toxicity effects are reversible and can be
neutralized [37,38]. We assume therefore that (CUG)n RNA-MBNL binding induces a mechanism
that directly or indirectly perturbs MBNL splicing. Whether the number of MBNL1 and MBNL2
molecules that can be sequestered in foci is sufficient to significantly reduce the active MBNL
concentration in the cell is questionable. However, MBNL1 is known to stimulate its own
exon 5 skipping [39], so an initial small reduction in protein level could in fact catalyse more
robust, sustainable and persistent changes in MBNL1 splicing and protein variant composition.
Alternatively, there might be specific signalling mechanisms that are activated following (CUG)n
RNA-MBNL complex formation and that feed into splicing regulation, but these pathways have
not been identified thus far.
In conclusion, we have demonstrated that dysregulation of MBNL1 and MBNL2 in DM1
is independent of differentiation cues, already occurring in myoblasts, the in vitro equivalent
of muscle progenitor cells to the satellite cells in vivo. Disrupted MBNL expression pertains to
protein level and splice variant composition throughout the entire cell. To obtain further insight
in the exact sequence of events during muscle development, it is important to study MBNL
expression even earlier during embryogenesis, right at the first appearance of toxic expanded
(CUG)n RNA.

Materials and Methods
Cell culture
Immortalized human DM1 myoblasts (named DM11) carrying DMPK alleles with (CTG)13 and
(CTG)2600 repeats and CRISPR/Cas9-edited isogenic clones lacking both repeats as described
[23] were used in this study. These myoblasts were propagated in a 1:1 mix of Skeletal Muscle Cell
Growth Medium (PromoCell, Heidelberg, Germany) and F-10 Nutrient mix (Gibco, Carlsbad,
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CA, USA), supplemented with 15% (v/v) Hyclone foetal bovine serum (GE Healthcare Life
Sciences, Chalfont St. Giles, UK) and 1% glutamax (Gibco), on culture dishes coated with 0.1%
gelatin (Sigma-Aldrich, St. Louis, MO, USA), at 7.5% CO2 and 37℃. Myogenic differentiation to
myotubes was induced by growing the myoblasts to confluency and replacing the proliferation
medium by differentiation medium consisting of DMEM supplemented with 1% glutamax, 10
μg/mL insulin (Sigma-Aldrich) and 100 μg/mL apo-transferrin (Sigma-Aldrich). These low-serum
conditions were maintained for up to five days. Culture medium was changed every other day.

RNA isolation, RT-PCR and RT-qPCR
RNA was isolated using the Aurum Total RNA Mini Kit (Bio-Rad, Hercules, CA). RNA yield and
purity were verified by absorbance at 260/280 nm (NanoVUE spectrophotometer, GE Healthcare
Life Sciences). RNA was reverse transcribed using the iScript™ cDNA Synthesis Kit (Bio-Rad).
To measure MBNL1 and MBNL2 splice variants, semi-quantitative PCR was performed using
Q5® High-Fidelity DNA Polymerase (NEB) and the primers listed in S1 Table. The PCR program
involved initial denaturation at 98°C for 3 min, followed by 30 cycles at 98°C for 10 seconds,
69°C (MBNL1) or 72°C (MBNL2) for 30 seconds and 72°C for 30 seconds, and a final extension
at 72°C for 10 minutes. PCR products were analysed on the QIAxcel Advanced capillary
electrophoresis system (QIAGEN, Venlo, Netherlands) using the DNA High Resolution Kit, along
with the 15-600 bp alignment marker and 25-500 bp size marker. QIAxcel ScreenGel Software
(1.5.0.16; QIAGEN) was used to quantify the various splice products.
For quantitative RT-PCR (RT-qPCR), 3 µL ten-fold diluted cDNA preparation was mixed in
a final volume of 10 µL containing 5 µL iQ™ SYBR® Green Supermix (Bio-Rad) and 4 pmol of
each primer (S1 Table). Samples were analysed using a CFX96 Real-time System (Bio-Rad). A
melting curve was obtained for each sample in order to confirm single product amplification.
cDNA samples from no template control (NTC) and no reverse transcriptase control (NRT) were

5

included as negative controls. GAPDH and HPRT1 were used as reference genes.

RNA sequencing and analysis
RNA was isolated as described from proliferating myoblasts growing at 80% confluency. RNAsequencing (RNA-seq) libraries were prepared using the Unstranded TruSeq mRNA kit (Illumina,
San Diego, CA, USA) and ~40 million 100-bp paired end reads were obtained using the Hiseq4000
platform (Illumina), all performed by the Beijing Genomics Institute (BGI, Hong Kong). Clean
reads were mapped to the hG38 genome assembly using HISAT v0.1.6-beta [40] and transcripts
were reconstructed using StringTie v1.0.4 [41]. Integrative Genomics Viewer [42] was used in
conjunction with rMATS v3.0.9 [43] for quantification of differential splicing. For quantification
of total expression levels RSEM v1.2.12 [44] was used after merging reads for transcripts with an
identical reference transcript with BowTie2 v2.2.5 [45]. To compare expression levels of different
genes FPKM values were used.
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Immunofluorescence assay
Myoblasts were cultured on 0.1% gelatin-coated coverslips and fixed the next day. For myotube
cultures, myoblasts were cultured in 0.1% gelatin-coated IBIDI 8-wells (IBIDI) and fixed the next
day or after five days of differentiation in 2% PFA in 0.1 M phosphate buffer, pH 7.4. After fixation,
cells were washed three times with PBS and permeabilized with an acetone methanol mixture
(1:1 w/v). Cells were incubated in 3% bovine serum albumin (BSA) (w/v) (Sigma-Aldrich) in PBS
for 30 min at room temperature. After overnight incubation at 4°C with primary antibodies (S2
Table) diluted in 3% BSA in PBS, the samples were washed three times with PBS and incubated
with goat-anti-mouse AF488 (Thermo Fisher Scientific, Boston, MA, USA) and 100 ng/mL DAPI
(Sigma-Aldrich) in blocking buffer (3% BSA and 0.1% (w/v) glycine in PBS) for one hour at room
temperature. After three PBS washes, samples were stored in PBS at 4°C until imaging. Myoblast
samples were imaged using a Leica DMI6000B high-content microscope with a 63x objective.
Per coverslip, at least 30 cells were examined using the same acquisition time. Myotube samples
were imaged using a Zeiss LSM880 microscope (Plan-Apochromat 20x N/A 0.8). Analysis of the
signal was performed with FIJI software using the same size region of interest (ROI), randomly
placed in the nucleus or cytosol of a myotube or myoblast, using the DAPI signal as mask for
the nucleus.

