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Glossary

ABBREVIATIONS

5mC = 5-methylcytosine

A = adenine

APP = amyloid B precursor protein

ASOs = antisense oligonucleotides

ATP5MC2 = ATP synthase membrane subunit C locus 2

BIN1 = the bridging integrator 1/ amphisphysin 2

BSP = bisulfite Sanger sequencing PCR

C = cytosine

C90RF72 ALS/FTD = C9orf72 amyotrophic lateral sclerosis /frontotemporal dementia
CACNA1S = calcium voltage-gated channel subunit alpha 1 S
CAPN3 = calpain

Cas-8 = caspase 8

CDM1 = congenital myotonic dystrophy type 1

Celf = mice homologue for CELF1

CELF1/CUGBP1 = CUG-binding protein 1

CLCN1 = chloride voltage-gated channel 1

CNS = central nervous system

CpG = cytosine-guanine sites

CpGi = CpG island

CTCF = CCTC-binding factor

CTNT = cardiac troponin C

DM1 = myotonic dystrophy type 1

DM1-AS = DM1 anti-sense

DM2 = myotonic dystrophy type 2

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

DMPK

dystrophia myotonica protein kinase

Dmpk

dystrophia myotonica protein kinase homolog in mice
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Glossary

DMSXL = mice carrying a fragment of the human DMPK locus containing 1000-1800

repeats

DMWD = dystrophia myotonica WD repeat-containing protein
DNMTs = DNA methyltransferases

DTNA = dystrobrevin alpha

ePAL = estimated progenitor allele length

FXPOI = fragile X-associated primary ovarian insufficiency
FXTAS = fragile X-associated tremor/ataxia syndrome

G = guanine

GSK3p = glycogen synthase kinase 3 beta

HD = Huntington’s disease

hESCs = human embryonic stem cells

HSAWR = mice expressing human skeletal actin gene with long CTG repeats
HTTAS = Huntingtin antisense

iPSCs = induced pluripotent stem cells

IR = insulin receptor

IRES = internal ribosome entry site

LDB3

LIM domain binding 3

MAPT = microtubule-associated protein tau
Mbnl = mice homologue for MBNL1

MBNL = muscleblind-like

miRNA = microRNA

MSH3 = mutS homolog 3 gene

MYOM1 = myomesin 1
ALPK3 = alpha kinase 3

Myo-miR = muscle-specific microRNA
NCOR2 = nuclear receptor corepressor 2
NEB = nebulin

NFIX = nuclear factor I X

NMDAR1 = NMDA receptor 1
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Glossary

NTMR1 = myotubularin related protein 1

PKC = protein kinase C

PKM2 = pyruvate kinase M2

polyGIn = polyglutamine

RAN = repeat-associated non ATG

RBFOX2 = RNA binding fox-1 homolog-2

RISC = RNA-induced silencing comlex

RNAi = RNA interference

RyR1 = ryanodine receptor 1

SAM = S-adenyl methionine

SCA2 = spinocerebellar ataxia type 2

SCA31 = spinocerebellar ataxia type 31

SCA8 = spinocerebellar ataxia type 8

SCN5 = gene encoding for a a-subunit of the cardiac voltage channel naV1.5
SERCA1 = sarcoplasmatic/endoplasmatic reticulum calcium ATPase 1
SERCA2 = ion channel encoded by ATP2A2

siRNA = small interfering RNA

SIX5 = SIX homeobox 5

SOS1 = SOS Ras/Rac Guanine Nucleotide Exchange Factor 1
SP-PCR = small pool polymerase chain reaction

T = thymine

TBP = TATA-box binding protein

TNNT3 = troponin T3

TP-PCR = triplet-primed polymerase chain reaction

TTN = titin

U = uracil

UTR = untranslated region
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Glossary

SYNONYMS

Adult-onset DM1; classical DM1

CTGs; repeats; CTG repeats

Somatic mosaicism; somatic instability

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

Variant repeat; interruptions

24



INTRODUCTION







Introduction

1. MYOTONIC DYSTROPHY TYPE 1: A BRIEF SUMMARY

Myotonic dystrophy type 1 (DM1; OMIM: 160900) is an incurable, autosomal
dominant inherited muscular dystrophy with an overall prevalence of 1:8000 [1]. A more
recent population-wide screening estimated a much higher prevalence, with a genetic
prevalence at 4.8 per 10,000 individuals, making it one of the most common rare diseases
[2]. DM1 is also known as Steinert’s disease, named after its discoverer Hans Gustav Wilhelm
Steinert, who first described its clinical characteristics in 1909 [3]. DM1 is viewed as one of
the most variable manifestation of a monogenic disease, characterized by its wide variability
in both symptomatology and age of onset. It is a progressive, multi-systemic disorder, that

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

2. THE CLINICAL SPECTRUM OF MYOTONIC DYSTROPHY TYPE 1

Due to the wide spectrum of clinical phenotype manifestation observed in DM1, in
both symptomatology as well as age of onset, the disease has been categorized into five
different clinical subtypes, namely congenital, childhood, juvenile, adult and late-onset DM1
[6]. The DM1 clinical triad is distal muscle weakness, myotonia and early-onset cataracts.
However, this triad is not always present at diagnosis, especially in the younger
subcategories. Each clinical subtype shows therefore a distinct clinical phenotype and its

distinct challenges in disease management (Figure 1).

s N N Y B
baldnes
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B racts cataracts
learning
difficulties conduction mild S
adult defects weakness
symptoms : diabet
g learning : lapetes
later in life difficulties myotonia type |l
learning
difficulties respiratory .
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difficulties muscle
respiratory weakness | distal muscle .
failure adult weakness  myotonia
symptoms
hypotonia later in life
congenital childhood juvenile adult late-onset
\_ <1 year P, \1_10 years I\ 11-20 years / \ 21-40 years ) > 40 years

Figure 1. Main clinical symptoms of the five DM1 subcategories. Congenital, childhood,
juvenile, adult and late-onset.
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2.1 CONGENITAL

The most severe and early onset subcategory in DM1 is congenital DM1 (CDM1),
with age of onset at birth or in the first year of life [7]. The incidence of CDM1 is estimated
toup to 1in 47,619 live births [8] and the mortality in neonatal period is around 30-40%
[9]. CDM1 is not only the most severe form of DM1, it also presents with symptoms unique
to this clinical category, which are not exhibited by other DM1 subcategories. These
symptoms already start prenatally, where CDM1 is characterized by polyhydramnios, reduced
fetal movement and delivery is often pre-term [10]. Neonatal manifestations include
hypotonia, respiratory failure, feeding difficulties, failure to thrive and clubfoot deformities
[8,11,12]. Due to severe facial weakness, affected infants have an inverted V-shaped or
‘fish-shaped " upper lip. Respiratory failure is a common cause of death in these patients in
the first year of life [13,14].

During childhood, congenital DM1 children show learning difficulties and delayed
cognitive and motor milestones, as well as behavioral disorders [15,16]. Symptoms seen in
the adult form of DM1, such as progressive myopathy, can develop from early adulthood on,

but progression is usually slow [9].

2.2 CHILDHOOD

The second form of DM1 is childhood DM1, with age of onset between one and ten
years of age. Diagnosis of childhood DM1 is complicated and it is often misdiagnosed due to
the uncharacteristic symptom manifestation. The first signs are cognitive and learning
abnormalities, rather than muscle impairment [17]. These abnormalities include internalizing
disorders, borderline low intelligence and attention deficit disorders. The typical muscular
signature, such as muscle myopathy and myotonia, can develop at varies ages, but often do
not develop until late adolescence [9,10]. There is however, a small subset of patients in
which muscle wasting develops during the second decade of life, with rapid worsening and
loss of ambulation. Early heart conduction abnormalities might be present, but often the

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

2.3 JUVENILE

Juvenile DM1 patients are an interesting clinical subgroup, as they are often placed
either under the childhood or adult DM1-onset umbrella. Therefore, their clinical presentation
is not as well understood. A certain overlap can be seen between this category and the other
two, however, juvenile onset differs from childhood DM1 in their increased presence of
myotonia and from adult-onset due to their more pronounced central nervous system
involvement [6]. Juvenile DM1 patients faced greater employment challenges and needed
more frequently specialized professional attention. In addition, their phenotype is in general

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

2.4 ADULT

The adult-onset, also known as classical DM1, is the most prevalent DM1 phenotype
and arises typically around the third or fourth decade of life. Core features are progressive
muscle weakness, with preferential involvement of the cranial, trunk and distal limb muscles,
myotonia and early-onset cataracts (<50 years) [14]. Ptosis and the involvement of facial
muscles results in a characteristic myopathic facial appearance, often accompanied by
premature balding [18]. Cardiac conduction defects are common and the leading cause of
death in these patients [5,19,20].

Fatigue is one of the most impactful and debilitating DM1 symptoms and is caused
by a combination of excessive daytime sleepiness, sleep apnea and respiratory failure [21].
Furthermore, gastrointestinal involvement with symptoms resembling irritable bowel
syndrome, such as constipation, diarrhea, abdominal pain and fecal incontinence are
commonly present [22,23]. Creatine kinase levels can be elevated and impairment of
endocrine function is common, resulting in impaired insulin resistance, hypogonadism and
thyroid dysfunction. Cognitive impairment in adult-DM1 varies widely, from no cognitive
impairment to global intellectual impairment. Personality wise patients often are perceived

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

2.5 LATE-ONSET

For late-onset DM1, symptoms manifest after the age of forty, and include low-
grade muscle weakness, premature cataracts and alopecia. Due to the mild symptom display,
this category often goes undiagnosed or misdiagnosed, until one of the patient’s relatives
receives a DM1 diagnosis with a more severe and earlier onset and the origin of the disease

is investigated.

3. GENETICS OF MYOTONIC DYSTROPHY TYPE 1

The underlying genetic mutation for DM1 is a cytosine-thymine-guanine (CTG)
expansion in the 3’ untranslated region of the dystrophia myotonica protein kinase (DMPK)
gene on chromosome 19q13.3, which can vary in length. Healthy individuals carry between
5 and 37 CTGs, whereas diseased individuals carry >50 repeats. When an individual carries
between 38 and 50 repeats it is considered pre-mutational, the CTG repeat is less stable than
in healthy individuals and there is a higher chance of expansion upon transmission [25-27].
Commonly, asymptomatic and/or late-onset DM1 individuals carry 50-80 CTG repeats and

these relatively small expansions are called protomutations [28]. Over a hundred repeats is
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associated with the adult DM1 onset, while the larger expansions (> 1000 repeats) are more
likely to result in CDM1.

3.1 SOMATIC INSTABILITY

The CTG expansion is a highly unstable repeat, causing dynamic gene defects. This
means that the CTG expansion continues to expand over time at varies speeds in different
tissues. Ultimately, this gives rise to the phenomenon of ‘somatic mosaicism’, were different
tissues in the same patient carry different CTG sizes and even cells of the same organ can
have varying repeat sizes. The largest expansion sizes can be found in heart, skin and muscle
[29,30]. The CTG expansion size is most often measured in blood, where the somatic
mosaicism is highly biased toward expansions, contributing to the progressive nature of the
symptomatology observed in DM1 [31-34]. However, overall the CTG expansion size is lower
in blood and blood-derived cells compared to other tissues, such as skeletal muscle, skin and
heart [29,30,35-37].

The degree of somatic instability is tissue-specific, age-dependent and has been
correlated to the original size of the repeat, often referred to as the estimated progenitor
allele length (ePAL) [32,34,38-40]. Although, there is a strong correlation between ePAL and
the degree of somatic instability, not all variation in somatic instability can be accounted for
by ePAL and age [31]. In addition, cases have been found where patients with the similar
repeat lengths develop varies degrees of somatic instability, indicating individual-specific
modifiers [31]. These modifiers are still poorly understood. It has been postulated that
somatic instability is a highly heritable trait, implying a role for individual-specific trans-acting
genetic modifiers [31]. The MutS homolog 3 gene (MSH3) has been proposed as one of those
trans-acting modifiers. It has been shown that three polymorphisms in the MSH3 were
associated with the variation in somatic instability [41]. Additionally, variant repeats have
been shown to have a stabilizing effect on the CTG expansion and could therefore modify
somatic instability [42-44].

3.2 ANTICIPATION

The instability of the CTG expansion is also present in germline, biased towards
expansion, and leading to larger CTG expansions in successive generations. This is known as
genetic anticipation, where the disease severity increases and/or age of onset decreases from
one generation to the next [14]. Although in the majority of cases expansions are
transmitted, the occasional contraction can also be observed. A large pedigree analysis
revealed 6.4% of all transmissions results in a contraction, which was higher for paternal
transmissions (10%) and lower for maternal transmission (3%) [45]. The intergenerational
instability depends on the sex, the age and CTG expansion size of the transmitting parent
[25,46,47]. Maternal transmission, especially when the affected mother carries between 80

and 250 repeats, results in larger expansions, often related to CDM1 offspring. In fact, CDM1
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is almost exclusively maternally transmitted with an estimation of 87.5-91% [7], which is
generally accompanied by CTG expansions of >1000 repeats [7,46-50]. The percentage of
maternal transmission in other categories ranges from 30-58% in the other categories (Table
1). Interestingly, for paternal transmission to result in larger expansions, the CTG repeat of
the affected father is often <80 repeats, suggesting higher instability in the shorter
expansions in males [50,51]. These transmitted larger expansions rarely result in CDM1
offspring [8,52].

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

Disease severity

Prenatal
Age of onset Perinatal 1-10years 11-20years 21-40 years > 40 years
Neonatal
Patemal 9-125%  42-50%  68-72% 70% 70%
transmission
Maternal 875-91%  50-58%  28-32% 30% 30%

transmission

The clinical subtypes consist of congenital, childhood, juvenile, adult and late-onset, which show a
decrease in severity with increasing age of onset. Age of onset shows a direct correlation with paternal
transmission and an inverse correlation with maternal transmission. Table adapted from Lanni &
Pearson (2019).

The maternal bias for CDM1 offspring is poorly understood. Early hypotheses pointed
towards the presence of maternal environmental or intrauterine factors, but none have been
found so far [50,53,54]. Recently, a role for DNA methylation status around the CTG repeat
has been postulated, which will be discussed in the DNA methylation section of this
introduction [55]. Estimation of intergenerational instability has proven difficult due to the
somatic instability present in patients. Its existence however, has been supported by the
analysis of germ cells, human embryonic stem cells (hESCs) and embryos [51,56-59]. These
studies have shown that intergenerational instability already occurs in the very early stages
of life, with oocytes and spermatozoa showing changes in CTG repeat length [56,57].
Interestingly, 14.3% of spermatozoa showed contractions while no contractions were present

in oocytes [57].
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4. RNA TOXICITY: LEADING PATHOMECHANISM

The mutation underlying DM1 was found to be a CTG expansion located in the 3'-
UTR of the DMPK gene in 1992, over eighty years after the first description of the disease
[60]. At first, it was thought that the CTG expansion blocks DMPK mRNA or protein
production, resulting in DMPK haploinsufficiency. The observation of decreased levels of
DMPK mRNA and protein in DM1 muscle supported this notion [61]. However, Dmpk-
knockout mice did not show the characteristic DM1 pathology, only mild myopathy and
cardiac conduction defects in older animals, which might make it a contributing factor, but

not the main pathological mechanism [62-64].

4.1 A TOXIC RNA GAIN-OF-FUNCTION DISORDER

Evidence for an RNA gain-of-function mechanism was provided by the observation
that although both wild type and mutant alleles were transcribed into mRNA, the mutant
mRNA accumulated in the nucleus in discrete aggregates, so-called RNA foci [65]. Mouse
models with the expanded repeat showed several DM1 features, including the presence of
RNA foci, myotonia and a muscle histology similar to what was observed in DM1 [66-69].
Cytosine-uracil-guanine (CUG) expansions in mRNA with more than eleven repeats have been
shown to form hairpin-like secondary structures, which are defined by Watson-Crick G-C base
pairs, interrupted by U-U mismatches [70]. The RNA foci are located at the periphery of
nuclear speckles, structures known to be enriched with small nuclear ribonucleoproteins, the
spliceosome assembly factor SC35 and many other transcription and splicing regulating
factors [71]. The hairpin-like secondary structures, formed by the RNA foci, were found to
be able to dysregulate two important proteins, muscleblind-like 1 (MBNL1) and CUG-binding
protein 1 (CELF1 or CUGBP1), which we now know stand at the base of the spliceopathy
observed in DM1 (Figure 2) [72,73].

4.2 SPLICING DEFECTS: A DUAL ROLE FOR MBNL1 AND CELF1

Alternative splicing is a regulatory mechanism that modifies pre-mRNA constructs
prior to translation and contributes to proteome complexity. This mechanism allows the
productions of a diversity of mRNAs from a single gene by including and excluding exons
from recently spliced RNA transcripts, which is tissue- and cell type-specific [74,75]. MBNL1
and CELF1 are two important regulators of alternative splicing and their dysregulation
contributes vastly to the DM1 pathology, with over thirty genes described to be affected
(Figure 2) [76], of which a subset is described in more detail below. MBNL1 is part of the
muscleblind-like (MBNL) family, which consists of three different isoforms. MBNL1 is
expressed most abundantly in skeletal muscle, but is present in most tissues. MBNL2 is
almost exclusively expressed in the central nervous system and MBNL3 expression seems to

be more restricted to muscle cell differentiation and regeneration [72,77]. All three isoforms
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are sequestered by RNA foci and seem to play an important role in DM1 pathology [72,78,79].
MBNLs have structural similarities and exon 1, 2 and 4 encode for four zinc fingers domains,
which are important for RNA binding and splicing activities [80]. Interestingly, these zinc
fingers domains bind 5’-YGCY-3" motifs, which are abundant in CUG expanded RNAs [81,82].
Additionally, the MBNL1 binding site on the cardiac troponin C (cTNT) transcripts forms
mismatched hairpin-like structures similar to the ones observed in the expanded repeat
[83,84]. Taken together, this gives a possible explanation as to why MBNL is sequestered to
RNA foci, as it seems they mimic the MBNL natural binding site. MBNL sequestration leads to
a depletion of MBNL and deregulation of the alternative splicing of humerous genes, of which

some can be directly linked to DM1 symptomatology [76].
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"""" CELF1 TEeg
sequestration | upregulation
?

—E"KC act

cognitive impairment
MAPT, NMDAR1, APP MBNL1,
MBNL2

'i@ cardiac conduction defects

SCNS5, cTNT, TTN, SERCA2, LDB3,
MYOM?1, ALPK3, RBFOX2

spliceopathy

a N

myotonia and muscle weakness
CLCN1, BIN1, CACNA1S, DTNA,
PKM2, MBNL1, RyR1, SERCAT1,
/ TNNT3, DMD, CAPN3, NEB,
MTMR1, ATPSMC2, NCOR2, SOS1,

RNA

NFIX
%%, insulin resistance
aberrant translation £ ¥ R
loss of cell function and viability @
s

Figure 2. DM1's RNA gain-of-function overview. The disease causing CTG expansion in the DMPK
gene results in expanded mRNA transcripts, which form hairpin-like structure that sequester MBNL1
and hyperphosphorylation and stabilization of CELF1 through PKC activation. This results in decreased
levels of MBNL1 and overexpression of CELF1, which alters the splicing of different transcripts,
predominantly switching to embryonic isoforms. The incorrect splicing of several transcripts is
connected to DM1 pathology. Adapted from Lopez-Martinez et al. (2020). Abbreviations: MBNL1=
muscleblind-like 1; CELF1= CUG-binding protein 1; PKC= protein kinase C MAPT= microtubule-
associated protein tau; NMDAR1= NMDA receptor 1; APP= amyloid B precursor protein; SCN5= gene
encoding for a a-subunit of the cardiac voltage channel naV1.5; cTNT= cardiac troponin C; SERCA2=
ion channel encoded by ATP2A2; LDB3= LIM domain binding 3; TTN= titin; MYOM1= myomesin 1;
ALPK3= alpha kinase 3; RBFOX2= RNA binding fox-1 homolog-2; CLCN1= chloride voltage-gated
channel 1; BIN1= the bridging integrator 1; CACNA1S= Calcium voltage-gated channel subunit alphal
S; DTNA= dystrobrevin alpha; PKM2= pyruvate kinase M2; RyR1=ryanodine receptor 1; SERCA1=
sarcoplasmatic/endoplasmatic reticulum calcium ATPase 1; TNNT3= troponin T3; DMD= dystrophin;
CAPN3= calpain 3; NEB= nebulin; NTMR1= Myotubularin Related Protein 1; ATP5MC2= ATP Synthase
Membrane Subunit C Locus 2; NCOR2= Nuclear Receptor Corepressor 2; SOS1= SOS Ras/Rac
Guanine Nucleotide Exchanae Factor 1;: NFIX= Nuclear Factor I X;: IR= insulin receptor.
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Out of the three isoforms, MBNL1 is the most contributing splicing regulator in DM1,
due to its abundance in skeletal muscle and other tissues. Knockout mice of MBNL1 mimicked
the molecular DM1 environment and these mice developed several DM1 features, such as
myotonia and cataracts [78]. Entrapment of MNBL1 in nuclear RNA foci leads to a
misregulation of alternative splicing of several transcripts. One of the best-described splicing
alterations is the inclusion of exon 7a in the chloride voltage-gated channel 1 (CLCN1)
transcript. This is the main chloride channel in skeletal muscle and missplicing results in one
of the main features of DM1, namely myotonia [85,86]. Another example of a gene which
alternative splicing is affected, is the bridging integrator 1 or amphisphysin 2 (BIN1), which
encodes for a protein involved in tubular invaginations of membranes and is required for the
biogenesis of muscle T tubules, structures essential for excitation-contraction coupling in
skeletal muscle. Impairment due to the missplicing, resulting in the inactive form of BIN1, is
coupled to muscle weakness in DM1 [87]. Intracellular calcium homeostasis plays a key role
in muscle degeneration in DM1 and aberrant splicing of the calcium channel CaV1.1, encoded
by the CACNA1S gene, is linked to contraction impairment and muscle weakness [88]. Insulin
resistance in DM1 can be linked to the increased skipping of exon 11 in the insulin receptor
(IR) [89,90]. In cardiac muscle, the missplicing of SCN5 and cTNT is well studied. The SCN5
gene encodes for an a-subunit of the cardiac voltage channel NaV1.5. Missplicing results in
lower conductance of the channel, which slows normal conduction and contributes to the
cardiac conduction defects observed in DM1 [91]. The increased inclusion of exon 5 in cTNT

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

Where MBNL1 is predominantly involved in the missplicing events in skeletal muscle
and heart, MBNL2 is predominantly present in the central nervous system and its depletion
in knockout mice resulted in DM1-related abnormalities in the central nervous system [93].
The best-described splicing alteration due to the loss of MBNL2 is in the microtubule-
associated protein tau (MAPT) found in DM1 frontal cortex samples. The abnormal expression
of MAPT isoforms was associated with the presence of neurofibrillary tangles containing tau

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

CELF1 is the other main protein described in the spliceopathy found in DM1, but
where MBNL1 is trapped by the nuclear RNA foci, CELF1 is not co-localizing with RNA foci.
Although CELF1 can bind to the expanded repeats, it is not entrapped, but rather its
expression is upregulated [96,97]. CELF1 expression is upregulated in skeletal muscle and
cardiac muscle by hyperphosphorylation and stabilization through the inappropriate
activation of protein kinase C (PKC) [73]. Involvement of CELF1 in DM1 pathology was
supported by the observation that transgenic mice overexpressing CELF1 could reproduce
splicing misregulation, as well as DM1 muscle features [98]. Although, upregulation of CELF1
has resulted in splicing defects uniquely attributed to CELF1 [99,100], interestingly, there is
a big overlap with genes affected by MBNL1, but in an antagonistic manner. At the embryonic

stage, MBNL1 is primarily localized in the cytoplasm, whereas CELF1 is mostly nuclear. During
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development, MBNL1 nuclear levels increase, while nuclear CELF1 levels decrease, inducing
an embryonic-to-adult transition of downstream splicing targets [101,102]. In DM1, due to
the decrease in MBNL1 and the increase in CELF1, the embryonic state is mimicked, resulting
in increased levels of embryonic isoforms in adult tissue and subsequent DM1
symptomatology. Examples of the antagonistic regulation are found for cTNT, IR and CLCN1
[85,86,90].

The main role for MBNL and CELF1 is alternative splicing regulation, but they also
take part in other cellular processes, such as regulation of mRNA stability and decay and
protein translation [103-106]. For example, cytoplasmic CELF1 is involved in translational
regulation of proteins like Cyclin-dependent kinase inhibitor 1 and Myocyte Enhancer Factor

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

In addition to the MBNL family and CELF1, other splicing regulators have been found
to be affected. Increased levels of heterogeneous nuclear ribonucleoprotein H have been
found in DM1 myoblasts and increased levels of Staufenl has also been proposed to be
involved in DM1 pathology [107,108]. Interestingly, the upregulation of Staufenl might be
a protective mechanism used by muscle fibers to reduce and/or delay the detrimental effects
caused by MBNL1 depletion and CELF1 upregulation. Although several splicing defects can
be linked to DM1 symptomatology, direct evidence of a cause-effect relationship is lacking
and not the entire DM1 pathology can be explained. Moreover, the splicing changes observed
in DM1 are not exclusive to the disease, as several neuromuscular disorders share these
splicing changes [109,110]. Taken together, it is now clear that the DM1 pathomechanism is

far more complex than originally thought.

5. DISEASE MODELS FOR MYOTONIC DYSTROPHY TYPE 1

Disease models are quintessential in the dissection of DM1 pathology and molecular
mechanisms. Over the past decades, several animal models, including mouse, fly, zebrafish,
and worm have been developed to investigate DM1 pathology. For example, Drosophila
melanogaster flies, which express a part of the DMPK gene with varying expanded repeat
lengths using the Gal4/UAS gene expression system have been constructed. These flies form
nuclear foci, present with cardiac defects, muscle wasting and eye degeneration [111,112].
Moreover, nearly 20 mouse models have contributed significant insights to DM1 pathology.
Early mouse models were constructed by the inactivation of genes of the human DM1 locus,
and included DMPK and SIX homeobox 5 (SIX5) knockout mice [63,64,113]. These models
failed to reproduce the complex DM1 pathology, as only mild myopathy and the development
of cataracts was found. The hypothesis of an RNA-gain-of-function mechanism resulted in a
second generation of transgenic mice, expressing the toxic RNA repeats. For example, the
overexpression of toxic CUG repeats in skeletal muscle of HSA'® (human skeletal actin gene

with long repeat length) mice [66]. Although mice containing the longest repeat of 250 CUG
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developed a severe phenotype, including myotonia, muscle weakness and wasting was
absent, limiting the usage of this mouse model. Two of the most extensively used animal
models of this category are the DM-300 mice, carrying a large fragment of the human DM1
locus, containing 300 repeats and the DMSXL mice, carrying 1000-1800 CTG repeats. The
latter are a result of the expansion bias upon intergenerational transmission of DM-300 mice.
DM-300 mice exhibit RNA foci, myotonia, muscle weakness and insulin resistance, among
others [67,114,115]. The derived DMSXL mice are characterized by a more pronounced
disease phenotype, including splicing abnormalities in muscle, heart and central nervous
system (CNS) and an earlier onset of symptoms [116]. This model is often used to resemble
CDM1. Although these mice exhibit the multi-systemic nature of the disease, their overall
phenotype is rather mild, limiting their usage. Another class of mouse models is the induction
of splicing defects, through Mbnl inactivation [78,102,117] or Celf overexpression [98,105],

resulting in a subset of classical DM1 symptoms.

Although animal models have significantly contributed to our knowledge of DM1
pathology, their development is an expensive undertaking and they have failed to completely
reproduce the multi-systemic nature of the disease. An alternative is the use of cellular
models, which can be divided into cell models expressing exogenous CTG repeats and DM1
tissue-derived cells. Several cellular models have been developed that exogenously express
the toxic expanded repeat, most often by inserting repeats in the 3’ UTR of a truncated DMPK
gene, which are transiently or stably expressed in well-characterized human or murine cells,
such as Hela, HEK, or C2 cells [89,118,119]. These in vitro models show several DM1-
associated features, such as RNA foci formation and splicing defects and have been used for
therapeutic approaches and molecular mechanism identification. The in vitro models are,

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

DM1 tissue-derived cells overcome this limitation and are a great tool for molecular
mechanism explorations and treatment efficacy studies (Figure 3). These cells resemble the
pool of CTG expansions present in DM1 patients and show RNA foci formation, and
subsequent consequences leading to splicing defects and cellular dysfunction [71,72,120-
123]. DM1 tissue-derived primary cell cultures are a great way to study the disease and the
most often used cells are myoblasts and skin fibroblasts [121,122,124-126]. Both can be
differentiated into myotubes, which are more closely related to the muscle-like environment.
Skin fibroblast differentiation results rather in muscle-like cells, upon MyoD transfection,
instead of real myotubes, and are used as an alternative for hard to harvest muscle biopsies
[123,127,128]. Although primary cells resemble the variability observed within a patient with
regards to CTG expansion size, this can also be seen as a limitation as it adds to an already
complex mechanism. This is worsened by the effect of clinical subtype and age at sampling
of the patient in question. Other limitations include low biopsy availability and the entering

of replicative senescence after a certain amount of cell divisions.
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Figure 3. Features of DM1 cells in vitro. Reproduced from Matloka et al. (2018).

Replicative senescence can be circumvented by the use of immortalized cell lines,
such as lymphoblastoid cell lines, immortalized fibroblasts, trans-differentiated fibroblasts
and myoblasts [129-131]. The immortalization process can however potentially alter cellular
behavior. A solution for the limited biopsy material might be the use of DM1 human
pluripotent stem cells, which consist of both hESCs [132-135] and induced pluripotent stem
cells (iPSCs) [136,137], which have the potential to differentiate into a wide spectrum of cell
types, such as myotubes and neuronal cells. The ethical issues surrounding the use of hESCs
have resulted in the development of iPSCs, and iPSCs have already been created from DM1
primary skin fibroblasts [136,138-140]. More recently iPSCs were made from DM1
lymphoblastoid cell lines and directly from blood, which would be an excellent non-invasive
way to obtain iPSCs [140,141].

6. THERAPEUTIC APPROACHES IN MYOTONIC DYSTROPHY TYPE 1

To date, no treatment to cure or halt disease progression exists for DM1 and
management is based on symptomatic treatment. Nevertheless, great advances have been
made in the field of therapeutics and several therapeutic targets have been discovered. These
drugs are either targeting the root of the disease or are targeted towards ceasing specific

DM1 symptoms.

One such group of potential therapies are small molecule-drug therapies, which are
mainly already approved drugs in other illnesses and are potentially repurposed for usage in
DM1 symptomatology control. For example, Tideglusib is a marine-derived glycogen synthase
kinase 3 beta (GSK3p) inhibitor, initially developed to treat Alzheimer’s disease [142]. In
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DM1 skeletal muscle, GSK3p levels are elevated and its correction might prevent myopathy
in DM1 [143]. Tideglusib was found to significantly correct GSK3p levels and CELF1 levels
and reduces expression of toxic expanded repeats in CDM1 myoblasts [144]. The drug has
currently gone through a phase II trial and CDM1 and childhood DM1 patients reported
improved CNS and clinical neuromuscular symptoms [145]. One of the most common
therapeutic paths taken is the inhibition of the interaction between expanded repeats and
MBNL1. Currently, the most advanced therapies are MYD-0124 and ERX-963, which can bind
the hairpin-like structure, resulting in decreased foci formation and missplicing in DM1 cells
and animal models [146,147]. More recently, a ‘decoy’ approach has been developed, where
a modified MBNL1 protein functions as a decoy protein due to its strong affinity to the
expanded repeats. This modifies MBNL1 protein displaces endogenous MBNL1, restoring
MBNL1 levels, subsequently improving missplicing [148]. Drugs targeting specific symptoms
include metformin and resveratrol for insulin resistance [149,150], mexiletine to relieve

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

In DM1, the main focus has been on RNA-based therapies due to the toxic RNA-
gain-of-function and include RNA interference (RNAi) and antisense oligonucleotides (ASOs).
RNAi based therapies mimic the structure of endogenously present small interfering (siRNAs)
and microRNAs (miRNAs). siRNAs and miRNAs are small single-stranded RNAs inside a
protein complex that can bind mRNAs, signaling their repression or degradation [153,154].
Chemically synthesized small RNAs that can bind to disease-causing mRNAs might repress
their expression and alleviate symptoms. Several of these small RNAs have been engineered
to bind to the expanded repeats in toxic DMPK transcripts. They have been found to reduce
foci formation and improve splicing alterations [155,156]. ASOs also block gene expression,
but through other mechanisms, such as steric blocking, splicing blocking, 5’ cap blocking and
activation of the RNase-H machinery in the nucleus [154,157]. Steric blocking ASOs bind to
the start codon of mRNAs, blocking the binding of ribosomes. The most studied class of ASOs
in DM1 are the ones that activate the RNase-H machinery, directly degrading the toxic
expanded transcripts, often referred to as gapmers. Both RNAi and ASOs effectiveness is
hindered by bad cellular uptake and off-target effects. In DM1 cells, the cellular membrane
has equal permeability to healthy subjects [158], and overcoming this barrier has been one
of the major challenges in DM1 therapy development. To improve RNAI bio distribution their
delivery by adeno-associated virus vector has been evaluated, with promising results [159].
With regards to ASOs, to improve cellular uptake and binding affinity, several structurally
different ASOs have been synthesized, including the use of a phosporothioate backbone in
conjunction with sugar modifications, the use of locked 2'-nucleid acids, and 2’,4’-bridged
nucleic acids [160,161]. Both steric blockers [162-166] and gapmers [118,167-169] have
been tested in DM1 cells and animal models, with mixed results. For example, a 25 base-pair
ASO restored MBNL1 loss in DM1 mouse models [162]. The advantage of RNA blocking is
that wild-type DMPK mRNA is protected. Nevertheless, most advancement has been made

with gapmers. A gapmer with RNase-H degradation activity developed by IONIS
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pharmaceuticals has entered clinical trials
(https://clinicaltrials.gov/ct2/show/NCT02312011), and although murine models and DM1
cells have previously shown good results [167,168], the trial was discontinued due to
inadequate therapeutic benefits, probably caused by poor penetrance of the skeletal muscle

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

more recent development on gene therapy level is the use of CRISPR-Cas9 (clustered
regularly interspaced short palindromic repeats-associated protein 9) genetic scissors, which
directly eliminates the expanded repeat at DNA level, and therefore eradicating the entire
DM1 pathology [170,171].

Another class of therapeutic targets are miRNAs, as a global miRNA deregulation in
DM1 is present, which can be linked to the clinical phenotype (discussed in detail in the
miRNA section of this introduction). This opens up the possibility of them also being
therapeutic targets. Several studies have been conducted, primarily focusing on miRNAs that
are associated with the two important splicing regulators MBNL1 and CELF1. MBNL1
expression levels can be increased by either using artificial miRNA mimics of for example
miR-1, with the goal to ‘overexpress’ miR-1, an upregulator of MBNL1 expression or by using
anti-miRs (miR-30-5-p, miR-23b, miR-218) to inhibit miRNAs that negatively regulate MBNL1
expression [172-174]. For CELF1, mi-206 and miR-23a/b have been shown to inhibit CELF1
expression, therefore the use of artificial miRNA mimics to overexpress miR-206 and miR-
23a/b have been proposed to inhibit CEFL1 expression [175,176]. In both cases, MBNL1
upregulation and CELF1 downregulation would potentially reverse spliceopathy and alleviate

related symptoms.

7. DISEASE MODIFIERS

There is still a vast part unknown about the origin of the wide variability in DM1
clinical phenotype and the disease is far more complex than originally thought. In the past
few decades, several emerging disease modifiers have been discovered and further research
is needed to fully understand their contribution to the molecular pathomechanisms and more
importantly to the phenotypic variability observed in DM1 patients. Both to be able to manage

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

7.1 DISEASE MODIFIERS AT GENETIC LEVEL

As DM1 is a monogenic disorder, caused by a CTG expanded repeat in the DMPK
gene, it was one of the first places to look to account for the phenotypic variability observed
in DM1. The CTG expansion can vary in length, somatically as well as generationally,
potentially explaining part of the variability found in DM1. Additionally, in more recent years,
it was found that the CTG expanded repeat can carry variant repeats in a subset of patients,

which can also be a potential genetic modifier of the disease.
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7.1.1 CTG EXPANSION SIZE CORRELATES TO DISEASE PHENOTYPE

The CTG expansion can vary in size, increases over time in a tissue-specific manner
and larger expansions can be passed down to subsequent generations. The inheritance of a
larger expansion is thought to account for the different clinical subtypes observed in DM1
and the general consensus is that the CTG expansion size in blood correlates to the disease
severity and age of onset, where bigger CTG expansions relate to a lower age of onset and
a more severe disease manifestation (Figure 4). CDM1, the most severe form, is often
associated with CTG repeats surpassing a thousand repeats, whereas adult DM1 is associated
with =100 repeats, but not surpassing 1000 repeats. The mildest form, late-onset, often
does not show expansions over 150 CTG repeats [14]. However, quite an extensive overlap
in the repeat size ranges has been observed in the different clinical subtypes (Figure 4)
[6,55,177]. Furthermore, the somatic mosaicism present in the tissues of DM1 patients
makes it challenging to draw genotype-phenotype correlations and gives these correlations
little predictive value. The correlations to age of onset and disease severity were only present
or at least stronger below a certain threshold, either <400 CTG repeats [178] or <250 CTGs
[179].