Protein extraction, SDS-polyacrylamide gel electrophoresis and western blotting
After two PBS washes, whole cells were lysed in 2x Laemmli sample buffer, followed by
boiling for 5 minutes at 95°C. Resulting protein mixtures, along with ProSieve™ Quadcolor™
protein marker (Lonza), were electrophoresed on 10% SDS polyacrylamide gels in SDS running
buffer. Proteins were transferred to Immobilin PVDF membrane (GE healthcare, 0.45 µm pore
size) and membranes were blocked for one hour with 3% BSA in PBS with 0.1% Tween-20
(PBST) and incubated with primary antibodies (S2 Table) diluted in blocking buffer overnight
at 4°C. Membranes were washed three times in PBST and incubated with appropriate IRDeye
secondary antibody (IRDeye 800 CW goat anti-rabbit or IRDeye 680 LT goat anti-mouse; LICOR Biosciences, Lincoln, NE, USA) in PBST for one hour and washed three times before being
scanned in 700 nm and 800 nm wavelength channels on the Odyssey Clx imaging system (LICOR Biosciences). Densitometry was performed using Image studio version 5.0 software (LICOR Biosciences).

Subcellular fractionation
For subcellular fractionation, myoblasts were grown to 80% confluence, collected by trypsinisation
and pelleted by centrifugation at 1,000xg for 5 min at 4°C. Pellets were washed twice with icecold PBS. The cell pellets were resuspended in ice-cold cell disruption buffer, 10 mM KCl, 1.5
mM MgCl2, 20 mM Tris-Cl (pH 7.5), 1 mM DTT [46], and incubated on ice for 10 minutes. Cells
were lysed by membrane disruption in a chilled Dounce homogenizer (tight pestle, 0.025-0.076
mm; Wheaton for 15 strokes) after which Triton X-100 was added to a final concentration of
0.1%. The lysate was spun at 1,500xg for 5 min at 4°C. The supernatant (cytoplasmic fraction)
and the pellet (nuclear fraction) were each diluted in 2x Laemmli sample buffer for later use in
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SDS-PAGE. For subcellular fractionation of myotubes, five-day differentiated myotube cultures
were used. To separate multinucleated myotubes from undifferentiated, mononuclear cells
in the culture, myotubes were selectively released from the culture by trypsinization at room
temperature for two minutes. The myotube-enriched cell population was fractionated similar to
the myoblast protocol except that the cell pellet was incubated in cell disruption buffer for 5
minutes and 20 strokes were used. Enrichment for cytoplasmic and nuclear content was verified
by western blotting using E7 tubulin and lamin A/C antibodies (S2 Table).

Statistical analysis
All experiments were performed in triplicate unless otherwise specified and representative results
are shown. Statistical analysis was performed using Prism software (4.01; GraphPad, LaJolla, CA),
using two-way ANOVA with α=0.05. * p<0.05, ** p<0.01, and *** p<0.001. Error bars indicate
standard errors of the mean (SEM).
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Figure S1: Subcellular fractionation of proliferating myoblasts and differentiating myotubes to identify
MBNL1 and MBNL2 variants in cytoplasm and nucleus. Western blot analysis of (A, C) MBNL1 and (B,
D) MBNL2 in cytoplasmic (cyto) and nuclear-enriched (nucl) fractions of (A, B) proliferating myoblasts and
(C, D) five-day old myotubes with and without (CTG)n repeat expansion. Lamin A/C and tubulin served
as nuclear and cytoplasmic marker, respectively, to demonstrate enrichment of both fractions. Molecular
weights are indicated in kDa. Note that the blots generally show four distinct signals for both MBNL1
and MBNL2, instead of the two usually detected, which represent comigrating protein variants (e.g. Fig 3).
MBNL142/43 and MBNL240/41 variants (the top two bands in both panels), corresponding to exon 5 inclusion,
were enriched in the nuclear fractions, particularly from cells with the expanded (CTG)2600 repeat.
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Supporting Tables
Table S1: Primers used in this study
Gene

Purposea

Sequenceb

Product size(s) (bp)

MBNL1

RT-qPCR

Ex1_Fw: GCTGTTAGTGTCACACCAATTCG
Ex1_Rv: AGGCGATTACTCGTCCATTTTC

154

MBNL1

Alternative
splicing

Ex4_Fw: GGCTGCCCAATACCAGGTCA
Ex10_Rv: CTTGTGGCTAGTCAGATGTTCGG

470/434/416/380

MBNL2

RT-qPCR

Ex1_Fw: TCAAAGAGGAACATGCTCACG
Ex2_Rv: AACGGCCCTTTAGGGAATCAA

116

MBNL2

Alternative
splicing

Ex4_Fw: TTTTCACCCTCCTGCACACT
Ex9_Rv: GTTATTCTCAATGCAGATTCTTGGC

470/416/375/321

MBNL3

RT-qPCR

Ex7_Fw: CAATACTGTGCATGGCACCCG
Ex8_Rv: GGTGGCAGGTGTTGTTGCTG

92

GAPDH

RT-qPCR

Fw: CCCGCTTCGCTCTCTGCTCC
Rv: CCTTCCCCATGGTGTCTGAGCG

94

HPRT1

RT-qPCR

Fw: TGACACTGGCAAAACAATGCA
Rv: GGTCCTTTTCACCAGCAAGCT

94

RT-qPCR = quantitative RT-PCR to measure transcript levels; Alternative splicing = semi-quantitative RT-PCR
to identify splice variants
b
Fw=forward primer, Rv = reverse primer, all in 5’ -> 3’ direction
a

Table S2: Antibodies used in this study
Protein

Company and antibody description

MBNL1

Developmental Studies Hybridoma Bank, MB1a (4A8), recognizing the
linker region between the two zinc finger domains in MBNL1 encoded
1:100
by exon 3 [26]. Exon 3 was present in >97% of the MBNL1 mRNAs in our
cells (data not shown). Mouse monoclonal.

Dilution

MBNL2

Developmental Studies Hybridoma Bank, MB2a (3B4), recognizing the
N-terminal sequence shared by all MBNL2 splice variants [26]. Mouse 1:100
monoclonal.

β-Tubulin

Developmental Studies Hybridoma Bank (E7). Mouse monoclonal.

1:5000

MHC

Developmental Studies Hybridoma Bank (MF-20). Mouse monoclonal.

1:100

Lamin A/C

Abcam (ab40567). Mouse monoclonal.