Disease severity
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Figure 4. Estimated CTG expansion sizes across the clinical subtypes of DM1. The highest
CTG expansion sizes are observed with the congenital cases, with a downward gradient with increasing

age of onset. However, sizes are variable and much overlap exists. Adapted from Lanni & Pearson
(2019).
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Traditionally, molecular diagnosis of DM1 was done by a Southern Blot analysis of
restriction-enzyme digested genomic blood. This set-up showed the expanded repeat usually
as big smears, instead of discrete bands and the mid-part of the smear was taken as the CTG
expansion size [60,61,180]. The problem is that this method does not account for the
confounding effect of the somatic instability and the age of sampling. To eliminate the
confounding effect of somatic mosaicism, a new method was developed where small amount
of input DNA is used in small pool polymerase chain reaction (SP-PCR), resulting in discrete
bands and the ability to more accurate predict CTG expansion size [181]. Furthermore, it
gives the opportunity to establish the ePAL, which is thought to be the allele transmitted from
the parent. This allows to correct for somatic instability and age at sampling, resulting in
more accurate genotype-phenotype correlations, based on an individual-specific variation
level [31-34,41]. These studies revealed that not only the CTG expansion size, but also the
degree of somatic instability could be linked to disease severity, adding an additional genetic

modifier.

In addition to the correlation of the CTG expansion size to overall disease severity,
attempts have been made to link the CTG expansion size to individual DM1 symptoms. For
example, the CTG length measured in blood associates with cardiac involvement, where
higher expansions were correlated to sudden death, conduction defects, left ventricular
dysfunction and supraventricular arrhythmias [182,183]. Furthermore, it has been shown to
relate to the muscular profile of DM1, such as muscle weakness, and myotonia [33,184,185],
to cognitive deficits [186], and to respiratory function [33,187]. Genotype-phenotype
correlations are hindered by the degree of somatic instability and the age at sampling, as
previously mentioned. Additionally, the method of CTG expansion sizing can cause
discrepancies. A study by our group has shown that the usage of different sizing methods
commonly used in the DM1 field, resulted in differential CTG sizes for the same patient,

further complicating genotype-phenotype correlations [188].

7.1.2 VARIANT REPEATS: DISEASE STABILIZERS

Where it was long thought that the CTG expansion was an uninterrupted sequence,
in the last two decades increasing evidence was found for the existence of variant repeats
within the CTG expansion. To date, the known pathological variant expansions contain either
unstable CCG, CTC, GGC or cytosine-adenine-guanine (CAG) sequence interruptions at the
3’ end [26,43,189-191] or less frequently at the 5 end [190,192] (Figure 5). The most
common variant repeat found is the CCG variant, which can be found as single repeats, in
CCGCTG hexamers or as small or large (CCG)n arrays. Variant repeats are estimated to be
present in 3-5% of the population [26,43,189-191], but this could be an underestimation
due to the limitations of current techniques, as they are limited to the outer regions of the
CTG expansion. Variant repeats are hypothesized to originate from rare base pair
substitutions, which then spread during DNA metabolism processes [42]. This is supported

by the finding of de novo variant repeats [26,44].
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Variant repeats have been linked to disease phenotype, but results are controversial
(Figure 5). The most observed finding is the delay in age of onset in interrupted versus non-
interrupted DM1 patients [26,189,190]. Large cohort screenings have found that interrupted
patients showed a delay in age of onset of 13.2 years [34] or seven years [193] compared
to pure repeat DM1 patients. Moreover, to date no congenital or childhood forms have been
found carrying the variant repeats [43,189,192]. Although it is often reported to associate
with a delay in age of onset, there are exceptions where a variant repeat resulted in an earlier

age of onset than expected [26].

CTG EXPANSION

//' 5' REGION 3'REGION \
/  CAG cce |\
£ CCG CIC
/ GGC
// \\\
/ \
MILDER DELAYED AGE OF ATYPICAL
PHENOTYPE ONSET PHENOTYPE
NO MUSCLE ATROPHY COMPLEX NEUROLOGICAL
PHENOTYPE
NO CNS INVOLVEMENT DM2-LIKE PHENOTYPE
/ \

Figure 5. Variant repeats scheme. Variant repeats found in DM1 at the 5’ end and the 3’ end region
of the CTG expansion, which are associated with several clinical attributes, including milder
phenotype, delayed age of onset and atypical phenotypes. Abbreviations: CNS= central nervous
system; DM2= myotonic dystrophy type 2.

In addition to the delay in age of onset, a milder phenotype is often mentioned
[26,44,189,190,193,194], where variant repeat carrying DM1 patients have shown less
severe muscle weakness, less myotonia and better respiratory function. Moreover, it was
shown that variant repeat containing sequences were associated with a significant decrease
in the severity of progressive symptoms [33]. Moreover, CNS involvement in variant repeat
carrying DM1 patients seems limited and they are found to do better in terms of cognitive
and behavioral performance [34,193]. A possible explanation to the observed milder
phenotype is the potentially stabilizing effect of the variant repeats in both somatic and
germline cells. Variant repeat carrying individuals have shown a more stable
intergenerational transmission and a lesser degree of somatic instability [26,43,192,195].

Interestingly, this is independent of the size, location and pattern of the interruptions. Even
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a single interruption can result in a more stable CTG expansion [192,195]. The stabilizing
effect in germ line cells has resulted in the transmission of either similar or shorter CTG
expansions in offspring [26,43,189,196], independent of parental transmission. More
precisely, interrupted DM1 patients vs. non-interrupted patients showed, upon transmission,
a higher prevalence of stable or contracted repeats (68.4 vs 6.4%) and a lower frequency of
expansion (31.6% vs. 93.6%) [42]. Contradictory to the milder phenotype, either no
differences or a worsening of symptoms compared to pure repeat carrying DM1 patients has
also been found [189,191]. Of note, Cumming and collaborators have found variant repeats
to interfere with genetic diagnosis of DM1, where an individual with mild symptoms and
dominant family history showed normal CTG repeat sizes after triplet-primed polymerase
chain reaction (TP-PCR). However, further analysis revealed an expanded CTG repeat,

carrying variant repeats [197].

Another observation regarding associations to clinical phenotype is the finding of
both atypical and extremely complex phenotypes. For example, two independent studies
have found a clinical phenotype more resembling the DM2 phenotype rather than DM1, with
proximal weakness, calf hypertrophy and the absence of myotonia [26,191]. An extremely
complex neurological phenotype was observed in a Dutch family, where the variant carrying
DM1 family was associated with Charcot-Marie-Tooth disease [43]. These vast differences
in clinical presentation and age of onset may be explained by the difference in variant repeat
patterns, as almost each individual shows a unique pattern, with a wide variety in type, size
and location of these variant repeats, which at least in part, can explain some of the

intervariability found.

7.2 DISEASE MODIFIERS AT TRANSCRIPTIONAL LEVEL

The expanded mRNA transcripts have been shown to stand at the base of the disease
by an RNA gain-of-function mechanism due to accumulation of expanded mRNA transcripts,
leading to a spliceopathy. Other transcriptional mechanisms have been proposed to
contribute to DM1 pathology, including altered gene expression profiles and bidirectional

transcription.

7.2.1 ALTERED GENE EXPRESSION LEVELS SURPASSING THE DMPK GENE

As mentioned above, the expanded mRNA transcripts are trapped inside the nucleus,
which prevents protein translation, but additionally it has been found that the mRNA DMPK
levels themselves are downregulated [61,198,199]. However, findings are not unanimous
[200]. The decrease in DMPK mRNA levels might contribute to further depletion of the DMPK
protein in DM1 patients. The DMPK gene resides in a crowded part of chromosome 19, with
several genes overlapping, raising the question whether the expanded repeat in the 3’'UTR
might have an effect on expression levels of neighboring genes as well; further worsening
DM1 pathology. Indeed, the downstream adjacent and partly overlapping SIX5 gene has
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been shown to have lower mRNA expression levels, whereas the upstream Dystrophia
myotonica WD repeat-containing protein (DMWD) gene seems to not be altered [201,202].
SIX5 downregulation might contribute to DM1 pathology as SIX5 knockout mice have been
found to develop cataracts [113]. Furthermore, the expanded mRNA transcripts have been
found to have other roles besides alternative splicing misregulation through MBNL1 and
CELF1. For example, expanded CUG repeats can be processed into small RNAs, that can

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

7.2.2 BIDIRECTIONAL TRANSCRIPTION: DOUBLE THE TROUBLE

Another emerging transcriptional disease modifier is the mechanism of bidirectional
transcription, where transcription occurs in both the sense and antisense direction at the
gene locus. Antisense transcripts have been found to play a role in several microsatellite
expansion disorders, such as Huntington’s disease (HD), spinocerebellar ataxia type 8 (SCA8)
and also in both Myotonic Dystrophies [204]. Of note, the mechanism of bidirectional
transcription is not disease inducing per se, as wild-type alleles also produce antisense
transcripts, and are emerging as important regulators of gene expression [205-207]. They
have been found to regulate gene expression and genome integrity by interfering with sense
transcription, and modulation of histone modifications and DNA methylation [208,209]. Over
70% of transcripts in humans are bidirectionally transcribed [210]. Antisense transcripts are
generally low in abundance and preferentially retained in the nucleus [211,212]. The process
of bidirectional transcription in itself is not pathogenic, but deregulation in its expression or
in terms of microsatellite expansion disorders, the inclusion of the expansion, might be.
Indeed, both overexpression of certain antisense transcripts and the presence of the
expanded repeat have been linked to disease. For example in HD, Huntingtin antisense
(HTTAS) is alternatively spliced into HTTAS-v1 and HTTAS-v2, of which the former has been
observed to be downregulated in human HD frontal cortex, and in in vitro models
overexpression of HTTAS-v1 resulted in reduced levels of Huntingtin, suggesting a role for
HTTAS-v1 in Huntingtin regulation and HD progression [213]. Moreover, in spinocerebellar
ataxia type 2 (SCA2), bidirectional transcription of the gene was present in both SCA2 and
controls, but only the presence of the expanded antisense transcript led to cell death of
primary mouse cortical neurons and formed RNA foci in SCA2 human cerebella, most likely
co-localizing with MBNL1 [214].

DM1 anti-sense (DM1-AS) transcription was first described by Cho and collaborators
in 2005 [215]. An antisense transcript, emanating from the adjacent SIX5 regulatory region,
was reported. This transcript was converted into 21 nucleotides siRNAs, which were proposed
to have a regulatory role in heterochromatin formation. More recent studies, however, show
that DM1-AS transcription extends across the CAG repeat, since DM1-AS RNA was detected,
originating from downstream of the repeat, in the 3’ region of DM1 tissue [216]. Additionally,
these antisense mRNA transcripts are found to form antisense RNA foci, indicating that they

indeed carry the expanded repeat. These antisense RNA foci do not co-localize with sense
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RNA foci, but were found to co-localize with MBNL1 in DM1 heart samples [216]. Co-
localization with MBNL1 might indicate that they potentially contribute to the DM1 pathology
in a similar fashion as sense RNA foci (Figure 6). Similar results were found by Michel and
collaborators in human fetal samples, indicating a similar role for DM1-AS transcription in
CDM1 [217]. The inclusion of the expanded repeat was confirmed by Gudde and collaborators
in 2017, although they found DM1-AS transcripts to be low in abundance and with varying
lengths, both including and excluding the CAG repeat [218].

sense transcription

N

4
“%;“a“

<D
cytotoxicity

Figure 6. Bidirectional transcription and repeat associated non-ATG (RAN) translation in
DM1. Antisense transcription of the DMPK gene (DM1-AS) leads to a pool of mRNAs with and without
the expanded repeat (CAGn from the 5'-to-3’ direction of the antisense strand). The expanded DM1-
AS can both sequester MBNL1 and travel outside of the nucleus, where ribosomes attach to the hairpin
like structures, resulting in the production of long stretches of polyGIn RAN protein, co-localizing with
caspase-8, potentially contributing to cytotoxicity. Abbreviations: CAGn= expanded CAG repeat;
MBNL1= muscleblind-like 1; DMPK= dystrophia myotonica protein kinase gene; polyGIn=
polvalutamine RAN protein; cas-8= caspase 8.

Little is known about the contribution to molecular mechanism or clinical phenotype
of these antisense transcripts. Evidence from other CAG expansion studies shows that the
presence of the expanded CAG repeats can induce cytotoxicity in animal models and in a
similar fashion to what is observed with CTG repeats, enhance cytotoxicity through a triple
repeat-derived siRNA mechanism [219,220]. Moreover, CAG antisense transcripts can be
translated through repeat-associated non ATG (RAN) translation into potentially toxic

peptides, further discussed in the next section [221,222].
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7.3 DISEASE MODIFIERS AT PROTEIN LEVEL

At protein level, the main focus has been on proteins sequestered or upregulated
by the toxic expanded repeats, involved in the DM1 spliceopathy. Especially, it was thought
that the expanded mRNA transcripts are retained in the nucleus, preventing protein
translation. This of course does have effects on the DMPK protein levels itself, which can
attribute to DM1 pathology to some extent, but the discovery of RAN translation in
microsatellite expansion disorders, including DM1, has put into focus a disease modifier on

protein level outside of the scope of the spliceopathy.

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

for a serine/threonine protein kinase and six major isoforms are found in both humans and
mice, of which an 80 kD protein is predominantly found in skeletal and heart muscle
[223,224]. Its full functional and regulatory properties are still not fully understood, but the
DMPK protein has been found to be involved in skeletal muscle integrity, cardiac muscle
atrioventricular conduction, ion-channel gating and cell metabolism [225]. Both decreased
DMPK mRNA transcript levels and the retention of mRNA transcripts in the nucleus have been
found in DM1 [199,201]. Subsequently, decreased levels of DMPK protein in skeletal and
cardiac muscles are also observed [61,223]. In skeletal muscle from DM1, this decrease was
found to be about 50% and did not correlate to CTG expansion length [226].

The decrease in DMPK protein may be an additional contributor to DM1 pathology.
Indeed, DMPK transgenic and knock out mice show a mild late-onset myopathy and smaller
head and neck muscle fibers, similar to the comprised muscle function of these regions in
DM1 patients [63,64]. Additionally, they have been found to have abnormal sodium channel
gating in skeletal muscle [227], a mechanism previously linked to myotonia in DM1 patients,
and DM1-like calcium homeostasis [228]. Moreover, cardiac conduction defects are found
similar to those observed in DM1 [62,63,229] and mice present with muscle insulin resistance
[230].

7.3.2 RAN TRANSLATION: ADDITIONAL CYTOTOXICITY

For RNA-gain-of-function disorders, such as DM1, the main focus has always been
on the accumulation of foci and the entrapment of RNA-binding-proteins. It was thought that
the expanded mRNA transcripts were unable to travel outside of the nucleus and therefore
protein translation from the expanded repeat was absent [65]. However, the discovery of
RAN translation in 2011 by Zu and collaborators has changed the view of the pathology of
RNA-gain-of-function disorders and microsatellite expansion disorders in general [221]. RAN
translation goes against the historical view that eukaryotic translation initiates at an AUG
start codon. Canonical translation initiation consists of the step-wise assembly of 80S
ribosomes at start codons of mRNA. It is a highly complex process, in which at least nine

eukaryotic initiation factors are involved [231]. The mRNA secondary and tertiary structures
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contribute significantly to the dynamics and regulation of translation initiation. These
structures in a 5" UTR region can influence translation initiation both negatively and
positively, depending on their position. Highly structured regions upstream of an AUG start
codon can inhibit initiation, while downstream secondary structures can facilitate initiation at
imperfect start codons [232-235]. Furthermore, several atypical translation mechanisms
exist, which are modulated by mRNA secondary structures. For example, several viral RNAs
are translated via an internal ribosome entry site (IRES)-mediated pathway. IRESs are
complex RNA structures that can directly recruit ribosomal subunits and initiation factors
[236]. In the case of RAN translation, proteins are formed from the microsatellite expansions
without the presence of an AUG start codon, probably through the use of the mRNA secondary
structures in these expanded transcripts. It can occur in all three reading frames and from
both the sense and antisense strand of the expanded transcripts, which can result in up to

six proteins from a single expansion mutation [237].

Since its discovery in 2011 in DM1 and SCAS8, RAN translation has been reported in
seven other microsatellite expansion disorders (Figure 7): C9orf72 amyotrophic lateral
sclerosis /frontotemporal dementia (COORF72 ALS/FTD) [238-240], fragile X-associated
tremor/ataxia syndrome (FXTAS) [241], Fragile X-associated primary ovarian insufficiency
(FXPOI) [242], HD [222,243], spinocerebellar ataxia 31 (SCA31) [244], Fuchs’ endothelial
corneal dystrophy (FECD) [245] and myotonic dystrophy type 2 (DM2) [246]. Expanded
repeats in a variety of RNA contexts have resulted in RAN translation, including within 3" and

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

FXTAS FXPOlI C9 ALS/FTD HD DM2 FECD SCA31 DM1 SCAS8

-
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(CeG), (CGG), (GGGGCC), (CAG), (CCTG), (CTG), (TGGAA), (CTG),  (CTG)
5’UTR Intron Exon Intron 3'UTR \
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Figure 7. RAN proteins identified in nine microsatellite expansion disorders. Both originating
from the sense and antisense strand. Repeats are given in the 5’ to 3’ direction of the individual
strands. Abbreviations: FXTAS= fragile X-associated tremor/ataxia syndrome; FXPOI= Fragile X-
associated primary ovarian insufficiency; C9 ALS/FTD= C9orf72 amyotrophic lateral sclerosis
/frontotemporal dementia; HD= Huntington’s disease; DM1= Myotonic Dystrophy type 2; FECD=
Fuchs’ endothelial corneal dystrophy; SCA31= spinocerebellar ataxia 31; DM1=Myotonic Dystrophy
type 1; SCA8= spinocerebellar ataxia type 8. Reproduced from Banez-Coronel & Ranum (2019).
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The mechanism initiating RAN translation and the effect of the RAN translated
proteins is still poorly understood. Studies on FXTAS, a neurodegenerative disorder, caused
by CGG repeats in the 5" UTR of the fragile X mental retardation 1 gene, found RAN translation
initiation in at least two reading frames, resulting in polyalanine and polyglycine proteins.
Data on RAN translation in FTXAS thus far points to a scanning mechanism, using a near-
AUG codon for initiation just upstream of the repeat, thus relying on a canonical translation
mechanism [241,247,248]. Moreover, it has been postulated that RAN translation is initiated
through the IRES-mediated pathway, but proof-of-concept is missing [249]. Although, the
role of specific RAN translated proteins in individual microsatellite expansion disorders is not
yet clear, there is growing evidence that the peptides are toxic and contribute to pathology.
For example, studies have found that RAN proteins are toxic, independent of the RNA-gain-
of-function mechanism, illustrated by codon-replacement strategies [221,222,246].
Additionally, in HD, the RAN translated proteins were found primarily in regions of the brain
showing neuronal loss, cell death and microglial activation [222]. Mice expressing the poly-
glycine RAN protein found in FTXAS showed behavioral deficits, which were not observed in
FTXAS mice only expressing the expanded repeat [250]. In C90RF72 ALS/FTD in vitro and
in vivo experiments, overexpressing RAN proteins has been reported to be toxic, with
impaired dendritic branching, endoplasmic reticulum stress and apoptosis in neuronal cells
[251,252].

In DM1, Zu and collaborators discovered a novel polyglutamine (polyGIin) RAN
protein expressed from the antisense CAG expansion transcript of the DMPK gene [221].
Nuclear polyGIn RAN protein aggregates were found at a low frequency in a DM1 patient’s
myoblasts and skeletal muscle (n= 1) and at a higher frequency in leukocytes from peripheral
blood (n= 1) [221]. The nuclear aggregates co-localized with caspase-8, an early indicator
of polyGlIn-induced apoptosis. This suggests that RAN proteins may be an additional
mechanism of cytotoxicity in DM1 cells (Figure 6). The contribution of RAN translation to DM1
pathology has not been further studied since its first report in 2011 and much remains

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

7.4 DISEASE MODIFIERS AT EPIGENETIC LEVEL

Epigenetics is the study of heritable changes in gene expression and function that
are not attributed to alterations of the DNA sequence. The word epigenetics is of Greek origin
and literally means over and above (epi) the genome. Epigenetic modifications includes DNA
methylation and histone modifications [253]. Deregulation of gene expression by epigenetic
mechanisms have been shown to play a role in pathogenesis of cancer, autoimmune diseases,

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

DNA methylation is a heritable, yet reversible epigenetic modification and is
essential for silencing retroviral elements, regulating tissue-specific gene expression,
genomic imprinting, and X chromosome inactivation [261,262]. DNA methylation occurs
through a family of DNA methyltransferases (DNMTs) that transfer a methyl group from S-
adenyl methionine to the fifth carbon of a cytosine to form 5-methylcytosine (5mC) (Figure

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

nucleic acids in the human genome [263]. NH:
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(CpGis) [268].

CpG islands are defined as short regions over 200 bp, with more than 50% CG
content and a ratio greater than 0.6 of observed number of CG dinucleotides relative to the
expected one. They are generally found at promoters of housekeeping and developmental
regulatory genes, but can be also found in exons, introns and regulatory regions [269],
whereas tissue-specific genes contain archetypically CpG-poor promoters [270].
Interestingly, the CpGis are mainly untouched by the methylation waves during development,
and remain largely unmethylated throughout the course of development and afterwards in
post mitotic cells [271]. CpG islands are highly conserved regions throughout evolution,
indicating their important functional role [272]. CpG islands enhance the accessibility of DNA
and promote transcription factor binding [273]. The methylation of CpG islands results in

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

49



Introduction

gene expression by impairing the binding of transcription factors, but it can also favor the
binding of a class of proteins with high affinity for 5mC, which inhibits transcription by
recruiting chromatin remodelers associated with gene repression. This class of proteins
consists of for example the methyl-CpG-binding domain proteins and the ubiquitin-like,
containing PHD and RING finger domain proteins [274-277]. Although CpG islands are largely
unmethylated, DNA methylation patterns have been found to be disrupted in disease-state

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

Distinct methods exist to address DNA methylation, all requiring a pre-treatment of
the genomic DNA to be able to distinguish between methylated and unmethylated cytosines.
Several methylation dependent pre-treatments have been established, including
endonuclease digestion, affinity enrichment and bisulfite conversion. These pre-treatments
can then be followed by an array of different analysis techniques, either genome-wide
approaches, such as DNA methylation microarrays and next-generation sequencing, or single
nucleotide resolution approaches, including bisulfite Sanger sequencing PCR (BSP),
pyrosequencing and methylation-specific PCR. The first pre-treatment, endonuclease
digestion, is based on the knowledge that each sequence-specific restriction enzyme has an
accompanying DNA methyl transferase to protect endogenous DNA from the restriction
defense system by methylating bases in the recognition site. Some restriction enzymes are
inhibited by 5mC at CpG sites, which means that cutting patterns by these enzymes can
provide information on DNA methylation patterns [279]. The most utilized restriction
enzymes inhibited by 5mC are Hpall and Smal. Mostly due to the existence of isoschizomers
(Mspl for Hpall) or neoschizomers (Xmal for Smal) that are not inhibited by methylation,
allowing easy comparisons [280,281]. Affinity enrichment of methylated regions using 5mC-
specific antibodies or methyl-binding proteins are particularly used in whole-genome profiling
through array hybridization and more recently next-generation sequencing [282-284].
Although this approach allows for rapid and efficient whole-genome analysis, it does not yield

information on individual CpG dinucleotides.

One of the most used pre-treatments is bisulfite conversion, where denaturation of
genomic DNA with sodium bisulfite results in the conversion of unmethylated cytosines into
thymines, whereas methylated cytosines remain unchanged, allowing the investigation of
DNA methylation on genetic level (Figure 9) [285]. At the single nucleotide levels, the most
utilized techniques are BSP, and pyrosequencing. BSP has been the gold standard for many
years, because it provides a qualitative, quantitative and efficient approach to identify 5-
methylcytosine at single base-pair resolution. In BSP, the bisulfite treatment is followed by
(nested) PCR and subsequent Sanger sequencing [286]. The degree of methylation in the
cell pool is determined by the height difference between the cytosine and thymine nucleotides
at the CpG site, as often the methylation is not absolute due to the mix of DNA molecules
originating from the mixture of cells and a range is given from 0-100% (Figure 9). However,

pyrosequencing has become more popular in recent years. Pyrosequencing is a sequencing-
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by-synthesis technology that relies on the luminometric detection of pyrophosphate release
upon nucleotide incorporation through a cascade consisting of four enzymes. It results in
precise quantification of methylation at each single CpG analyzed [287,288]. Both have
advantages and disadvantages in their usage. BSP is quite labor-intensive, due to the high
number of samples and the need for nested-PCR to overcome unspecific amplification,
whereas pyrosequencing requires specialized equipment and is a fairly expensive technique.
Moreover, it has been shown that BSP might be more sensitive to strong hypermethylation
of DNA [289,290].

g Lc Bl g @
l bisulfite conversion

l PCR - sequencing

compare sequence with
reference genome

Sample 1 2 3 4 5 6
N N N A f 1
WA A AN A b
81115 LAY L JIN 5%, A" \A\ ¥/ A
0.8 11 T 0.8 li ;2 0A811 : 0.311 T 0311 T 0311
0.6-0.8 0.6-0.8] 0.6-0.8] 0.6-0.8] 0.6-0.8 0.6-0800 T
0.4-06l C o4-068 | ¢ 0.4-0.6 o4-06Ql C 0406 C 0.4-0.6
0.2-0.4 0.2:0.4 0.2-04f| C 0.2-0.4 0.2-0.4 0.2-0.4
0-0.2 0-0.2 0-0.2 0-0.2 0-0.2 0-0.2

0.8-1 0.6-0.8 0.4-0.6 0.2-0.4 0-0.2
methylated methylated methylated methylated methylated

Figure 9. Bisulfite conversion principle. Denaturation of genomic DNA with sodium bisulphite
results in the conversion of unmethylated Cs into Ts, whereas methylated Cs remain unchanged. After
PCR and Sanger sequencing, comparison with the reference genome can establish which CpG sites
are methylated. The degree of methylation is often not absolute due to the DNA pool and is most
often presented as a range of methylation between 0% to 100%, depending on the difference between
the two peaks observed.
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DNA methylation profiles gained interested in DM1 due to the location of the
expanded repeat, which happens to reside in a 3.5 kb CpG island (CpGi 374). Additionally,
the CTG repeat is flanked by two CCTC-binding factor (CTCF) binding sites (Figure 10). CTCF
is an important transcription factor and can act as a transcriptional activator, repressor and
insulator, and mediates chromatin looping [291]. Early studies suggest that the two CTCF
binding sites together with the expanded repeat establish an insulator element between the
DMPK promoter and the SIX5 enhancer [292]. The most important binding site for CTCF
seems to be the upstream CTCF1 binding site, as binding of CTCF to the downstream CTCF2
binding site is controversial [135,292,293]. Hypermethylation of CTCF1 has been shown to
result in the loss of binding, potentially affecting chromatin dynamics [215,292]. Several
studies have found aberrant DNA methylation profiles in these two regions flanking the repeat
(upstream CTCF1 and downstream CTCF2) in DM1, but results are controversial with variable
degrees of hypermethylation observed at both sites in different clinical subtypes of DM1
(Table 2) [32,55,300,135,215,294-299].

Scale |————|5kb I |————5000p Congenital: age <0 I —2kb
| Childhood: age0-10 I
| Juvenile: age 10 - 20 |
: Adult: age 21-40 |
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Figure 10. The DM1 locus. The DM1 locus, associated genes, and mapped functional regions are
schematically shown. The CTG repeat is located in the 3’ UTR and SIX5 promoter, of which part of the
DNA sequence is shown. Reproduced from Barbé et al. (2017).

Overall, the vast majority of hypermethylation around the expanded repeat was
observed in CDM1 cases, predominantly at the CTCF1 site, suggesting an important role for
DNA methylation in the younger, more severe clinical phenotype. Interestingly, DNA
methylation status has also been linked to parental transmission, where hypermethylation
was almost exclusively observed upon maternal transmission [55,298]. Together, this has
led to the idea of the existence of a CpG methylation based parent-of-origin effect, that can
explain the maternal bias for CDM1 offspring [55]. The proposed hypothesis is that
hypermethylation around the repeat results in decreased levels of SIX5 expression, which is
detrimental for spermatogonia as their survival relies on SIX5 protein levels, and may in turn
prevent the transmission of CDM1. This protective mechanism is not present in females, as
oogonia do not rely on SIX5 expression, hence the maternal bias for CDM1 transmission.
Prenatal screening for CDM1 has relied primarily on the CTG expansion size and while larger

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

52



Introduction

collaborators found that methylation status might be a better indicator for CDM1 offspring

and a good prenatal screening biomarker [55].

In addition to the relation with CDM1 and maternal transmission, CTCF1
hypermethylation has been associated with greater expansion sizes, independent of clinical
subtype [296-298,300]. However, this association is controversial and not always found
[55,299]. DNA methylation profiles have also been studied in relation to variant repeats and
the presence of variant repeats in the CTG expansions are linked to a differential DNA
methylation pattern. Hypermethylation was predominantly observed in the downstream
region of the CTG repeat, as opposed to the upstream region in non-interrupted DM1 patients
[294,298,301].

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

Disease Form Sample

) . ) Genomic Context Analysis outcome Ref
(tissue of origin) Size
CDM1; Adult
Hypermethylation in intron 12 at
(dura mater, skeletal Upstream region of L )
o 30 bM1 restriction sites of SacII and [300]
muscle, skin biopsies (CTG)n repeats

Hhal in CDM1 patients
and white blood cells)

DM1 fetuses; DM1 13 DM1 Hypermethylation of CTCF1 in DM1
adults; transgenic Upstream (CTCF1) and individuals. In DM1 mice [302]
vs.
DM1 mice 3CmR downstream (CTCF2) regions methylation pattern was present at
s
(several tissues) both sites
Hypermethylation of CTCF1 in CDM1
Childhood; Juvenile 66 DM1
and childhood patients, significantly
CDM1; DM1 (9 VRs) Upstream (CTCF1) and . . i
associated with MT. DM1 patients [298]
“atypical” Vs. downstream (CTCF2) regions
with VRs show a distinctive DNAme
(whole blood) 30 CTRs
pattern
DM1- hESCs DNA sequence spanning from Marked increase in DNAme levels of
14 DM1 [135]
(hESCs) exon 11 to the (CTG)n the expanded allele
Late-onset; Adult; 92 DM1 DNAme levels of both CTCF sites
Upstream (CTCF1) and
Juvenile; Childhood VS. higher in CDM1 than in non-CDM1 [55]
downstream (CTCF2) regions .
(whole blood) 10 CTRs patients
CTCF1 region DNAme levels
Adult; DM1 “atypical” 90 DM1 Upstream (CTCF1) and correlated with CTG repeat length, [301]
(whole blood) (8 VRs) downstream (CTCF2) regions and the presence of a VRs was
associated with higher DNAme levels
Patients with VRs alleles had
Adult; DM1 “atypical” 115 DM1 Downstream region (no CTCF
distinctive DNAme and cognitive [294]
(whole blood) (12 VRs) binding sites) of the (CTG)n .
profile
68 DM1 Upstream and downstream
Non-CDM1 DM1 Hypermethylation of both upstream
vs. regions (no CTCF binding [296]
(whole blood) . and downstream regions
73 CTRs sites) of the (CTG)n

Abbreviations: CDM1= congenital myotonic dystrophy type 1; VRs= variant repeats; MT= maternal
transmission; DM1= myotonic dystrophy type 1; CTRs= controls; DNAme= DNA methylation. Adapted
from Visconti et al. (2021)
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The effect of aberrant DNA methylation profiles on clinical phenotype is poorly
understood. It seems to correlate with age of onset of the disease, where earlier onsets have
a higher prevalence of hypermethylation [55,297]. Data on the contribution to specific
aspects of the clinical phenotype are scarce. Interestingly, although the incidence of aberrant
DNA methylation profiles in adult DM1 is low, it has been linked to respiratory and muscular
profiles and a decline in cognitive function in adult DM1 [294,301]. This might suggest that

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

Although blood has been the tissue of origin in most studies, the DNA methylation
status has been investigated in other tissues. Two studies to date have looked at DNA
methylation status in tissues other than blood. In fetal samples, high levels of DNA
methylation were found for all tissues studied, including muscle, liver, kidney, heart,
pancreas, brain and skin. This methylation profile was highly polarized, as only the CTCF1
region showed hypermethylation, whereas CTCF2 showed sparse methylation in only one of
the three fetuses analyzed. Adult DM1 heart, liver and cortex showed high-to-moderate
methylation levels in CTCF1, whereas cerebellum, kidney and skeletal muscle showed low-
to-no methylation levels. CTCF2 was completely devoid of methylation in all adult DM1 tissues
[302]. Similarly, Hildonen and collaborators showed higher levels of CTCF2, but not CTCF1,
methylation in adult DM1 muscle compared to control muscle and DM1 blood samples, but

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

DMWD I

O 0 0 G

CpGi 74 CpGi 43 CpGi 36 CTCF1: CTCF2

Figure 11. The CpG islands in the DMPK locus. CpGi 74 resides in the DMWD gene, while the
other three reside in the DMPK gene. CpGi 374 is split into two regions, encompassing the CTG
expansion and referring to the two CTCF binding sites in these regions. DMWD myotonic dystrophy
WD containina protein: DMPK= dvstrophia mvotonica protein kinase: SIX5= SIX homeobox 5: CoGi=

The DMPK gene harbors two more CpG islands (CpGi 36 and 43), and an additional
one is found in the neighboring DMWD gene (CpGi 74), henceforth referred to in its entirety
as the DMPK locus (Figure 11). Although DNA methylation is a fairly stable epigenetic
mechanism, it is known that it can spread at low levels during an individual’s lifetime and
might influence neighboring CpG islands [303]. In addition, in the only one publication that
has analyzed epigenetics at the entire DMPK gene and neighboring genes in control tissues,

it has been shown that CpGi 74 and 36 are fully methylated in blood, while CpGi 43 is non-
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methylated [293]. Conversely, for CpGi 74 and 43 this profile is reversed in muscle and
muscle-derived cells, with complete hypomethylation of CpGi 74 and hypermethylation of
CpGi 43. Interestingly, CpGi 43 contains a proposed alternative DMPK promoter, suggesting
that the myogenic hypermethylation could suppress the usage of this promotor and drive the
usage of the strong/canonical DMPK promotor [293]. Regarding DM1 samples, nothing has
been published addressing the epigenetic behavior of these neighboring CpG islands in the
DMPK locus.

7.4.2 HISTONE MODIFICATIONS: A REPRESSIVE SWITCH

Histone modifications are important regulators that control chromatin structure and
gene transcription. Histones can be post-translationally modified at their N-terminal tails
through a large number of different histone post-translational modifications, including
acetylation, phosphorylation and methylation. These modifications define chromatin
structure by the recruitment of proteins and complexes with enzymatic activities, which in
turn regulates transcription, as the gene will be more or less accessible for transcription
[304].

Little is known to date on the chromatin structure of the DMPK locus and the
contribution of histone modifications. The presence of the CTG expansion has been shown to
alter regional chromatin structure, where it increases the efficiency of DNA nucleosome
assembly, resulting in the creation of more stable nucleosomes and hence repression of
transcription [305-307]. Indeed, the presence of the CTG expansion in DM1 has been
associated with heterochromatinization of the DMPK locus [295,308]. More specifically, a

change in local chromatin structure, about

G p
Normal: Active

expansion, has been reported in DM1
muscle and skin fibroblasts, suggesting a
switch to a more transcriptional repressive _‘ L
heterochromatin [308]. This repressive

chromatin structure might explain the H3K4 H3K9

reduced expression of DMPK and SIX5 DM1: R )
observed in DM1 [61,198,199,201,202]. - Repressive '

Upon expansion of the CTG repeat, @ @

heterochromatin spreading was observed

500 base pairs downstream of the

and active HK4me3 was replaced by a

repressive H3K9me3 mark [292]. Moreover, H3K27 H3K9

the less active heterochromatin
. J/

environment surrounding the expanded

Figure 12. Histone modifications observed
in DM1. The active chromatin state surrounding
H3K9/14Ac (a marker for active chromatin) the CpG island 374 is replaced by a repressive
chromatin state.

repeat is characterized by a decrease in

at the CTCF binding sites and an enrichment
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of H3K27me and H3K9me3, both markers for repressed heterochromatin [295]. Taken
together, this suggests a chromatin remodeling at the DMPK locus in DM1 towards a more
repressive heterochromatin state (Figure 12). However, a more recent study by Sorek and
collaborators have found an opposite histone modification profile, indicative of an active
chromatin state [309].

7.5 DISEASE MODIFIERS AT NON-CODING RNA LEVEL

The genomes of eukaryotes are mostly comprised of non-protein coding DNA. A
portion of this non-protein coding DNA is transcribed into RNA, commonly referred to as non-
coding RNA (ncRNA) and in the past simply referred to as ‘junk’ RNA. However, in the last
decades a subset of these ncRNAs have been found to have important biological roles in
development, homeostasis and also in disease. ncRNAs are comprised of an array of different
ncRNAs, such as long non-coding RNAs, small nucleolar RNAs and the most well studied
ncRNAs, the miRNAs [310]. Little is known about the role of ncRNAs in DM1, with the

exception of miRNAs, which will be further discussed below.

7.5.1 GLOBAL miRNA DEREGULATION IN MYOTONIC DYSTROPHY TYPE 1

miRNAs are small, single-stranded RNAs about twenty-two nucleotides long, that
regulate gene expression levels by either inhibiting translation or promoting degradation of
their target mRNAs [311]. It is estimated that the human genome encodes for over a
thousand miRNAs, which can target dozens of mRNAs, and every individual mRNA can be
targeted by several miRNAs [312]. The majority of miRNAs result from RNA polymerase II
transcription, which yields long primary miRNAs transcripts. Primary miRNA transcripts are
trimmed in the nucleus by the RNase Drosha, yielding premature hair-looped miRNAs of £70
nucleotides. These pre-miRNAs are transported to the cytoplasm where they are further
processed by the RNase Dicer, resulting in mature miRNA. Mature miRNAs are then
incorporated into the RNA-induced silencing complex, where the miRNA strand anneals to
the 3’ UTRs of target mRNAs, leading to the degradation or translation inhibition of mRNAs
and subsequent protein repression (Figure 13A). miRNAs are mostly known for their gene
regulation properties. However, they also play an important role in intercellular signaling and
can therefore be found abundantly in bodily fluids, including blood and urine [313]. miRNA
expression profiles show tissue-specific expression patterns and are shown to be different in

diseased state.