1:500
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Challenges that DM1 patients and caregivers face: New opportunities
for scientists?
Since the 1990s, mutant expansion of a microsatellite repeat sequence has been recognized as
the underlying cause of disease in more than 40 inherited disorders, mostly with a neurological
phenotype [1–3]. One of these microsatellite repeat expansion (MRE) disorders is myotonic
dystrophy type 1 (DM1), the main focus of the work presented in my thesis. DM1 is a severe
multisystemic, progressive, neuromuscular disorder caused by the expression of mutant
trinucleotide repeat-containing DMPK transcripts. Abnormally expanded (CUG)n repeat stretches
in these transcripts generate aberrancies in RNA topology through hairpin-like structures that
sequester specific RNA-binding proteins [4]. This toxic RNA principle causes dysregulation in
cellular RNA processing and transport, resulting in – among others – abnormal splicing and
polyadenylation of mRNAs and abnormal production of miRNAs [5,6].
Classic symptoms of DM1 include muscular weakness and wasting, myotonia, cataract
and cardiac conduction abnormalities. However, as discussed in introductory Chapters 1 and
2, large variability in disease presentation exists [7]. The Christopher Project, a recent survey
to better understand the perspective of DM1 and DM2 patients conducted in North America
by the Marigold Foundation, reported on the problems and needs of patients and their family
members [8]. Nearly 4,000 individuals answered 150 questions and 1,000 individuals answered
an additional 100 questions about their disease experiences. The survey again underscored
the high variability in symptoms described by patients, with the most prevalent and impactful
symptoms being muscle-related symptoms, sleep and fatigue symptoms, and balance issues.
Furthermore, gastrointestinal and psychological issues were ranked highly. Similar results were
found in a study conducted earlier in European DM1 patients [7].
Only 25% of respondents took medication that alleviates symptoms [8]. However, due
to the high variability in disease presentation knowledge on what medications are effective,
or might pose a risk, is limited. These problems have also been addressed previously [9,10].
Therefore, the researchers in the field of DM1 emphasize the need for more scientific data on
the medication that is already taken, but also on possible therapeutic options that are not yet
explored for its specific use in DM1. Most importantly, symptomatic treatment alone may help
alleviating disease burden, but will actually not help to cure people from DM1 [8]. Therefore,
the opportunity for basic scientists lies in investigating the molecular and cellular pathogenic
mechanisms in DM1 and using this knowledge to develop novel therapeutic options for DM1.

Challenges in developing a reliable cell model for DM1 research
As explained in introductory Chapters 1 and 2, many animal and cell models have been
developed for use in DM1 studies focussed on muscle, each with their own potential and
limitations. In Chapter 3, we introduced a panel of novel isogenic myogenic cell lines derived
from the DM500 transgenic mouse model and from a cDM patient cell line (DM11) by genome
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editing. The DM11 patient cell line was further used in the studies described in Chapter 4 and
Chapter 5. By using an immortalized myogenic cDM patient cell line, we made the implicit
choice to work on the most evident problems associated with DM1 – i.e. the muscle phenotype
- as our primary focus.

Considerations on cell immortalization effects
Alteration of replicative lifespan of somatic cells is a main characteristic of healthy ageing
and dysregulation of cell fate is also a hallmark in cancer and degenerative disease and
typically associated with general alterations in the cellular transcriptome and proteome.
Forced interference in the natural lifespan programming of cells by immortalization, by use of
drugs or gene transfer, may therefore have inevitable confounding effects [11]. For instance,
one study showed a difference in phosphorylated eIF2α levels in primary and immortalized
mouse fibroblasts [12]. In contrast to primary cells, phosphorylation in immortalized cells was
impaired. Phospho-eIF2α is capable of controlling senescence in response to oxidative stress
[13], therefore primary and immortalized fibroblasts are expected to display different reactions
upon oxidative stress. Similarly, primary patient myoblasts or muscle cells in vivo might show a
reaction to cell stress caused by repeat presence that differs from the response in DM11 cells, the
immortalized myoblast lineage used throughout this thesis.
Additionally, as a direct consequence of use of the immortalization protocol, we were not
able to reliably study senescence induction in the DM11-derived cell lines, a feature previously
linked to cDM [14,15]. It has been shown that in patient myoblasts, p16 accumulates in response
to (CTG)n-related stress and activates the p16Ink4a-pathway, leading to CDK4 inhibition and
cell cycle arrest [14,16]. Due to the immortalization, the DM11-derived cell lines overexpress
CDK4, which blocks the p16Ink4a pathway. Of note, a transient period of emergence of nonlytic apoptosis and senescence-like features, accompanied by changes in autophagic and
caspase-driven proteolytic activity and even DNA breakage, forms an integral natural element
of the myogenic trajectory towards quiescence and myotube formation [17]. Disturbances in
this process, caused by immortalization-coupled alterations, may thus confound the information
obtained from cell model studies.
Notwithstanding these issues, the main argument in favor of using immortalized cell
lines in our research is the consistency that we create by using the same cell line throughout
many different experiments. To further determine to what extent the immortalization procedure
had an effect on our read-outs, a thorough future analysis to compare primary cells with our
immortalized cells is warranted. Needless to point out in detail here, many practical, regulatory
and ethical issues surround (recurrent) muscle biopsying from patients with DM1 and seriously
limit the use of primary muscle cell cultures.
In vitro studies focus on isolated cells, separate from their tissue and organ of origin.
This has a huge impact on the interpretation of in vitro results in general. Therefore, a push
towards the use of more complex cell systems exists. One of the now newly available options
is the use of organoid cultures. Organoids are self-organized 3D tissue cultures that are
generally characterized by the following features: (i) organoids offer a physiologically relevant
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microenvironment, (ii) they are derived from primary tissues, primary cells, or stem cells (iPSCs)
rather than immortalized cell lines, (iii) their cells are correctly organized with respect to one
another and their ECM, and (iv) multiple cell types from the original organ may be present [18].
Human organoids have successfully been used to study diseases and ageing and will provide
a novel opportunity to study DM1 as well [18–22]. Especially for research into myogenic
development, where numerous myogenic signaling molecules and close cell contacts provide
cues in muscle development, the enriched 3D environment will benefit in vitro modeling of
muscle [21,22]. Cell models that can provide better ways to study the pathogenesis and also
a response to therapeutic options, for instance, are necessary for future research. Also, viral
vectors or transfection allow genetic manipulation of organoids with far less time and expense
than developing a transgenic mouse model [23,24]. Therefore, using DM1 iPSCs to generate
3D neuro-organoids [25], or 3D skeletal muscle-organoids [21], for instance, will provide new
opportunities to bring DM1 studies closer to the in vivo situation as existing in patients.
Another way in which in vitro cell culture for skeletal muscle differentiation can be
improved is focus on cell alignment before fusion. Myoblasts committed to fusion need to be
properly aligned, mimicking the 3D-situation in the developing tissue in vivo. To induce and
maintain this alignment in vitro, several strategies have been developed with varying success
rates, including topographical patterning (micro-/nanogrooves in a substrate), chemical treatment
and controlled stress/strain conditions via fluid shear stress or stretching [26]. To improve in vitro
culture conditions of our DM11 cells, one of these measures - or a combination of 3D culture
and fluid shear stress, for instance - can be employed to better mimic the conditions during
development and ageing of muscle.