In DM1, several studies have found changes in miRNA expression levels in blood,
skeletal muscle and heart. The focus has been mainly on the four muscle-specific miRNAs
(myo-miRs), which are expressed in both skeletal and cardiac muscle. miR-1, miR-133a/b,
and miR-206 are highly enriched in skeletal muscle, whereas cardiac muscle predominantly
shows expression of miR-1 and miR-133a/b. In skeletal muscle, miR-133a and miR-133b
have been found to be downregulated [314,315], whereas miR-206 is upregulated [314,316]
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and mixed results have been found for miR-1 (Figure 13B) [314,315,317,318]. Non-myomiRs
were found to be either up or down regulated in DM1 muscle compared to controls
[315,317,318] and these aberrant expression profiles were linked to changes in muscle
development, alternative splicing, atrophy, transcription and free radical removal, among
others [317,318]. In cardiac muscle, possibly due to the scarcity of tissue, only two studies
to date have studied the miRNA expression levels. The myo-miRs abundant in cardiac muscle
were found to be downregulated (Figure 13B), in addition to a variety of other miRNAs,
twenty-two in total [319,320]. This downregulation was associated with arrhythmias,

conduction defects and fibrosis.
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{ Dicer)_ Z RISC miR-1 ¥+ miR1 + miR-1 4
p @ 3 miRNA -
A) CL g " B)
\ J

Figure 13. miRNAs in DM1. A) Production of miRNAs by transcription through RNA polymerase II,
resulting in pri-miRNAs, which are further trimmed by Drosha and transported to the cytoplasm where
they are further processed by Dicer, and forms a complex with RISC, resulting in mRNA degradation.
B) the most studied miRNAs for DM1 are the muscle-specific myo-miRs, a summary of their up or
down regulations (indicated by arrows) are given for heart, blood and skeletal muscle. Abbreviations:
RNA pol II= RNA polymerase II; pri-miRNA= primary microRNA; RISC= RNA-induced silencing
complex; myo-miRs= muscle specific microRNAs.

Where skeletal and cardiac muscle show predominantly a downregulation pattern in
miRNAs, the opposite is found in blood (Figure 13B), suggesting that blood does not mirror
the changes happening in tissues. Nevertheless, the upregulation in blood might be caused
by the leakage of certain miRNAs into the bloodstream due to muscle damage, which means
they might still be used as biomarkers [321]. An array of miRNAs are found to be upregulated,
including the four myo-miRs [315,322-326]. These aberrant expression profiles have been
linked to muscle weakness [322,324] and progressive muscle wasting [323,325].
Interestingly, Pegoraro and collaborators studied miRNA expression levels after DM1 patients
underwent a six week exercise rehabilitation program and found that the four myo-miRs were

significantly decreased in parallel with improved muscle function [326].

57






OVERVIEW






Overview

Myotonic Dystrophy type 1 is an incurable, progressive, multi-systemic disorder with
a CTG expansion in the DMPK gene at the base of its pathology. The expanded mRNA
transcripts emanating from the gene are entrapped inside the nucleus, deregulating splicing
factors, and subsequently creating a spliceopathy that can account for several of the DM1
symptoms observed. However, the complex multi-systemic nature and wide variability in
symptom manifestation cannot be completely accounted for and the identification of other
disease modifiers is key to understanding the complete DM1 pathology, for both better
disease management, as well as the identification of new therapeutic targets. Therefore, the
main objective of this doctoral thesis was to investigate potential disease modifiers and study
their link to DM1 clinical phenotype. The focus was on five main potential disease modifiers
on a genetic (variant repeats), transcriptional (antisense transcription), protein (RAN
translation), epigenetic (DNA methylation) and non-coding RNAs (miRNAs) level. This

dissertation is subdivided into four chapters, outlining the findings on the disease modifiers.

Where it was long thought that the CTG expansion was an uninterrupted sequence,
in the last two decades increasing evidence was found for the existence of variant repeats
within the CTG expansion. To date, the known pathological variant expansions contain either
unstable CCG, CTC, GGC or CAG sequence interruptions at the 3’ end, and less frequently at
the 5’ end. Variant repeats are estimated to be present in 3-5% of the population and have
been linked to disease phenotype, but results are controversial. Due to the low prevalence,
only a few families to date have been identified and much remains unclear about the effect
of variant repeats in the expanded allele on DM1 clinical phenotype. Improving our knowledge
on the influence of variant repeats in DM1 pathology is essential for disease management,

therapy development and genetic counseling (CHAPTER I).

Another emerging potential disease modifier is the mechanism of bidirectional
transcription, where transcription occurs in both the sense and antisense direction at the
gene locus. Antisense transcription in itself is not directly related to disease, as it is a common
mechanism in humans, but the incorporation of the expanded repeat may worsen disease
pathology. Expanded antisense transcripts have been found in several microsatellite
expansion disorders, and have been associated with additionally toxicity. In DM1, its presence
has been established, although its expression levels are controversial, and more importantly,
its contribution to DM1 pathology is unknown (CHAPTER II). Moreover, the antisense strand
has been found to give rise to polyglutamine proteins through the phenomenon of RAN
translation. RAN translation has been proposed to add cytotoxicity in DM1 and could
potentially be another disease modifier. However, to date only one study has been conducted
in an extremely limited sample collection and much remains unknown about the contribution
of RAN translation to DM1 pathology (CHAPTER II).

DNA methylation is a heritable, yet reversible epigenetic modification and is
essential for silencing retroviral elements, regulating tissue-specific gene expression,

genomic imprinting, and X chromosome inactivation. DNA methylation profiles gained
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interested in DM1 due to the location of the expanded repeat, which happens to reside in a
3.5 kb CpG island. Additionally, the CTG repeat is flanked by two CTCF binding sites. Several
studies have found aberrant DNA methylation profiles in these two regions flanking the repeat
(upstream CTCF1 and downstream CTCF2) in DM1, but results are controversial with variable
degrees of hypermethylation observed. More importantly, little is known about its
contribution to the clinical phenotype. Nevertheless, it seems to be associated with the most
severe form of DM1, highlighting the importance of further elucidating the contribution of
epigenetics to DM1 pathology. This CpG island is not the only one present in the DMPK gene,
as it harbors two additional islands and another resides in the adjacent DMWD gene. Whether
these CpG islands have an altered DNA methylation status in DM1 is unknown. Moreover,
whether a tissue-specific epigenetic landscape exist in DM1 is also a question that remains
to be answered (CHAPTER III).

miRNAs, a class of small non-coding regulatory RNA molecules have been proposed
as an excellent non-invasive biomarker for disease progression due to their wide abundance
in extracellular body fluids, including blood serum and plasma. The original idea was to
conduct a miRNA expression study by using the digital droplet PCR in both DM1 serum and
muscle simultaneously, focusing on the four myo-miRs. Although we were in the process of
setting up the technique, we were unfortunately forced to stop this line of research due to
the COVID pandemic. Instead, it was decided to use that time to write a comprehensive
review on the disease modifying and biomarker potential of miRNAs (CHAPTER IV) and upon

return focus in the other research lines.

62



OBJECTIVES






Objectives

CHAPTER 1

OBJECTIVE: Study the presence of variant repeats in a Spanish cohort, consisting of 49 DM1

patients and identify potential links to the clinical phenotype.

CHAPTER I1

OBJECTIVE: Determine the presence of antisense transcription (the origin of the RAN-
translated polyGIn protein) and RAN-translated polyGin protein in DM1 primary cell cultures,
e.g. myoblasts, skin fibroblasts and Iymphoblastoids, and their potential role in DM1

pathology.

CHAPTER II1

OBJECTIVE: Analyze the CpG DNA methylation patterns of four CpG islands in the DMPK locus
in three different tissues (blood, muscle, skin) of six subtypes of DM1 and its relationship to
CTG expansion length and clinical phenotype and to establish whether DNA methylation is

preserved in patient-derived cells.

CHAPTER 1V

OBJECTIVE: Elucidate the disease modifying effect and biomarker potential of miRNAs in DM1

through an exhaustive literature study.
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Results

The results section is divided into four chapters, corresponding to the four articles
that this doctoral thesis is comprised of:

CHAPTER I. A DM1 family with interruptions associated with atypical symptoms and late
onset but not with a milder phenotype.

CHAPTER 1II. Characterization of RAN Translation and Antisense Transcription in Primary
Cell Cultures of Patients with Myotonic Dystrophy Type 1.

CHAPTER III. An integrative analysis of DNA methylation pattern in Myotonic Dystrophy
type 1 samples reveals a distinct DNA methylation profile between tissues and a novel

muscle-associated epigenetic dysregulation.

CHAPTER 1IV. The Biomarker Potential of miRNAs in Myotonic Dystrophy Type I
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SUMMARY OF THE RESULTS

To further elucidate the relation of variant repeats to the DM1 clinical phenotype, a
Spanish cohort consisting of 49 DM1 patients (36 DM1 families) was screened for variant
repeats by TP-PCR of both the 3’ and 5’ end region. In TP-PCR, interrupted alleles can be
identified by gaps in the pattern of contiguous peaks, detectable by capillary electrophoresis.
Five out of 49 DM1 patients (~10% at individual level, 3% at family level) presented with
these gaps at the 3’ end and were all part of the same family. P1, P2 and P3 were sisters,
and P4 was the son of P2 and P5 the daughter of P3.

Their clinical phenotype revealed a delay in age of onset for the three sisters, with
an age of onset >50 years. However, after initial onset, symptoms developed quite rapidly
and included cardiac conduction defects and respiratory dysfunction, with variable severity.
Interestingly, P1 and P2 presented with several traits atypical for DM1, such as severe axial
weakness with dropped-head and moderate facial weakness, but without ptosis and no
temporal atrophy. P4 (aged 35 years) was asymptomatic at the time of inclusion and P5
showed first symptoms at the age of 27 and at the time of examination revealed mild neck

flexor and facial weakness and myotonia, but no limb weakness or other DM1 symptoms.

Acil digestion was performed to investiage the presence of CCG and/or GGC variant
repeats. A downward shift of the smear in the gel confirmed the presence of one or both of
these variant repeats in the five variant carrying DM1 patients. Since TP-PCR is limited to the
outer regions of the CTG expansion, the digestion was additionally performed on the entire
cohort to discard potential variant repeats further inside the CTG expansion and no new

variant repeat carrying individual were found.

Sanger sequencing with specific primers targeting the potential variant repeats
revealed the presence of a complex pattern of CCG interruptions in all five DM1 patients.
Interruption patterns differed between the family members, except P2 and her son P4 whom
showed identical interruption patterns. CCG variant repeats were present as single repeats,
CCGCTG hexamers and short (CCG)n arrays. During the sequencing process, several bands
were purified from the same patient to discard a potential influence of somatic instability on
the differences observed between patients. The different bands belonging to the same
patients showed identical patterns, discarding an effect of somatic instability on variant

repeat pattern.

SP-PCR provided information on the ePAL (P1, 319 CTGs; P2, 241 CTGs; P4, 222
CTGs; P5, 547 CTGs) and somatic instability (P1, 319-900 CTGs; P2, 241-651 CTGs; P4,
222-332 CTGs;P5, 547-897 CTGs) of four out of the five interrupted patients. These revealed
a contraction in the CTG expansion size from patient P2 to P4 (i.e. from mother to son) and
an expansion from patient P3 to P5 (i.e. from mother to daughter). This expansion was linked

to anticipation, with an earlier age of onset for P5 compared to her mother P2.
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Altogether, a family carrying CCG variant repeats was identified in our Spanish
cohort. Both a contraction and an expansion in the expanded allele upon generational
transmission were associated with the presence of variant repeats and our clinical findings
contribute to the observation that variant repeat carrying individuals present with atypical
clinical features, hampering DM1 diagnosis, accompanied by a delayed age of onset and a

previously unreported aging-related severe disease manifestation.
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Abstract

Carriage of interruptions in CTG repeats of the myotonic dystrophy protein kinase
gene has been associated with a broad spectrum of myotonic dystrophy type 1 (DM1)
phenotypes, mostly mild. However, the data available on interrupted DM1 patients
and their phenotype are scarce. We studied 49 Spanish DM1 patients, whose clinical
phenotype was evaluated in depth. Blood DNA was obtained and analyzed through
triplet-primed polymerase chain reaction (PCR), long PCR-Southern blot, small pool
PCR, Acil digestion, and sequencing. Five patients of our registry (10%), belonging to
the same family, carried CCG interruptions at the 3’-end of the CTG expansion. Some
of them presented atypical traits such as very late onset of symptoms (> 50 years)
and a severe axial and proximal weakness requiring walking assistance. They also
showed classic DM1 symptoms including cardiac and respiratory dysfunction, which
were severe in some of them. Sizes and interrupted allele patterns were determined,
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420 | © 2019 Wiley Periodicals, Inc.

wileyonlinelibrary.com/journal/humu Human Mutation. 2020;41:420-431.

79



Chapter I

BALLESTER-LOPEZ et AL

Human Mutation Uy 1B SN p e

KEYWORDS

1 | INTRODUCTION

Myotonic dystrophy type 1 (DM1, Steinert disease; MIM# 160900) is
a multisystemic disorder with an overall estimated prevalence of
1:8000 (Harper PS, 2001), being the most common form of inherited
muscular dystrophy in adults. DM1 patients show wide phenotypic
heterogeneity, not only in the age of onset but also in severity and
type of clinical manifestation. DM1 patients can be broadly divided
into five subtypes based mainly on their age of onset: congenital (<1
month), childhood (1 month-10 years), juvenile (10-20 years),
adulthood/classic (20-40 years), or late onset (>40 years; De Antonio
et al, 2016). Classic DM1 symptoms include muscle weakness,
myotonia, respiratory failure, cardiac conduction defects, cataracts,
and endocrine disturbances. The younger subtypes, congenital and
childhood onset, are characterized primarily by cognitive and
learning abnormalities (Douniol et al., 2012; Meola & Cardani, 2015).
DM1 is an autosomal dominant disorder caused by a CTG

p in the 3’ untr d region of the myotonic dystrophy
protein kinase (DMPK) gene. Unaffected individuals carry 5-35 CTG
repeats whereas individuals carrying between 35 and 50 repeats are
usually asymptomatic. Yet in the latter, DMPK alleles have a higher
mutation rate and are labeled as “pre-mutational alleles” (Imbert,
Kretz, Johnson, & Mandel, 1993). The length of the CTG expansion
varies widely between patients, ranging from 50 to thousands of
CTGs and has been associated with age of symptom onset and
severity (Groh et al, 2011; Logigian et al., 2004). A CTG repeat
size <150 CTGs, 1,000 CTGs and >1000 CTGs is common to late
onset, adulthood/classic and congenital DM1, respectively (Meola &
Cardani, 2015). However, a high individual variability exists among
DM1 patients of the same subtype and thus caution is needed when
using CTG expansion length to predict disease progression. For
instance, congenital cases have been found with CTG repeat lengths
clearly below 1,000 CTG repeats (Tsilfidis, MacKenzie, Mettler,
Barceld, & Korneluk, 1992) and late onset DM1 cases have been
reported with over 1,000 CTG repeats (Clark, Petty, & Strong, 1998).
Another feature of the disease that makes it difficult to infer

potential genotype/phenotype correlations is the presence of
“somatic mosaicism.” Indeed, the CTG expansion is highly unstable
in both germline and somatic cells, and this instability persists
through the lifetime of the patient. Thus, the CTG repeat size of a
given patient represents the mean value for different CTG repeat
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disease manifestation.

and we found a contraction and an expansion in two intergenerational transmissions.
Our study contributes to the observation that DM1 patients carrying interruptions
present with atypical clinical features that can make DM1 diagnosis difficult, with a
later than expected age of onset and a previously unreported aging-related severe

atypical symptoms, interruptions, late onset, myotonic dystrophy type 1, severe phenotype,
Steinert disease, variant repeats

sizes, which in turn can vary depending on the age at which the
patient is studied. These potential confounders for sizing CTG repeat
makes it difficult to find genotype-phenotype correlations for DM1.
In this respect, estimating the inherited allele length has proven to be
a more accurate predictor of potential genotype-phenotype correla-
tions in this disease. (Higham, Morales, Cobbold, Haydon, &
Monckton, 2012; Morales et al., 2012).

Because the aforementioned fact that CTG expansion instability is
also present in germline cells, new alleles with different CTG repeat
sizes are constantly generated and children may inherit CTG repeat
sizes considerably longer than those found in the transmitting parent.
This leads to the so-called “anticipation” phenomenon, which occurs in
DM1 and in other triplet disorders, and is characterized by the fact that
the disease may develop earlier in life in each successive generation
(Harper, Harley, Reardon, & Shaw, 1992). In DM1, the sex of the
transmitting parent plays an important role in anticipation, although
both paternal and maternal transmission have been described. The
paternal allele seems more unstable and leads more frequently to
higher expansions in offspring, especially with CTG expansions below
100 repeats (Ashizawa et al, 1994). However, very large expansions
causing congenital DM1 are transmitted almost exclusively by affected
mothers (Harley et al, 1993), with few exceptions reported (Di
Costanzo et al.,, 2009; Zeesman, Carson, & Whelan, 2002). In contrast,
the congenital form is frequently observed after transmission from
mothers who are carriers of more than 500 CTG repeats. Contractions
of the CTG expansion upon transmission have also been reported, with
a higher estimated prevalence in paternal transmission compared with
maternal transmissions (6.7 vs. 19.5%; Lopez de Munain et al., 1996).

In most cases, the CTG expansion in expanded DMPK alleles is an
uninterrupted sequence. However, in the last decade, pathological
variant expansions containing unstable CCG, CTC, GGC, and CAG
sequence interruptions at the 3’ and 5’ ends of the DMPK allele have
been reported, with a prevalence of 3-5% among DM1 (Botta et al.,
2017; Braida et al.,, 2010; Cumming et al., 2018; Musova et al., 2009;
Pesovi¢ et al., 2017; Santoro et al., 2013; Tomé et al., 2018). In
addition, intergenerational transmissions typically lead to smaller
CTG expansions when compared with noninterrupted DM1 families,
suggesting a stabilizing effect of the expansion on germline
transmission (Botta et al., 2017; PeSovi¢ et al., 2017; Tomé et al.,
2018). These findings might also explain why no congenital cases
have been described in maternal transmission of interrupted alleles.
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Most of the phenotype consequences of interruptions remain
poorly understood and vary considerably between studies, ranging
from a complex neurological phenotype to a later age of onset (Botta
et al., 2017; Braida et al., 2010; Cumming et al., 2018; Santoro et al.,
2015; Musova et al., 2009; PeSovic et al., 2017). There is an urgent
need to determine the phenotypes that associate with the subset of
DM1 patients presenting with interruptions. This information is
required for patient management, genetic counseling and future
clinical trials. In the literature, only a few families and some isolated
cases have been described, and their reported clinical data are
scarce. In the present study, we have analyzed a large cohort of
Spanish DM1 patients belonging to several families. Our aim was to
identify DM1 patients carrying variant repeats and to perform an in-
depth analysis of their clinical phenotypes. This might help to gain
insight into the modifying effect that these repeat interruptions could
have in DM1 diagnosis, clinical manifestation, and patient follow-up.

2 | MATERIALS AND METHODS

2.1 | Editorial policies and ethical considerations

This study was approved by the ethics committee of the University
Hospital Germans Trias i Pujol (ref. PI-15-129) and was performed in
accordance with the Declaration of Helsinki for Human Research.
Written informed consent was obtained from all the participants.

2.2 | Participants

Forty-nine DM1 patients belonging to 36 different families who were
evaluated in our center during the 2015-2018 period participated in
this study. Clinical and genetic information was collected and stored
in a secure registry. Their clinical phenotype was evaluated by the
neurologists of our team. Muscle strength was assessed using the
manual Medical Research Council (MRC) scale. The most recent
ophthalmological, cardiological and respiratory examinations carried
out by the corresponding specialists were reviewed, as well as blood
analyses, electrocardiograms, echocardiograms, and functional re-
spiratory and swallowing tests. Functional status and disability were
assessed using the Muscular Impairment Rating Scale (MIRS), the
modified Rankin Scale (mRS), and the Rasch-Built Myotonic
Dystrophy type 1 activity and participation scale (DM1-Activ).

2.3 | DNA extraction and bidirectional triplet-
primed polymerase chain reaction (TP-PCR)

Total genomic DNA was extracted from peripheral blood samples, as
previously described (Miller, Dykes, & Polesky, 1988). To assess the
size and the presence of interruptions in the expanded allele, all DM1
blood DNA samples were analyzed by bidirectional TP-PCR. TP-PCR
was performed with primers DM1for-FAM, DM1-CAG-rev, and P3 at
the 5-end of the CTG expansion, or DM1rev-FAM, DM1-CTG-for,
and P3 at the 3’-end of the CTG expansion, as previously described
by Radvansky, Ficek, Minarik, Palffy, and Kadasi (2011). Both

TP-PCRs (5" and 3’) were performed with 100 ng of genomic DNA,
10x PCR Buffer containing 15 mM of MgCl,, 10 nM of dNTP mixture,
0.5U of TaKaRa DNA polymerase (TaKaRa, Kusatsu, Japan), 3%
dimethyl sulfoxide (DMSO), and 0.2pM of each primer. PCR
amplification conditions were the same for both TP-PCRs: initial
denaturation at 94°C for 5 min, followed by 34 cycles at 94°C for
1 min, 65°C for 1 min, and 72°C for 2 min and a final extension step
at 72°C for 7min. Correct amplification was assessed on a 2%
agarose gel. PCR products were separated on an ABI PRISM 3130
Genetic Analy (Applied Biosystems, Foster City, CA, EEUU) and
data were analyzed with PeakScanner Software v1.0 (Applied
Biosystems).

24 | Acil digestion and Southern blot

We used a digestion with Acil and Southern blot-long PCR strategy to
determine the presence of interruptions of the CCG/CGG type. DNA
(100ng) was amplified using the primers MDY1D-F GCTCGAA
GGGTCCTTGTAGCCG and DM1i-rev. GTGCGTGGAGGATGGAAC.
The conditions of the long PCR were as follows: initial denaturation
at 94°C for 4 min, followed by 35 cycles of denaturation at 94°C for
305 and annealing-extension at 65°C for 7 min. The final extension was
performed at 65°C for 10 min. Fifty microliters of long PCR products
were divided into two parts, one digested with Acil and the other not
digested. An aliquot (10 pl) of each sample was resolved in an agarose
gel and the products were detected by Southern blot hybridization. A
DIG-labeled LNA probe (5'-gcAgCagcAgCagCagcAgea-3', with lower
and upper-case letters representing an unmodified and an LNA
nucleotide, respectively) was used to detect the expansions through
chemiluminescence.

25 | Sequencing

To determine the pattern of the interruptions we first amplified the
DNA using primers GC1_CC, GC1_CCG, P2-rev, and P3, as described
elsewhere (Pedovic et al,, 2017). Products were resolved in a 3%
agarose gel and purified using QIAquick gel extraction kit (Werfen,
Barcelona, Spain). Purified products were sequenced with BigDye™
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). Se-
quences were analyzed with Chromas version 2.6.2. The DMPK gene
reference sequence used was NG_009784.1.

26 |

To estimate the length of the expanded progenitor allele (€PAL), small-
pool PCR (SP-PCR) was carried out using flanking primers DM-C and
DM-DR as previously described (Gomes-Pereira, Bidichandani, &
Monckton, 2004; Monckton, Wong, Ashizawa, & Caskey, 1995). PCR
was performed using Custom PCR Master Mix (Thermo Fisher Scientific,
Waltham, MA, EEUU) supplemented with 69 mM 2-mercaptoethanol,
and Taq polymerase (Sigma-Aldrich, Gillingham, UK) at 1 unit per 10 pl.
All reactions were supplemented with 5% DMSO and the annealing
temperature was 63.5°C. DNA fragments were resolved by

Small pool PCR and Acil digestion
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electrophoresis on a 1% agarose gel, and Southern blot hybridized as
described (Gomes-Pereira et al, 2004; Monckton et al, 1995).
Autoradiographic images were scanned and ePAL estimated from the
lower boundary by comparison against the molecular weight ladder,
using CLIQS 1D gel analysis software (TotalLab, Newcastle upon Tyne,
UK). To analyze again the presence of CCG or CGG variant repeats, an
additional step was added to the SP-PCR protocol. PCR products were
purified using the QIAquick (Qiagen, Venlo, the Netherlands) PCR
purification kit and split into two aliquots, one of which was digested with
Acil. They were then resolved and blotted as before.

3 | RESULTS

3.1 | Clinical phenotypes

Five of 49 DM1 patients (~10%) were found to have interruptions in
the 3'-end of the CTG expansion. They belonged to the same family
(Figure 1). Patient P1, P2, and P3 are sisters who paternally inherited
the disease, and patient P4 is the son of P2 (Figure 1) whereas
patient P5 is the daughter of P3. A summary of their clinical
characteristics is shown in Table 1.

Patient P1 is the oldest of the siblings, and currently the most
severely affected of all five patients. The first symptom she reported
was a weakness at the age of 52. Subsequently, she developed a
generalized weakness, which interfered with her ability to cope with
daily life activities. We studied her when she was 72-year-old and the
most striking feature upon clinical examination was a severe axial
weakness with dropped-head. The patient also presented with mild
weakness in the upper and lower limbs, with only little myotonia.
Another remarkable fact was that she had moderate facial weakness,
but almost no ptosis and no temporal atrophy. She also presented
with bilateral cataracts, dysphagia for liquids and frontal baldness.
She had a heart pacemaker implanted since the age of 71 and used
nocturnal noninvasive mechanical ventilation, and had no cognitive
impairment.

Patient P2: Symptoms started at the age of 50 with mild fatigue
and myotonia. At the moment of inclusion in the study (aged 62), the
clinical examination revealed the only mild weakness of the neck
flexor muscles, with mild handgrip myotonia and minimum ptosis.
Complementary explorations showed a first-degree atrioventricular
block and low values of maximum inspiratory and expiratory
pressure (38% and 22% of normal, respectively), and of both forced
vital capacity (81%) and expiratory volume in 15 (96%). The patient
presented with bilateral cataracts and severe baldness. No limb
weakness, dysphagia or cognitive impairment was found.

Patient P3: The first sign reported was handgrip myotonia in her
fifties. At the moment of examination (age 60) she also had a severe
axial weakness with mild proximal limb weakness and moderate
distal weakness. Like her oldest sister (Patient P1), she had a
moderate facial weakness with no ptosis or temporal atrophy. She
also presented with bilateral cataracts, frontal baldness, and
dysphagia for liquids. Cardiological studies revealed a first-degree
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atrioventricular block. No respiratory or cognitive involvement was
found.

Patient P4: This male patient (aged 35 years) carrying an
interrupted allele was asymptomatic upon clinical examination and
had no detectable myotonia or cardiac alterations.

Patient P5: She was diagnosed at the age of 25 based on the
family history, although clinical manifestation did not start until 2
years later, starting with handgrip myotonia. At the moment of
assessment (age 32) she presented with mild neck flexor and facial
weakness and handgrip and percussion myotonia, without limb
weakness. She has a first-degree atrioventricular block and cataracts,
but no respiratory impairment.

3.2 | Molecular analysis of interruptions

Interrupted alleles were first detected as gaps in the pattern of
contiguous peaks detectable by capillary electrophoresis by 3’ TP-PCR
(Figure 2). Patients P2 and P4 showed a similar interruption pattern,
whereas P1, P3, and P5 showed different interruption patterns (Figure
2). No alterations were found with 5° TP-PCR (Figure 51).

We performed an Acil digestion of PCR products to test for the
presence of CCG or GGC variant repeats in patients P1-P5. In all
these patients, the results showed a downward shift of the smear in
the gel of the digested product compared with the nondigested
product (Figure 3). This indicated that Acil had cleaved the PCR
product and the interruption was likely either a CCG or a GGC
triplet. In addition, since the bidirectional TP-PCR performed in the
entire cohort was limited to the outer regions of the CTG expansion,
we performed an Acil digestion in the entire DM1 cohort to search
for possible undetected CCG or GGC interruptions in the middle

/7
P1 P2 P3
52 yr. S0yr. 50 yr.
319 CTGs 241 CTGs 368 CTGs
P4 P5
27 yr.
222 CTGs 547 CTGs

FIGURE 1 Pedigree of the interrupted patients in our cohort.
CTG, number of repeats in CTG; P1, patient P1; P2, patient P2; P3,
patient P3; P4, patient P4; P5, patient P5. The father of P1, P2, and
P3 died (sudden cardiac death)
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TABLE 1 Clinical characteristics of the interrupted cases

Sex

Age of onset (years)

Age of assessment (years)
Cardiopathy

Respiratory disturbance
Dysphagia

Cognitive impairment
Cataracts

Metabolic disturbance
Myotonia

Polyneuropathy

CK level

Limb weakness

Facial ptosis
Flexor/extensor neck
Axial weakness

Upper limb proximal (MRC)
Upper limb distal (MRC)
Lower limb proximal (MRC)
Lower limb distal (MRC)
6 MWT (m)

MIRS

mRS

DM1-Activ

P1
Female

52

72

Pacemaker

Yes, nocturnal NMV
Liquids

None

Yes

None

Yes

None

Normal

Yes

1 (Dropped head)
Severe
4

4

4

4

250

4

3

23

P2
Female

50

62

1st degree AV-block
Alteration MIP and MEP
No

None

Normal

Mild

37

P3
Female

50

60

1st degree AV-block
None

Liquids

None

Yes
Hypothyroidism
Yes

None

213UL

Yes

2

Severe

23

P4
Male

Asymptomatic
35

None

None

None

None

Normal

None

None

P5
Female

27
32
1st degree AV-block
None
None
None
Yes
None
Yes
None
ND

Mild

None

39

Abbreviations: 6 MWT, six-minute walking test; AV, atrioventricular; CK, creatine kinase; DM1-Activ, Rasch-built myotonic dystrophy type 1 activity and
participation scale; MEP, maximum expiratory pressure; MIP, maximum inspiratory pressure; MIRS, Muscular Impairment Rating Scale; mRS, modified
Rankin Scale; MRC, Medical Research Council; ND, not determined; NMV, noninvasive mechanical ventilation.

Uninterrupted Patient

P3

— )
PL |

P2

FIGURE 2 Peak scan results of triplet-primed polymerase chain reaction (TP-PCR) of the 3'-end, obtained with DNA extracted from blood.
Interruptions indicated by black box. P1, patient P1; P2, patient P2; P3, patient P3; P4, patient P4; P5, patient P5
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region of the CTG expansion. No additional CCG or GGC interrup-
tions were found in our 44 remaining DM1 patients.

Sequencing revealed the presence of several CCG interruptions
in the CTG carrying interrupted alleles
(Figure 4). The pattern of CCG interruptions was identical in the
mother (patient P2) and son (P4), but different between all the other
family members (patients P1, P3, and P5). In P1, we found some
isolated CCG repeats scattered across the expansion. Patients P2
and P4 showed a complex CCG pattern, with one pair of CCGs
together with other isolated CCG repeats. Patient P3 had a few
CCGCTG hexamers, but inside of a more complex pattern including
CCG interruptions in other positions. Patient P5 (the daughter of P3)
showed a pattern similar to that of her mother with respect to the
hexamers, but with some extra CCGs located in different positions,

of our five p

generating three consecutive CCG repeats. During the sequencing
process, we purified different bands from the same patient to assess
the influence of somatic instability in the interruption pattern (Figure
4b). In the different bands analyzed, the same pattern was observed
in each patient.

SP-PCR (Figure 5) provided information on the repeat size of the
ePAL for some of the patients: P1, 319 CTGs; P2, 241 CTGs; P4, 222
CTGs; P5, 547 CTGs. The expansion range due to the instability of
the repeat was also determined: P1, 319-900 CTGs; P2, 241-651
CTGs; P4, 222-332 CTGs; and P5 = 547 to 897 CTGs. For patient P3,
the expanded allele did not amplify well under these conditions, so it
was not possible to determine the ePAL or expansion range. This may
be due to the specific pattern of variant repeats present. However, in
the SP-PCR we could amplify 368 CTGs, which was the only sizing of
the expanded allele that we could make. Additionally, the type of
interruptions was analyzed through Acil digestion in SP-PCR
experiments, which again showed that the interruptions were of
the CCG type (data not shown). By comparing the range of these
bands, we could determine a contraction in the repeat size from
patient P2 to P4 (i.e., from mother to son) but expansion from patient
P3 to P5 (i.e, from mother to daughter). This expansion was also
linked to anticipation, with an early age of onset for P5 when
compared with her mother (P3).

4 | DISCUSSION

The effect of variant repeat patterns on the DM1 clinical phenotype is
still unclear. On one hand, this genetic alteration has been shown to be
associated (albeit in one family only) with a complex co-segregated
neurological phenotype, including an intermediate Charcot-Marie-Tooth
neuropathy, early hearing loss and encephalopathic attacks (Braida et al.,
2010). In contrast, variant repeats have been associated with a milder or
atypical phenotype, including a later age of onset (Cumming et al., 2018;
Musova et al., 2009; PeSovic et al,, 2017), a DM2-like muscle phenotype
(Pe3ovic et al, 2017), as well as with an absence of muscular dystrophy
(Musova et al, 2009) or central nervous system symptoms (Santoro,
Masciullo, Silvestri, Novelli, & Botta, 2017). These reports have led to a
tendency to believe that patients with interrupted alleles have some
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atypical symptoms, but overall a milder phenotype than their age-
matched DM1 noninterrupted peers with a similar repeat length. In this
respect, we had the unique possibility to study a family containing
interrupted cases of whom three were aged above 60 years. In this
regard, although our data were obtained in a small number of patients
within the same family, our results support the occurrence of atypical
DM1 features and late age of onset, but not of a milder phenotype in
ients carrying i ions.

Despite the fact that several of the classical symptoms of DM1
could be found in the three sisters—such as myotonia, cataracts, and
cardiopathy—some peculiarities need to be highlighted. An atypical
trait was the distribution pattern of muscle weakness in two of the
sisters. Indeed, besides the distal limb weakness commonly found in
DM1 patients, these two sisters presented with proximal limb
weakness and severe axial involvement. One of them also had a
dropped-head, which resembled limb-girdle muscle dystrophy and
severely affected her ability to perform activities of daily living.
Another atypical trait of these patients is that they did not have the
typical myopathic face expected in DM1 patients, despite the
presence of moderate facial weakness. Although the interrupted
the pri
atypical symptoms could interfere with (and thus delay) the
diagnosis.

Based on the algorithm published by Morales et al (Morales et al.,
2012), the ePAL of patients P1, P2 and the expanded allele size of P3
should be theoretically associated with an age of onset around 30s
whereas in our patients symptoms did not actually start until they
were in their 50s. In this regard, it should be first noted that it is very
difficult to assess the age of onset in DM1 patients. The definition of
age of onset refers to the age at which an individual starts to develop
one or more clinical features or symptoms of a disease. In actual
clinical practice, this depends on the capacity of the patient to report
such symptoms or to remember the time when they started, and also

ion of

cases showed several classic DM1 sy

M P4 P2 P3 P1 Ps
Acil- Acil+ Acil- Acil+ Acil- Acil+ Acil- Acil+ Acil- Acil+

apa)e
papuedx3

ape
m

FIGURE 3 Southern blot of long polymerase chain reaction (PCR)
products from patients carrying variant repeats. For each patient, we
show two conditions: digestion with (+) and without (-) the enzyme
Acil (recognizing the pattern CCGC). bp, base pairs; M, molecular
weight marker; P1, patient P1; P2, patient P2; P3, patient P3; P4,
patient P4; P5, patient P5; WT, wild type
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M Bl P4

P2P3P1

FIGURE 4

Sequencing the interrupted alleles. (a) Schematic structure of DMPK expanded alleles of the interrupted DM1 family in our study.

CTG repeats are shown in white, CCG repeats in black. Indicated size ranges were estimated by Southern blot analysis. (b) Cutting and purifying
strategy for several bands of polymerase chain reaction product (indicated by arrows), from each interrupted patient, which are affected by
somatic instability. (c) Sequences showing the CCG interruptions are marked by black rectangles. Bl, PCR reaction with no DNA; M, molecular
weight marker; P1, patient P1; P2, patient P2; P3, patient P3; P4, patient P4; P5, patient P5. The DMPK gene reference sequence used was

NG_009784.1

on the ability of the physician to recognize them. Thus, the reported
age of onset can be quite variable, depending on which symptoms are
searched for by the physician and on the patient’s own reports. Our
patients P1-P3 (the three sisters) reported their first symptoms in
their 50s (being myotonia, and difficulty to walk, the first
abnormalities that made them suspect they had a major medical
condition). Patient P4 was a 35-year-old and was still

asymptomatic. In patient P5 (whose first symptom was myotonia, at
the age of 27), we found a bigger size of the expansion and an earlier
age of onset than her progenitor. Although this anticipation in
interrupted families has been previously reported (Pesovi¢ et al,
2017), after reviewing all the published families (Table 2), we assessed
anticipation in every single reported family. In the rest of intergenera-

Based on his ePAL length (222 CTGs), he should show a classic DM1
phenotype (Morales et al, 2012), but no signs could be detected
upon neurological examination. This late onset of symptoms has been
previously reported in interrupted DM1 families and seems to be a
fingerprint for most of the cases (Botta et al., 2017; Cumming et al.,
2018; Musova et al., 2009; PeSovic et al., 2017).
Inﬁ\efalmlymstudled.anhapahonwaobservedmoneofﬁm
two interg: | that we d, since in the other
intergenerational transmission one of the patients (P4) was still

tional reported, and in the case of our patients P2 and P4,
anticipation could not be assessed since patients in the next generation
are still ic The for these is not
apparent, since anticipation is not expected in these families; indeed,
interruptions are thought to be related to a stabilization or even
contraction of the pathological expansion (Braida et al., 2010; Cumming
et al,, 2018; Musova et al., 2009; Pe3ovic et al., 2017; Tomé et al,, 2018).
However, anticipation was found in our studied intergenerational
transmission, with this finding being also reported in other interrupted
DM1 patients based on reported age of onset (Table 2). In our family, no
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1631 CTGs
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31CTGs -
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FIGURE 5 Small pool polymerase chain reaction from patients carrying variant repeats. For each patient, several lines show the normal and
the expanded alleles. CTGs, number of repeats; P1, patient P1; P2, patient P2; P3, patient P3; P4, patient P4; PS5, patient P5; WT allele, wild

type allele

congenital, childhood or juvenile cases of DM1 were observed. Among
the interrupted families reported in the literature (Table 2), at least
three juvenile DM1 cases (age < 18 years) have been described (Braida
et al,, 2010; Pesovi¢ et al., 2017), but no congenital or childhood case.
Thus, the absence of infantile DM1 seems also to be a distinctive trait
for interrupted expansions.

The prevalence of interrupted alleles among our patients was
~10%, and 3% among the studied DM1 families. This is in overall
agreement with previous studies in which the prevalence in families
ranged from 3% to 5% (Botta et al., 2017; Braida et al., 2010; Musova
et al.,, 2009; Pesovic et al., 2017). The type of interruption present in
our cohort was CCG, which is currently the most frequently reported
variant repeat. However, the difficulties we experienced in char-
acterizing the pattern of interruptions in our family members must be
emphasized, with such difficulties mainly due to a technical limitation
of TP-PCR and sequencing, which have a limited ability to detect
interruptions deeper inside the expansion. In addition, characteriza-
tion is affected by the PCR slippage and by somatic mosaicism
(implying more noise in readouts and thus a higher difficulty to
identify the interrupted pattern). Our sequences showed in some
cases double peaks of C and T at the same position, and we decided
to consider only those interruptions where the C peaks were above T
in the electropherograms, which might have resulted in the loss of
CCG interruptions in our patients’ sequences. We sequenced several
amplified bands coming from the same TP-PCR to determine whether
somatic mosaicism was also affecting the pattern of CCG interrup-
tions, but the same patterns were found in all the sequences. Despite
the aforementioned limitations, we determined the interrupted
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pattern in all the studied family members. We observed a substantial
change in the interruption pattern in every transmission, and the
number and position of the CCGs changed in every generation,
except for one intergenerational transmission. Thus, interruption
1. Both situati

have been previously described in interrupted families (Musova et al.,
2009; Pe3ovié et al., 2017; Tomé et al., 2018). Our CCG interruptions
were found in blocks of two or three (in hexamers of CCGCTG that
were repeated two or three times), and also as isolated cases. Due to

patterns can be conserved or vary upon tr

technical limitations, we cannot be certain that other interruptions
are not present deeper in the CTG expansion. TP-PCR and
sequencing allowed us to study the flanking regions of the CTG
expansion, but the middle part remained undetected. We detected
the contraction of the expansion between patients P2 and P4, but
expansion between patients P3 and P5. Previous studies suggest that
CTG expansion containing variant repeat patterns display more
frequently stable, or even contracted, DMPK alleles instead of further
expanded DMPK alleles (Cumming et al., 2018; Musova et al., 2009;
Pesovic et al., 2017; Tomé et al., 2018). However, some studies have
also found the expansion of the interrupted alleles from one
generation to the other (Braida et al., 2010; Cumming et al., 2018;
Pesovic et al., 2017). Perhaps these expansions are less frequent than
in pure CTG expansions transmission, but they do occur. Therefore,
caution is needed with genetic counseling with regard to prospective
parents with DM1.

Our study contributes to the observation that DM1 patients
carrying interruptions may have atypical symptoms that can make the
diagnosis of DM1 difficult, with a later age of onset and a previously
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unreported aging-related severe disease manifestation. Indeed, some of
our older patients needed mechanical ventilation and a pacemaker, and
besides their cardiorespiratory problems, they had muscle weakness
with subsequent impairment in daily life activities and walking ability.
Despite the small sample size of our study sample, our results challenge
the notion that interrupted patients who remain asymptomatic until

LoQus23, BridgeBio, Small Molecule RNA and Lion Therapeutics and
he also had a research contract with AMO Pharma. The remaining co-
authors declare no conflicts of interest.

ORCID

Alfrncina Ralls

their late 30s or 40s are not at risk for having a severe phenotype later
in life. Indeed, our patients developed a classical DM1 phenotype after
their 50s. These patients require clinical follow-up and genetic
counseling similar to noninterrupted DM1 patients. In the family we
studied, we found some characteristics that add to the current body of
knowledge regarding interrupted families: a later age of onset, variation
of CCG repeat pattern between intergenerational transmission,
anticipation due to the earlier age of onset of symptoms in next
generation and no cases of congenital or childhood onset of DM1. In
addition, we have found other previously undescribed characteristics,
such as a predominant axial weakness. However, the small number of
interrupted patients present in the DM1 population makes it hard to
perform genotype-phenotype correlations and there is still much
uncertainty. Studies with larger DM1 cohorts, preferably with DM1
families, are needed to unravel the phenotypic consequences of variant
repeat patterns and to study their effect on intergenerational
transmissions of the DMPK expanded allele.
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SUMMARY OF THE RESULTS

To study the influence of DM1-AS transcription and RAN translation on DM1
pathology, we used three primary cell cultures, namely myoblasts, skin fibroblasts and
lymphoblastoids from ten DM1 patients in total. The studied DM1 cohort consisted of eight
females and two males with an age of onset ranging from 15 to 50 years. All patients
presented with clinical myotonia, but mild muscle impairment was only observed in two
patients. The muscular impairment rating scale revealed minimal signs of muscular
impairment in three of the patients, while five patients showed distal weakness and two
patients had mild-moderate proximal weakness. Cardiac problems occurred in all patients,
except P3 and P10. Five patients needed nocturnal mechanical ventilation, whereas three
patients only showed mild changes in the respiratory function test. The average repeat size
in blood was 387 CTGs (range 130-619 CTGs).

The RAN-translated polyGIn has been described to originate from the antisense
strand of the DMPK gene. We therefore decided to first validate the presence of DM1-AS
transcripts in our three patient-derived primary cell culture by using three DM1-AS specific
primer combinations for reverse transcription PCR (LK1/anti-1B, LK1/anti-N3, LK2/anti-N3),
normalized by three different housekeeping genes (GAPDH, B2-MG and PSMC4) and validated
by Sanger sequencing. Overall, a lower expression was found in DM1 patients compared to
controls with all three primer combinations, which reached significance for LK2/anti-N3 and
LK1/anti-1B in myoblasts and LK1/anti-N3 and LK1/anti-1B in lymphoblastoids. Of note, the
LK1/anti-N3 combination includes the CTG expansion, but seems to favor the wild-type allele,
as for the DM1 patients only one patient showed an extra band, which could be the expanded

allele, based on the 130 CTG repeat this patient carried.

For RAN translation to occur, DM1-AS transcripts need to be able to reach the
cytoplasm. Subcellular fractionation of the DM1 cells revealed that, in both patients and
controls, the DM1-AS transcripts of two different regions were present in the cytoplasm. In
addition, we performed fluorescence in situ hybridization using a Cy3-labeled (CTG)10 probe
to detect antisense RNA foci and a Cy3-labeled (CAG)10 to detect sense RNA foci in DM1 cells.
We showed the presence of antisense and sense RNA foci in all DM1 cells, with less abundancy
of antisense foci compared to sense foci. Notably, for myoblasts and skin fibroblasts, these
antisense RNA foci were also present in the cytoplasm (12.5% of myoblasts and 8.75% of
skin fibroblasts). As expected, no sense or antisense RNA foci were found in controls.
Importantly, antisense RNA foci were detected in cytoplasm, indicating that RAN translation

is theoretically possible.

To study the presence of RAN translation we used three different antibodies for
protein blots and immunofluorescence, two antibodies detect polyGIn and are commercially
available (1C2 and #1874), and one custom antibody, a-DM1, directed against the C-

terminus of a predicted glutamine frame of DM1 in the CAG direction. Positive and negative
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controls were included to ensure the commercial antibodies were able to recognize longer
stretches of polyGIn. Protein blots with 1C2 and #1874 showed a 42 kD protein in both
controls and patients in all primary cell cultures, which was also present in both our negative
and positive controls. This protein was later identified as the TATA-box binding protein (TBP).
Lymphoblastoid primary cell cultures showed polyGIn containing proteins in the upper regions,
which were not visible in the controls. However, these proteins were not recognized by the
a-DM1 antibody, which showed several bands in the 37 to 75 kD region in both patients and
controls, and these higher located polyGIn-containing proteins could therefore not be

validated as a polyGIn RAN protein.

Although the protein blots did not reveal the polyGin RAN-translated protein, we
opted to use a second approach to validate our findings, using immunofluorescence. No
differences were observed between patients and controls in all three primary cell cultures. A
wide range of concentrations from 1:200 to 1:20,000 was used, but did not alter the original
findings. Both anti-polyGIn antibodies, 1C2 and #1874, showed infrequent staining of the
nucleus and an intense aggregate around the nucleus in myoblasts and skin fibroblasts in all
cells of both patients and controls. a-DM1 displayed a more intense staining around the
nucleus, roughly at the same place as the aggregates found with 1C2 and #1874, illustrated

by double staining.

Due to the unexpected result of finding a positive staining in both DM1 patients and
controls, we decided to further study the origin of this positive staining. A double
immunostaining with TGN-38, a marker for the Golgi apparatus, showed an exact match to

the structure we found with the 1C2 antibody in DM1 cells.

Taken together, DM1 patients had lower levels of DM1-AS transcripts compared to
controls, which presented as a heterogeneous pool with and without the inclusion of the
expanded repeat. RAN translation was not present in patient-derived DM1 cells, or in such

low quantities that current techniques are unable to detect its presence.
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Abstract: Myotonic Dystrophy type 1 (DM1) is a muscular dystrophy with a multi-systemic nature. It
was one of the first diseases in which repeat associated non-ATG (RAN) translation was described in
2011, but has not been further explored since. In order to enhance our knowledge of RAN translation
in DM1, we decided to study the presence of DM1 antisense (DM1-AS) transcripts (the origin of the
polyglutamine (polyGlIn) RAN protein) using RT-PCR and FISH, and that of RAN translation via
immunoblotting and immunofluorescence in distinct DM1 primary cell cultures, e.g., myoblasts, skin
fibroblasts and lymphoblastoids, from ten patients. DM1-AS transcripts were found in all DM1 cells,
with a lower expression in patients compared to controls. Antisense RNA foci were found in the
nuclei and cytoplasm of a subset of DM1 cells. The polyGln RAN protein was undetectable in all
three cell types with both approaches. Immunoblots revealed a 42 kD polyGln containing protein,
which was most likely the TATA-box-binding protein. Immunofluorescence revealed a cytoplasmic
aggregate, which co-localized with the Golgi apparatus. Taken together, DM1-AS transcript levels
were lower in patients compared to controls and a small portion of the transcripts included the
expanded repeat. However, RAN translation was not present in patient-derived DM1 cells, or was in
undetectable quantities for the available methods.

Keywords: RAN translation; antisense transcription; myotonic dystrophies; primary cell cultures;
phenotypic modulators

1. Introduction

Myotonic Dystrophy type 1 (DM1) is an autosomal dominant inherited muscular
dystrophy with a multi-systemic nature. Patients display a wide variety of symptoms,
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including muscle weakness, myotonia, respiratory failure, cardiac conduction defects,
cataracts, and endocrine disturbances. In addition, the age of onset varies greatly, from
birth up to >70 years. The cause of the variability in clinical manifestation is poorly under-
stood. DM1 is viewed as an RNA gain of function disorder, wherein a CTG expansion in
the 3’ untranslated region of the myotonic dystrophy protein kinase (DMPK) gene causes
the accumulation of expanded transcripts as intranuclear RNA foci, which sequester a
number of splicing factors, resulting in loss of function and downstream deregulation of
the alternative splicing of several genes [1]. In recent years, the view of DMI1 as solely an
RNA gain-of-function disorder has changed. Several new discoveries, such as antisense
transcription and repeat associated non-ATG (RAN) translation, have added to the com-
plexity of this disease. DM1 antisense (DM1-AS) transcription was first described by Cho
and collaborators in 2005 [2]. They reported an antisense transcript, emanating from the
adjacent SIX5 regulatory region, which was converted into 21 nt siRNAs. These siRNAs
were proposed to have a regulatory role in heterochromatin formation. Huguet and collab-
orators, however, showed that DM1-AS transcription extends across the CAG repeat, as
they could detect DM1-AS RNA after the repeat in the 3 region of DMI tissue and they
also showed the presence of antisense RNA foci, which did not co-localize with sense RNA
foci, in adult mouse models [3]. Similar results were found by Michel and collaborators in
human fetal samples [4]. The inclusion of the expanded repeat was confirmed by Gudde
and collaborators in 2017, although they found DM1-AS transcripts to be low in abundance
and with varying lengths, both including and excluding the CAG repeat [5]. In addition,
the DM1-AS strand was found by Zu and collaborators to give rise to RAN-translated
polyglutamine stretches [6]. RAN translation is a typical phenomenon seen in repeat
expansion disorders, in which peptides are produced from all frames without ATG start
codon recognition. Zu and collaborators discovered a novel polyglutamine (polyGln) RAN
protein expressed from the antisense CAG expansion transcript of the DMPK gene [6].
Nuclear polyGIn RAN protein aggregates were found at a low frequency in a DM1 patient’s
myoblasts and skeletal muscle (1 = 1) and at a higher frequency in leukocytes from periph-
eral blood (1 = 1) [6]. The nuclear aggregates co-localized with caspase-8, an early indicator
of polyGln-induced apoptosis. This suggests that RAN proteins may be an additional
mechanism of cytotoxicity in DM1 cells.

Since its first discovery in 2011 by Zu and collaborators, RAN translation has been
extensively studied in multiple expansion disorders and great advances have been made [7].
However, the contribution of RAN translation to DM1 pathology has not been further
studied since its first report in 2011. Much remains unknown regarding the presence of
RAN translation and its mechanism in DM1. Is it equally present across patients, and is its
distribution across tissues similar? To what extent does it contribute to the pathology of the
disease? In order to further enhance our knowledge of RAN translation in DM1, we decided
to study the presence of RAN translation in DM1 primary cell cultures—myoblasts, skin
fibroblasts and lymphoblastoids—derived from ten DM1 patients, with a heterogeneous
display of subtypes. The RAN-translated polyGIn has been described to originate from
the antisense strand of the DMPK gene. We therefore validated the presence of DM1-AS
transcription in our three patient-derived cellular models and lower expression levels
were found in patients compared to controls. Additionally, we found that the DM1-AS
transcripts were found in both the nucleus and the cytoplasm, of which at least a portion
contained the expanded repeat, as shown by the presence of antisense RNA foci in patients.
However, the polyGln RAN protein was not present in patient-derived DM1 cells, or
was present in such low quantities that it was below the detection limit of the currently
available techniques.

2. Materials and Methods
2.1. Samples

This study was approved by the Ethics Committee of the University Hospital Ger-
mans Trias i Pujol and was performed in accordance with the Declaration of Helsinki for
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Human Research. Written informed consent was obtained from all participants. The study
included ten patients with DM1 and thirteen controls with no previous family history of
neuromuscular disorders (recruited from the traumatology department, in whom surgery
was needed). DM1 diagnosis was confirmed or discarded via triplet-primed PCR in all
the study participants. Clinical information of DM1 patients was obtained from medical
records and updated at the last visit. We obtained three different samples from eight
patients and eleven controls: blood, muscle biopsy, and skin biopsy. The other two patients
and two controls only provided a blood sample. All samples were simultaneously obtained
from patients with confirmed juvenile, adult or late-onset DM1. The muscle biopsy was
obtained from biceps brachii (1 = 7) or vastus lateralis (1 = 1) of DM1 patients and from
intrinsic forearm or hand muscles of eleven non-DM1 patients. Skin biopsy was obtained
with a 0.5 cm skin punch.

2.2. Small Pool PCR for Sizing the CTG Repeat

Total genomic DNA was extracted from peripheral blood samples, as previously
described [8]. To estimate the length of the expanded mode allele, small-pool PCR (SP-PCR)
was carried out with small amounts of input DNA (300 pg), using flanking primers DM-C
and DM-DR, as previously described [9,10]. PCR was performed using a Custom PCR
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 69 mM
2-mercaptoethanol, and Taq polymerase (Sigma-Aldrich, Gillingham, UK) at 1 unit per
10 uL. All reactions were supplemented with 5% DMSO and the annealing temperature
was 63.5 °C. DNA fragments were resolved by electrophoresis on a 1% agarose gel, and
Southern blot hybridized as described in references [9,10]. Autoradiographic images were
scanned and the CTG size of the mode was estimated through comparison against the
molecular weight ladder using GelAnalyzer 19.1 software (www.gelanalyzer.com, by Istvan
Lazar Jr. and Istvan Lazar Sr.).

2.3. Cell Culture

Myoblasts were isolated from the biopsied tissue by CD56 magnetic separation. My-
oblasts were grown until 60-70% confluency on 0.1% gelatin-coated coverslips in six-well
tissue-culture plates in a proliferation medium containing DMEM supplemented with
10% FBS, 22% M-199, 1x PSE, insulin 1.74 uM, L-glutamine 2 mM, FGF 1.39 nM and EGF
0.135 mM. Skin fibroblasts were isolated from biopsied tissue using the explant method.
Skin fibroblasts were grown until 70% confluency on 0.5% poly-D-lysin coated coverslips in
a six-well tissue culture plate in a proliferation medium containing DMEM, supplemented
with 10% FBS and 1x PSF. Peripheral blood mononuclear cells were isolated from blood
collected in heparin tubes according to the Ficoll gradient and immortalized using Epstein—
Barr virus. Lymphoblastoids were grown until 70% confluency on 0.1% poly-D-lysin coated
coverslips in a six-well tissue culture plate in a proliferation medium containing RPMI,
supplemented with 10% FBS, 1x PSF and 2 mM L-glutamine. HEK293 cells were cultured
until 80% confluency on 0.5% poly-D-lysin coated coverslips in a six-well tissue culture
plate in MEM, supplemented with 5% horse serum, 5% FBS, 1% Glutamine and 1% PSF. In
addition to the coverslips, cell pellets from each of the cell types were extracted and stored
for later use in RNA and protein studies.

2.4. cDNA Construct Huntingtin and HEK293 Transfection

The Q17 vector was generously provided to us by R.P.V.-M.. In short, the construct
is part of the cDNA of human huntingtin (585 amino acids), containing 17 CAGs, and
was cloned into a pcDNA3.1-Gateway. The human huntingtin with the 17 CAGs was in
frame with mCherry, a fluorescent. DNA transfections were performed when HEK293
cells reached 80% confluency using Lipofectamine 2000 reagent (Thermo Fisher Scientific,
Waltham, MA, USA), according to the manufacturer’s instructions. DNA:lipofectamine
ratio was 1:2 and incubation lasted 48 h.
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2.5. RNA Isolation and Subcellular Fractionation

Total RNA from cultured myoblast, skin fibroblast and lymphoblastoid cell lines was
isolated using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) or the RNeasy
plus mini kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions.
Total RNA from a healthy human heart was used as a positive control in all RT-PCR
analyses (AM7966, Thermo Fisher Scientific, Waltham, MA, USA).

For RNA isolation from the subcellular fractions, skin fibroblasts were grown to
80% confluency, collected through trypsinization and pelleted through centrifugation at
2000 rpm for 5 min at 4 °C. Cell pellets were washed twice with ice-cold PBS. Cells were
resuspended in ice-cold cell disruption buffer (10 mM KCl, 1.5 mM MgCl,, 20 mM Tris-Cl
(pH 7.5), 1 mM DTT) and incubated on ice for 10 min [11]. Samples were homogenized
using a tissue disruptor for 30 s and then Triton X-100 was added to a final concentration of
0.1%. The lysate was centrifuged at 2000 rpm for 5 min at 4 °C, after which the supernatant
(cytoplasmic fraction) was removed. Both cytoplasmic and nuclear fraction underwent
RNA isolation by the RNeasy plus mini kit (Qiagen, Hilden, Germany), according to the
manufacturer’s instructions.

2.6. RT-PCR Analysis for DM1-AS Transcript Detection

For detection of the DM1-AS transcripts, a similar strategy to Zu et al. was followed [6],
with some minor changes. In brief, an equivalent of 1 pg total RNA was subjected to cDNA
synthesis using SuperScript IV reverse transcriptase (Thermo Fisher Scientific, Waltham,
MA, USA) at 55 °C, using random hexamers (50 uM, N8080127, Thermo Fisher Scientific,
Waltham, MA, USA). The subsequent PCR was carried out using DM1-AS specific primers
LK1, together with anti-N3 or anti-1B, and LK2, together with anti-N3 (Figure 1A; primer
details and PCR conditions can be found in Table S1). Both LK1 and LK2 contained a
linker sequence, for which a specific primer was created and used in some of the PCR
reactions. For endogenous controls GAPDH, p2-microglobulin (2-MG) and PSMC4 a
similar approach was followed (primer details and PCR condition found in Table S1).

To analyze nuclear and cytoplasmic RNA fractions, 150 ng RNA was used for the
RT reaction for both fractions. RNA was reverse transcribed using SuperScript IV reverse
transcriptase (Thermo Fisher Scientific, Waltham, MA, USA) at 55 °C, using random
hexamers (50 pM, N8080127, Thermo Fisher Scientific, Waltham, MA, USA). For RT-PCR
analyses, the same approach was used as described above with primer combinations
LK1/anti-N3 and LK2/anti-N3. As a nuclear marker, pre-mRNA DMPK was used and
GAPDH as an endogenous control (primers and PCR conditions in Table 51).
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Figure 1. DM1 antisense (DM1-AS) transcripts in DM1 cells. (A) Schematic diagram indicating the location of the primers
used for the DM1-AS amplification. Both DM1-AS specific primers (LK1 and LK2) have a linker sequence attached, indicated
by the tail. Either a linker primer or the strand-specific primers were used for the RT-PCR reactions. A total of three
primer combinations were used, LK1 with primers anti-1B/anti-N3 and LK2 with primer anti-N3. (B) Positive and negative
controls from the RT-PCR reactions; C- = no DNA in the RT-reaction; C+ = control heart RNA as input, the tissue used in
the original paper. (C) Strand-specific RT-PCRs of the DM1-AS with the DM1-AS specific primers LK2 and anti-N3 in all
three primary cell cultures. GAPDH, 2-MG and PSMC4 were used as an endogenous controls. (D) Expression of DM1-AS
determined by measuring intensity with Image], normalized against the mean of the endogenous controls for all three
primer combinations in all three primary cell cultures. Gels of the other two primer combinations can be found in Figure S1.
Error bars indicate standard deviations. * = p-value below 0.05. Abbreviations: M = marker; C = control; P = DM1 patient;
M = myoblasts; SF = skin fibroblasts; L = lymphoblastoids.
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2.7. Immunoblotting

The cell pellets collected from the cell cultures were lysed in a RIPA buffer, supple-
mented with a cOmplete™ Protease Inhibitor Cocktail (Roche, Basel, Switzerland) and
homogenized with a tissue disruptor. After centrifugation, the supernatant was collected
and the protein concentration determined with a DC™ Protein Assay Kit II (Bio-Rad Lab-
oratories, Hercules, CA, USA). 20-70 ug of protein was separated on a 3-8% gradient
Tris-Acetate gel or an 8% acrylamide gel. Gel proteins were transferred by the iBlot2 system
(Thermo Fisher Scientific, Waltham, MA, USA) for Tris-Acetate gels to a nitrocellulose mem-
brane and by wet transfer to a PVDF membrane for the acrylamide gels (Merck, Darmstadt,
Germany). Membranes were blocked for one hour in Intercept (TBS) blocking buffer (LI-
COR, Lincoln, NE, USA). Immunoblotting was performed with x-DM1 antibody (1:1000,
kindly provided by Laura Ranum), 1C2 (clone 5TF1-1C2, 1:250-1:1000, Merck, Darmstadt,
Germany), #1874 (clone 3B5H10, Merck, Darmstadt, Germany, 1:1000), TATA-box-binding
protein (TBP) (1:250-1:1000, Abcam, Cambridge, UK) or «-tubulin (1:5000, Merck, Darm-
stadt, Germany) overnight at 4 °C. Appropriate secondary antibodies, anti-rabbit 1:8000
conjugated with IRDye 680RD and anti-mouse 1:8000 conjugated with IRDye 800CW or
IRDye 680RD (Thermo Fisher Scientific, Waltham, MA, USA), were used. Band pattern was
revealed with an Odyssey Imager (LI-QOR, Lincoln, NE, USA). For favoring the detection
of bigger proteins, one of the membranes was stripped with a mild stripping buffer (20 mM
glycine, 3 mM SDS, 0.1% Tween 20 in deionized water, with a pH of 2.2), after which the
membrane was cut below the 50kD marker and re-blocked and probed with #1874.

2.8. Fluorescence In Situ Hybridization (FISH) and Immunofluorescence

Myoblasts, skin fibroblasts and lymphoblastoids grown on coverslips were fixed in
4% paraformaldehyde for 30 min and permeabilized with 0.3% Triton X-100 at 4 °C for
5 min (0.1% Triton X-100 for lymphoblastoids).

For the FISH, coverslips were incubated with 30% formamide in 2x SSC buffer for
30 min at room temperature, followed by an overnight incubation at 37 °C in darkness
with a hybridization buffer, containing 0.01 uM Cy3-labelled (CAG);g or (CTG);( probe,
30% formamide, 1% dextran sulfate, 0.02% BSA and 2 mM vanadyl in 2x SSC buffer. The
following day, the coverslips were washed with 30% formamide in 2x SSC buffer at 45 °C,
1x SSC buffer at 37 °C and 1x PBS at room temperature, and mounted with ProLong Gold
Anti-Fade Mountant with DAPI (Thermo Fisher Scientific, Waltham, MA, USA).

For immunofluorescence, three approaches were followed: a simple immunofluo-
rescence for the detection of RAN-translated polyglutamine protein in all three primary
cell cultures, a single-step double immunofluorescence to compare one of the commercial
antibodies with the custom antibody used and a two-step double immunofluorescence to
assess the co-localization of the found protein with the Golgi apparatus.

For the simple immunofluorescence, coverslips with myoblasts, skin fibroblasts or
lymphoblastoids were blocked for 1 h in 5% filtered NGS and incubated overnight at 4 °C
with either a-DM1 (1:200, kindly provided by Laura Ranum), 1C2 (Merck, Darmstadt,
Germany, ref MAB1574, 1:1000) or #1874 (Merck, Darmstadt, Germany, ref P1874, 1:1000).
Next, cells were washed and incubated with goat anti-rabbit conjugated with alexa fluor 488
(Thermo Fisher Scientific, Waltham, MA, USA) for a-DM1 and goat anti-mouse conjugated
with alexa fluor 488 (Thermo Fisher Scientific, Waltham, MA, USA) for 1C2 and #1874
for 1 h at room temperature, in darkness. After another round of washes in 1x PBS
supplemented with 0.025% Tween-20, coverslips were mounted with ProLong Gold or
Diamond Anti-Fade Mountant with DAPI (Thermo Fisher Scientific, Waltham, MA, USA).

For the single-step double immunofluorescence, coverslips were blocked for 1 h in
5% filtered NGS and incubated overnight at 4 °C with two antibodies in the same mix,
a-DMI1 (1:500 for myoblasts and skin fibroblasts and 1:5000 for lymphoblastoids, kindly
provided by Laura Ranum) and 1C2 (1:500, Merck, Darmstadt, Germany). Next, cells
were washed and incubated with goat anti-rabbit conjugated with alexa fluor 488 (Thermo
Fisher Scientific, Waltham, MA, USA) and goat anti-mouse conjugated with alexa fluor 594
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(Thermo Fisher Scientific, Waltham, MA, USA). After another round of washes in 1x PBS,
coverslips were mounted with ProLong Gold Anti-Fade Mountant with DAPI (Thermo
Fisher Scientific, Waltham, MA, USA).

For the two-step immunofluorescence, coverslips, containing either skin fibroblasts
or myoblasts, were blocked for 30 min with the horse blocking solution, containing 5%
normal horse serum, 10% normal human serum and 0.02% bovine serum albumin in
1x TBS. Subsequently, the coverslips were incubated overnight at 4 °C with 1C2 (1:200,
Merck, Darmstadt, Germany). The following day, the cells were washed three times
for 5 min with 1x TBS and incubated at room temperature for 1 h with biotin-labeled
horse anti-mouse (1:2000, Thermo Fisher Scientific, Waltham, MA, USA). After another
round of washes, the cells were incubated at room temperature for 1 h with streptavidin
conjugated with alexa fluor 594 (1:2000, Thermo Fisher Scientific, Waltham, MA, USA).
Next, the cells were washed and blocked with the goat blocking solution, containing 5%
normal goat serum, 10% normal human serum, 10% Goat anti-horse IgG (Thermo Fisher
Scientific, Waltham, MA, USA) and 0.02% bovine serum albumin in 1x TBS. Subsequently,
the coverslips were incubated overnight at 4 °C with TGN-38 (1:200, Merck, Darmstadt,
Germany). The following day, the cells were washed three times for 5 min with 1x TBS and
incubated at room temperature for 1 h with goat anti-mouse conjugated with alexa fluor
488 (1:500, Thermo Fisher Scientific, Waltham, MA, USA). After another round of washes,
the cells were mounted with ProLong Gold Anti-Fade Mountant with DAPI (Thermo Fisher
Scientific, Waltham, MA, USA).

2.9. Image and Statistical Analysis

To assess DM1-AS expression and protein quantity, intensity measurements were
taken using Image] software, and normalized against the endogenous controls. Differences
in transcript expression were calculated using the Mann-Whitney’s non-parametric U test
with Graphpad Prism 9.1.2 software; significance level was set at 0.05.

3. Results
3.1. The DM1 Clinical Phenotype of the Studied Cohort

Our study population consisted of ten DM1 patients, of which the clinical characteris-
tics have been, in part, described previously (Table 1, [12,13]). Eight out of ten DM1 patients
provided skin and muscle biopsies, whereas from the other two only lymphoblastoid cell
lines were available. The studied DM1 cohort consisted of eight females and two males
with an age of onset ranging from 15 to 50 years. Seven individuals were unrelated and
three were sisters (P3, P4 and P8). All patients presented with clinical myotonia, but mild
muscle impairment was only observed in two patients, reflected by a Biceps MRC of four.
Performance in the six-min walking distance test averaged 377 m (range 251-519 m). The
muscular impairment rating scale (MIRS) revealed minimal signs of muscular impairment
in three of the patients, while five patients showed distal weakness and two patients had
mild-moderate proximal weakness. Cardiac problems occurred in all patients, except P3
and P10. Six DM1 patients showed minor ECG alterations, one (P2) a structural cardiopa-
thy (valvulopathy) and P5 had a pacemaker. Five patients needed nocturnal mechanical
ventilation, whereas three patients only showed mild changes in the respiratory function
test and two patients (P7 and P10) showed no altered respiration. The majority of patients
were independent in daily life activities (score of 0-2 on the modified Rankin (mRS) scale),
and two patients (P5 and P9) had a moderate to moderately severe disability (scores of 3
and 4, respectively). The average repeat size in blood was 387 CTGs (range 130-619 CTGs)
and one patient presented with CCG variant repeats (P7, previously reported [14]).
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3.2. Lower Expression of DM1-AS Transcripts Found in DM1 Patients Compared to Controls

The RAN-translated polyGln has been described to originate from the antisense strand
of the DMPK gene. We therefore decided to first validate the presence of DM1-AS tran-
scripts in our three patient-derived primary cell cultures (myoblasts, skin fibroblasts and
lymphoblastoids) by using three DM1-AS specific primer combinations, previously de-
scribed ([6], Figure 1A). The original set-up published by Cho and collaborators and used
in the original paper on DM1 RAN translation consisted of using DM1-AS specific primers
with a linker sequence attached for strand-specific priming, and a primer complementary
to that linker sequence for the subsequent PCRs [2]. However, in our cohort, this setup
resulted in an inability to find the DM1-AS transcripts, including our positive control
consisting of RNA of a heart control (data not shown), the tissue of origin used in the
original paper [6]. When using the DM1-AS specific primers for the subsequent PCRs
instead of the linker primer, we detected extreme variability in both DM1-AS transcripts
and endogenous controls. We therefore opted for the use of random hexamers for cONA
synthesis and the use of the DM1-AS specific primers for the subsequent PCR. This allowed
us to show DM1-AS transcription in all patients and controls with all three primer com-
binations and with a homogenous housekeeping gene distribution (Figures 1B,C and S1).
PCR products were validated by Sanger sequencing. Overall, a lower expression was
found in DM1 patients compared to controls with all three primer combinations, which
reached significance for LK2/anti-N3 and LK1/anti-1B in myoblasts and LK1 /anti-N3
and LK1/anti-1B in lymphoblastoids (Figure 1D). Expression was normalized against each
housekeeping gene individually and against the mean of the three endogenous controls.
Similar results were obtained with each approach, and the latter was used for the normal-
ization shown in Figure 1. Of note, the LK1/anti-N3 combination, which included the CTG
expansion, showed two distinct bands in some of the controls, indicating heterogeneity in
their wild-type alleles (Figure S1). This primer combination seemed to favor the wild-type
allele, as for the DM1 patients only one patient showed an extra band, which could be the
expanded allele, based on the 130 CTG repeat this patient carried (Figure S1A,B).

3.3. DM1-AS Transcripts Are Present in the Cytoplasm of DM1 Cells

The results shown above indicate the presence of the DM1-AS transcript in both
patients and controls, but for RAN translation to occur, these transcripts need to be able
to reach the cytoplasm. To study this, we decided on a dual approach. The first approach
was subcellular fractionation of the DM1 cells prior to RNA isolation. We verified the
absence of nuclear pre-mRNA DMPK in the cytoplasmic fraction to ensure that no nuclear
contamination could alter our results. RT-PCRs revealed that, in both patients and controls,
the DM1-AS transcripts of two different regions were present in the cytoplasm (Figure 2A).
The signal was higher in the nucleus compared to the cytoplasm, and this was slightly
more apparent in patients (Figure 2B). In addition, we performed FISH using a Cy3-labeled
(CTG)yp probe to detect antisense RNA foci and a Cy3-labeled (CAG)jy to detect sense RNA
foci in DM1 cells. We showed the presence of antisense and sense RNA foci in all DM1
cells (Figures 2C and S2A). Notably, for myoblasts and skin fibroblasts, these antisense
RNA foci were also present in the cytoplasm (12.5% of myoblasts and 8.75% of skin fibrob-
lasts). However, this percentage was highly dependent on the patient, as some patients
showed only 5% of cells with cytoplasmic antisense RNA foci, whereas others showed 30%
(Tables S3 and S5). This variability could not be correlated to, for example, the CTG repeat
size. As expected, no sense or antisense RNA foci were found in controls (Figure S2B).
Overall, the presence of antisense RNA foci was shown in DM1 cells, although they were
less abundant compared to sense RNA foci (Tables S3-57). Importantly, antisense RNA
foci were detected in cytoplasm, indicating that RAN translation is theoretically possible.
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Figure 2. DM1-AS presence in the cytoplasm. (A) DM1-AS specific RT-PCR for subcellular fractionated skin fibroblasts
with two primer combinations, LK2/anti-N3 and LK1/anti-N3. (B) Quantification of DM1-AS signals; bars represent
mean +SD. (C) Presence of antisense RNA foci in all three cell types of DM1 patients. Cy3-labeled (CTG);o probe (RED)
showing antisense RNA foci; nuclei indicated by DAPI (blue) and white arrows indicate cytoplasmic antisense RNA foci.
Abbreviations: C = control; P = DM1 patient; n = nuclear; ¢ = cytoplasmic; DMPKex2-in 2 = pre-mRNA DMPK as a nuclear
marker; GAPDH = endogenous control; M = myoblasts; SF = skin fibroblasts; L = lymphoblastoids.
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3.4. RAN Protein Was Undetectable in All Three Primary Cell Cultures

After validation that the origin of the RAN-translated polyGIn was detectable in our
primary cell cultures, we moved on to detection of the protein itself. For this, we used three
different antibodies, of which two detect polyGIn and are commercially available (1C2 and
#1874), and one custom antibody, a-DM1, directed against the C-terminus of a predicted
glutamine frame of DM1 in the CAG direction (generously provided by Laura Ranum). To
make sure our commercial antibodies were able to recognize longer stretches of polyGln,
we added two positive controls to our experiments: firstly a huntingtin vector containing
17 glutamines (Q17), in frame with mCherry, transfected into HEK293 cells, with an
expected size of approximately 85 kD and secondly a Huntington's patient lymphoblastoid
cell line (Huntingtin expected size: 340-350 kD). The commercially available anti-polyGIn
antibody #1874 was able to detect the polyGln-containing proteins in the two positive
controls, and 1C2 was able to detect the Q17 vector as well (Figure S3A,B), indicating
that our approach was able to show polyGIn-containing proteins as large as 350 kD.
In addition, HEK293 untransfected cells were added as a negative control and only showed
a 42 kD protein (Figures 3A and S3B). Protein blots with 1C2 and #1874 in most cases
showed a 42 kD protein in both controls and patients in all primary cell cultures, which
was also present in both our negative and positive controls (Figures 3A and S3B). This
protein was later identified as the TATA-box binding protein (TBP) (Figure 3B). Cutting the
membrane above the 42 kD band to favor binding to other proteins did not alter our results
(Figure S3C). a-DM1 revealed several different sizes of proteins in all three cell types,
ranging from 26 kD to 150 kD, but these were visible in both patients and controls and with
no significant differences in intensity (Figure S3D). In addition, the striking observation
here was the different size of the polyGln-containing protein that both antibodies bound.
Although small, the double staining method clearly showed a different band and the
antibodies therefore did not bind the same protein (Figure S3E). The only cellular model to
show a band that might correspond to the RAN protein were the lymphoblastoid cell lines,
as four out of six patients showed polyGIn containing proteins in the upper regions, which
were not visible in the controls (Figure 3C). However, these proteins were not recognized
by the a-DM1 antibody, which showed several bands in the 37 to 75 kD region in both
patients and controls (Figure 3D), and these higher located polyGln-containing proteins
could therefore not be validated as a polyGln RAN protein.