CRISPR/Cas9-mediated targeting of the (CTG•CAG)n repeat
In Chapter 3, we described how the repeat tract in the DMPK gene can be excised by use of
CRISPR/Cas9 mediated genome editing [27]. In our approach, we used two guide RNAs (sgRNAs)
flanking the repeat sequence at each end to generate two DSBs. The DSBs were joined by nonhomologous end joining (NHEJ), thereby excluding the repeat sequence. In designing the gRNAs,
we had to choose target sites in regions up- and downstream (11 and 51 bp, respectively) of the
repeat. The underlying reason for this is that an NGG-proto-spacer adjacent motif (PAM) must
flank the sgRNA’s target sequence and predicted off-target effects must be kept to a minimum.
Abnormal folding topology of the (CTG•CAG)n repeat might play a role in obscuring the target
sites resulting in a low cutting efficiency [28].
Interestingly, we found that the expanded and unaffected alleles were equally well targeted.
Similarly, in a study on FXS CRISPR/Cas editing of the (CGG•CCG)n sequence in the FMR1 gene
resulted in complete removal of the repeat sequence in the expanded and unaffected allele [29].
In contrast, in a Huntington’s disease (HD) model the researchers were able to specifically target
the mutant allele only, by taking advantage of SNPs (single-nucleotide polymorphisms) present
in the mutant, but not the healthy allele [30,31]. A similar approach could be explored for DM1
as well, provided that useful SNPs are identified. These may be used for specific targeting of the
expanded repeat or the promoter of the expanded allele to knockout this allele, similar to what
197

6

Chapter 6

was done in HD [30,31]. Arguably, such a specific targeting approach might not be necessary in
DM1, as it was reported that (near) complete loss of Dmpk protein in Dmpk knockout mice showed
no or very little effect on cardiac and skeletal muscle function in these mice [32,33]. Moreover,
avoidance of use of SNP-specific CRISPR/Cas targets has the additional advantage that any new
therapeutic genome-editing options can be used for the entire population of DM1 patients.
Since our publication on the use of repeat-directed targeting other groups have reported
on similar approaches. Here use of two gRNAs to excise the repeat sequence in DM1 yielded
comparable results in myoblasts, iPSCs and MYOD-converted fibroblasts and showed varying
excision efficiencies between the different cell types [28,34–36]. One of the most important
findings of our study, was the observation that the use of a single sgRNA close to the repeat (<50
bp) induced uncontrolled deletion of large repeat segments, resulting in unpredictable repeat
contraction. Since our publication, this finding has been confirmed by others and it is likely
due to the occurrence of unstable slipped-strand structures in or close to the induced DSBs
[28,34,37]. Noteworthy, repair of CRISPR/Cas9-induced DSBs may also lead to deletion of many
kilobases up- and downstream of the DSB [38] and even to inversion and reintegration of the
excised segment. This could have an effect on the expression of the edited gene and adjacent
genes and should be taken into consideration – and verified carefully via for example next
generation sequencing - when using CRISPR/Cas9 in an in vivo therapeutic setting.
Summarizing, CRISPR/Cas9 technology has been used to target expanded repeats in several
MREs [37]. Besides the already mentioned approach for FXS, CRISPR/Cas9 was also applied to
C9-ALS/FTD to remove the repeat expansion in patient-derived iPSCs. Similar to our studies,
removal of the mutation prevented RNA foci formation and promoter hypermethylation, even
though C9ORF72 expression remained unaltered [39,40]. With these successes at hand, the next
step will be to determine the efficacy of the different CRISPR/Cas9 strategies for in vivo use.

Myogenesis in presence and absence of the (CTG)n repeat
Using cells from our isogenic cell panel, we showed in Chapter 4 how myogenesis is impaired
in (CTG•CAG)n repeat-containing cell lines and how several DM1 typical molecular and
phenotypic aspects, including the formation of RNP aggregates and RNA splicing abnormalities,
are reversed upon (CTG•CAG)n repeat removal. To our surprise, unbiased RNA-seq and mass
spectrometry studies showed only limited changes in the total transcriptome and proteome
composition of myoblasts upon repeat removal. Moreover, based on our current knowledge,
the candidate genes from both studies and their annotated biological roles showed essentially
no overlap. Only enrichment for genes involved in (i) enzyme-linked receptor protein signaling
pathway (GO:0007167), (ii) regulation of cell migration (GO:0030334), (iii) cellular response
to IFNγ (GO:0071346) and (iv) cAMP-mediated signaling (GO:0019933) and proteins
involved in (i) movement of cell or subcellular component (GO:0006928) and (ii) cell-matrix
adhesion (GO:0007160) were found by analysis of GO-term enrichment of the RNAseq and
proteomics data. We conclude, corroborating findings from others, that repeat expansion in
DM1 predominantly plays a role at the post-transcriptional (e.g. alternative splicing) and posttranslational level.
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One caveat in the interpretation of our findings was whether the impairment of myogenic
differentiation is the direct consequence of (CTG•CAG)n repeat presence, or rather a downstream
effect of the RNA splicing abnormalities. Arandel and co-workers addressed this conundrum
as well in their study of immortalized human DM1 muscle cell lines and fibroblasts. In a
comparative analysis of DM1 and control transdifferentiated fibroblasts they observed that even
in a situation when differentiation did not differ after forced myogenesis with MyoD expression,
aberrant splicing still persisted in presence of the repeat [41]. Combining these results with our
observations of splicing abnormalities already being present in proliferating myoblasts (Chapters
5-6), strengthens the case for DM1 to be primarily a spliceopathy. One of the main players in this
pathogenic process in DM1 is the MBNL family [42–44].

Proper MBNL function is essential for normal myogenic
differentiation
In Chapter 5, we investigated the effect of (CTG•CAG)n repeat removal on the expression of
MBNL family members during myogenic differentiation. We found that MBNL1, MBNL2 and
MBNL3 RNA levels are not overtly influenced by the (CTG•CAG)n repeat during myogenesis.
However, instead of quantitative effects, qualitative effects on alternative splicing of primary
MBNL transcripts were clearly noticeable. In DM1 myoblasts, MBNL1 and MBNL2 RNA variants
that contain exon 5 (and exon 8 in the case of MBNL2), corresponding to MBNL proteins with
altered domains, are preferentially produced. We observed that MBNL1 protein – and to a lesser
extend also MBNL2 – remained trapped in nuclear foci in cell lines with the (CTG•CAG)n
repeat, while a drastic change in the nucleo-cytoplasmic partitioning behavior was detected
when the (CTG•CAG)n repeat was removed. Above all, our study shows that the perturbed
MBNL expression can be reliably monitored at different levels by the combined use of molecular
and microscopy procedures. We conclude that (CTG•CAG)n repeat toxicity dysregulates MBNL
expression already in myoblasts. Thus, we hypothesize that the MBNL protein imbalance in
muscle progenitor cells contributes significantly to a delayed and incomplete myogenic
differentiation in DM1.
Previous studies using either comparative RT-qPCR [45] or transcriptomics [46], showed
similar results on MBNL1-3 levels in muscle biopsies from DM1 patients. However, especially
the Wang study [46] showed clearly that MBNL transcript levels differ between tissues. For
instance, we did not detect any significant differences in total MBNL1-3 levels in our myogenic
cells, while they reported a slight increase in MBNL1 expression (FPKM of 85 (±14) for DM1 vs
72 (±12) for control tibialis samples), but not MBNL2 and MBNL3, in tibialis muscle from DM1
patients compared to controls [46]. This underscores that it is very important, when comparing
different studies, to keep in mind which cell types have been studied and what the tissue origin
was of these samples.
The issue of tissue variability also touches upon the issue of variations within a cell
population. We noticed a variability of the number of DMPK RNP foci per nucleus in myogenic
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cell cultures. Also, we observed a large variation in MBNL1 and MBNL2 protein staining in
nuclei and cytoplasm in myoblasts and myotubes within the same culture. As the cell lines from
our isogenic myogenic cell panel all originate from a single clonal cell, genetic homogeneity may
be assumed. Therefore, the heterogeneity in protein staining must be attributed to transcriptional
and/or translational bursts of DMPK, MBNL1 and MBNL2 [47]. These findings demonstrate large
expression variability even within a cell population that should be taken into account when
interpreting studies in cell models.

Could CRISPR/Cas9 be used as a therapeutic option for DM1?
Given the recent developments in CRISPR/Cas9 technology, the question now arises whether
this technology could be used in a therapeutic setting, either by genome editing ex vivo, in
cells taken from het patient, or in vivo, in gene therapy with the use of viral vectors or chemical
delivery. The most common and severe problems with CRISPR/Cas9 technology that need to
be addressed have to do with off-target cleavages, introducing non-intended alterations in the
genome and a possible immune response against the viral delivery method or against the Cas9
nuclease [38,48–53]. Besides these technical issues, also numerous ethical considerations are
currently discussed widely in the scientific community [50,54,55].
One possible way in which CRISPR/Cas9 could be employed would entail first generating
iPSCs from DM1 patient fibroblasts. After repairing the mutation, the iPSCs can be differentiated
into skeletal muscle progenitor cells and transplanted back in the same patient. Engraftment
and myofiber formation of edited and differentiated cells for Pompe disease has been shown
in immunodeficient mice [56]. This so-called ex vivo cell engineering in an autologous setting
is slowly developing into a realistic option and a lot of effort into this direction is being made
for Duchenne muscular dystrophy (DMD) [57,58]. Future studies should reveal if the edited
myogenic precursors can make a long-term contribution to muscle regeneration and thereby
whether it is a viable technique for muscle stem cell therapy in DM1 and other muscle disorders.
With regard to in vivo gene editing of skeletal muscle in DM1 patients, using a virally
encoded CRISPR/Cas9, a recent warning was expressed to seriously look into the risks of
germline editing by well-respected DM1 researcher Darren Monckton [59]. Early DM1 repeat
correction would be of particular interest for treating the most severe form of DM1, cDM.
However, as ideally the CRISPR/Cas9 combination would need to be administered at an early
stage of development, it will be of key importance to fully establish the risks involved in CRISPR/
Cas9-genome editing in humans, especially with regard to the risk of editing of the germline.
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Concluding remarks
In summary, the work presented in this thesis showed the promise of CRISPR/Cas9 genome editing
approaches for removal of large-size (CTG•CAG)n repeat sequences that cause the molecular
and cellular problems in DM1. The work presented here was confined to in vitro studies on
cultured cells and much more work has to be performed before genome-editing can be applied
as a therapeutic option. My thesis yielded the following series of important results: (i) A panel of
isogenic myoblast lineages was established, that serve as new cell models for DM1 research. (ii)
When applying genome editing via the use of CRISPR/Cas9-mediated dsDNA breakage, caution
must be taken to avoid adverse effects of DNA instability of the repeat, leading to undesired
rearrangements in the DM1 locus. (iii) Adequate repeat removal by genome-editing leads to
fault recovery in the abnormal differentiation program of cDM1 muscle progenitors, early in the
myogenic trajectory and to (iv) normalization of DM1-associated molecular problems, including
spliceopathy, abnormalities in MBNL1-3 isoform production and their partitioning behavior.
Finally, from comparative RNAseq and proteomics studies of our newly generated DM1 model
cells we predict involvement in DM1 of several new candidate genes, which enables further
fundamental studies and applied studies into new entries for DM1 therapy.
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Samenvatting