Although the protein blots did not reveal the polyGln RAN-translated protein, we
opted to use a second approach to validate our findings, using immunocytochemistry.
By use of the Q17-transfected HEK293 cells we validated the use of our commercial anti-
polyGIn antibodies in immunocytochemistry (Figure S3F). No differences were observed
between patients and controls in all three primary cell cultures (Figure 4). A wide range of
concentrations from 1:200 to 1:20,000 was used, but did not alter the original findings (data
not shown). Both anti-polyGln antibodies, 1C2 and #1874, showed infrequent staining of
the nucleus and an intense aggregate around the nucleus in myoblasts and skin fibroblasts
in all cells of both patients and controls (Figures 4A,B, S4 and S5). In lymphoblastoids,
due to the limited amount of cytoplasm, it did not show as an aggregate, but rather as an
overall intense staining (Figures 4C, S4 and S5). This staining was present in approximately
half of the cells, but still visible in both DM1 patients and controls. With the x-DM1, we
saw an overall staining of the cytoplasm, with a more intense staining around the nucleus
in both DM1 patients and controls and again infrequent staining of the nucleus (Figure S6).
In myoblasts, in addition to the intense staining around the nucleus, small bright dots were
observed in approximately half of the cells. Again, these were seen in both DM1 patients
and controls (Figure S6). This more intense staining was roughly at the same place as the
aggregates found with 1C2 and #1874, as illustrated by the double staining (Figure S7).
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Figure 3. Quantitative analysis of repeat associated non-ATG (RAN) translated polyglutamine (polyGln) protein. (A) A
representative immunoblot with #1874 1:1000, including all three primary cell cultures, our positive control, a huntingtin
vector containing 17 polyglutamine stretches (Q17), and a negative control, consisting of untransfected HEK293 cells (C:
n =4, P: n = 4). (B) Immunoblot showing co-localization of the 42 kD protein found with #1874 and 1C2 with TATA-
box-binding protein (TBP) in lymphoblastoids. The antibody shown here is 1C2. (C) Immunoblot of lymphoblastoid cell
lines, two controls and six patients with #1874 showing several higher bands in certain DM1 patients. (D) Immunoblot
with the custom antibody a-DM1, showing several non-specific bands, but none that overlap with the bands found with
#1874. Abbreviations: M = marker; C = control; P = DMI1 patient; HEK293 = untransfected HEK293 cells; Q17 = Q17
huntingtin vector; M = myoblasts; SF = skin fibroblasts; L = lymphoblastoids. #1874 = commercial antibody recognizing
polyGIn; «-DM1 = custom antibody against the predicted C-terminus of the polyGln RAN protein; o-TUB = «-tubulin as

El’ldOgEl’lOUS control.
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Figure 4. Qualitative analysis of polyGIn RAN proteins in all DM1 cells. (A) Immunofluorescence polyGln staining with
#1874 (alexa fluor-488, green) of human control and DM1 myoblasts. Nuclei indicated by DAPI (blue) (C: n =5, P: n = 6)
(B) Immunofluorescence polyGln staining with #1874 (alexa fluor-488, green) of human control and DM1 skin fibroblasts.
Nuclei indicated by DAPI (blue) (C: n =5, P: n = 8). (C) Immunofluorescence polyGln staining with #1874 (alexa fluor-488,
green) of human control and DM1 lymphoblastoids (C: 1 = 4, P: n = 5). Nuclei indicated by DAPI (blue). Abbreviations:
C = control; P = DMI1 patient; polyGIn = polyglutamine; M = myoblasts; SF = skin fibroblasts; L = lymphoblastoids.
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3.5. The Polyglutamine Containing Protein Found Resides in the Golgi Apparatus

Due to the unexpected result of finding a positive staining in both DM1 patients and
controls, we decided to further study the origin of this positive staining. The distinct
structure found with the 1C2 and #1874 antibody resembled the structure of an organelle
and we therefore decided to investigate this hypothesis. A double immunostaining with
TGN-38, a marker for the Golgi apparatus, showed an exact match to the structure we
found with the 1C2 antibody in DM1 cells (Figure 5).
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Figure 5. Determination of the origin of the polyGIn containing proteins found via the immunofluo-
rescence. Immunofluorescence showing co-localization of the polyGln aggregate found in myoblasts
and skin fibroblasts with the commercial antibodies (1C2, alexa fluor-594, red) with the Golgi apparatus
(TGN-38, alexa fluor-488 in green). Nuclei stained with DAFPI (blue). Abbreviations: C = control; P =
DM1 patient; M = myoblasts; SF = skin fibroblasts; polyGln = polyglutamine; Golgi = Golgi apparatus.

4. Discussion

We studied the presence of antisense transcription and polyGIn RAN protein in
three primary cell cultures of patients with DM1, namely myoblast, skin fibroblast and
lymphoblastoid cell lines, in order to further elucidate its contribution to DM1 pathology.

The presence of antisense transcription, the origin of RAN-translated polyGln, was
validated in our three primary cell cultures with three different primer combinations, and
lower levels of expression were observed in DM1 patients compared to controls, which
reached significance for LK2/anti-N3 and LK1/anti-1B in myoblasts and LK1/anti-N3 and
LK1/anti-1B in lymphoblastoids. Of note, the LK1/anti-N3 primer combination, which
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encompasses the repeat region, revealed that it primarily detected the smaller transcripts,
most likely corresponding to the wild-type allele. Only P6 showed an additional band in
myoblasts and skin fibroblasts, which, based on the CTG repeat size, could correspond
to the expanded repeat. P6 had the smallest expanded repeat (130 repeats) in our cohort
and it could be that the other patients, carrying much larger expanded repeats, could not
be detected by this method. This could be a potential explanation for the lower levels of
expression seen in patients compared to controls. However, the lower levels were also
observed with the other two primer combinations that did not encompass the expanded
repeat, making it highly unlikely that the lower levels seen were solely due to the binding
of the wild-type allele. DM1-AS expression has only been studied by a handful of other
groups. Zu and collaborators showed its presence in a heart sample of a DM1 patient
and a healthy control; however, the expression patterns were hard to interpret, since
an endogenous control was lacking [6]. A study by Gudde and collaborators showed a
slightly higher expression in muscle biopsies of DM1 patients when studying RNA-seq
data from the myotonic dystrophy deep sequencing data repository [5]. They did, however,
mention that globally no obvious differences in read density were observed between DM1
patients and controls. However, when stratified based on inferred MBNL concentration,
the most severely affected patients showed a three-fold increase in DM1-AS expression
compared to controls, which was in vast contrast to the lower expression levels found
in our cohort [5]. Another study, performed by Brouwer and collaborators, showed that
in mouse models with increasing CTG repeat length, the DM1-AS transcription levels
remained unchanged [15]. Unfortunately, disease severity in Gudde and collaborators’
report was based on the inferred MBNL concentration of DM1 patients, and this was not
available for our patients, which meant we could not do a similar stratification. We did,
however, have extensive knowledge on the clinical phenotype of our DM1 cohort and had
patients from three different clinical subtypes included in our studies, namely juvenile,
adult and late-onset. Upon revision, a correlation between expression levels and clinical
phenotype could not be found, based on for example, age of onset, muscle involvement
(muscle weakness, myotonia) or CTG repeat size, the latter in agreement with the report
of Brouwer and collaborators [15]. The sample size of our cohort was rather small for
such comparisons or stratification, hindering the analysis. To determine whether DM1-AS
transcript expression is linked to disease severity, a bigger cohort is needed.

The presence of DM1-AS transcripts in DM1 cells does not necessarily mean that
these transcripts can reach the cytoplasm and be RAN-translated. To further elucidate
the localization of these transcripts, cellular fractionation was performed and revealed
the presence of DM1-AS transcripts in the cytoplasm of both patients and controls, with a
higher percentage in the nuclear fraction. The presence of cytoplasmic DM1-AS transcripts
was previously reported by Gudde and collaborators, as they showed the presence of
DM1-AS transcripts in the cytoplasmic fraction of myoblasts [5]. However, in both the
fractionated and unfractionated DM1-AS pool, it was unclear whether the transcripts
possessed the expanded repeat. The LK1/anti-N3 combination already hinted that not
all of the DM1-AS transcripts had the expanded repeat. This was also shown by Gudde
and collaborators, who found a heterogeneous pool of DM1-AS transcript sizes, with
and without the expanded repeat [5]. To determine whether the DM1-AS transcripts in
DM1 cells included the expanded repeat, we performed a FISH to detect antisense RNA
foci and found that antisense RNA foci were present in both the nucleus and cytoplasm
of DML1 cells, indicating that these DM1-AS transcripts contained the expanded repeat
and RAN translation was therefore, hypothetically, possible. However, the number of
antisense RNA foci compared to sense RNA foci was much lower and they were not
present in all cells. In addition, the cytoplasmic antisense RNA foci were even rarer, with
only approximately 10% of myoblasts and skin fibroblasts containing cytoplasmic RNA
foci, indicating that the presence of DM1-AS transcripts with the expanded repeat in the
cytoplasm was quite low. Previous reports on antisense RNA foci in DM1 have also shown
that the amount of antisense RNA foci in the nucleus was less compared to sense RNA
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foci [3,4]. The polyGln RAN protein was undetectable in all three of our primary cell
cultures via two different approaches. Western blots revealed a 42 kD polyGIn-containing
protein with the two commercial anti-polyGln antibodies, which was most likely TBP. In
fact, the original immunogen for the 1C2 antibody was the general transcription factor
TBP, which contains a 38-GIn stretch and therefore matches our results. It was shown,
however, that although TBP will always show up on Western blots in both patients and
controls, the antibody favored the binding of longer stretches of polyGln, such as were
present in Huntington’s disease and cerebellar ataxia type 1 and 3 [16]. Accordingly, a
certain subset of lymphoblastoids did show a band that might correspond to the polyGIn
RAN protein, but the custom «-DM1 antibody showed a range of non-specific bands in
both patients and controls and we were therefore unable to determine the origin of this
protein with certainty. In addition, it is difficult to know the exact size of the polyGIn
RAN protein produced by the DM1-AS, as the disease is prone to somatic mosaicism.
This means that cells of the same tissue can carry different CTG expansion sizes and it is
therefore also possible to have a range of potential sizes for the protein originating from
these transcripts [17,18]. However, Zu and collaborators showed a band just below 60 kD
in a patient carrying 85 CTG-CAGs [6]. Our patients carried expansions much larger than
that, and when estimating the molecular weight based on the CTG expansion size, it was
possible to have polyGln RAN proteins in the range we found within the lymphoblastoid
cell lines. This will remain, however, hypothetical, as it seems we do not have a proper
functional custom DM1 polyGIn RAN antibody and no positive control available to test
its functionality.

Immunofluorescence revealed a cytoplasmic aggregate surrounding the nucleus in
myoblasts and skin fibroblasts with both commercial anti-polyGln antibodies, which was
found to be co-localized with the Golgi apparatus. Since the aggregate was visible in
both patients and controls and no apparent differences were seen, this might indicate the
detection of another endogenous polyGln-containing protein. For example, ataxin-2, the
product of the spinocerebellar ataxia type 2 gene, contains 22 glutamines and resides in
the Golgi apparatus [19]. In addition, our immunofluorescence did show staining of the
nucleus at high antibody concentrations, which might be due to binding of the transcription
factor TBP, also detected by the immunoblots (42 kD band). Taken together, this would
mean that both commercial anti-polyGln antibodies bind to several endogenous polyGln-
containing proteins, especially at higher antibody concentrations. However, no apparent
differences were found between patients and controls across a wide range of concentrations,
and the use of a-DM1 antibody did not reveal these similar aggregates. This is in vast
contrast to the results previously reported by Zu and collaborators, as they found nuclear
polyGIn RAN protein aggregates at low frequencies in a DM1 patient’s myoblasts and
skeletal muscle (7 = 1) and at higher frequencies in leukocytes from peripheral blood
(n=1) [6]. The 1C2 antibody was used in their experiments to validate the specificity
of their custom «-DM1 antibody. Although one of the cell types we used was the same
as theirs, i.e., myoblasts, neither antibody was able to find the polyGIln RAN protein in
our myoblast cell lines, nor in the other two primary cell cultures. In fact, although both
types of antibodies showed a protein of approximately 42 kD, our simultaneous staining
showed that it was not the same protein, indicating that the antibodies were not able to
recognize the same proteins. This was surprising, as the commercial antibody was used
to validate the custom antibody in the paper of Zu and collaborators [6]. Our DM1-AS
results suggested that the presence of DM1-AS transcripts containing the expanded repeat
in the cytoplasm of DM1 cells is quite a rare occurrence. This highly affects the chance
of producing polyGIn RAN proteins. In addition, polyGln-containing proteins are very
common in healthy subjects. Taking these two notions together, it might be plausible
that with current techniques, sensitivity is too low to detect such low quantities of the
polyGIn RAN protein, which in addition is hindered by the presence of other polyGIn
containing proteins.
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Although we were unable to detect polyGln RAN proteins in our DM1 cells, much
progress has been made in other repeat expansion disorders displaying RAN translation,
which could help in the field of DM1. Nine expansion disorders have been added since the
first discovery of RAN translation in SCA8 and DM1: C9orf72 amyotrophic lateral sclero-
sis/frontotemporal dementia [20-22], fragile X tremor/ataxia syndrome [23], Huntington’s
disease (HD) [24,25], spinocerebellar ataxia 3 and 31 [26,27], Fuchs’ endothelial corneal
dystrophy [28] and myotonic dystrophy type 2 (DM2) [29]. Of these, SCA8, SCA3 and
HD are the three repeat expansion disorders in which the RAN proteins originate from a
CAG expansion, and can therefore result in polyGIn RAN proteins. Interestingly, in vivo,
none of these diseases show polyGln RAN proteins, but instead produce poly-alanine, and
for HD additionally poly-serine RAN proteins. It might be interesting to include custom
antibodies for the two additional homo-polymeric protein possibilities with regard to DM1.
Although the name suggests a close relationship between DM1 and DM2, the underly-
ing expansion in DM2 is a CCTG expansion and therefore results in complex poly-LPAC
(sense) or poly-QAGR (antisense) RAN proteins, and is thus not hindered by the presence
of endogenous polyGln proteins. The study was performed in autopsy brains, a tissue not
yet studied for DM1, which might also be worth exploring.

In conclusion, DM1-AS transcript levels were lower in patients compared to controls
and were present in both the nucleus and the cytoplasm of DM1 cells. Only a small
portion of the DM1-AS transcripts contained the expanded repeat, substantially lowering
the possibility of RAN translation in DM1. The polyGln RAN protein was not present
in patient-derived DMI cells, or was present in such low quantities that it is below the
detection limit of the currently available techniques.
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Supplementary Materials

Table S1. Primer sequences.

Name primer Seq Tm  Cycles Expected size
LK1 5-CGCCTGCCAGTTCACAACCGCTCCGAGCGT-3
LK2 5-GACCATTTCTTTCTTTCGGCCAGGCTGAGGC-3'
linker 5-CGACTGGAGCACGAGGACACTGA-3'

: ) 5 LK1: 349 b
Anti-N3 5-GAGCAGGGCGTCATGCACAAG-3 63 30 LK2: 162 b:
Anti-1B 5-GCAGCATTCCCGGCTACAAGGACCCTTC-3 67 30 LK1: 150 bp

GAPDH-fw 5-GAAGGTGAAGGTCGGAGTC-3'
GAPDH-rev 5-GAAGATGGTGATGGGATTTC-3' 58 30 226 bp
B2-MG-fw 5-CCAGCAGAGAATGGAAAGTC-3
B2-MG-rev 5'-GATGCTGCTTACATGTCTCG-3" 60 40 269 bp
PSMC4-fw 5"-TGTTGGCAAAGGCGGTGGCA-3"
PSMC4-rev 5"-TCTCTTGGTGGCGATGGCAT-3' 60 40 182 bp
DMPKex2-in2-fw 5-GAGGGACGACTTCGAGATTCTGAA-3’
DMPKex2-in2-rev 5-CACCACGAGTCAAGTCAGGC-3’ 67 40 92 bp

fw= forward; rev= reverse; bp= base pairs; Tm= melting temperature.

(A) myoblasts (B) skin fibroblasts
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Figure S1. DM1-AS transcripts in DMI cells of the additional two primer combinations studied. (A) DM1-AS specific
primers LK1 and anti-N3/anti-1B for myoblasts (A), skin fibrobl (B) and lymphoblastoids (C). RT-PCR controls are
depicted in (D), C-= no DNA in RT-reaction and C+ = RNA of a control heart sample, the tissue used in original paper.
Abbreviations: C= control; P= DMI patient; bp= base pairs; M= marker. White arrows indicate the potential expanded
repeat.
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Figure S2. RNA foci overview. (A) sense RNA foci in all three cell types of DM1 patients. Cy3-labeled (CAG)10 probe
(RED) showing sense RNA foci, nuclei indicated by DAPI (blue). Note that cytoplasmic sense RNA foci are present in both
myoblasts and skin fibroblasts. (B) No presence of sense or antisense RNA foci in all three cell types of controls. Cy3-
labeled (CAG)10 for sense RNA foci and Cy3-labeled (CTG)10 probe for antisense RNA foci (RED), nuclei indicated by
DAPI (blue). P= DM1 patient; C= control; M= myoblasts; SF= skin fibroblasts; L= lymphoblastoids.

119



Chapter II

Table S2. Sense RNA foci details in DM1 myoblasts.

Average RNA foci/cell Maximum RNA foci / cell Minimum RNA foci /cell % Cells with RNA foci

Mpyoblasts
nuclear cytoplasm nuclear  cytoplasm  nuclear cytoplasm nuclear cytoplasm
P1 294+1.70 0.00 +0.00 4.00 0.00 1.00 0.00 100.00 0.00
P3 4.30+2.30 0.10+0.31 11.00 1.00 1.00 0.00 100.00 10.00
P4 3.50+1.40 0.50 + 0.69 7.00 2.00 2.00 0.00 100.00 40.00
P5 3.00+1.86 0.20 + 0.42 8.00 1.00 1.00 0.00 100.00 20.00
Mean 3.44+1.89 027052 750+289 1.00+0.82 1.25+0.50 0.00+0.00 100.00+0.00 17.50+17.08
Average/mean + S5D.
Table S3. Antisense RNA foci details in DM1 myoblasts.
Myoblasts Average RNA foci/cell Maximum RNA foci/cell Minimum RNA foci/cell % Cells with RNA foci
nuclear cytoplasm nuclear cytoplasm nuclear cytoplasm nuclear cytoplasm
P1 030+057  0.05+022 2.00 1.00 0.00 0.00 25.00 5.00
P3 1.10£097 0.70 £1.30 3.00 4.00 0.00 0.00 70.00 30.00
P4 025072 0.15+049 1.00 1.00 0.00 0.00 15.00 10.00
P5 035+067  0.10+045 2.00 2.00 0.00 0.00 25.00 5.00
Mean 0.50 £0.81 025077 200082 200£141 000£000 000£0.00 33.75+24.62 12.50+11.90
Average/mean + SD.
Table S4. Sense RNA foci details in DMT1 skin fibroblasts.
s Average RNA foci / cell Maximum RNA foci/ cell Minimum RNA foci/cell % Cells with RNA foci
Skin fibroblasts
nuclear  cytoplasm nuclear cytoplasm  nuclear cytoplasm nuclear cytoplasm
P2 3.5521.61 040082 8.00 2.00 1.00 0.00 100.00 25.00
P4 3.60+143 0.10£031 6.00 1.00 1.00 0.00 100.00 10.00
r7 345+1.19  0.00£0.00 6.00 0.00 0.00 0.00 100.00 0.00
P8 3.85+1.63 035£081 8.00 3.00 2.00 0.00 100.00 20.00
Mean 3612145 021061 700+1.17 150£129 1.00+£082 0.00x0.00 100.00+0.00 13.75+11.09

Average/mean + SD.

Table S5. Antisense RNA foci details in skin fibroblasts.

Skin fibroblasts

Average RNA foci / cell

Maximum RNA foci/ cell Minimum RNA foci / cell

% Cells with RNA foci

nuclear  cytoplasm nuclear cytoplasm nuclear cytoplasm nuclear  cytoplasm
r2 0.65+0.93 0.05£022 4.00 1.00 0.00 0.00 50.00 5.00
r4 020041 0.15£049 1.00 2.00 0.00 0.00 20.00 10.00
P7 0.20+041 0.10£031 1.00 1.00 0.00 0.00 20.00 10.00
r8 0.20+£052 0.10+£031 2.00 1.00 0.00 0.00 15.00 10.00
Mean 031063 0.10£034  2.00+1.41 125050  0.00+£0.00  0.00+£0.00 2625+16.01 8.75+250
Average/mean + SD.
Table S6. Sense RNA foci details in lymphoblastoids.
" Average RNA foci/cell Maximum RNA foci/cell Minimum RNA foci/ cell % Cells with RNA foci
Lymphoblastoids
nuclear  cytoplasm nuclear cytoplasm nuclear cytoplasm nuclear  cytoplasm
Pl 0.85+1.09 N.D. 4.00 N.D. 0.00 N.D. 50.00 N.D.
P2 0.81 +1.11 N.D. 3.00 N.D. 0.00 N.D. 44.00 N.D.
P7 1.06 +1.30 N.D. 5.00 N.D. 0.00 N.D. 58.80 N.D.
P8 1.29+1.38 N.D. 5.00 N.D. 0.00 N.D. 60.00 N.D.
Mean 1.01+1.22 N.D. 4.25 + 0.96 N.D. 0.00 + 0.00 N.D. 53.20 + 7.58 N.D.

Average/mean + SD. Cytoplasm too small to make an accurate distinction, therefore cytoplasmic RNA foci were not
counted, N.D. = not determined.
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Table S7. Antisense RNA foci details in lymphoblastoids.

Average RNA foci/cell Maximum RNA foci/cell Minimum RNA foci/cell % Cells with RNA foci

Lymphoblastoids
nuclear  cytoplasm nuclear cytoplasm nuclear cytoplasm nuclear  cytoplasm
P1 0.05+0.22 N.D. 1.00 N.D. 0.00 N.D. 5.00 N.D.
P2 0.15+0.37 N.D. 1.00 N.D. 0.00 N.D. 15.00 N.D.
r7 0.00 + 0.00 N.D. 0.00 N.D. 0.00 N.D. 0.00 N.D.
P8 0.00 £ 0.00 N.D. 0.00 N.D. 0.00 N.D. 0.00 N.D.
Mean 0.05+0.22 N.D. 0.50 +0.58 N.D. 0.00 +0.00 N.D. 5.00 +7.07 N.D.

Average/mean + SD. Cytoplasm too small to make an accurate distinction, therefore cytoplasmic RNA foci were not
counted, N.D. = not determined.
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Figure S3. Quantitative analysis of the polyGln RAN protein and
antibody validation. (A) Immunoblot showing the #1874 antibody
recognizing the Q17 vector and the expanded Huntingtin protein in
lymphoblastoid cells originating from a Huntington’s patient. (B) a
representative immunoblot with 1C2 1:1000, showing the exact same
pattern (n = 4). (C) Immunoblot stripped and reprobed with #1874
after cutting off the 42 kD band. (D) Immunoblots with a-DM1 an-
tibody 1:1000 for myoblasts, skin fibroblasts and lymphoblastoids.
(E) Inmunoblot with a-DM1 and 1C2 showing that both antibodies
are not binding the same proteins. a-DM1 in red, 1C2 in green. (F)
Immunofluorescence of HEK293 cells transfected with the Q17 vec-
tor. Transfection is indicated by mCherry (RED), PolyGlIn is indi-
cated with #1874 (GREEN) and nuclei by DAPI (BLUE). Abbrevia-
tions: C = control; P = DM1 patient; M = myoblasts; SF = skin fibro-
blasts; L = lymphoblastoids; Q17 = Q17 vector; HUN = lymphoblas-
toids of a Huntington’s patient.
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Figure S4. Qualitative analysis of polyGIn RAN proteins with the #1874 antibody of additional samples. (A) Immunoflu-
orescence polyGln staining with #1874 (alexa fluor-488, green) of human control and DM1 myoblasts (C: n =5, P: n = 6).
Nuclei indicated by DAPI (blue) (B) Immunofluorescence polyGln staining with #1874 (alexa fluor-488, green) of human
control and DM1 skin fibroblasts (C: 1 =8, P: n =5). (C) Immunofluorescence polyGIn staining with #1874 (alexa fluor-488,
green) of human control and DM1 lymphoblastoids (C: n =4, P: n = 5). Nuclei indicated by DAPI (blue). Abbreviations: C
= control; P = DM1 patient; M = myoblasts; SF = skin fibroblasts; L = lymphoblastoids.
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Figure S5. Qualitative analysis of polyGln RAN proteins with the 1C2 antibody. (A) Immunofluorescence polyGln staining
with 1C2 (alexa fluor-488, green) of human control and DM1 myoblasts (C: n=6, P: n=6). Nuclei indicated by DAPI (blue)
(B) Immunofluorescence polyGIn staining with 1C2 (alexa fluor-488, green) of human control and DM1 skin fibroblasts
(C: n=8, P: n=8). (C) Immunofluorescence polyGln staining with 1C2 (alexa fluor-488, green) of human control and DM1
lymphoblastoids (C: n=4, P: n=6). Nuclei indicated by DAPI (blue). Abbreviations: C= control; P= DM1 patient; M= my-
oblasts; SF= skin fibroblasts; L=lymphoblastoids.
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Figure S6. Qualitative analysis of polyGln RAN proteins with the a-DM1 antibody. (A) Immunofluorescence polyGln staining with
a-DM1 (alexa fluor-488, green) of human control and DM1 myoblasts (C: n =3, P: n = 4). Nuclei indicated by DAPI (blue) (B) Immu-
nofluorescence polyGln staining with a-DM1 (alexa fluor-488, green) of human control and DM1 skin fibroblasts (C: 7 =4, P: n=4).
(C) Immunofluorescence polyGln staining with a-DM1 (alexa fluor-488, green) of human control and DM1 lymphoblastoids (C: n =
4, P: n =4). Nuclei indicated by DAPI (blue). Abbreviations: C = control; P = DM1 patient; M = myoblasts; SF = skin fibroblasts; L =
lymphoblastoids.
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Figure S7. Double immunofluorescence with the a-DM1 antibody and 1C2 antibody. (A) Immunofluorescence polyGln
staining with a-DM1 (alexa fluor-488, green) and 1C2 antibody (alexa fluor-594) of human control and DM1 myoblasts.
Nuclei indicated by DAPI (blue) (B) Immunofluorescence polyGln staining with a-DM1 (alexa fluor-488, green) and 1C2
antibody (alexa fluor-594) of human control and DM1 skin fibroblasts (C) Immunofluorescence polyGln staining with a-
DMI1 (alexa fluor-488, green) and 1C2 antibody (alexa fluor-594) of human control and DM1 lymphoblastoids. Nuclei
indicated by DAPI (blue). Abbreviations: C = control; P = DMI patient; M = myoblasts; SF = skin fibroblasts; L = lympho-
blastoids.
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SUMMARY OF THE RESULTS

To investigate the contribution of epigenetics to the complexity of DM1, we
compared the DNA methylation profiles across the four CpG islands residing in the DMPK
locus in distinct DM1 tissues and tissue-derived cells across the different clinical phenotypes.
For this study, DM1 patients from six different subcategories were included: congenital
(n=6), childhood (n=6) and juvenile (n=23), which will also be referred to commonly as the
developmental cases, whereas adult (n=20), late onset (n=7) and asymptomatic (n=2) will
be referred to as the non-developmental cases. Age of onset ranged from just after birth
until sixty-seven years, with a mean of seven years for childhood, 15 years for juvenile, 31
years for adult and 50 years for late onset. The presence of seven families was identified in
this cohort. For 59 patients the CTG expansion could be sized, ranging from 115 to 1011 CTG
repeats. Detailed information on their clinical phenotypes was obtained by neurologists and

recorded in a clinical database.

The four CpGis were divided into five distinct regions: CpGi 74, CpGi 43, CpGi 36,
CTCF1 and CTCF2. The latter two reside in the same CpG island and refer to the two regions
that contain a CTCF binding site and also encompass the CTG expansion. In blood, CpGi 74,
CpGi 43 and CpGi 36 showed no differences between patients and controls, with
hypermethylation in CpGi 74 and CpGi 36 and a completely unmethylated region in CpGi 43.
For the CTCF1 region upstream of the CTG repeat, 25 CpG sites were studied and increased
levels of methylation were observed exclusively in the developmental cases, with 100% of
the congenital cases, 50% of the childhood and 13% of juvenile cases. No changes in the
non-developmental cases and the controls were found, with the exception of one adult case
(P50). The two CpGs (CpG 18 and 19) that reside inside the CTCF1 binding site were both
hypermethylated in the methylated cases. Fifty percent of the CTCF1 hypermethylated cases
also showed hypermethylation in the CTCF2 region, of which CpG 5 resided in the CTCF2

binding site and was hypermethylated in the found cases.

Revision of the clinical phenotype of the developmental cases revealed a more
severe muscular, cardiac and cognitive manifestation of the disease in the methylated
childhood cases. No differences could be observed in the juvenile cases, potentially due to
the low number of methylation cases in this subtype. No comparisons could be made in the

congenital cases, as all were hypermethylated.

A positive association was found between two measures of CTG expansion size and
methylation status, which suggests that the larger the CTG expansion, the more likely the
occurrence of hypermethylation at the CTCF1 region. Additionally, we found an increased
maternal transmission in CTCF1 methylated cases, but notably there were patients that were
methylated and paternally transmitted and patients that were maternally transmitted and

unmethylated, indicating hypermethylation is not exclusively maternally transmitted.
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Our study cohort included several families, giving us the opportunity to study
inheritance of the DNA methylation profiles. We found the DNA methylation status of our
patients to be not inheritable, as several unmethylated mothers gave birth to methylated
cases. Interestingly, we observed that the offspring of methylated mothers carried
contractions of the CTG expansion, while the offspring of unmethylated mothers carried

expansions of the repeat.

Next, we addressed whether tissue-specific epigenetics at the DMPK locus exist in
DM1. For this, we acquired of a subset of patients (juvenile, adult and late-onset origin) a
muscle and skin biopsy. For skin biopsies, a similar DNA methylation pattern to blood was
found in all five CpG regions, and for muscle, this also was true for CpGi 74, CpGi 36 and
CTCF2. For CpGi 43, the muscle showed an overall hypermethylation in both patients and
controls. However, the hypermethylation levels observed in DM1 muscle were much lower
compared to control muscle; reductions were in some cases as high as 70%. For CTCF1, six
out of seven muscle biopsies of the same patients showed hypermethylation. This
hypermethylation was highest in the youngest biopsy, belonging to a juvenile case. Of these
biopsies, we have the CTG expansion size available in muscle. We could, however, not link

the CTG expansion size to the degree of methylation.

Of the blood samples and biopsies, cells were isolated to assess whether cellular
models reflect accurately the origin tissue in terms of DNA methylation status.
Lymphoblastoids preserved the DNA methylation pattern observed in all five regions in all
clinical subtypes, with a few exceptions. P7 showed hypermethylation for CTCF1 in blood, but
not in lymphoblastoid cells and in CTCF2, two patients gained low-grade hypermethylation in
lymphoblastoids (~10% methylation), that was not present in blood. For skin fibroblasts,
CpGi 74 and CpGi 36 and CTCF2 preserved their DNA methylation pattern, but CpGi 43
showed gained hypermethylation in the majority of both controls and patients (~10%
methylation), with no differences between the two groups. CTCF1 in skin fibroblasts showed
low-grade hypermethylation (average of around 10%) in DM1 patients, but no methylation
in controls. For myoblasts and myotubes, similar patterns were observed as described in

muscle for all five regions.

Altogether, our results showed a CTCF1 DNA hypermethylation gradient in blood of
the developmental cases and CTCF1 hypermethylation correlated to disease severity and CTG
expansion size. Hypermethylated cases showed a higher chance of maternal transmission
and CTCF1 hypermethylation in the parent was associated with a contraction of the CTG
expansion upon generational transmission. Notably, DM1 patient-derived cells mostly
preserved the DNA methylation profiles observed in tissues. Finally, our results showed a
DM1 muscle-specific epigenetic landscape, with a loss of methylation at CpGi 43, a region
containing an alternative DMPK promoter, accompanied by a hypermethylation of the CTCF1

region in muscle and muscle-derived cells.
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ABSTRACT

Myotonic dystrophy type 1 (DM1) is a progressive, non-treatable, multi-systemic disorder. To
investigate the contribution of epigenetics to the complexity of DM1, we compared DNA methylation
profiles of four annotated CpG islands (CpGis) in the DMPK locus and neighbouring genes; in
distinct DM1 tissues and derived cells, representing six DM1 subtypes, by bisulphite sequencing. In
blood, we found no differences in CpGi 74, 43 and 36 in DNA methylation profile. In contrast, a
CTCF1 DNA hypermethylation gradient was found with 100% hypermethylation in congenital, 50%
in childhood and 13% in juvenile cases. CTCF1 hypermethylation correlated to disease severity and
CTG expansion size. Notably, fifty percent of CTCF1 hypermethylated cases showed
hypermethylation in the CTCF2 regions as well. Additionally, hypermethylation was associated with
maternal transmission. Interestingly, the evaluation of seven families showed that unmethylated
mothers passed on an expansion of the CTG repeat, whereas the methylated mothers transmitted
acontraction. The analysis of patient-derived cells showed that DNA methylation profiles were highly
preserved, validating their use as faithful DM1 cellular models. Importantly, the comparison of DNA
methylation levels of distinct DM1 tissues revealed a novel muscle-specific epigenetic signature with
hypermethylation of the CTCF1 region accompanied by demethylation of CpGi 43, a region
containing an alternative DMPK promoter, which may decrease the canonical promoter activity.
Altogether, our results showed a distinct DNA methylation profile across DM1 tissues and uncovered
a dual epigenetic signature in DM1 muscle samples. Our results highlight the contribution of
epigenetic changes at the DMPK locus to DM1 pathology.

KEYWORDS: Myotonic dystrophy, CpG islands, DNA methylation, Epigenetics, Phenotype severity,
DM1 biopsies and cellular models

CURRENTLY UNDER REVISION
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1. INTRODUCTION

Myotonic dystrophy type 1 (DM1) is an
autosomal dominant inherited, multi-systemic
disorder, with predominant muscle involvement and
an estimated incidence of 1:8000 '. DM1 has been
recognized as one of the muscle dystrophies with the
more variable phenotype, as it affects several tissues
and systems, and because it has varied
manifestations. It can be classified into five different
clinical subtypes; which are based on the age of onset
and they range from fetal to late-adult onset 2.

The most severe form is congenital DM1
(CDM1), with an age of onset in the first year of life
and an almost exclusive maternal transmission 2.
Neonatal  manifestations  include  hypotonia,
respiratory failure, feeding difficulties, failure to thrive
and clubfoot deformities. Respiratory failure is a
common cause of death in these patients in the first
year of life 5. When age of onset is between one to
ten years, it is called childhood DM1. This form of
DM1 often has a delay in diagnosis due to the
uncharacteristic symptom manifestation. The first
signs are cognitive and learning abnormalities, rather
than muscle impairment 8. The typical muscular
signature, such as muscle weakness and myotonia,
often does not develop until late adolescence 7%, The
third clinical subset is the juvenile DM1, with an age
of onset between eleven and twenty years. This
group is often placed under the childhood or adult
umbrella, but differs from childhood DM1 in their
increased presence of myotonia and from adult-onset
due to their more pronounced central nervous system
involvement 2. The most prevalent DM1 clinical
subtype is the adult onset DM1 and is categorized by
an age of onset between twenty and forty years. Core
symptoms are progressive muscle weakness,
myotonia and  early-onset cataracts 5,
Additionally, cardiac conductions defects are
common and are the leading cause of death 2. The
last clinical category is late-onset DM1, with an age of
onset after forty and mild symptom presentation, such
as low-grade muscle weakness, premature cataracts
and alopecia. In addition to the five clinical categories,
there is another special set of ‘DM1 patients’, the
asymptomatic or paucisymptomatic DM1 category,
characterized by the absence or just minor symptoms
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across an individual’s life span. Due to the wide
variability in age of onset and symptomatology, and
the presence of anticipation (development of the
disease earlier in life with successive generations),
genetic counselling of relatives is a common clinical
practice, which leads to the identification of
asymptomatic patients.

The causes of the clinical variability observed
in DM1 are poorly understood. The main pathological
mechanism of the disease has been shown to be
RNA toxicity, caused by a CTG expansion in the 3’
untranslated region of the dystrophia myotonica
protein kinase (DMPK) gene. The CTG expansion
results in the accumulation of expanded transcripts as
intranuclear RNA foci, which in turn sequester a
number of splicing factors, resulting in loss of function
and downstream deregulation of the alternative
splicing of several genes. CTG expansion size has
been correlated to disease severity and age of onset,
with the greater repeat sizes corresponding to a more
severe disease and earlier onset 314, This correlation
is however not absolute, as several studies have
shown CDM1 patients with small expanded repeats
and late-onset patients with over a thousand repeats
1517, Alternative splicing defects and CTG expansion
size cannot account for the entire symptomatology
seen in DM1 patients. Additional potential
mechanisms include bidirectional transcription 89,
repeat-associated non-ATG translation (although
results are controversial) %%, and epigenetic

changes, such as distinct DNA methylation profiles
21,22

Epigenetics is defined as heritable changes
that do not affect the DNA sequence itself but
influence gene expression and it includes DNA
methylation, histone modifications, and non-coding
RNAs 25, DNA methylation is the most widely studied
epigenetic mark, which is essential for mammalian
development, crucial for the establishment and
maintenance of cell identity, and it affects gene
expression by regulating promoters and distal
regulatory elements, such as enhancers and
insulators 2628, DNA methylation occurs most often
on a cytosine, leading a guanine, which are referred
to as CpG dinucleotides. They are globally
underrepresented in the genome, except in CpG
islands. CpG islands are CpG-dense regions largely
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resistant to DNA methylation 2°%°. CpG islands are
generally found at promoters of housekeeping and
developmental genes, and are represented in 70% of
promoters, but can be also found in exons, introns
and regulatory regions 3'. Importantly, approximately
6% of CpG islands become methylated in a tissue-
specific manner during early development or in
differentiated tissues, highlighting DNA methylation
as an important epigenetic mechanism in the
establishment and maintenance of cellular identity %2

The DMPK gene and neighboring genes
(henceforth referred to as the DMPK locus) contain
several CpG islands (CpGis). CpGi 374 has gained
the most attention because this 3.5 kb island contains
the expanded repeat. In addition, the CTG repeat is
flanked by two CCTC-binding factor (CTCF) binding
sites, named CTCF1 and CTCF2. Early studies
suggested that the two CGTCF binding sites together
with the expanded repeat establish an insulator
element between the DMPK promoter and the six
homeobox 5 (SIX5) enhancer, affecting chromatin
dynamics ®. Several studies have found aberrant
DNA methylation profiles in CTCF1 and CTCF2
regions in DM1, but the results are controversial 343,
CDM1 seems to be the clinical phenotype where
hypermethylation plays the most important role, and
CTCF1 hypermethylation has been associated with
greater expansion sizes 3943 although this
association is controversial and not always found 3437,
The effect on clinical phenotype of aberrant DNA
methylation profiles in the CTCF1 region is largely
unknown. Nevertheless, it has been linked to
respiratory and muscular profiles and a decline in
cognitive function in adults 3844,

The DMPK locus harbors three more CpG
islands, one in the neighboring myotonic dystrophy
WD repeat containing (DMWD) gene, CpGi 74, and
two in the DMPK gene, namely CpGi 43 and 36;
however, nothing is known about the epigenetic state
of these CpG islands in DM1. To date, only one
publication has looked at the entire DMPK locus and
this was solely done in control tissues and cell
cultures . Therefore, the main goal of this study was
to elucidate the DNA methylation profiles across the
four CpG islands residing in the DMPK locus in
distinct DM1 tissues and tissue-derived cells across
the different clinical phenotypes. Our results showed
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a CTCF1 DNA hypermethylation gradient in blood of
the developmental cases and CTCF1
hypermethylation correlated to disease severity and
CTG expansion size. Hypermethylated cases showed
a higher chance of maternal transmission and CTCF1
hypermethylation in the parent was associated with a
contraction of the CTG expansion upon generational
transmission. Notably, DM1 patient-derived cells
preserved the DNA methylation profiles observed in
tissues. Finally, our results showed a DM1 muscle-
specific epigenetic landscape, with a loss of
methylation at CpGi 43, a region containing an
alternative  DMPK promoter, accompanied by a
hypermethylation of the CTCF1 region in muscle and
muscle-derived cells. Altogether, our results offer
novel insights into the epigenetic changes in DM1
pathology.

2. MATERIAL AND METHODS
2.1. Patient registry

This study was approved by the Ethics
Committee of the University Hospital Germans Trias i
Pujol and was performed in accordance with the
Declaration of Helsinki for Human Research. Written
informed consent was obtained for all participants.
The study included 65 DM1 patients and 8 controls
with no previous family history of neuromuscular
disorders  (recruited from the traumatology
department in whom surgery was needed). DM1
diagnosis was confirmed or discarded with triplet
primed-PCR in all the study participants. Clinical
information of DM1 patients was obtained from the
medical records and updated in the last visit by
neurologists. Patients were subdivided into five
different categories based on age of onset:
congenital= first year of life, childhood= 1 to 10 years,
juvenile= 11-20 years, adult= 21 to 40 years, late-
onset= >40 vyears. Additionally, a group of
asymptomatic patients was added. For three patients
the exact year of age of onset could not be
determined, but based on the clinical information all
three were classified as adults. Clinical information
included family history; details on the last
ophthalmological, cardiological and respiratory
examination by the corresponding specialists,
including the electrocardiograms, echocardiograms
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and spirometry tests performed in the last year. A full
neurological work-up was performed by neurologists,
including the presence of myotonia, ptosis, axial and
facial weakness; muscle strength with the manual
Medical Research Council (MRC) scale; and muscle
impairment by the Muscular Impairment Rating scale
(MIRS). In addition, the presence of cataracts;
alopecia; intestinal problems and sleep disturbances
were catalogued and the functional status and degree
of disability were evaluated using the DM1-Activ
guestionnaire and modified Rankin Scale (mRS),
respectively.

2.2. Tissue and cell culture

A total of three different samples from
patients and controls were obtained: blood, muscle
biopsy, and skin biopsy. Blood was obtained from all
patients and lymphoblastoids were isolated when
possible. From a subset of patients and controls, an
additional muscle (Biceps Brachialis or Vastus
Lateralis) and skin biopsy was taken, of which muscle
and skin-derived cell cultures were obtained. Of note,
to increase the number of biopsies, a subset of
biopsies for which no blood was available were
included. They included three extra patients and two
controls. All samples were obtained at the same time.
Blood was collected in EDTA and heparin tubes. The
EDTA tubes were frozen at —20 °C before DNA
extraction and the heparin tubes were used for
peripheral blood mononuclear cell (PBMCS) isolation
using a standard ficoll procedure. PBMCs were
subsequently incubated with anti-human CD3
antibody to suppress T cells, and immortalized with
Epstein Bar virus. Lymphoblastoids where further
cultured with B95-8 medium (80% RPMI, 10% Fetal
Bovine Serum, PSF 1x and L-Glutamine 200 nM).

The muscle biopsy was obtained from the left
biceps brachialis in all individuals except for one
patient (P68, Vastus Lateralis muscle). Muscle
biopsies were frozen immediately and stored at —80
°C before DNA extraction. Skin biopsies were
obtained with a 0.5 cm skin punch. For cell isolation,
muscle and skin biopsies were cleaned and
fragmented to explants, which were placed in plates
with human serum and gelatin 1.5% (1:2), and
cultured with DMEM supplemented with 5% of fetal
bovine serum and PSF 1x, at 37°C for two to three
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days. Derived cells from the tissue explants were
further cultured with DMEM supplemented with 15%
of fetal bovine serum and PSF 1x in the case of the
skin fibroblasts, and supplemented additionally with
22% M-199, insulin 1.74 pM, L-glutamine 2 mM, FGF
1.39 nM and EGF 0.135 mM in the case of the muscle
cells. Myoblasts were purified through CD56
magnetic beads according to manufacturer's
instructions (Miltenyi Biotec, Bergisch Gladbach,
Germany), and they were further grown on pre-
coated surfaces with 0.1% gelatin until 60-70% of
confluence was achieved. To differentiate a subset of
myoblasts into myotubes, after 24hr incubation in the
above mentioned proliferation medium, the medium
was changed to differentiation medium containing
DMEM, supplemented with 2% horse serum, 1% L-
Glutamine and 1x PSF. Differentiation medium was
changed every 24 hours during 7 days to achieve
differentiation. Skin Fibroblasts, isolated from
biopsied tissue using the explant method, were grown
until 70% confluence in a proliferation medium
containing DMEM, supplemented with 10% FBS and
1x PSF.

2.3. DNA isolation

Genomic DNA was isolated from peripheral
blood by the use of the QlAamp DNA mini kit (Qiagen,
Hilden, Germany), the PureLink genomic DNA mini kit
(Thermo Fisher Scientific, Waltham, MA, USA) or a
simple salting procedure, as previously described 6.
Genomic DNA was extracted from muscle and skin
tissue by homogenizationin 100 mM Tris-HCI, pH 7.8,
and 5 mM EDTA untl these tissues were
disaggregated. Thereafter tissues were digested in
20 mg/mL proteinase K and 10% SDS for 16 h at 37
°C, and treated with 5.5 M NaCl, phenol and
chloroform isoamyl (1:24) before DNA precipitation
with isopropanol. Genomic DNA from
lymphoblastoids, myoblasts, myotubes and skin
fibroblasts was extracted by using the QlAamp DNA
mini kit (Qiagen, Hilden, Germany), according to
manufacturer’s protocol.

2.4. CTG expansion size analysis

To estimate the length of the expanded
progenitor allele, a specific long PCR with digested
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DNA, followed by a Southern Blot was carried out.
First, 250ng DNA was digested with EcoR | (New
England Biolabs, lpswich, MA, USA), according to
manufacturer’s protocol. 750pg of digested DNA was
used in the subsequent PCR, with the Expand Long
Template PCR System (Roche, Basel, Switzerland)
and primers DM-D and DM-DR (Table 1), according
to manufacturer's guidelines, supplemented with 2%
DMSO. The following thermocycler conditions were
used: initial 3 min at 96 °C, followed by 28 cycles of
15s 96°C, 45s 63.5 °C, 5 min 68°C, and a final
extension step of 1 min 63.5°C and 7 min 68°C. DNA
fragments were resolved by electrophoresis on a 1%
agarose gel. The gel was run for an initial 10 min at
200V, followed by £19 hours at 27V and blotted onto
a positively charged nylon membrane (Roche, Basel,
Switzerland). The membrane was hybridized with a
digoxigenin labelled seven CAG LNA probe overnight
and detected by chemiluminescence using the anti-
Dig-CDP-Star system (Roche, Basel, Switzerland).
Two CTG expansion sizes were estimated through
comparison against the molecular weight ladder
using GelAnalyzer 19.1 software
(www.gelanalyzer.com, by Istvan Lazar Jr. and Istvan
Lazar Sr.). The CTG size of the progenitor (ePAL),
which is the lowest range of band thought to originate
from the transmitting parent, and the mode allele,
which shows the densest collection of CTG sizes,
thought to be the most representative size for the
patient at that specific time.

2.5. Bisulfite treatment and Sanger sequencing of
four CpG islands

The methylation status of four annotated
CpGi islands (CpGi), divided into 5 individual areas, in
the DMPK locus was studied by using bisulfite
treatment and subsequent Sanger sequencing
(Figure 1A). For CpGi 74, CpGi 43 and CpGi 36,
nineteen, fifteen and seventeen CpGs were studied
respectively, (Figure S1A-C for detailed location). In
the CPGi 374, two separate regions were studied,
namely CTCF1 and CTCF2, which surround the CTG
expansion and hold each a CTCF binding site. For
CTCF1 25 CpGs were studied and for CTCF2 11
CpGs (Figure S1D-E for detailed information).

200-400 ng of DNA was bisulfite treated
using the EZ DNA Methylation Gold kit (Zymo
Research, Irvine, CA, USA), according to
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manufacturer’s guidelines. Bisulfite-treated DNA was
amplified using nested and hemi-nested PCR for the
CTCF1 and CTCF2 region, located in the CpGi 374
surrounding the CTG expansion, previously
described 34, with some minor modifications. Here we
use the TaKaRa Taq DNA polymerase (TaKaRa Bio
Inc., Kioto, Japan) on a Mastercycler nexus x2
thermocycler, primer combinations and thermocycler
settings are listed in Table S1. Additionally, three
regions further upstream of the CTG repeat were
analyzed, namely the CpGi 36, CpGi 43 and CpGi 74
regions in a similar fashion, using different primer
combinations and thermocycler settings (Table S1).

Amplicons were purified using illustra™
ExoProStar 1-Step (Merck, Darmstadt, Germany),
according to manufacturer's protocol. This was
followed by sequencing using the BigDye Terminator
v3.1 cycle sequencing kit (Thermo Fisher Scientific,
Waltham, MA, USA), following manufacturer's
guidelines. Afterwards, amplicons were run on an ABI
Prism 3130 Genetic Analyzer (Applied Biosystems,
Waltham, MA, USA) and analyzed using Chromas
software version 2.6.6 or FinchTV software version
1.5.0, as detailed in Carri6 et al, 2016 *. Sodium
bisulfite sequencing data were represented with the
Methylation Plotter web tool “. A sample was
considered hypermethylated when more than one
CpG showed = 10% methylation.

Statistical analysis

Dichotomous variable CTCF1 methylation
status, the occurrence of abnormal methylation
upstream of the repeat, was modelled as dependent
variable using a logistic regression model, against the
independent variable ePAL and modal allele. The
program used was SPSS 28.0.0.0 and significance
level was set at 0.05.

3. RESULTS

3.1. A study cohort encompassing all clinical
subtypes of DM1

For this study, DM1 patients from six different

subcategories were included. The first five categories
are the different established clinical phenotypes:
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congenital, childhood, juvenile, adult and late-onset.
The sixth category is a special subset of patients,
which are known to carry the CTG expansion, but are
as of yet asymptomatic. Congenital (n=6), childhood
(n=6) and juvenile (n=23) will also be referred to
commonly as the developmental cases, whereas
adult (n=22), late onset (n=6) and asymptomatic
(n=2) will be referred to as the non-developmental
cases. Age of onset ranged from first year of life until
67 years, with a mean of seven years for childhood,
15 years for juvenile, 31 years for adult and 52 years
for late-onset. The presence of seven families was
identified in this cohort. In 59 out of 65 patients, the
CTG expansion could be sized, ranging from 115 to
1011 CTG repeats. Detailed information on the
clinical phenotypes can be found in Table 1.

3.2. DNA methylation profiles across the DMPK
locus in blood

This study aimed to elucidate the DNA
methylation profiles across the four CpG islands
residing in the DMPK locus in distinct DM1 patient
samples and derived primary cell cultures. The four
CpGis were divided into five distinct regions: CpGi 74,
CpGi 43, CpGi 36, CTCF1 and CTCF2. The latter two
reside in the same CpG island and refer to the two
regions that contain a CTCF binding site and also
encompass the CTG expansion (Figure 1A). In blood
samples, for the first three CpGis, no differences in
DNA methylation levels across the six phenotypes
and the controls were observed. CpGi 74 and CpGi
36 showed hypermethylation (90-100%) across the
19 and 17 CpGs studied, respectively (Figure 1B and
Tables S2 and S4). CpGi 43 showed no methylation
across the 15 CpG sites studied (Figure 1B and Table
S3). For the CTCF1 region upstream of the CTG
repeat, 25 CpG sites were studied and increased
levels of methylation were observed almost
exclusively in the developmental cases, with 100% of
the congenital cases, 50% of the childhood cases and
13% of juvenile cases (Figure 1C and Table S5). No
increased methylation levels were found in the non-
developmental cases and the controls, except for one
adult case out of 30 (P50). The two CpGs (CpG 18
and 19) that reside inside the proposed CTCF1
binding site were both hypermethylated in the
methylated cases. Regarding the CTCF2 region
found downstream of the CTG repeat, eleven CTG
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sites were studied and fifty percent of the CTCF1
hypermethylated cases also showed
hypermethylation in the CTCF2 region (Figure 1C and
Table S6). No CTCF2 hypermethylation was found in
cases that were not hypermethylated in CTCF1. CpG
5 resides in the CTCF2 binding site and it was
hypermethylated in the found hypermethylated cases.
Interestingly, for one of the congenital cases (P1), we
obtained another blood sample from a five-year
follow-up. The hypermethylation pattern that this
patient showed in the CTCF1 region was preserved
after five years, whereas CTCF2 remained
unmethylated (Table S5 and S6, annotated as P1 and
P1-2).

3.3. Aberrant DNA methylation profiles of CTCF1
associated with higher disease severity in childhood
cases

Since the methylation profiles showed
exclusive hypermethylation in the CTCF1 region of
the developmental cases, we reviewed their clinical
phenotypes in-depth to see whether this aberrant
methylation profile is associated with a differential
disease severity. The congenital cases all showed
hypermethylation and no clinical phenotype
distinction based on DNA methylation status can be
made (detailed clinical information in Table S7). Our
focus was therefore on the childhood and juvenile
cases. In the group of childhood-onset DM1, three out
of six patients showed hypermethylation (detailed
clinical information in Table 2). One case with
hypermethylation was female; all the other childhood
cases were male. Age of onset was on average 6.83
years old, but the age at sampling was a few decades
later with a mean of 41.83 years.

At the time of revision, all patients showed
muscle weakness and myotonia, but the muscular
symptoms seemed to be more significant in the
methylated group. Two out of three of the
hypermethylated patients experienced cramps and
myalgia, while just one non-methylated patient
suffered this symptom. All six patients had the
characteristic facial dysmorphia and ptosis. The
ptosis seemed to be more pronounced in the
methylated patients: two of the patients had a severe
ptosis covering the pupil and the last one had a
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moderate ptosis covering part of the pupil. In the non-
methylated group, just one patient had a moderate
ptosis, while the other two had a mild ptosis. Facial
weakness was also present in all childhood-onset-
DM1 patients, it being severe in 1/3 and moderate in
2/3 of the methylated patients; whereas the non-
methylated group showed only mild (two patients)
and moderate facial weakness (one patient).

Dysarthria was present in all patients, but to
a higher degree in methylated patients, where it
ranged from moderate to severe, compared to mild to
moderate in non-methylated patients. Axial and limb
weakness was also more pronounced in the
methylated versus the non-methylated group. In the
hypermethylated cases, 2/3 had a severe limb
weakness (MRC scale of 1-2): one of the patients had
a proximal and distal weakness, requiring a
wheelchair and the other patient showed a proximal
and distal weakness pattern needing just a cane for
walking. The last one of the methylated childhood
cases had a mild distal weakness (MRC scale 3-4). In
the non-methylated group, all of the patients showed
a mild weakness (MRC of 3-4), two of the patients
with a distal pattern and one patient with
proximal/distal weakness.

Cardiac manifestations were more severe in
the methylated group, as 2/3 patients had a
pacemaker, whereas in the case of the non-
methylated group only mild changes in
electrocardiogram were seen, such as a mild first
grade AV block in 2/3 cases. Two of the methylated
patients and one of the non-methylated patients used
ventilatory support. Cognitive manifestations were
noticed in all methylated childhood DM1 patients: two
of the patients had severe cognitive delay, while
moderate learning difficulty was observed in the third
patient. In the non-methylated group, just one patient
had learning difficulties, while the others showed no
mental  disabilities. All  methylated patients
experienced hypersomnolence and none of the non-
methylated patients suffered this symptom. Intestinal
rhythm dysfunction was found exclusively in the
methylated patients, while alopecia was found in the
non-methylated patients only. At the time of revision,
all patients had some degree of dependence in the
mRS. In the methylated group 2/3 needed help in the
basic activities of daily life but did not require
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continuous supervision (MRS 4), while the other one
required help for instrumental activities (MRS 3). The
average score in the DM1-ACTIV scale was 12.33. In
the non-methylated group, we found one patient with
mRS 4, another one with mRS 3 and the last one had
a milder dependence (MRS 2) and the average score
in the DM1-ACTIV scale was 28.33, which means
they were better at performing daily and social
activities. Considering all this data as a whole, there
seemed to be a more severe muscular, cardiac and
cognitive manifestation of the disease in the
methylated childhood cases.

Upon revision of the juvenile cases, no such
differences in muscular, cardiac and cognitive
manifestation could be found between the
methylated(n=3) and non-methylated group (n=20).
Although, this might be due to the low number of
cases, and analysis of a larger cohort of this DM1
subcategory would be needed to address the impact
of CTCF1 hypermethylation on this clinical subtype
(detailed information in table S8).

3.4. A higher chance of hypermethylation in CTCF1
with increasing CTG expansion size

As mentioned before, hypermethylation of
the CTCF1 region is almost exclusively found in the
developmental subtypes. These subtypes are
associated with a higher disease severity and overall
greater CTG expansion sizes. To see whether
methylation status in DM1 patients is associated with
the CTG expansion size, we performed a logistic
regression on the entire cohort using the ePAL and
modal allele. This revealed a positive association
between ePAL and methylation status of the CTCF1
region in DM1 patients (Table S9, model 1, p= 0.004)
and between the modal allele and the methylations
status (Table S9, model 2, p= 0.001), which suggests
that the larger the ePAL/modal, the more likely
hypermethylation at the CTCF1 regions is going to
occur.
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Figure 1. DNA methylation profile at the DMPK locus in DM1 blood samples representing all clinical subtypes. A)
Schematic representation of the four CpGis residing in the DMPK locus and neighboring genes. CpGi 374 is divided into the
CTCF1 and CTCF2 region, harboring the CTCF binding sites and encompassing the CTG expansion. B) Summary of the
methylation profiles of the five CpG regions across the DMPK locus in the studied clinical subtypes, in which black indicates
the degree of hypermethylation. Congenital n= 6, Childhood n= 6, Juvenile n= 23, Adult n= 22, Late onset n= 6, asymptomatic
n= 2, Controls n= 8. C) Detailed DNA methylation profiles of the clinical subtypes in the CTCF1 and CTCF 2 region. Each
circle represents a CpG dinucleotide. The colour gradient represents the level of methylation indicated in the legend
assessed by sodium bisulphite sequencing. Red indicates paternal inheritance. Black indicates maternal inheritance. *
unknown inheritance. For the non-developmental cases, only a representative subset of three samples has been displayed.
Detailed methylation profiles of all patients in all categories can be found in the supplemental tables. Abbreviations: DMWD=
Dystrophia myotonica WD repeat-containing gene, DMPK= myotonic dystrophy protein kinase gene, SIX5= six homeobox 5
gene, CTG(n)= the CTG expansion, CpGi= CpG island, Asymp= asymptomatic, C= control, P= DM1 patient
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3.5. Increased, but not exclusive, maternal
transmission in CTCF1 hypermethylated cases

It has been reported that the
hypermethylation observed in DM1 cases is
associated with maternal transmission. We therefore
decided to evaluate, where possible, the transmission
in this DM1 cohort (Figure 1C). We found that all
congenital cases, which were all hypermethylated,
were maternally transmitted. In both childhood and
juvenile cases, two out of the three hypermethylated
cases in each category were maternally transmitted.
For the childhood subcategory as a whole, a total of
two maternal transmissions were registered and one
paternal; meaning that all maternally transmitted
cases reside in the methylated group. However, for
the juvenile subcategory, a total of seven patients
were maternally transmitted, of which only two reside
in the methylated group. Taken together, we could
corroborate a higher chance of maternal transmission
when hypermethylated, but notably there were
patients that were methylated and paternally
transmitted and patients that were maternally
transmitted and unmethylated.

3.6. Methylation status is not inheritable and
associated with the transmission of CTG repeat
contractions

This study cohort included seven families,
giving us the opportunity to study the inheritance of
the differential DNA methylation profiles shown in
CTCF1 and CTCF2 (pedigrees in Figure 2). Of five
out of six congenital cases, the mother was included
in the study cohort as well. Only one of the mothers
showed hypermethylation at both the CTCF1 and
CTCF2 region, whereas the other four were
unmethylated. This  hypermethylated mother
belonged to the juvenile subtype. For the childhood
subset, only one family could be studied, where both
the childhood case and the adult-onset father were
unmethylated. For the juvenile subset, one family
consisting of two siblings with both juvenile onsets
could be studied. These two siblings were both
methylated on the CTCF1 and CTCF2 regions and
interestingly the mother was the only adult
hypermethylated case in our cohort, showing only
CTCF1 hypermethylation. Of note, when reviewing
the CTG expansion sizes, the unmethylated mothers
have passed on an expansion of the CTG repeat,
whereas the methylated mothers have transmitted a
contraction of the CTG repeat.

P52 P63 P48 B3l P53 P51 P50
120 376 344 — 420 — 172 277 — 345
P1 P3 P4 P5 P6 P9 P19 P20
— 531 — 1011 — 730 — 227 m— — 280 — 476 — 7 e —180 m—

Figure 2. Pedigrees of the known families in our study cohort. The number beneath the patient identification code
indicates the ePAL (estimated progenitor allele size), with the bars next to it indicated methylation status of CTCF1 (left) and
CTCF2 (right). Black indicates hypermethylation, white no methylation. A= adult, J= juvenile, Ch= childhood, C= congenital.
? = unknown CTG expansion size.
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3.7. DNA methylation profiles are preserved in
blood-derived cells

To see whether lymphoblastoids preserve
the epigenetic landscape and can be used as a
faithful DM1 cellular model, we decided to study
whether the DNA methylation profiles are similar
between blood and the blood-derived
lymphoblastoids (Figure 3). CpGi 74, CpGi 43 and
CpGi 36 showed no differences between blood and
lymphoblastoids across all clinical subtypes (Figure
3A and Tables S10-12). Both CpGi 74 and CpGi 36
remained completely hypermethylated, whereas
CpGi 43 was totally unmethylated. For GTCF1, the
pattern observed in blood, a gradient of
hypermethylation in the developmental cases, was
preserved in all the studied lymphoblastoids (Figure
3B), except for P7 which showed hypermethylation in
blood, but not in lymphoblastoid cells in CTCF1
(Table S13). Regarding CTCF2, the patients that
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displayed hypermethylation of the CTCF2 region in
blood, preserved their methylation status in the
studied lymphoblastoids (Figure 3B and Table S14).
However, two patients that were not hypermethylated
in blood for CTCF2 (P4 and P10) showed low-grade
hypermethylation in  lymphoblastoids  (~10%
methylation) (Table S14).

3.8. DM1 is associated with hypomethylation of
CpGi 43 in muscle tissue and muscle-derived cells

Next, we wanted to study the DNA
methylation profiles of the five regions in tissues other
than blood to address whether tissue-specific
epigenetics at the DMPK locus exist in DM1. For this,
we acquired a muscle and skin biopsy from a subset
of patients (juvenile, adult and late-onset origin).
From these biopsies, cells were isolated to assess
whether cellular models accurately reflect the origin
tissue in terms of DNA methylation status. In CpGi 74
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O 0.21-0.40

O 0.41-0.60

@ 0.61-0.80

@ 0.81-1.00

< NA

Figure 3. DNA methylation profile is preserved at the DMPK locus in patient-derived
lymphoblastoids. Comparison of the DNA methylation profile between blood and lymphoblastoid cell
lines of the same individual across the five annotated CpG regions: A) CpGi 74, 43 and 36. B) CTCF1
and CTCF2. Each circle represents a CpG dinucleotide. The colour gradient represents the level of
methylation indicated in the legend assessed by sodium bisulphite sequencing. Abbreviations: C=
control, P= DM1 patient; CDM1= congenital, child= childhood, juv= juvenile, lo= late-onset, ctrl=
controls, lymphos= lymphaoblastoids.
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and CpGi 36, DNA hypermethylation was found in
skin and muscle of both DM1 patients and controls,
similar to what was found in blood (Figure 4A-B).
Additionally, the tissue-derived cells of both muscle
and skin preserved the observed hypermethylation
(Tables S15-18). Regarding CpGi 43, skin samples
showed no methylation in the DM1 patients and
controls, similar to the observations in blood (Figure
4C, Table S19). However, skin-derived fibroblasts,
from both controls and patients, showed a slight
hypermethylation with no differences between the two
groups (Table S19). Interestingly, a distinct DNA
methylation pattern was observed in muscle tissue,
with an overall hypermethylation in control samples,
which was much lower in DM1 muscles, showing
reductions as high as 70% (Figure 4C-D and Table
S20). This muscle-specific DNA methylation profile
was preserved in both control- and patient-derived
myoblasts and myotubes (Figure 4D and Table S20).
Interestingly, DM1 myoblasts or myogenic precursor
cells showed the biggest decrease of DNA
methylation compared to controls.

3.9. DM1 is associated with hypermethylation in
CTCF1 in muscle tissue and muscle derived cells

The CTCF1 region showed similar DNA
methylation profiles in skin compared to blood (Figure
5A and Table S21). However, skin fibroblasts showed
low-grade hypermethylation (average of around 10%)
in DM1 patients, but none in controls (Table S21).
Due to difficulties with the sequencing analysis, only
in one patient could both the skin and the skin-derived
fibroblasts be analyzed. Not to mention that the other
analyzed DM1 skin fibroblasts were not derived from
the analyzed skin biopsies; therefore, we cannot rule
out the possibility that these samples already show a
partial methylation, especially in the case of the
juvenile sample. Interestingly, six out of seven muscle
biopsies showed hypermethylation (Figure 5B and
Table S22); with the highest average found in the
youngest biopsy, belonging to a juvenile case. Of
these biopsies, we have the CTG expansion size
available in muscle and blood (Table S23). However,
CTG expansion size could not be linked to the degree
of methylation. Surprisingly, the two CpGs residing in
the CTCF1 binding site (CpG 18 and 19) were not
methylated in these biopsies, with the exception of
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CpG 18 in the biopsy of P68. Total unmethylation in
all CpGs was observed in the control biopsies. This
methylation profile was maintained in the muscle-
derived cells, although DM1 patient-derived
myoblasts and myotubes showed, when compared to
the muscle, slightly higher levels of methylation
(Figure 5C and Table S22). This may be due to the
purity of the myogenic cultures versus the analysis of
whole muscle tissue, containing over 10 distinct cell
types. Control muscle cells showed no methylation in
any CpG (Figure 5C and Table S22). Of note, the
differences in myogenic precursor cells between
patients and controls were the highest (Figure 5C).
The last analyzed region, CTCF2, showed no
methylation in the tissues and tissue-derived cells
studied from the patients of which we have the
biopsies (Table S24 and S25), suggesting that
muscle-specific hypermethylation only happens in the
CTCF1 region.

4. DISCUSSION

The overall goal of this study was to
investigate the contribution of epigenetics to DM1
pathology, by analyzing for the first time the DNA
methylation profiles across the four CpG islands
residing in the DMPK locus in several tissues and
tissue-derived cells in all clinical subtypes of DM1.
Our results showed a distinct DNA methylation profile
across DM1 tissues and uncovered a novel and dual
epigenetic signature in DM1 muscle samples,
involving a gain of DNA methylation in the flanking
region of the CTG expansion accompanied by
specific DNA demethylation in the DMPK gene body
(Figure 6).

In  blood samples, we found a
hypermethylation across all clinical subtypes for CpGi
74 and 36, while CpGi 43 remained completely
unmethylated, with no differences observed between
patients and controls. Previously, it was reported that
in leukocytes derived from control individuals, CpGi
36 and 74 (located in the DMPK and DMWD gene
bodies, respectively) were highly methylated,
meanwhile CpGi 43 (located in DMPK gene body and
overlapping with a proposed alternative promoter)
was unmethylated . Our results showed that in DM1
blood samples, the DNA methylation profile of CpGi
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36, 43 and 74 does not change in the distinct DM1
subtypes. Conversely, the CTCF1 and CTCF2
regions did show a change in DNA methylation levels
in DM1 compared to controls. Developmental cases
showed an upward gradient of hypermethylation with
increasing severity of the disease and decreasing age
of onset. No methylation was observed in the non-
developmental cases, except for a single adult case.
Additionally, ~ fifty —percent of the CTCF1
hypermethylated cases also showed
hypermethylation in the CTCF2 region, but
interestingly, CTCF2 methylation without CTCF1
hypermethylation was not observed in any case. That
may indicate that the beginning of the aberrant DNA
methylation is not random and it spreads beyond the
CTG repeat only in certain cases/conditions. The
mechanism behind the hypermethylation observed in
the CTCF1 region and why the mechanism seems to
be biased towards developmental cases are still
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relevant questions that need addressing in the DM1
field.

The current studies on DNA methylation
profiles in the two CTCF binding regions are
controversial. Several studies have shown a similar
trend in the levels of CTCF1 methylation as we
observed in our developmental cases 34374142
However, their observations were not as clear of a
trend as ours were. For example, Barbé and
collaborators have seen the majority of CTCF1
hypermethylation in CDM1 (95% of cases) and to a
lesser degree in childhood DM1, with only two out of
seven childhood cases and no juvenile cases 3.
Santoro and collaborators reported a very similar
gradient in congenital and childhood cases, where all
congenital cases and about fifty percent of the
childhood cases were methylated “2. Unfortunately, in
this study no distinction between adult and juvenile
was made, so it is unclear to which subtype the six
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Figure 6. Summary of the epigenetic landscape of the DMPK locus in DM1. An overview is given of the methylation
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methylated cases in this hybrid group belonged to.
The CTCF2 region is showing similar controversy,
with several studies showing a similar trend as we
have observed. For example, Morales and
collaborators showed CTCF2 methylation in the
developmental cases, but in less patients compared
to CTCF1 # and Barbé and collaborators found
CTCF2 hypermethylation primarily in CDM1 patients
and only in one out of six non-DM1 patients 34
However, other studies have shown no methylation of
this region in any clinical subtype, including Santoro
and collaborators, which showed a similar
methylation gradient to ours in developmental cases,
but found the CTCF2 region to be completely
unmethylated 2. Several studies have focused solely
on adult cases, and interestingly have found
hypermethylation among these non-developmental
cases, contradictory to our findings 3394 For
example, Hildonen and collaborators found more than
a 10 percent increase in methylation in CTCF2 in 9/68
studied DM1 patients 3° and Legaré and collaborators
found a 3-5% increase in methylation at a few CpG
sites downstream of the CTG repeat in adult cases
(218 years) ®°. These differences found between the
published works could be due to the different
techniques used to assess DNA methylation levels,
the different criteria used to decide what is considered
methylated and the difficulties to establish the age of
onset in DM1. To better identify the DNA methylation
differences in DM1 samples, a general consensus in
DM1 DNA methylation studies would be needed. In
our cohort we could see whether the methylation
status changes over time, since we had the five-year
follow-up of one of the congenital cases, where we
found that the methylation status was stable, which is
in concordance with previous studies 3840,

Few studies have addressed the link
between clinical phenotype and DNA methylation
profiles. Due to the extensive clinical data obtained
from this cohort, we had the opportunity to assess
whether DNA methylation status was associated with
clinical phenotype. Methylated childhood cases
showed a more severe muscular, cardiac and
cognitive manifestations of the disease. This type of
phenotypic association in this particular disease
subtype has not been made previously and the few
available studies on clinical phenotype correlations
are from adults. Légaré and collaborators have
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shown that methylation status is linked to muscular
and respiratory profiles in adults ** and Breton found
a correlation between hypermethylation and a decline
in cognitive function 3. Santoro and collaborators are
the only ones that studied the association between
DNA methylation and MIRS scale across the clinical
subtypes and could not find an association *.
However, it has been stipulated that hypermethylation
seems to be associated with the more severe forms
of the disease, as hypermethylation is found
overwhelmingly in CDM1 cases **'-%%_ Our study
supports this notion and adds the novel finding that it
is also linked to the more severe cases of childhood
DM?1. Caution must be taken, however, as our sample
size was quite low and further studies are needed to
confirm this association.

Disease severity and age of onset have been
previously linked to the CTG expansion size, where
the more severe disease forms and earlier age of
onset are correlating with the greater CTG expansion
sizes 314 Since we have observed a gradient in
hypermethylation in our developmental cases, similar
to the CTG expansion size gradient, we decided to
analyse whether methylation status is also associated
to the CTG expansion size or whether these two
modifiers work independently. We found a positive
association between two CTG size predictors and
methylation status of CTCF1. This suggests that the
larger the CTG expansion size, the higher the
likelihood of CTCF1 hypermethylation. This
association has been found previously by several
studies, both for ePAL 4" and modal allele 39424,
However, not all studies were able to find such
association between CTG expansion size and the
methylation status 3#%. This discrepancy might be
due to the age at which the CTG expansion size was
analysed, the used CTG expansion measure (ePAL
vs. modal) or the sizing technique used. For example,
somatic instability might be another disease modifier,
which increases over time. Using the modal allele
might make establishing correlations more
challenging %', Moreover, it has been shown that
different techniques to size the CTG expansion result
in different sizes, hindering correlations %2. Our study
cohort included several families, giving us the
opportunity to study inheritance of the DNA
methylation profiles. We found the DNA methylation
status of our patients to be not inheritable, as several
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unmethylated mothers gave birth to methylated
cases. This is in accordance with previous studies
3441 Interestingly, we observed that the offspring of
methylated mothers carried contractions of the CTG
expansion, while the offspring of unmethylated
mothers carried expansions of the repeat. This
suggests that although the bigger CTG expansion
sizes are associated with hypermethylation, when a
methylated parent passes on the methylation status,
it coincides with the transference of a smaller CTG
expansion. Some authors have evaluated the effect
of DNA methylation on the stability of the CTG
expansion repeat %. When using bacterial and
primate cellular models of 83 to 100 CTG repeat
expansions, DNA methylation was found to be
associated with a stabilization of the repeat size.
However, caution must be taken with these
observations, as the sample size in their study and
our study was low and further studies are needed to
further elucidate this observation.