Nederlandse samenvatting
In het begin van de jaren ’90 van de vorige eeuw werd een nieuwe groep ziektes ontdekt
die veroorzaakt worden door een afwijking in de lengte van een stukje genomisch DNA met
een herhalende bouwsteenvolgorde, een zogenaamde microsatelliet. Deze ziektes worden
microsatellietexpansieziektes genoemd en zijn allemaal erfelijke aandoeningen. Anno 2019 zijn
hiervan minstens 40 verschillende soorten geïdentificeerd, waarvan de meeste een neurologisch
karakter hebben. Alle ziektes hebben gemeenschappelijk dat er een lengtemutatie is in het
chromosomale DNA dat voor problemen zorgt op DNA-, RNA-, en/of eiwit-niveau.
Het werk beschreven in dit proefschrift gaat over één van deze microsatellietexpansieziektes,
namelijk myotone dystrofie type 1 (DM1, naar het Latijnse dystrophia myotonica). Bij DM1 ligt
de oorzaak in een te lange (CTG)n DNA-volgorde in het 3’ onvertaalde deel van het DMPKgen. Deze (CTG)n-herhaling komt bij alle mensen voor, maar het CTG-triplet wordt in gezonde
mensen niet vaker dan 37 keer herhaald. Wanneer bij iemand de herhaling langer is dan deze
drempelwaarde, zal deze persoon zelf, of de nakomelingen, DM1 ontwikkelen. De (CTG)
n-herhaling wordt per generatie langer en ook tijdens het leven van een persoon neemt de lengte
ervan in verschillende weefsels toe. In het algemeen geldt: hoe langer de herhaling, hoe ernstiger
de symptomen en hoe eerder de ziekte optreedt. Binnen een familie met DM1 is het dan ook
vaak zo dat elke volgende generatie op een jongere leeftijd symptomen krijgt met een heftiger
verloop van de ziekte. Dit fenomeen wordt anticipatie genoemd.
Symptomen die kenmerkend zijn voor DM1 zijn het vertraagd ontspannen van
aangespannen spieren (myotonie) en een toenemende mate van spierzwakte en spierafbraak
(dystrofie). Naast de spieren zijn ook veel andere organen aangedaan. Zo is staar een veel
voorkomend probleem, naast geleidingsproblemen in het hart en overmatige slaperigheid. Bij
kinderen met DM1 worden vaak leer- en gedragsproblemen gerapporteerd. Niet alle problemen
komen echter op dezelfde wijze bij DM1 patiënten tot uiting en het klinische beeld kan daarom
een enorm variabel verloop hebben. DM1 wordt dan ook gezien als een multi-systemische en
neurologisch moeilijk te typeren ziekte. Ook al zijn er behandelingsmogelijkheden om bepaalde
symptomen van DM1 te bestrijden, deze zijn zeer beperkt en er is tot op heden geen genezende
therapie. Daarom wordt er veel onderzoek gedaan om het ziektemechanisme beter te begrijpen
en om uit dat onderzoek nieuwe aanwijzingen te krijgen voor therapieontwikkeling.
In tegenstelling tot veel andere ziektes, zorgt de (CTG)n mutatie in DM1 niet voor de
afwezigheid van één bepaald eiwit of voor de vorming van een afwijkend eiwit. Wat wel gebeurt
is dat de (CTG)n-herhalingen in het DMPK-gen leiden tot de vorming van transcripten, RNA
producten, waarin de herhaalde volgorde zich abnormaal vouwt tot (CUG)n lussen, ook wel
haarspeldstructuren genoemd. Deze haarspeldstructuren kunnen bepaalde eiwitten binden,
die hierdoor niet meer hun normale functie kunnen uitoefenen in de cel. Deze eiwitten zijn
essentieel voor een normale genregulatie en eiwitexpressie, zodat de eiwitbalans in de cel wordt
verstoord.
In dit proefschrift heb ik mij gefocust op het bestuderen van de spierontwikkelingsproblemen
in DM1. Hiervoor begin ik in Hoofdstuk 1 met het beschrijven van de ziektemechanismen
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van DM1 en DM type 2 (DM2), waarin een (CCTG)n-herhaling in het DNA de boosdoener is,
naast dat van twee andere vergelijkbare neurologische aandoeningen FXS/FXTAS en C9orf72-ALS/
FTD. In Hoofdstuk 2 wordt dieper ingegaan op de ziektemechanismen van DM1 en DM2. Verder
bespreken wij daarin ook hoe spieren zich ontwikkelen, wat er afwijkend is in DM en welke
mogelijkheden er zijn om spiercellen in vitro te bestuderen. Al het onderzoek dat beschreven
wordt in dit proefschrift is uitgevoerd met spiercellen en richt zich op spierceldifferentiatie in vitro.
Hoofdstuk 3 beschrijft hoe een volledig nieuwe manier om gericht veranderingen aan
te brengen in het chromosomale DNA van cellen in kweek of in vivo (in weefsels), CRISPR/
Cas9 technologie genoemd, gebruikt kan worden om lange (CTG)n-herhalingen uit het genoom
te verwijderen van spiercellen van een DM1 muismodel met 500 CTG-herhalingen en van
spiercellen van een patiënt met 2600 CTG-herhalingen. Opvallend genoeg vonden we dat als
er slechts één keer met CRISPR/Cas9 gericht geknipt werd in het chromosomale DNA in de
buurt van de (CTG)n-herhaling, dit voor spontane contracties van de herhaling kan zorgen.
Wanneer er aan beide kanten van de (CTG)n-herhaling werd geknipt, kon met een zekere
betrouwbaarheid de tussenliggende (CTG)-herhaling precies verwijderd worden. Dit alles geeft
aan dat het belangrijk is om bij het gebruik van deze techniek heel goed te bestuderen welke
ongewenste effecten de behandeling verder heeft gehad op het genoom.
De humane spiercellijnen met een (CTG)2600-herhaling en de cellijnen waaruit deze
verwijderd is vormen een set van verder genetisch identieke (isogene) celmodellen. Deze
cellen waren dus voor ons ideaal te gebruiken om de effecten van het hebben van een (CTG)
n-herhaling te bestuderen zonder daarbij last te hebben van andere achtergrondsverschillen in
genetische aanleg. In Hoofdstuk 4 gebruiken we de groep van acht isogene patiëntencellijnen
om specifiek te bestuderen hoe de in vitro ontwikkeling van spiercellen belemmerd wordt door
het hebben van de (CTG)2600-herhaling. Het bleek dat het verwijderen ervan zorgt voor het
verdwijnen van de (CUG)n RNA/MBNL ophopingen (foci) die normaal in de celkernen van
DM1-cellen worden aangetroffen. Verder vonden we een verbetering in de rijping van bepaalde
mRNA‘s door het verdwijnen van afwijkingen in het proces van de RNA splicing, en zagen we
een grote verbetering in de differentiatie van delende spiercellen (myoblasten) naar meerkernige
spiervezels (myotubes).
Om meer detailinformatie te krijgen besloten wij om ook te bepalen welke transcripten
en eiwitten voorkomen in de myoblasten met en zonder (CTG)2600-herhaling door middel van
transcriptomics (RNA-seq) en proteomics (MS) analyse. Er bleek weinig verschil te zitten in de
RNA- en eiwitsamenstelling van cellijnen met en zonder de (CTG)2600-herhaling. Al vonden
we wel dat het MBNL1 eiwit in een lagere hoeveelheid aanwezig was in cellijnen met de
(CTG)2600-herhaling, en dat er tussen de twee groepen van cellen ook relatief kleine verschillen
waren in het expressieniveau van een 50-tal andere RNA‘s en eiwitten. De betekenis van deze
verschillen moet nog nader worden onderzocht. Wat we verder zagen, is dat de splicing van
veel transcripten abnormaal is in de DM1 myoblasten. Dit bevestigt de waarnemingen van
anderen dat DM1 wordt gekenmerkt door een brede verstoring in alternatieve splicing als mede
oorzaak voor het slecht differentiëren van myoblasten en de verstoorde spierontwikkeling in
DM1 patiënten met een zeer lange (CTG)n expansie.
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In Hoofdstuk 5 beschrijven we hoe het MBNL-eiwit mogelijk betrokken is bij deze
spierproblemen. Wederom gebruikten wij de isogene patiëntenspiercellijnen en bestuurden
we de drie MBNL isovormen, MBNL1, MBNL2 en MBNL3. De temporale RNA-expressie van
alle drie genen verschilde niet tussen de cellijnen met en zonder de (CTG)2600-herhaling. Wel
zagen we dat er in de cellijnen met (CTG)2600-herhaling veel meer exon 5 in MBNL1 en exon 5
en 8 in MBNL2 transcripten voorkomt. Van deze embryonale splicevarianten van de twee MBNL
RNA‘s worden MBNL-eiwitvarianten geproduceerd die zich voornamelijk in de celkern ophopen
en zich niet door de hele cel verspreiden. Wanneer we de myoblasten lieten differentiëren in
myotubes zagen we een aanhoudende ophouding in de kern voor de cellijnen met (CTG)2600herhaling, terwijl in myotubes zonder de CTG-herhaling bijna al het MBNL1 en MBNL2 eiwit in
het cytoplasma te vinden was. Blijkbaar doen de afwijkingen in hoeveelheid en soort van MBNLeiwitvarianten zich al in de vroege rijpingsfase van myoblasten voor, om daarmee een basale rol
te spelen in de spierproblemen in DM1.
Afsluitend geef ik in Hoofstuk 6 een samenvattende beschrijving van de belangrijkste
bevindingen en bediscussieer ik de vindingen uit mijn promotieonderzoek in een bredere
context. Het hier beschreven werk was celbiologisch van aard en gericht op het verkrijgen van
een beter begrip omtrent het effect van de (CTG)n-herhaling op de spierontwikkeling van DM1.
Deze opgedane kennis zal helpen om een solide basis te leggen voor de ontwikkeling van
therapieën voor de behandeling van DM1.
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Curriculum vitae
Laurène André werd geboren op 11 december 1990 te Overschild, Slochteren. Na het behalen
van haar VWO+ diploma aan het Zernike College in Haren, Groningen begon zij aan de studie
Biomedische Wetenschappen aan de Radboud Universiteit in Nijmegen. Haar bachelorstage
voerde ze uit op de afdeling Neurochemie en Laboratoriumgeneeskunde in het Radboud
universitair medisch centrum binnen de groep van dr. Marcel Verbeek en onder de begeleiding
van Megan Herbert. Hier deed zij onderzoek naar biomarkers die een vroege diagnose voor de
ziekte van Alzheimer zouden kunnen voorspellen.
Tijdens haar masteropleiding deed zij een half jaar onderzoek aan de Florey Neuroscience
Institutes van de University of Melbourne in Australië in het lab van prof. Malcolm Horne en dr.
Bradley Turner. Hier zijn de eerste stappen gezet naar een nieuw cellulair onderzoeksmodel om
de ziekte van Parkinson, Amyotrofe Laterale Sclerose (ALS) en andere neurodegeneratieve ziektes
waar autofagie-defecten een rol spelen te bestuderen. Haar tweede masterstage voerde ze uit op
de afdeling Celbiologie in het NCMLS in Nijmegen in de groep van prof. Bé Wieringa en dr. Rick
Wansink, onder begeleiding van Anke Gudde, naar gezonde en verlengde DMPK transcripten in
Myotone Dystrofie type 1. In september 2013 behaalde Laurène haar masterdiploma.
Van augustus 2013 tot 2018 werkte ze als promovendus op de afdeling Celbiologie in het
RIMLS onder begeleiding van prof. Bé Wieringa en dr. Rick Wansink. Het onderzoek dat zij in
deze periode heeft uitgevoerd staat beschreven in dit proefschrift. Sinds september 2018 is zij
werkzaam als postdoc in de groep van dr. Martin Graef aan het Max Planck Institute for Biology
of Ageing in Keulen, waar zij haar onderzoek naar autofagie voort zet.
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RIMLS PhD portfolio