CDM1 cases have been linked to maternal
transmission, as about ninety percent of CDM1 cases
are maternally transmitted, while non-developmental
DM1 is about thirty percent maternally transmitted 2.
This brought up the question whether methylation
status can also be linked to maternal transmission
and indeed we found an increased maternal
transmission rate in CTCF1 hypermethylated cases.
However, this was not absolute. We have found
several cases of hypermethylation that were
paternally transmitted and not all maternal
transmission resulted in hypermethylation. Barbé and
collaborators have suggested the presence of a
parent-of-origin effect, where DNA methylation may
account for the maternal bias for CDM1 transmission,
the larger maternal CTG expansions, age of onset
and clinical phenotype 3. The hypothesis is based on
the potential reduced survival of spermatozoa due to
the hypermethylation of the CTCF1 region, disrupting
the insulator element and decreasing levels of SIX5,
which is essential for spermatozoa survival. This was
supported by Morales and collaborators and they
additionally showed that independent of clinical
subtype, the parental transmission and methylation
status were associated with almost exclusive
maternal transmission #'. Although we do see a
similar trend, as all our CDM1 cases are both
maternally transmitted and hypermethylated, parental
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inheritance is not a good predictor for methylation
status or vice versa for the other clinical phenotypes.
This is strengthened by the observation made by
Morales and collaborators, where a large family
showed several paternally transmitted methylated
cases *'. It therefore may be a good diagnostic
indicator during prenatal screening, but less efficient
as a general disease marker. Of note, a recent study
in DM1 spermatozoa found that methylation was not
affecting sperm viability and these spermatozoa were
compatible with “in vitro” fertilization . These
findings go against the hypothesis that reduced
survival is associated with methylated spermatozoa,
preventing the transmission of CDM1 3, and therefore,
other explanations for this maternal bias should be
explored.

All the above observations were made in
blood and blood-derived cells. Next, we investigated
whether tissue-specific epigenetics exists at the
DMPK locus in DM1. We found no differences
between blood and skin/skin-derived cells for the
majority of the CpG regions studied. Exceptions were
CpGi 43 in which skin fibroblasts showed slight
hypermethylation in both DM1 patients and controls,
and CTCF1, which showed a small gain of
methylation exclusively in the DM1 skin fibroblasts.
These results are in agreement with the findings of
Buckley and collaborators “5, where they showed a
similar DNA methylation pattern for all regions, except
CTCF2, which was not reported in control skin and
skin fibroblast “°. Interestingly, our results uncovered
a novel and specific DNA methylation signature in
DM1 muscles and muscle-derived cells for CpGi 43
and the CTCF1 region. CpGi 43 showed an almost
complete absence of methylation in blood, skin and
their derived cells, but a clear hypermethylation of
non-affected muscle and muscle-derived cells. This is
in line with previous findings by Buckley and
collaborators in control samples 4. However, in DM1
patients our results showed much lower methylation
levels compared to muscle and muscle-derived cells
from unaffected individuals. Furthermore, CpGi 43
demethylation in DM1 muscles and myogenic cells
was accompanied by hypermethylationin the CTCF1,
but not CTCF2, region suggesting that this specific
epigenetic landscape could alter gene expression in
muscle samples.
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Buckley and collaborators extensively
studied the epigenetics in the DMPK locus in several
control tissues and cell types. Interestingly, they
reported the existence of a DMPK alternative
promoter (also referred to as the downstream
promoter, which overlaps with CpGi 43), as well as
cell type-dependent differences in promoter usage
according to epigenetic features *°. The use of the
DMPK canonical promoter was associated with high
levels of DMPK expression (in muscle cells and to a
lower extend in skin fibroblasts and osteoclasts),
meanwhile the use of the alternative promoter was
associated with low levels of expression (in
leukocytes and embryonic stem cells, among others).
Importantly, cell type-specific DNA methylation
patterns, together with transcription factor binding
(MyoD, CTCF, ZNF143) would regulate the use of
these promoters, modulating DMPK expression. It is
well known that although DMPK is expressed in
several tissues, skeletal muscle and heart display
higher expression levels, and are the most affected
tisues in DM1 pathology. The data presented by
Buckley and collaborators showed a predominant use
of the canonical upstream promotor in skeletal
muscle and myogenic cells from control individuals,
by RNA-CAGE (cap analysis gene expression) data,
supported by complete hypomethylation of this
promoter and hypermethylation of the alternative
downstream promoter “°. Additionally, they reported
that MyoD and CTCF binding and the open chromatin
marks H3K4me3 and H3K27ac were hardly detected
in the alternative promoter region, further indicating
that the use of this alternative promoter was silenced
in skeletal muscle and myogenic cells. Conversely, in
blood, a predominant usage of the alternative DMPK
promoter (in CpGi 43) was suggested, by showing its
hypomethylation together with hypermethylation of
the canonical promoter, strong binding of CTCF and
high levels of H3K4me3 in control leukocytes “°.
Interestingly, our study of DM1 muscle samples
revealed a novel epigenetic change by specific
demethylation of this alternative promoter located at
CpGi 43, in skeletal muscle tissue and muscle-
derived cells. This could potentially alter chromatin
conformation and result in a shift of the promoter
usage from the strongest/canonical one to the
weak/alternative  promoter, decreasing DMPK
expression levels in DM1 myogenic samples.
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Additionally, this DM1 tissue-dependent
demethylation was accompanied by a gain of
methylation in the CTCF1, but not the CTCF2 region.
Previous studies showed that CTCF, a transcription
factor that can function as an insulator, binds strongly
to CTCF1, but not GTCF2, in a methylation-
dependent  manner ¥, Importantly, the
hypermethylation of the CTCF regions could inhibit
CTCF-binding and disrupt the insulator element
formed by the CTG expansion and the two CTCF-
binding sites, affecting DMPK and SIX5 expression.
The loss of the insulator activity by DNA methylation
would allow the interaction of the SIX5 enhancer with
the DMPK promoter, increasing DMPK expression,
meanwhile reducing SIX5 expression . Notably, our
results showed that in blood samples and derived-
leukocytes, the CpGs located inside the CTCF1 and
CTCF2 binding sites were hypermethylated in all
hypermethylated cases  (almost  exclusively
developmental cases), meanwhile in muscle samples
remained unmethylated (almost exclusively non-
developmental cases). This may imply that although
there is a disease-specific gain of methylation for the
CTCF1 region in muscle, the CTCF binding site is not
disrupted, allowing CTCF binding. However, this
hypermethylation found might affect other chromatin
interactions, in turn affecting gene expression. The
analysis of publicly available ChIP-seq data of histone
post translational  modifications  (H3K4me3,
H3K4me1 and H3K27ac), done by Buckley and
collaborators at DMPK and neighboring genes,
showed that CTCF regions and intragenic regions of
DMWD and radial spoke head 6 homolog A genes
(RSPH6A), located next to DMPK gene, displays
enhancer chromatin features in control muscle cells
%_This is interesting since DMPK lies in the middle of
a chromosomal domain with three genes
preferentially expressed in testis, indicating that its
expression, mainly in skeletal muscle and heart, has
to be tightly regulated. Additionally, Brouwer and
collaborators showed an increase of the H3K9me3
chromatin repressive mark, together with gain of DNA
methylation, in the CTCF1 region (and to a lesser
extentin CTCF2) in DM1 heart mice, which correlates
with decreased DMPK expression *. To address
whether DNA methylation changes in the CTCF1
region in DM1 skeletal muscles may alter chromatin
interactions between DMPK promoter and these
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potential myogenic enhancers, further experiments
are needed.

Finally, this study addressed for first time the
DNA methylation status of patients-derived DM1
cells. The availability of several DM1 tissues and their
corresponding tissue-derived cells give us the
opportunity to determine that most cellular models
maintained the DNA methylation state observed in
the original tissue. However, in some cases we
observed a slightly higher increase in methylation
levels in cells (e.g., some DM1 skin fibroblasts and
myoblast/myotubes) versus the corresponding
tissues. This can be explained by the observation that
cellular models, especially immortalized cell lines or
primary cell cultures that have been in culture for a
substantial amount of time, can increase DNA
methylation levels ****¢, and/or because of the purity
of cell cultures compared to tissues containing distinct
cell types. Overall, our results showed that the DM1
patient-derived cells preserve the genetic and
epigenetic features, which make them excellent
models to study DM1 pathology.

In conclusion, our results showed a distinct
DNA methylation profile across DM1 tissues and
uncovered a novel, dual epigenetic signature
involving a gain of DNA methylation in the flanking
region of the CTG expansion, accompanied by
specific DNA demethylation in the DMPK gene body
of DM1 muscle samples, which highlighted the
contribution of epigenetic changes to DM1 pathology.
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(A) )
CpGi 74-F-1 —»
GTAAGTAATGGAGCCAGCCTTGGGCAGTGGAGAGAGCGGGGCGCCC

CCGGCCGAGCCTGTGCCCGCAGCCTCGGGCTCCTCCTCCTCCTCTT

CGCCGCTCCGCTCCCCATCAGCACCGGCTGCTGTCGCCGCCTCCTC

CpGi 74-F-2 ——»
TGCCCTTGT! GTTGACCCAGGAC

1
TTGTGGCCATGGCCTCGAGCCACCACGCGGCCCTCGGTGAAGGACC
2 3 a 5 6 7
ACACGGTGACCAGGTCATCTTCGCCACCCGTCACCACGTAGCGGCC

GTCAGGGCTCCAGCACACACACAGCAGGCCCCCAAAGTAGCTCTTC
8 9 10 11
ATGAGCCCACGCAGGAGCATGGAGTCGAAGTGGAAGACGCGCAGGC

12 13 14
AGCCATCCTGGCTCACACAGGCCAGGTGCCGGCCATCGGGCGAGAA
15 16 17 18
GGCGAACTCGTTGAGGGGCCCCTCACCCACCGCCCACTTGGCCAGC
19 <«— CpGi74-R-2 +—— CpGi74-R-1
GGGTTGCGGGGTGC! GAAGC

(c) CpGi36-F-1 —»
GCAGGTGCTCTGGGGAATGAGTGATTCAGGACCCCAGAAGGTA

GGCACTGTCCTTACTCCAARCTTTATGGAGGGAGCATGGGGAGG
CpGi 36-F-2 —*

TTCCERCAGCECHAEEEEECRENEGTREETRERECGocCCC

1 2

GCTCACCATGGCAGTGAGCCCGTCCTCCACCAAGTCGAAGTTG

3 4 5
CATGTGTCGGTGGCACCTTCGAAATCCGGTGTARAGGGGGGCA
6 7 8
CGCTGTCCCGGAGACCATCCCAGTCGAGGCCAARGAAGAAGGG

9 10 11 12
ATGTGTCCGGARGTCGCCTGCTCCACCCCGGCCCAGCCGTGTC

13 15
TCCGGGGGACACAGCAACCGCTGAATGAAGTCTCGAGCCTCCT
17+ CpGi36-R2
CAGGGACCCCTTCGTCCACCAGC_
«—— CpGi 36-R-1

BFGAEA cGGAGAGGAGGCGATAGCCTGGGAGCE

(E)

CTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGC

TGCTGCTGCTGCTGGGGGGATCACAGACCATTTCTTTCTTTCG
CTCF2-F-1 —* CTCF2-F-2 —*

GCCAGGCTGAGGCCCTGACGTGGAT GCECARACTECAGECETE

1 2 3 4
-GGCAGCAAGCCGGGCCGTCCGTGTTCCATCCTCCACGCA
5 6
CCCCCACCTATCGTTGGTTCGCARAGTGCARAGCTTTCTTGTG
7 8 9 10
CATGACGCCCTGCTCTGGGGAGCGTCTGGCGCGATCTCTGCCT
11 +—— CTCF2-R

GCTTACTCCHERRRT NGO CCCRRY
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(B) CpG 43i-F-1 —
GATAGTGAGACAGAGTGGAGACGGCGGGARAACARAAGGGCTCGCCCAG

ACCCAACTCCACCCGCTTCTGCACCCAGCCGTGGCCCCGCCCCACCTGL
CpGi43-F-2 —»

CACACCACGCCCATTGGTCCCAAGCCCCGCCTCCHECCCAGCCCTAGET

ECTAAGECTCGGTCATTCATCAATT TCTAAGGCCCCGCCCCAACCCCTA
1 2 3 a 5
TGCCCCGCCCACCACGAGT CAAGTCAGGCTCCCGCCCGGTTCGGC TTAC

7 8 9 10 1 12
C’I‘CGCTGAACGCCCCGCGTCCGATCACCTTCAGAATCTCGAAGTCGTCC
13 14
CTCTGCAGTCGGACCTCCTTAAGCCTCACCACGATGGGCTCCGCTGGGG
+— CpGi43-R-2

GGGTGGTGGGGGAAAAGAACCGAGGGTCA—
BEGGGGGAAAGCCCCACCCTCTGTCTGTCTCCCCTTCTCTCTGCCTCTC

AGCTTCACCCTAGGACTGTCTGCTTCCCAGGGGCTTCCCCACATARACA
+—— CpGi 43-R-1

CCGTGTAAGGTTCTGGGGGCCAARAATGCC

(D)

CTCF1-F-1 —> CTCF1-F-2 ——
TGCCGCLECCCTCCEIEOATTEEETTGETGECCEACGCCGGL
1 2 3 a4
CAACTCACCGCAGTCTGGCGCCGCCCAGGAGCCGCCCGLCGLTC
5 6 7
CCTGAACCCTAGAACTGTCTTCGACTCCGGGGCCCCGTTGGAR
8 9 10 11 12
GACTGAGTGCCCGGGGCACGGCACAGAAGCCGCGCCCACCGCT
13 14 1
TGCCAGTTCACAACCGCTCCGAGCGTGGGTCTCCGCCCAGCTC
17 18 19 20
CAGTCCTGTGATCCGGGCCCGCCCCCTAGCGGCCGGGGAGGGA
21 2223 24 25 +—— CTCF1-R-2

GGGGCCEGGTCCGCGGCCGGCGAACGGEEETCCAABEEIEETT

+—— CTCF1-R-1
BEAGE CCEERANEC TGC TGCTGCTGCTGCTGCTGCTGCTGCTG

CTGCTGCTGCTGCTGCTGCTGCTGCTGCTGGGGGGATCACAGA

Figure S1. The location of the primers and CpGs investigated in this study for the five annotated regions: (A) CpGi 74,
(B) CpGi 43, (C) CpGi 36, (D) CTCF1 and (E) CTCF2. Red letters indicate the external primers used (PCR1), blue
highlight indicates the internal primers (PCR2), green letters are used for the CTG expansion and yellow highlight
indicate the CpGs present. The numbers correspond to the CpGs analysed in this study. The other CpGs were not

readable.
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Table S1. Primer combinations and thermocycler settings

Primer Name Sequence (5-3’) m Cycles
Long PCR
DM-C AACGGGGCTCGAAGGGTCCT 63.5 28
DM-DR CAGGCCTGCAGTTTGCCCATC
Methylation
CpGi 74-F-1 GGTAAGTAATGGAGTTAGTTT T 40
CpGi 74-R-1  ACTTCTCTATCTATACTACCA
CpGi 74-F-2 GTGTAGGGGTTAAAGGTTATAG < 40
CpGi74-R-2  CTATCTATACTACCAAAAACAA
CpGi 43-F-1 GATAGTGAGATAGAGTGGAG 55 40
CpGi43-R-1 . AACATTTTTAACCCCCAAAAC
CpGi43-F-2 AGTTTAGTTTTAGGTTTTAAGGT i 40
CpGi43-R-2  CTTATCTCCAATACCCTTTCTAA
CpGi 36-F-1 GGGAATGAGTGATTTAGGATTT < 40
CpGi 36-R-1  CTCTCCCTCTAAACAAAAACACCT
CpGi 36-F-2 AGTAGGGGTTATAGGTATTTATTT - 40
CpGi36-R-2  TCTAAACAAAAACACCTCTCTCTAC
CTCF1-F-1 TGTYGTYGTTTTGGGTTGTATTG 57 40
CTCF1-R-1 | TTCCYGACTACAAAAACCCTTYG
CTCF1-F-2 GTTGTATTGGGTTGGTGGTTTA v 40
CTCF1-R-2  CTACAAAAACCCTTYGAACCC
CTCF2-F-1 TTYGGTTAGGTTGAGGTTT 57 40
CTCF-2-R  TTAACAAAAACAAATTTCCC
CTCF2-F-2 TAAATTGTAGGTTTGGGAAG 57 40

1 and 2 in the primer name correspond to PCR 1 and 2 in the nested PCR. Tm= melting temperature
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Table S2. DNA methylation analysis of CpGi 74 in blood samples across the clinical DM1 subtypes.

11 12 13 14 15 16 17 18 19

10

CpG —
P1

Congenital

P2

P3

Childhood | P7

P8

P9

P10
P11

Juvenile | P13

P16
P18
P19
P23
P31
P36
P37
P38
P40
P41
P50
P51
P52
P53
P54
P55
P56
P57
P58
P59
P60
P61
P65

Adult

Late-onset

Asymptomatic

(3]
c2
Cc3

Control

0.75

ca
Range 0 to 1 indicates 0 to 100% methylation.
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Table S3. DNA methylation analysis of CpGi 43 in blood across the DM1 clinical subtypes
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Chapter III

Table S6. DNA methylation analysis of CTCF2 in blood across the DM1 clinical subtypes
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Table S9. Logistic regression model ePAL/modal vs. Methylation status

Chapter II1

Model Variables OR Cl p-value N
1 | ePAL versus 1.005 1.002-1.008 0.004 53
MetS
2 | Modal versus 1.004 1.002-1.007 0.001 46
MetS
Significance is set at p= <0.05. ePAL= estimated progenitor allele size; MetS= methylation status
Table $10. DNA methylation analysis of CpGi 74 in lymphoblastoids
CoG—> 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Congenital | P1 .. . 0 L 00 L e
P2 T 1111 1 1 1 1 1 1 1 1 1 1 1 1 1 1
P4 Ul Al il il 1 1 1 1 il 1 1 1 1
Childhood | P7 111111111 1 1 1 1 1 1 1 1 1 1
P8 L s R ) s e i
P9 Tt 111 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
P10 e e T
P11 t 111 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Juvenile | P13 R R R T E i
P20 tt+14+41+ 41+ 1 11+ 1 414 1 1 1 1 1 1 1 1 1
Adult | P36 b e e il 1 1 1 1 1 1 1 1 1
P38 tTt1+1+1+ 1111 1 1 1 1 1 1 1 1 1 1
Late-onset | P56 000 i
Control | C1 T 111 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
C4 0 T e A i
C5 T 111 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
C6 LR E R el e ) =
Range 0 to 1 indicates 0 to 100% methylation.
Table S11. DNA methylation analysis of CpGi 43 in lymphoblastoids
CpG— 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Congenital | P1 WO 00 00000 0 0 0 0 K O3
P2 00 00O O0OOOOTO 0O 0 0 O 0 025
P4 W O O O @ o U 0 0 0 0 0 © i3
Childhood | P7 0000 0O0OO0OO O 0 0 01 0 02
P8 0 Qi § 00060 0 0 0 @ 0 0
P9 0000 O0OOOOTUO 0O 0 0 O 0 03
P10 © O 0 O W © O 0 @ 0 0 0 0 0 0
P11 0 0 0 O 00 0 0 O 0 0 0 0 0.3 0.6
Juvenile | P13 © 0000 00000 0 0 0 0 @02 03
P20 00 00O O0OOOOTO O 0 0 O 0 0
Adult | P36 e E O 0 0
P38 0 0 0 0 00 0 0 O 0 0 0 0 0 0
Late-onset | P56 ©© 00 60 0000 0 0 6 0 e 03
Control | C1 0000 O0OOOTO 0O 0 0 O 0 0
ca D000 006000 0 0 0 0 0 04
C5 00 0 0 00 0 0 O 0 0 0 0 0 0
C W O O O Oi 04604 10480 0 0 0 0 0 0
Range 0 to 1 indicates 0 to 100% methylation.
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Table S12. DNA methylation analysis of CpGi 36 in lymphoblastoids

CpG— 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Congenital | P2 LR Rl ] 1 1 1 q 1 1 08 1 1
P4 1 1 1 1 1 1 11 1 1 1 1 1 09 09 1

Childhood | P7 11 4.4 1 1 1 i 1 1 1 1 1 il 1 1
P8 T 1 1 1 1 1 1 11 1 1 1 1 1 1 1 1

P9 i g B ] i 1 1 il 1 1 il 1 1

P10 11 1 1 1 1 1 11 1 1 1 1 1 09 09 1

Juvenile | P13 1.1 1411 1 1 g 1 1 1 1 il g 0 1
Adult | P36 11 1 1 1 1 11 1 1 1 1 1 1 09 1
P38 Ll 1 1 1 il 1 1 08 O 1
Late-onset | P56 i1 1 1 1 1 1 11 1 1 1 1 1 1 1 1
Control | C4 deecell sl BdEasdiaesl sl il 1 il 1 1 1 08 O 1
C5 11 1 1 1 1 1 1 08 1 1 1 1 09 09 1

Ccé Ll L ol 1 1 il 1 ] O O3 1

Range 0 to 1 indicates 0 to 100% methylation.
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Table S23. CTG expansion sizes in blood and muscle of the patients providing a muscle biopsy

Blood progenitor Blood modal Muscle progenitor Muscle modal

Juvenile P13 286 445 691 736
Adult P36 180 338 208 335
Adult P37 199 374 469 788
Adult P38 115 130 135 207
Adult P68 322 619 351 758
Late-onset P56 300 381 NA NA
Late-onset P67 108 246 128 512

NA = not available

Table S24. DNA methylation analysis of CTCF2 in skin and skin-derived cells

CpG— 1 2 3 4 5 6 7 8 9 10 11
Skin

Adult | P37 NA NA NA 0 0 0 [ 0 0 0 0
P68 NA NA NA 0 0 0 0 0 0 0 0
P69 NA NA NA 0 0 0 0 0 0 0 0
Control | C2 NA NA NA 0 0 0 0 0 0 0 0
Cc10 NA NA NA 0 0 0 (] 0 0 0 0

Skin fibroblasts
Juvenile | P13 NA 0 0 0 0 0 0 0 0 0 0
Adult | P36 NA 0 0 0 0 0 0 0 0 0 0
P38 0 0 0 0 0 0 0 0 0 0 0
Control | C2 NA 0 0 0 0 0 0 0 0 0 0
C5 0 0 0 0 0 0 0 0 0 0 0
C6 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

0
Range 0 to 1 indicates 0 to 100% methylation. NA = not available

Table S25. DNA methylation analysis of CTCF2 in muscle and muscle-derived cells

CpG— 1 2 3 4 5 6 7 8 9 10 11

Muscle
Juvenile | P13 NA NA NA 0 0 0 0 0 0 0 0
Aduit | P36 NA NA NA 0 0 0 0 0 0 0 0
P37 NA NA NA 0 o 0 0 0 0 0 0
P38 NA NA NA 0 0 0 0 0 0 0 0
P68 NA NA NA 0 0 0 0 0 0 0 0
Late-onset | P56 NA NA NA 0 0 0 0 0 0 0 0
P67 NA NA NA 0 0 0 0 0 0 0 0
Control | C4 NA NA NA 0 0 0 0 0 0 0 0
Cé NA NA NA 0 0 0 0 0 0 0 0
c9 NA NA NA 0 0 0 0 0 0 0 0

Myoblasts
Juvenile | P13 NA 0 0 0 0 0 0 0 0 0 0
Adult | P36 NA 0 0 0 0 0 0 0 0 0 0
P37 NA 0 0 0 0 0 0 0 0 0 0
P38 NA 0 0 0 0 0 0 0 0 0 0
Late-onset | P56 NA 0 0 0 0 0 0 0 0 0 0
Control | C2 0 0 0 0 0 0 0 0 0 0 0
c3 0 0 0 0 0 0 0 0 0 0 0
c9 0 0 0 0 0 0 0 0 0 0 0
cio 0 0 0 0 0 0 0 0 0 0 0

Myotubes
Juvenile | P13 NA 0 0 0 0 0 0 0 0 0 0
Aduit | P36 NA 0 0 0 0 0 0 0 0 0 0
P37 NA 0 0 0 0 0 0 0 0 0 0
P38 NA 0 0 0 0 0 0 0 0 0 0
Late-onset | P56 NA 0 0 0 0 0 0 0 0 0 0
Control | C2 0 0 0 0 0 0 0 0 0 0 0
C4 0 0 0 0 0 0 0 0 0 0 0
c9 0 0 0 0 0 0 0 0 0 0 0
C6 0 0 0 0 0 0 0 0 0 0 0

Range 0 to 1 indicates 0 to 100% methylation. NA = not available
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Chapter 1V

SUMMARY OF THE RESULTS

Here we review the current knowledge on the potential of miRNAs as a biomarker
for disease development in DM1. Due to the multi-systemic nature of DM1 and the different
tissues involved, the advances will be discussed per tissue, and we will touch on the

therapeutic potential of miRNAs in DM1.

myo-miRs are specifically expressed in skeletal muscle and cardiac muscle. They
consist of miR-1, miR-133a/b, and miR-206, which are highly enriched in skeletal muscle,
whereas miR-1 and miR-133a/b are also highly enriched in cardiac muscle. Skeletal muscle
miRNA deregulation was first described by Gambardella and collaborators in 2010. Only miR-
206 was found to be overexpressed in biopsies of DM1 patients and was localized in
centralized nuclei and nuclear clumps in DM1 muscle sections, but predicted targets, such as
Utrophin were unchanged. Perbellini and collaborators conducted a similar study, but found
miR-1 and miR-335 to be upregulated and miR-29b/c and miR-33 to be downregulated.
Predicted targets of miR-1 and miR-29, involved in muscle development, arrhythmia,
splicing, and atrophy, were significantly upregulated in DM1 patients, indicating functional
relevance and a possible contribution to DM1 pathology. The paper by Fernandez-Costa and
collaborators used a Drosophila model, in which CTG expansions were introduced. They found
20 miRNAs to be differentially expressed. Only three of the deregulated miRNAs were
preserved in humans, miR-1, miR-7, and miR-10, and their downregulation was also found
in humans, and at least seven of their target genes were upregulated. In addition, they found
that Muscleblind, the homolog of human MBNL1, is necessary for the regulation of miR-1 and

miR-7 in Drosophila flies.

Information on miRNA patterns in the heart of DM1 patients is scarce, most likely
due to the difficulty of sample collection. Rau and collaborators showed in 2010 that miR-1
is downregulated in DM1 patients compared to controls. Loss of miR-1 was due to MBNL1
and downstream targets of miR-1, which are responsible for intracardiomyocyte conductance,
are upregulated in heart samples of DM1 patients. The second study, performed by Kalsotra
and collaborators, screened a DM1 mouse model for over 500 miRNAs and identified 54
differentially expressed miRNAs, which were validated in DM1 heart tissue. Twenty were
significantly downregulated in human DM1 heart tissue, including two myo-miRs (miR-1 and
miR-133a). Pathway analysis revealed the loss of function of the myocyte enhancer factor-2

transcriptional network.

Although the above studies discussing muscle and heart, have given us valuable
information regarding the involvement of miRNAs in DM1 pathology, due to the invasive
nature of sample collection, their biomarker potential is limited. The field, therefore, shifted
its focus on circulating miRNAs for biomarkers in DM1. The first study on circulating miRNAs
in DM1 was performed by Perfetti and collaborators in 2014. In 24 plasma DM1 samples, 14

miRNAs were significantly different expressed out of a panel of 381 miRNAs. Validation in a
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Chapter 1V

bigger cohort revealed nine differently expressed miRNAs. Pooling the nine miRNAs into a
DM1-miRNA score resulted in an accurate discrimination between DM1 patients and controls.
Interestingly, the DM1-miRNA score showed a negative correlation with global muscle
strength. In a later study, these findings were validated in a bigger cohort (n=103).
Koutsoulidou and collaborators performed a similar study in the sera of DM1 patients and
found all four myo-miRs to be significantly increased in blood sera of twenty-three DM1
patients, and myo-miRs were distinguishable between patients and controls with Receiver
Operating Characteristic curves. No correlation between the miRNA expression levels and
DM1 severity were found. However, they found that the four miRNAs were increased in
progressive DM1 patients compared to stable patients, and that the miRNAs could
discriminate between progressive and stable DM1 patients. These findings were also
validated in a bigger cohort (n=63). In contrast, Fernandez-Costa and collaborators reported

no changes in serum miRNA profiles of DM1 patients.

Several correlations between miRNA expression levels and DM1 clinical phenotype
have been made, and a recent paper has shown how miRNA expression levels can be a
biomarker for rehabilitation. Interestingly, to date only one paper has compared serum and
muscle miRNAs levels simultaneously. They found the levels of circulating miR-133a, miR-
29b, and miR-33a to be increased in DM1 patients. However, in muscle tissue two myo-miRs
(miR-1 and miR-133a) and miR29c were found to be downregulated, which indicates that

circulating myo-miRs are not reflective of the situation in the muscle.

The search for a therapeutic, targeting miRNAs in DM1, has focused mainly on
miRNAs associated with the two splice factors involved in DM1 pathology, namely MBNL1 and
CELF1. Four different miRNAs (miR-1, miR-30-5p, miR-23b, and miR-218) associated with
the splice factor MBNL1 have been proposed as therapeutic targets. For example, a study
showed that introducing a miR-30-5p mimic into C2C12 muscle cells downregulated the
expression of MBNL and deregulated downstream targets of MBNL, including Trim55 and IR.
Cerro-Herreros and collaborators showed that miR-23b and miR-218 anti-miR treatment in
DM1 myoblasts and DM1 mice increased MBNL1 levels, and in the latter, this was linked to
improvements in spliceopathy profile, histopathological signs, and functional myotonia
without toxicity. The therapeutic effect was dose-dependent and has long-lasting effects. For
the splice factor CELF1, the focus has been primarily on miR-206, which may modulate CELF1
overexpression. The introduction of miR-206 mimics into cells overexpressing CEFL1 inhibited

CELF1 expression and improved the myoblast fusion index and myotube area.

Taken together, in the past two decades, extensive research has been conducted in
the miRNA expression profiles of DM1 patients and their biomarker potential. Several
expression profiles have been found to be able to distinguish between DM1 patients and
healthy subjects, and even a link has been made between progressive and non-progressive
muscle wasting in DM1 patients. Moreover, the deregulated miRNA expression profiles in

DM1 have led to the identification of novel therapeutic targets, with promising results.
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Abstract: MicroRNAs (miRNAs) are mostly known for their gene regulation properties, but they
also play an important role in intercellular signaling. This means that they can be found in bodily
fluids, giving them excellent biomarker potential. Myotonic Dystrophy type I (DM1) is the most
frequent autosomal dominant muscle dystrophy in adults, with an estimated prevalence of 1:3000.
DM1 symptoms include muscle weakness, myotonia, respiratory failure, cardiac conduction defects,
cataracts, and endocrine disturbances. Patients display heterogeneity in both age of onset and
disease manifestation. No treatment or cure currently exists for DM1, which shows the necessity
for a biomarker that can predict disease progression, providing the opportunity to implement
preventative measures before symptoms arise. In the past two decades, extensive research has been
conducted in the miRNA expression profiles of DM1 patients and their biomarker potential. Here we
review the current state of the field with a tissue-specific focus, given the multi-systemic nature of
DML and the intracellular signaling role of miRNAs.

Keywords: myotonic dystrophies; miRNAs; biomarkers; therapeutics

1. Introduction

MicroRNAs (miRNAs) are small, single-stranded RNAs about 22 nucleotides long that regulate
gene expression by either inhibiting translation or promoting degradation of their target mRNAs [1].
It is estimated that the human genome encodes over a thousand miRNAs, which can target dozens of
mRNAs, and every individual mRNA can be targeted by several miRNAs [2]. miRNAs are estimated
to regulate about one-third of human protein-coding genes [3]. The majority of miRNAs result
from RNA polymerase II transcription, which yields long primary miRNA (pri-miRNA) transcripts.
Pri-miRNAs are trimmed in the nucleus by the RNase Drosha, yielding premature hair-looped miRNA
of + 70 nucleotides. These pre-mRNAs are transported to the cytoplasm where they are further
processed by the RNase Dicer, resulting in mature miRNA. Mature miRNAs are then incorporated into
the RNA-induced silencing complex (RISC), where the miRNA strand anneals to the 3" untranslated
regions (UTRs) of target mRNAs, leading to the degradation or translation inhibition of mRNAs and
subsequent protein repression [3]. miRINAs are mostly known for their gene regulation properties.

J. Clin. Med. 2020, 9, 3939; doi:10.3390/jcm9123939 www.mdpi.com/journaljem
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However, they also play an important role in intercellular signaling and can therefore be found
abundantly in bodily fluids, including blood and urine [4]. There are several ways in which miRNAs
can reach the bloodstream from the tissues, including lipid or lipoprotein complexes and extracellular
vesicles (EVs), but they have also been found as free-floating complexes with Argonaute proteins [5].
This makes them excellent biomarker candidates, since one of the most important properties of a good
biomarker is easy accessibility. Furthermore, their detection is easily achieved with low-cost techniques,
such as quantitative reverse transcription PCR. In addition, miRNA expression profiles are different in
the diseased state and in their tissue-specific expression patterns, further strengthening their biomarker
potential, and extensive research has been conducted on this discovery. The most studied field is
oncology, where miRINAs encapsulated in exosomes are suggested to function as biomarkers in the
diagnosis and prognosis of several cancers, including breast cancer, prostate cancer, and colorectal
cancer [6]. In addition, miRNAs have been found to play an essential role as biomarkers in numerous
other diseases, such as Alzheimer’s disease [7], epilepsy [8], sepsis [9], and in neurodegenerative and
neuromuscular disorders [10,11].

Myotonic Dystrophy type I (DM1) is an autosomal dominant muscle dystrophy, with a
multi-systemic nature and an estimated prevalence of 1:8000 [12]. Patients display a core set
of symptoms, which include muscle weakness, myotonia, respiratory failure, cardiac conduction
defects, cataracts, and endocrine disturbances. The DM1 phenotype can be divided into five clinical
categories, each with distinct clinical features: congenital, childhood-onset, juvenile-onset, adult-onset,
and ate-onset DM1. In congenital DM1, symptoms arise at birth or during the first month of life and
include hypotonia, respiratory failure, feeding difficulties, failure to thrive, and clubfoot deformities.
Mortality is especially high in the perinatal period due to respiratory failure [13]. The diagnosis of
childhood-onset DM1 is often missed due to uncharacteristic symptoms. Affected children show
cognitive and learning abnormalities after the first year. None of the ‘classic’ DM1 symptoms,
such as muscle myopathy and myotonia, is present at first, but they often develop in adulthood [14].
Juvenile DM1 has an onset between 10 and 20 years. It spans the continuum between childhood
and adult-onset and has some overlapping features with both types. Nevertheless, they differ from
childhood-onset DM1 by the more pronounced muscle involvement and from the adult-onset in
the often underdiagnosed cognitive impairment and earlier cardiac and respiratory problems [15].
The classic/adult-onset is the most prevalent DM1 phenotype and arises typically around the second or
third decade of life. Core features are progressive muscle weakness and myotonia with preferential
involvement of the cranial, trunk, and distal limb muscles and early-onset cataracts [16,17]. In addition,
cardiac conduction defects are common in adult-onset DM1, which is a major contributor to increased
mortality and sudden death in patients [18]. Late-onset or mild DM1 patients usually start to show
symptoms after the age of forty. Symptoms include mild muscle weakness, premature cataract,
and balding. Not only is the disease heterogeneous in disease onset, within the different subtypes
much heterogeneity exists as well in symptom development. Symptom manifestation can range from
mild muscle weakness with myotonia to loss of ambulation with cardiac conduction defects and severe
cataracts. At the point of diagnosis, it is unclear which subset of symptoms will develop over time.

DM1 is caused by a Cytosine-Thymine-Guanine (CTG) expansion in the in the 3" untranslated
region of the myotonic dystrophy protein kinase gene (DMPK). Unaffected individuals carry 5-35 CTG
repeats, whereas the length of the CTG expansion in patients can range from fifty to thousands of CTGs
and has been associated with age of symptom onset and disease severity [19,20]. DM1 is considered an
RNA gain-of-function disorder, in which expanded transcripts accumulate as intranuclear RNA foci.
These foci can sequester muscleblind-like (MBNL) proteins, which subsequently lead to diminished
activity and downstream deregulation of the alternative splicing of several genes [21,22]. In addition,
the RNA foci cause hyper-phosphorylation and thus upregulation of the CUG-BP and ETR-3-like factors
family member 1 (CELF1) via several signaling kinases [22,23]. CELF1 is also a splice factor, and its
inappropriate phosphorylation results in deregulation of downstream target genes. Disruption of
the alternative splicing of several genes can be directly correlated to symptoms arising in DM1.
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For example, mis-splicing of the CIC-1 chloride channel leads to reduced chloride conductance in
muscle fibers, which is known to produce myotonia [24], and alternative splicing of cardiac troponin T
and the insulin receptor is correlated with cardiac defects and diabetes, respectively [21]. However,
these spliceopathies cannot explain the full multi-systemic picture found in DM1, and the discoveries of
bidirectional transcription of the DMPK gene, aberrant DNA methylation, repeat-associated non-ATG
translation, and miRNA deregulation have added to the vast complexity of DM1 pathology [25-28].

In DM, the need for a biomarker that can predict disease outcomes is essential, especially for
cardiac and respiratory complications, to improve patient survival. Symptoms and disease progression are
highly variable among patients, and life expectancy is significantly decreased, primarily due to respiratory
failure and cardiac events [29]. This high variability and the multi-systemic nature of the disease present
a unique challenge in terms of disease management. Currently, disease management is mostly focused on
symptomatic treatment and preserving function and independence. Current assessment strategies include
genetic testing, electromyography, skeletal muscle histopathology, and magnetic resonance. The only
circulating marker used to date is creatine kinase (CK), but this is not elevated in all patients and lacks disease
specificity, since it is altered in most disorders involving skeletal muscle damage [30], as well as intense
physical activity [31]. Other suggested biomarkers are the alternative splicing changes observed in the DM1
skeletal muscle [32]. However, monitoring them would require several invasive muscle biopsies. miRNAs
have the potential to help estimate the degree and type of involvement of symptoms before they appear as
well as to apply the appropriate preventive measures. For example, several studies have indicated that
miRNAs correlate to muscle strength and disease stage in DM [33,34]. In addition to disease management,
miRNAs could be used as biomarkers for future clinical trials. Currently, outcome measures consist mostly
of clinical and functional ones, such as cognitive function assessment by questionnaires, patient-reported
outcomes such as DM1-activ, muscle testing by the 6 min walk test, grip strength, Muscular Impairment
Rating Scale (MIRS), and myotonia degree [35]. These can be, however, influenced by several confounding
factors. For example, the 6 min walk test is not only influenced by muscle strength but also by factors
such as the level of fatigue and motivation [36]. These tests also might lack sensitivity to subtle changes
happening in the rather short time frame of most clinical trials.