RIMLS PhD portfolio
Name PhD candidate: L.M. André
Department: Cell Biology
Graduate School: Radboud Institute for Molecular Life Sciences

PhD period: 16-08-2013 - 15-08-2017
Promotor(s): Prof. B. Wieringa
Co-promotor(s): Dr. D.G. Wansink
Year(s)

ECTS

Courses & Workshops
RIMLS Graduate course
RIMLS Scientific Integrity course
RU course: Education in a Nutshell
MIC course: FIJI/ImageJ image analysis
MIC course: microscopic imaging

2013
2015
2015
2015
2017

1.5
0.5
3.0
1.0
1.0

Seminars & lectures
RIMLS Seminars
RIMLS Technical Forums
RIMLS In the spotlight/ Research rounds

2013-2017
2013-2017
2013-2017

3.5
3.4
1.6

Symposia & conferences^
RIMLS PhD Retreat #*
International Myotonic Dystrophy Consortium meeting 9
RIMLS New Frontiers: Synthetic Life
FEBS/EMBO conference 2014
RIMLS New Frontiers: Regenerative Medicine
Keystone symposium Autophagy #
RIMLS New Frontiers: Cilia
Muscles2Meet young talent symposium#
Muscles2Meet young talent symposium

2013-2017
2013
2013
2014
2014
2015
2015
2016
2017

4.0
1.0
1.0
1.0
1.0
1.5
1.0
0.5
0.5

2016-2017
2013-2017
2016-2017

2.5
2.0
0.25

2014-2016
2016

1.5
0.5

2014
2015
2016

1.0
1.5
1.5

TRAINING ACTIVITIES

Other
Organizing and attending “PhD in the Lead” program
Journal clubs Cell Biology
Journal clubs Myotonic Dystrophy
TEACHING ACTIVITIES
Lecturing
Computer Tutorials Supervision
Histology Tutorials Supervision
Supervision of internships
Supervision of Vicky Mertens
Supervision of Relinde Wind
Supervision of Nikki van Bommel
TOTAL

37.75

^Oral and poster presentations are indicated with a * or # after the name of the activity, respectively.
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Research data management
The primary and secondary data obtained during my PhD at the Radboud university medical
center (Radboudumc) have been captured and stored on Labguru, a digital lab book client which
is centrally stored and daily backed-up on the local Radboudumc server from June 2016 onwards.
Prior to June 2016 a written lab book was kept and primary and secondary data was stored on
a department PC. All data was additionally backed-up on external hard drives belonging to
the department. All data is accessible by the associated senior staff members. Published data
generated or analyzed in this thesis are part of published articles and any additional files are
available from the associated corresponding authors on request. All raw and processed RNA-seq
data described in Chapters 4 and 5, is available through the public functional genomics data
repository GEO (Gene Expression Omnibus), the accession code is GSE127296. The proteomics
data described in Chapter 5 is deposited to ProteomeXchange via the PRIDE database, the
accession code is: PXD016056. To ensure interpretability of the data, all filenames, primary and
secondary data, metadata, descriptive files and program code and scripts used to provide the
final results are documented along with the data.
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Dankwoord
Zoals zo vaak gezegd wordt, is dit vaak het meest gelezen gedeelte van het proefschrift. Aangezien
dit een van de weinige keren zal zijn dat ik een heus dankwoord kan schrijven - behalve als die
Academy Award voor mijn geweldige acteerprestaties er toch nog aan komt - wil ik hier de kans
aangrijpen om de verschillende mentoren en vrienden te bedanken die ik tot nu toe gelukkig in
mijn leven heb gehad.
Allereerst wil ik mijn promotor Bé en co-promotor Rick bedanken voor de kans in de myotone
dystrofie groep mijn promotieonderzoek uit te voeren nadat ik bij jullie mijn masterstage had
afgerond. Bé, jij hebt een encyclopedische kennis als geen ander en je bewees keer op keer
hoe belangrijk het is om deze te hebben. Rick, jouw oog voor detail haalde de figuren naar een
hoger niveau en eventuele (spel)fouten zijn dan ook geheel voor mijn eigen rekening. Tijdens
dit proces heb ik van jullie veel geleerd over onderzoeksmethodologie waar ik de rest van mijn
carrière veel aan zal hebben. Zonder jullie had het boekje er niet in deze vorm gelegen.
Megan, van jou heb ik mijn hele basis van onderzoek bedrijven geleerd tijdens mijn bachelorstage.
Naast je tomeloze energie en het enthousiasme wat je me toen hebt meegegeven, heb je me ook
daarna altijd als een mentor weten te inspireren. Dat je ook nog een jaar op dezelfde verdieping
hebt rondgelopen tijdens mijn PhD was een extra beloning. Van jou heb ik ook geleerd hoe
belangrijk het is een gezond persoonlijk leven ernaast te houden en dat landsgrenzen als illusies
opgevat kunnen worden.
Veel dank gaat ook uit naar mijn allerliefste mede DM-PhDers Leontien en Remco. Bedankt
voor de gezelligheid, maar ook voor jullie wetenschappelijke en emotionele steun over de
afgelopen jaren. Daarnaast natuurlijk ook voor alle hamburgers en biertjes! En Anke, tijdens
mijn masterstage heb ik ook van jou veel geleerd en de introductie in de DM-wereld heeft
bijgedragen aan een goed begin van mijn PhD.
Marieke, ik kan je niet genoeg bedanken voor alle ondersteuning die je mij hebt gegeven tijdens
mijn PhD. Je hebt me geleerd niet (te lang!) na te denken over alles maar gewoon eens wat
te proberen en als het niet werkt het plan daarna bij te stellen. Dit heeft mijn werkwijze ten
goede verandert. Maar ook tijdens de vele brainstormsessies over het project was je onmisbaar.
Daarnaast had ik ook niet zonder jouw optimisme gekund om (bijna) altijd positief te blijven als
iets tegen zat.
Alle andere huidige en voormalige leden van de DM-groep: Rosanne, Ingeborg, Walther, Renée,
Ellen en Anchel. Alsook alle andere celbiologen/nanos/cell dynamics/MAPs/BMCs: bedankt voor
het creëren en onderhouden van een fijne werkomgeving vol met paas/lente lunches, labdagen
uit, Sinterklaas spelletjesavonden en natuurlijk de verkleedde kerstdiners.
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“Mijn” studenten Vicky, Relinde en Nikki. Jullie zullen allemaal wel iets herkennen in dit
proefschrift waar jullie aan gewerkt hebben tijdens jullie stages, bedankt voor jullie bijdrages en
veel succes in het vervolg van jullie carrières als docent, arts en onderzoeker (respectievelijk). Ik
hoop dat jullie wat van mij geleerd hebben, net zoals ik van jullie heb geleerd.
Also many thanks to the Graef Lab at the MPI-AGE in Cologne! Martin, Ryan, Susanna, Angelina,
Max, Ariadna, Alvaro, Sadig, Rahel and Tânia. Thanks for the warm welcome and for lending an
ear when needed on all sorts of matters. And, of course, the beautiful socks.
Eline en Marleen, toch knap hoe we alle drie uiteindelijk hier in Nijmegen terecht zijn gekomen
vanuit Groningen. Bedankt voor de lunches!
Sarah! Wat ben ik blij dat wij bij toeval in dezelfde intro-groep waren ingedeeld al die jaren
geleden! Ik ben zo blij met onze vriendschap en ook heel erg benieuwd om te zien hoe kleine
Anne en de nieuwe minion verder zullen gaan opgroeien.
Mijn studievriendinnen Carla, Inge en Coco. De Nijmeegse club zijn we al een tijd niet meer,
verspreid over het land (en daar nu ook buiten) als we nu zijn. Gelukkig proberen we elkaar nog
zo veel mogelijk te treffen, wat de ene keer beter lukt dan de andere, maar wel altijd gezellig
is! Mogen we nog vele promoties/huizen/kinderen/huwelijken/nieuwe banen/overige life-events
met elkaar vieren.
Mijn allergrootste dank moet ik uitspreken naar mijn familie. Huub, Stach, Maren en Isé; er is
niets zo ontspannend en tegelijk vermoeiend als een weekend met mijn allerliefste neefje en
nichtjes doorbrengen. Ik ben graag jullie menselijke klimtoestel! Stéfanie en Alain; wat heb ik
toch een geluk met jullie als zus en broertje. Alain: na Australië, Nieuw-Zeeland, Singapore en
Canada is het (altijd) tijd om een nieuwe reis te plannen niet waar? Als laatste, maar ook het
meeste, wil ik mijn ouders Ellen en Ton bedanken. Bedankt voor jullie onvoorwaardelijke steun
in alles wat ik doe en alle keuzes die ik maak.
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