Here we review the current knowledge on the potential of miRNAs as a biomarker for disease
development in DM1. Due to the multi-systemic nature of DM1 and the different tissues involved,
the advances will be discussed per tissue, and we will touch on the therapeutic potential of miRNAs in DM1.

2. miRNAs in Skeletal Muscle

Several endogenous miRNAs are ubiquitously expressed, such as let-7, but a subset of miRNAs is
only expressed in certain tissues. An example is the muscle-specific miRNAs (myo-miRs), which are
expressed in skeletal muscle and cardiac muscle. They consist of miR-1, miR-133a/b, and miR-206,
which are highly enriched in skeletal muscle, whereas miR-1 and miR-133a/b are also highly enriched
in cardiac muscle. miR-1 plays an important role in skeletal muscle growth and differentiation by
regulating the serum response factor (SRF) and myocyte enhancer factor-2 (MEF2) [37]. Both activate
skeletal muscle gene expression in collaboration with myogenic basic helix loop helix proteins.
miR-133 was initially thought to drive proliferation by repressing the expression of SRF, indicating an
opposing role from miR-1 [38]. However, recent reports suggest a similar regulating function to miR-1,
promoting differentiation in a similar way [39]. Both miR-1 and miR-133 are also involved in the
modulation of electrical conductance in the heart [40]. miR-206, on the other hand, is solely expressed in
skeletal muscle and promotes myoblast differentiation [41]. Later on, miR-208a/b, miR-499, and miR-486
were added to the list of myo-miRs. These new members are striated muscle-specific, and miR-208a is
found only in cardiac tissue. Both miR-208 and miR-499 are encoded in slow-twitch, type I myosin
genes and are required to establish the slow-twitch fiber phenotype [42]. miR-486 is potentially
involved in muscle growth and homeostasis by regulating the Phosphoinositide 3-kinase/Protein
kinase B signaling pathway [43]. Myo-miRs have been suggested to play a role in several diseases,
including cardiac hypertrophy, cardiac arrhythmias, and muscular disorders [44—47].
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Since DML1 is a muscle dystrophy first, and therefore the most affected tissue is the muscle,
naturally the first studies on miRNA dysregulation as a potential biomarker for disease were conducted
in the muscle (Figure 1, Table 1). It was first studied by Gambardella et al. in 2010 [48]. They focused
on myo-miRs, in addition to miR-103 and miR-107, which were proposed to be attractive candidates
for binding DMPK mRNA [49]. More specifically, a computational analysis revealed that miR-103 and
miR-107 would repress the DMPK wild-type allele by 15%, and that repression of mRNA by CTG
repeat-binding miRNAs would increase with the number of CTGs in the 3'UTR. They proposed a model
in which CTG repeat-binding miRNAs, such as miR107 and miR-103, preferentially bind to mutated
DMPK mRNA, which could have a miRNA-leaching effect and, therefore, implications for DM1
pathology [49]. Only miR-206 was found to be overexpressed in biopsies of DM1 patients. However,
the predicted target genes of miR-206, such as Utrophin, were not altered. A potential explanation
can be the presence of multiple myofibers in skeletal muscle. For example, miR-206 is known to be
highly enriched in regenerating fibers [50], which constitutes only a small portion of the bulk tissue
measured. Although miR-206 shows a pronounced increase due to the addition of regenerating fibers,
this does not mean that its target genes are equally affected, and minor changes might not be detected
in bulk tissue. Interestingly, miR-206 was localized in centralized nuclei and nuclear clumps in DM1
muscle sections, both hallmarks of DM1 histopathology. In the following year, Perbellini et al. [51]
conducted a similar study in muscle biopsies from 15 DM1 patients, but with very different results.
They broadened their study to 24 miRNA candidates, which have important regulatory roles in skeletal
muscle or were found to be dysregulated in Duchenne muscular dystrophy. They found miR-1 and
miR-335 to be upregulated and miR-29b/c and miR-33 to be downregulated. Predicted targets involved
in muscle development (MEF2a, MET, GATA6, and HAND?2), arrhythmia (KCNE1, KCNJ2, CALM2),
splicing (SFRS9), and atrophy (DAG1, DIABLO, RET, TRIM63, TGFB3) of miR-1 and miR-29 were
significantly upregulated in DM1 patients, indicating functional relevance and a possible contribution
to DM1 pathology. In addition, miR-1 was vastly present in the internal nuclei and in nuclear
clumps of DM1 myofibers, similar to the miR-206 distribution found by Gambardella et al. [48].
Although expression levels were found not to be dysregulated, the cellular distribution of miR-206 and
miR-133b was severely altered in patients compared to controls, in a similar way as miR-1.

MUSCLE HEART BLOOD
miR-1 T4 miR-1 4 miR365 | mlk;/ t iR
mies It miR-133a 4 mIiR-499 | miR: miR-57.
miR-10 4 miR-30b 4 miR-125b | miR-29b miR-885-5 T
miR-29b/c & miR-29b 4 miR-148a | miR-33a t 'MiR-886- 3p>T
miR-33 4 miR-145 4 miR-194 | miR-113a / |
miR-133a/b 1 let-7g 4 let-7d 4 miR-133a/b 1 /
miR-206 1 miR-26a 4 miR-27a 1 miR<140-3p T y
niR-335 1 miR-328 4 miR-22 miR-191,_ 1t A
miR-23a 4 miR-100 | miR-193b T
miR-23b 4 miR-206 4

Figure 1. A summary of the studied miRNAs in skeletal muscle, heart, and blood. T = upregulation,
| = downregulation. Created with BioRender.com.
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The paper by Fernandez-Costa et al. [52] adopted a very different approach to studying miRNA
dysregulation of DM1 by using a Drosophila model, in which CTG expansions were introduced.
They found 20 miRNAs to be differentially expressed, of which 19 were downregulated and 1 was
upregulated. Only three of those were preserved in humans, miR-1, miR-7, and miR-10, which underwent
a validation study in muscle biopsies from five DM1 patients. The downregulation was preserved
in humans, and at least seven of their target genes were upregulated. For miR-1, these were the
antioxidant enzyme superoxide dismutase 1 (SOD1), the transcriptional regulator SWI/SNF-related,
matrix-associated, actin-dependent regulator of chromatin, subfamily A, member 4 (SMARCA4), and the
nucleotide exchange factor Neuroepithelial Cell Transforming 1 (NET1). miR-7-upregulated targets
included amyloid precursor protein secretase Cathepsin B, autophagy regulator cysteine protease (ATG4),
and cytoskeletal protein Vinculin (VCL), and miR-10 caused an upregulation of Ubiquitin-activating
enzyme E1 (UBE11), a member of the small ubiquitin-like modifier (SUMO)ylation machinery.
This suggests that miRNA dysregulation in DM1 is involved in a wide range of pathological mechanisms.
The finding of miR-1 downregulation is in contrast to the results found by Perbellini et al. [51], since they
found miR-1 to be upregulated. To further elucidate the mechanism involved in the dysregulation of
these miRNAs, they performed several experiments on the pri-miRINA precursors of these miRNAs and
found that expanded CTG repeats decreased the levels of the primary precursor of miR-7 in Drosophila
flies, and this was also observed in skeletal muscle biopsies of DM1 patients. In addition, they found
that Muscleblind, the homolog of human MBNL]1, is necessary for the regulation of miR-1 and miR-7 in
Drosophila flies. MBNL1 protein in humans is trapped by RNA foci in DM1 and has been previously
described to participate in the biogenesis of miR-1 [1]. Although it will have to be validated in humans,
their results in flies suggest that the depletion of MBNL1 in DM1 can be an explanation for the miR-1
downregulation in skeletal muscle biopsies of DM1 patients. They also made the first link to the
physiological relevance of miRNA dysregulation, albeit only in flies. Overexpression of miR-10 in the
DM1 drosophila model increased their lifespan.

The vast difference in results between the studies, which at first glance look very similar, might be
explained by the use of different muscle biopsies. The first study was conducted in biopsy material from
the vastus lateralis, whereas the second study used material coming from the biceps brachii, and the last
study used a mixture of material from the vastus lateralis, biceps brachii, and deltoid. Since in DM1,
in general, the observed muscle weakness is prominently distal, and only in later stages of the diseases
are the proximal muscles, such as the bicep brachii and the vastus lateralis, involved, it could be that the
stage of each individual patient at the moment of biopsy can influence the obtained results. In addition,
miRNA expression levels are studied by quantitative PCR (qPCR), where expression levels are normalized
against an endogenous miRNA of which the levels are known to be stable or by using a spike-in miRNA.
Total miRNA content has been shown to be an experimental variable and adds a systematic bias in
miRNA quantification [54]. No gold standard for this type of normalization exists, and groups often use
different approaches, decreasing the comparability of their studies. In the case of above studies, all three
studies opted for a different normalization approach, a potential explanation for their contradictory
results. However, Fritegotto et al. [53] recently published a study in which they adopted a very similar
experimental design to Gambardella et al. [48]. They used the same muscle biopsy material and the
same housekeeping gene for normalization, but their results match only in part. miR-206 is upregulated,
which is in consensus with what Gambardella et al. [48] found in 2010. However, they found additionally
that miR-1 and miR-133a/b were significantly decreased. This result is in consensus with the findings of
Fernandez-Costa [52], but in vast contrast to the study by Perbellini et al. [51], since they found miR-1 to
be upregulated. A possible explanation can be that Perbellini et al. [51] used control subjects that were
admitted for suspected neuromuscular disorders. This can skew their results since these ‘control’ subjects
may have an underlying muscular disorder. Interestingly, this study by Fritegotto et al. [53] was the first
study to try to correlate their miRNA dysregulation findings to DM1 pathology. A histopathological score
was assigned to each muscle biopsy. However, the histopathological score and disease duration did not
correlate significantly to miRNA expression levels. They did observe that the lowest levels of miR-1 and
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miR133a/b and the highest levels of miR-206 were found in patients with the most severe histopathological
score or longest disease duration. Thus, even though Fritegotto et al. [53] and Gambardella et al. [48]
adopted the same experimental procedure, their results differ. It might be due to the use of different
clinical subtypes of DM1. In Fritegotto et al.’s study [53], the clinical subtypes ranged from childhood to
adult onset. Unfortunately, Gambardella et al. [48] only disclosed the current age range and not the age of
onset, so the clinical subtype is unknown, but it might be relevant. Childhood-onset DM1 patients display
a different array of symptoms compared to adult-onset DM1, suggesting that different pathological
mechanisms are at play.

Although studies in skeletal muscle have given us valuable information on miRNA dysregulation
in DM, it can be argued that it does not have the best biomarker potential since obtaining a muscle
biopsy is an invasive procedure, especially if you consider that the diagnosis of DM1 can be done with
a simple genetic test using a blood sample, which makes muscle biopsies in DM1 scarce and, most of
the time, unnecessary. The studies did give us important information on potential targets for therapy
development, which will be discussed further on in the review.

3. miRNAs in the Heart

Information on miRNA patterns in the heart of DM1 patients is scarce, most likely due to the
difficulty of sample collection. To date, two papers have looked into the involvement of miRNAs in cardiac
pathology in DMI1 (Figure 1, Table 2). First of all, Rau et al. [55] showed in 2010 that miR-1 is downregulated
in DM1 patients compared to controls, and that downstream targets of miR-1, the Voltage-dependent
L-type calcium channel subunit alpha-1C (CACNA1C) and connexin 43 (GJA1), which are responsible
for intracardiomyocyte conductance, are upregulated in heart samples of DM1 patients. The loss of
miR-1 was due to MBNL1, which binds to the pre-miR-1, blocking the binding site for LIN-28 and
subsequently disrupting the processing of pre-miR-1. The second study, performed by Kalsotra et al. [56],
screened a DM1 mouse model for over 500 miRNAs and identified 54 differentially expressed miRNAs.
To translate these findings to humans, 22 miRNAs were tested in heart tissue of eight DM1 samples
and four controls. Twenty were significantly downregulated in human DM1 heart tissue, including two
myo-miRs (miR-1 and miR-133a). Pathway analysis of the misregulated miRNAs revealed the loss of
function of the myocyte enhancer factor-2 (Mef2) transcriptional network. In addition, several of the
affected miRNAs found in the study have been previously described to produce arrhythmias or fibrotic
changes. For example, miR-1, which was identified in both studies, is known to regulate gap junction
proteins and cardiac channels, and a reduction in its expression greater than 50% may contribute to
the conduction defects found in DM1 [55]. Two other downregulated miRNAs worth mentioning are
miR-23a/b, of which postnatal upregulation has been shown to result in CELF1 downregulation [57].
Additionally, upon introduction of expanded CUG repeat RNA into a heart-specific and inducible DM1
mouse model, postnatal upregulation of miR-23a/b is reversed, and CELF1 is subsequently upregulated,
proposing an additional mechanism for CELF1 upregulation in DM1.
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4. miRNAs in Blood and Serum

Although the above studies discussing tissues, muscle, and heart have given us valuable
information regarding the involvement of miRNAs in DM1 pathology, due to the invasive nature
of sample collection, their biomarker potential is limited. The field, therefore, shifted its focus on
circulating miRNAs for biomarkers in DM1 (Figure 1, Table 3). Circulating miRNAs diffuse into the
bloodstream from several of the affected tissues, making them excellent candidates as biomarkers.
In addition, drawing blood is a simple and much less invasive procedure than obtaining a muscle biopsy.

The first study on circulating miRNAs in DM1 was performed by Perfetti et al. in 2014 [33].
They performed a miRNA panel of 381 miRNAs in twenty-four plasma samples of DM1 patients
and twenty-six controls. The fourteen miRNAs that showed a significantly different expression
level compared to controls were subjected to validation in a bigger cohort (n = 36). In this bigger
cohort, nine miRNAs were differentially expressed: miR-133a, miR-193b, miR-191, miR-454, miR-574,
miR-885-5p, and miR-886-3p were increased, whereas miR-27b levels were decreased. Pooling the nine
miRNAs into a DM1-miRNA score resulted in an accurate discrimination between DM1 patients and
controls. miR-133a alone was also able to discriminate between the two populations. Interestingly,
both the DM1-miRNA score and miR-133a showed a negative correlation with global muscle
strength, assessed by the Medical Research Council (MRC) muscle scale, and significant increases in
median miR-133a and DM1-miRNA scores were seen in higher MIRS classes. The following year,
Koutsoulidou et al. performed a very similar study in the sera of DM1 patients [34]. The biggest
difference is they decided to focus solely on myo-miRNAs and studied the expressions of miR-1,
miR-133a, miR133b, and miR-206. miR-133a is the only myo-miRNA that was previously found to be
differentially expressed [33]. However, in this study all four myo-miRs were found to be significantly
increased in blood sera of twenty-three DM1 patients, and myo-miRs were distinguishable between
patients and controls with Receiver Operating Characteristic (ROC) curves ranging from 0.94 to 0.97,
or when averaged into a single value with a score of 0.98. In contrast to Perfetti et al. [33], they were
unable to find any correlation between the miRNA expression levels and DM1 severity. However,
when the groups were stratified, based not on their clinical picture and MRC muscle scale but on their
progression in muscle wasting, they found that the four miRNAs were increased in progressive DM1
Ppatients compared to stable patients, and that the miRNAs could discriminate between progressive
and stable DM1 patients. Progressive vs. stable was based on whether the patients showed a change in
the MRC scale in the past two years. This is the first longitudinal correlation made and a first hint at
the real biomarker potential of these miRNAs.
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Both studies mentioned above repeated their analysis in bigge r cohorts: Perfetti et al. [58] chose
to include the three additional miRNAs found by Koutsoulidou et al. [34] into this validation study
(1 = 103). Out of these twelve combined miRNAs, eight were found to be differentially expressed:
miR-1, miR-133a/b, miR-206, miR-140-3p, miR-454, and miR-574 were increased, and miR-27b was
decreased. This means that four out of nine of the originally found were not validated in this bigger
cohort. Notably, the myo-miRs were able to differentiate between patients and controls, but better
results were obtained when all the miRNAs were combined into a DM1-miRNA score, when myo-miRs
scores were pooled, or when levels of miR-133a and miR-133b were averaged into a miR-133a/b
score. This time they were again able to find a significant, negative correlation with muscle strength
and a weak, direct correlation with CK values. An interesting point raised was that miR-133b was
significantly higher in female DM1 patients compared to DM1 males, but this difference between
gender was not found in healthy subjects or in the original study. Of note, they included DM2 patients
in this study as well to see whether the findings in DM1 were translatable to DM2, and all except
miR-27b were found to be deregulated in thirty DM2 patients. Koutsoulidou et al. focused first on
the four myo-miRs previously reported [34] and validated their differential expression in a cohort of
63 DM1 patients. The previously reported increased levels in progressive DM1 patients compared to
stable DM1 patients were also validated [59]. In addition to validating their previous results, they also
considered the eight additional miRNAs found by Perfetti et al. in plasma [33]. Six out of eight
were found to be significantly increased, whereas no differences were found in miR-454 expression,
and miR-27b, previously reported to be significantly decreased in DM1 patients, was shown to be
significantly increased. A novel finding was the encapsulation of these myo-miRs in EVs: it was
reported that the majority of the differentially expressed myo-miRs in DM1 patients could be found in
EVs. The levels of the four myo-miRs were significantly higher in EVs isolated from sera of the DM1
patients compared to controls and seem to discriminate between progressive and stable DM1 patients.
However, caution should be taken with regards to these results. It has been shown that polymer-based
methods to precipitate EVs (such as the ExoquickTM Exosome Precipitation solution used in this
study) do not exclusively precipitate EVs, and co-isolation of other molecules, including RN A-Protein
complexes, is a possibility [60]. Especially in the case of miRNAs, it has been shown that these kits
may preferentially precipitate non-exosomal miRNAs [61]. This means that the miRNAs found in this
precipitate may not exclusively originate from EVs or in fact might primarily be non-exosomal.

Although some discrepancies can be found between the studies of the two groups above, they both
show a clear miRNA deregulation pattern in the sera or plasma of DM1 patients. This is in vast
contrast to another study by Fernandez-Costa et al. [62] in 2016, which was unable to validate six
serum miRNAs as DM1 biomarkers. A panel of 175 known serum miRNAs was tested in ten DM1
patients and controls, of which six potential candidates were chosen, but they were unable to validate
these candidates by gPCR. The strongest two candidates, miR-21 and miR-130a, were further tested in
a bigger cohort of twenty-one DM1 patients, but no differences were found.

Several correlations between miRNA expression levels and DM1 clinical phenotype have been made,
and a recent paper has shown how miRNA expression levels can be a biomarker for rehabilitation [63].
After a six-week exercise rehabilitation training, a significant decrease was found in four myo-miRs,
namely miR-1, miR-133a/b, and miR-206, in parallel with an improvement in muscle function. Of note,
when the four miRNAs were first analyzed for differences between patients and controls, only miR-1 and
miR-206 were significantly increased, while miR133a/b were upregulated only in a subset of the patients.
The study does, however, show us the potential of myo-miRs in serum as a rehabilitation biomarker,
which would be a nice addition to the now used clinical outcomes, which often lack sensitivity and
reproducibility and can be influenced by the multi-systemic nature of the disease.

To date, only one study has looked at the serum and muscle miRNA levels simultaneously [64].
Since the myo-miRs in blood are thought to be a representation of the miRNA levels in muscle,
one study used a slightly different approach in that they used whole blood instead of plasma or
serum. They found the levels of circulating miR-133a, miR-29b, and miR-33a to be increased in DM1
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patients. However, in muscle tissue two myo-miRs (miR-1 and miR-133a) and miR29c were found to
be downregulated, which indicates that circulating myo-miRs are not reflective of the situation in the
muscle. The increase in miR-133a was previously described by several studies [58,59,63], whereas the
other two miRNAs are novel findings. Their results in muscle are similar to the findings of two other
studies, although the downregulation of miR-29¢ has not been reported before [52,53].

Similar to the findings in muscle, several studies focusing on miRNA expression levels in blood show
no homogeneous findings. Again, differences in sample sizes and normalization methods chosen could
be to blame. For example, Perfetti et al. [33,58] decided to use a combination of three different normalizers,
Cel-miR-39, miR-17-5p, and miR-106a, whereas Koutsoulidou et al. [34,59] used miR-16 to normalize their
expression profiles. The study by Fernadez-Costa et al. [62], which failed to validate any of the previous
findings, used the mean Ct value of miRNAs detected for normalization. Both Perfetti et al. [58] and
Koutsoulidou et al. [59] decided to validate their results in a bigger cohort, and both found different results,
showing the importance and influence of sample size on experiments. Another important difference
between the studies is the use of different blood components (i.e., serum, plasma, or whole blood). It has
been shown that the miRNA expression levels differ between serum and plasma, for example due to the
activation and release of miRNAs from platelets during collection of plasma [65].

Several things have to be taken into account with regards to extracellular miRNAs. Although some
miRNAs are tissue-specific, there is still a major overlap between the expression of miRNAs. For example,
although miRNA-206 is highly enriched in skeletal muscle, it can also be detected in cardiac muscle, and
its origin might be from both. The same holds true for miR-1 and miR-133, which are highly enriched in
both tissues. The multi-systemic nature of DM1 may add additional complexity to determining the
biomarker potential of extracellular miRNAs, as it will be extremely difficult to distinguish between the
origins of the extracellular miRNAs. Specifically, for myo-miRs, their (possibly low) disease specificity
might be a cause for concern. Several studies have shown that extracellular myo-miRs are elevated
in different muscular pathologies, including DMD and limb-girdle muscular dystrophies [11,66],
which might indicate that elevated extracellular myo-miRs is a general marker of muscle pathology.
Furthermore, the expression levels in the muscle are not always reflected in that found in serum
or plasma. It has been shown that the increase in extracellular myo-miRs in serum and plasma is,
in part, due to selective release of certain miRNAs during muscle growth and regeneration, instead of
solely a passive leakage from damaged muscle and, therefore, more likely a complex function of the
regenerative/degenerative status of the muscle, overall muscle mass, and tissue expression levels,
which can have implications for their biomarker potential [67,68].

5. Therapeutic Potential

The dysregulation patterns of miRNAs found in DM1 and their links to the clinical phenotype
also show their potential as therapeutics. The search for a therapeutic, targeting miRNAs in DM1,
has focused mainly on miRNAs associated with the two splice factors involved in DM1 pathology,
namely MBNL1 and CELF1 (Figure 2).

Four different miRNAs (miR-1, miR-30-5p, miR-23b, and miR-218) associated with the splice factor
MBNLI1 have been studied as therapeutic targets. As previously mentioned, pre-miR-1 processing
is regulated by MBNLI1. Sequestration of MBNL1 by toxic RNA results in downregulation of miR-1
and subsequent upregulation of downstream targets of miR-1. This, in turn, is linked to several DM1
symptoms, for example, one of the miR-1 targets is CACNA1C, which encodes for calcium channels
in the heart. Misregulation may contribute to arrhythmias observed in DM1 patients [55]. However,
no steps toward upregulating miR-1 to assess its therapeutic potential have been taken. miR-30-5p is
another miRNA associated with the MBNL1 family, since it is a direct repressor of MBNL1-3 translation.
A study showed that introducing a miR-30-5p mimic into C2C12 muscle cells downregulated the
expression of MBNL and deregulated downstream targets of MBNL, including Trim55 (involved in
sarcomere assembly) and Insulin Receptor (binding of insulin to the receptor initiates a downstream
pathway that regulates muscle development) [69]. This shows an interesting possibility of using
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anti-miRs to repress miR-30-5p expression, increase MBNL protein levels, and alleviate associated DM1
symptoms. The last two miRNAs linked to MBNL1 were found by Cerro-Herreros et al. in 2018 [70].
miR-23b and miR-218 were identified as repressors of MBNLLI translation. Anti-miR treatment of
each miRNA independently in DM1 myoblasts and DM1 mice increased MBNLI levels, and in the
latter this was linked to improvements in spliceopathy profile, histopathological signs, and functional
myotonia without toxicity [70]. More recently, the same group has conducted a more in-depth study
on the therapeutic potential of an anti-miR against miR-23b. They showed that the therapeutic effect is
dose-dependent and has long-lasting effects. Subcutaneous administration of anti-miR 23b in human
skeletal actin long repeat mice upregulated the expression of MBNL1 and rescued splicing alterations,
grip strength, and myotonia [71].
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Figure 2. An overview of the suggested therapeutic potential of miRNAs in Myotonic Dystrophy
type I (DM1) by targeting downstream targets of MBNL1, upregulating mRNA levels of MBNL1,
or downregulating mRNA levels of CELF1 by the use of miRNA mimics or anti-miRs. (A) The
use of an miR-1 mimic to circumvent the detrimental effect of MBNL1 sequestration, resulting in
a downregulation of downstream targets and symptom alleviation. (B) The use of an anti-miR for
miRNA inhibitors of MBNL1 to increase expression levels in DM1 and alleviate symptoms. (C) The
use of a miRNA mimic of inhibitors of CELF1 to reduce its expression and alleviate symptoms
in DM1. MBNLI1 = muscleblind-like 1, CELF1 = CUG-BP and ETR-3-like factors family member
1, CACNAIC = Voltage-dependent L-type calcium channel subunit alpha-1C, GJA1 = connexin 43.
Created with BioRender.com.

For the splice factor CELF1, the focus has been primarily on miR-206, which may modulate CELF1
overexpression. The introduction of miR-206 mimics into cells overexpressing CEFL1 inhibited CELF1
expression and improved the myoblast fusion index and myotube area [72]. Another pair of miRNAs
of note are miR-23a/b; they have shown to be downregulated by introducing expanded repeats, which
leads to the upregulation of CELF1. This is another potential therapeutic ability worth exploring [56].

A recent study has discovered a new potential therapeutic target, namely miR-7. miR-7 was
previously described to be downregulated in a DM1 Drosophila model and in muscle biopsies from
patients [52]. In the current study, overexpression of miR-7 resulted in the rescue of DM1 myoblast
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fusion defects and myotube growth by repressing autophagy and the ubiquitin-proteasome system [73].
This improvement was independent of MBNL1. These results provide evidence for a new therapeutic
candidate for muscle dysfunction in DM1.

6. Conclusions and Future Perspectives

miRNAs have great potential to become diagnostic tools in several diseases, including cancer,
neurodegenerative diseases, and neuromuscular diseases. However, to date, insufficient knowledge
and a lack of conclusive results to clarify the role of miRNA in disease diagnosis have held back the
implementation of miRNA biomarkers in clinical settings [4]. In the past two decades, extensive
research has been conducted in the miRNA expression profiles of DM1 patients and their biomarker
potential. Several expression profiles have been found to be able to distinguish between DM1 patients
and healthy subjects, and even a link has been made between progressive and non-progressive muscle
wasting in DM1 patients. However, discrepancy between studies still exists. One of the main causes
of the discrepancies seems to be the normalization process necessary for qPCR, for which no gold
standard exists. A way around this might be the use of a fairly novel technique, the digital droplet
PCR, which produces an absolute quantity, eliminating the need for normalization [74]. This will
help in the comparability of results between groups. Further research, especially longitudinal studies,
are needed to unravel the true biomarker potential of miRNAs in DM1 to see whether they can help in
the prediction of disease progression and/or in the prediction of treatment efficacy.
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General Discussion

The main goal of this doctoral thesis was to have an in-depth look in potential
disease modifiers of DM1 and to identify their link to DM1 pathology and clinical phenotype.
The findings laid out in this dissertation have added novel findings, confirmed existing
reports, and called into question previously reported findings. Five potential disease modifiers
were the focus of this dissertation and several links to DM1 phenotype have been made and

are discussed below.

DM1 VARIANT REPEATS

The effect of variant repeat patterns on the DM1 clinical phenotype is still poorly
understood. Although variant repeats have been previously linked to disease phenotype, the
results are quite controversial. Nevertheless, the most observed finding to date is a delay in
age of onset in variant repeat carrying DM1 patients compared to pure repeat carrying DM1
patients [26,34,189,190,193]. Our results support this observation, with an age of onset >50
years for the three sisters and an asymptomatic son at the age of 35. However, the also
often reported milder phenotype that accompanies the delay in onset was absent in our
interrupted family. Several studies have reported less severe muscle weakness, lower degree
of myotonia and better respiratory function [26,44,189,190,193,194]. In our reported DM1
family, we observed a quite severe clinical manifestation after initial age of onset in the three
sisters with cardiac and respiratory dysfunction, requiring a pacemaker and mechanical
ventilation. Although the majority of studies reported a milder phenotype, there are reports
indicating either no differences or a worsening of symptoms in variant repeat carrying DM1
patients [189,191]. Of note, several atypical traits were observed in the three sisters of the
interrupted family, including proximal limb weakness, severe axial involvement and the
absence of a myopathic face, despite the presence of moderate facial weakness. Proximal
weakness is more suggestive of DM2 and the dropped-head observed in one of the sisters is
more resembling limb-girdle muscle dystrophy. An atypical phenotype has been previously

observed, including a DM2-like phenotype [26,191].

CTG expansion intergenerational analysis revealed a contraction and an expansion
of the CTG repeat in the interrupted family. The expansion was accompanied by anticipation
as the next generation had an earlier age of onset. The patient with the observed contraction
is still asymptomatic and therefore no links to disease severity can be made. Variant repeat
carrying individuals have shown a more stable intergenerational transmission, with either
similar or contracted transmitted CTG repeats [26,43,192,195]. Although the overall
consensus is a stabilizing effect, anticipation has been observed in several interrupted DM1
families [26,34,43,189,190].

Variant repeats in our cohort displayed a prevalence of ~10% on individual basis
and 3% on family level. This is in consensus with previously reported findings, where the
prevalence is estimated to be between 3 to 5% [26,43,189-191]. The variants found were

CCGs at the 3’ end region, which is one of the most common found variant repeats to date
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and have been reported as single repeats, in CCGCTG hexamers or as small or large (CCG)n
arrays [26,43,189-191]. The studied interrupted family members in our cohort showed all
previously described CCG variant repeats (single repeats, hexamers and small (CCG)n
arrays) in the expanded alleles, which were both changed and preserved upon generational

transmission.

Altogether, our study addressing the effect of variant repeats on DM1 corroborates
the general findings that their prevalence is between 3 to 5% and that at clinical level, variant
repeats delay the DM1 age of onset compared to pure repeat carrying patients. However, our
results did not show a milder phenotype, except for the asymptomatic patient, which
interestingly showed a contracted repeat, in line with the overall consensus that variant
repeats have a stabilizing effect on CTG repeat. Due to the small number of interrupted
patients present in the DM1 population, it is hard to perform accurate genotype-phenotype
correlations and there is still much uncertainty. Studies with larger DM1 cohorts, preferably
with DM1 families, are needed to better understand the phenotypic consequences of variant
repeat patterns and to study their effect on intergenerational transmissions of the DMPK
expanded allele, and to address whether variant repeats have an impact in the epigenetic

regulation of the DMPK locus.

DM1-AS TRANSCRIPTION AND RAN TRANSLATION

In 2005, antisense transcription was first reported in DM1 and the first report on
RAN translation was in 2011, both were considered potential new disease modifiers in DM1.
However, limited new data on antisense transcription, and no new data on RAN translation
has been published since their first reports and sample collection in the initial reports was
limited. Thanks to the precious collection of DM1 patient-derived cells available to use, we
addressed the presence of antisense transcription and polyGIn RAN protein in three primary
cell cultures of patients with DM1, namely myoblast, skin fibroblast and lymphoblastoid cell

lines, in order to further elucidate its contribution to DM1 pathology.

Lower levels of DM1-AS expression were observed in DM1 patients compared to
controls, and the primer combination encompassing the repeat region seemed to favor the
wild-type alleles. Only one patient showed a band that could correspond to the expanded
repeat and this patient carried the smallest CTG expansion. Hence, it could be possible that
the much larger expanded repeats could not be detected by this method, which in turn could
be a potential explanation for the lower levels of expression seen in patients compared to
controls. However, the lower levels were also observed with the other two primer
combinations that did not encompass the expanded repeat, making it highly unlikely that the
lower levels seen were solely due to the binding of the wild-type allele. DM1-AS expression
has only been studied by a handful of other groups. These studies revealed either no changes
or higher levels of DM1-AS expression, which is in vast contrast to the results obtained from

our study. Moreover, Gudde and collaborators showed, when stratified based on inferred
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MBNL concentration, that the most severely affected patients showed a three-fold increase
in DM1-AS expression compared to controls [218]. We were unable to do such stratification,
but we have extensive knowledge on the clinical phenotype of our DM1 cohort, although upon
revision, a correlation between expression levels and clinical phenotype could not be found.
Our results disagree with the previous study, but the sample size of our cohort was rather
small for clinical comparisons, hindering the analysis. To better determine whether DM1-AS

transcript expression is linked to disease severity, a bigger cohort is needed.

The presence of DM1-AS transcripts in DM1 cells does not necessarily mean that
these transcripts can reach the cytoplasm and be RAN-translated. Subcellular fractionation
and FISH antisense RNA foci analysis revealed the presence of DM1-AS transcripts in the
cytoplasm of both patients and controls, with a higher percentage in the nuclear fraction, and
a part of these DM1-AS transcripts contained the expanded repeat. The presence of
cytoplasmic DM1-AS transcripts and the presence of antisense RNA foci were previously
described [216-218]. Gudde and collaborators showed the presence of DM1-AS transcripts
as a heterogeneous pool of transcripts with and without the expanded repeat in the

cytoplasmic fraction of myoblasts [218], corroborating our results.

However, the polyGIin RAN protein was undetectable in all three of our primary cell
cultures in both protein blots, which revealed a 42 kD polyGlIn-containing protein with the
two commercial anti-polyGIn antibodies, and in immunofluorescence, which showed
infrequent staining of the nucleus and an aggregate around the nucleus. The 42 kD protein
might be TBP and in fact, the original immunogen for the 1C2 antibody was the general
transcription factor TBP, which contains a 38-GlIn stretch and therefore matches our results.
It was shown, however, that TBP will always appear in blots, but the binding of longer
stretches of PolyGIn will be favored [327]. Accordingly, a certain subset of lymphoblastoids
did show a band that might correspond to the polyGIn RAN protein, but the custom a-DM1
antibody showed a range of non-specific bands in both patients and controls and we were
therefore unable to determine the origin of this protein with certainty. In addition, it is difficult
to know the exact size of the polyGIn RAN protein produced by the DM1-AS, as the disease
is prone to somatic mosaicism [31,32]. Nevertheless, Zu and collaborators showed a band
just below 60 kD in a patient carrying 85 CTG-CAGs [221]. Our patients carried expansions
much larger than that, and when estimating the molecular weight based on the CTG
expansion size, it was possible to have polyGIn RAN proteins in the range we found within
the lymphoblastoid cell lines. This will remain, however, hypothetical, as it seems we do not
have a proper functional custom DM1 polyGIn RAN antibody and no positive control available
to test its functionality. The aggregate found with immunofluorescence co-localized with the
Golgi apparatus, which might indicate the detection of another endogenous polyGIn-
containing protein. For example, ataxin-2, the product of the SCA2 gene, contains 22
glutamines and resides in the Golgi apparatus [328]. In addition, our immunofluorescence

did show staining of the nucleus at high antibody concentrations, which might be due to
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binding of the transcription factor TBP, also detected by the immunoblots (42 kD band).
Taken together, this would mean that both commercial anti-polyGIn antibodies bind to
several endogenous polyGIn-containing proteins, especially at higher antibody
concentrations. However, the previous reported polyGIn RAN proteins were not found, even
though two antibodies were the same used as in the previous report and similar cells were
used. Our DM1-AS results suggested that the presence of DM1-AS transcripts containing the
expanded repeat in the cytoplasm of DM1 cells is quite a rare occurrence. This highly affects
the chance of producing polyGIn RAN proteins. In addition, polyGIn-containing proteins are
very common in healthy subjects. Taking these two notions together, it might be plausible
that with current techniques, sensitivity is too low to detect such low quantities of the polyGIn
RAN protein, which in addition is hindered by the presence of other polyGIn containing

proteins.

Although we were unable to detect polyGIn RAN proteins in our DM1 cells, much
progress has been made in other repeat expansion disorders displaying RAN translation,
which could help in the field of DM1. Seven expansion disorders have been added since the
first discovery of RAN translation in SCA8 and DM1 [222,238,241,244-246,329]. Of these,
SCA8, SCA3 and HD are the three repeat expansion disorders in which the RAN proteins
originate from a CAG expansion, and can therefore result in polyGIn RAN proteins.
Interestingly, in vivo, none of the diseases show polyGIn RAN proteins, but instead produce
poly-alanine, and for HD additionally poly-serine RAN proteins. It might be interesting to
include custom antibodies for the two additional homo-polymeric protein possibilities with
regard to DM1.

Taken together, DM1-AS transcript levels were lower in patients compared to
controls and were present in both the nucleus and the cytoplasm of DM1 cells. Further
research into the effect of expanded DM1-AS transcripts on MBNL1 sequestration and overall
DM1 pathology is needed to understand their link to clinical phenotype. Only a small portion
of the DM1-AS transcripts contained the expanded repeat, substantially lowering the
possibility of RAN translation in DM1. The polyGIn RAN protein was not present in patient-
derived DM1 cells, or was present in such low quantities that it is below the detection limit of
the currently available techniques, suggesting RAN translation might not play a major role in
DM1 pathology. The development of more sensitive techniques and antibodies with higher

specificity are needed to understand the real contribution of RAN translation to DM1.

DNA METHYLATION PROFILES ACROSS THE DMPK LOCUS

The fourth disease modifier studied was DNA methylation and the overall goal of
this study was to investigate the contribution of epigenetics to DM1 pathology, by analyzing
the DNA methylation profiles across the DMPK locus in several tissues and tissue-derived
cells in all clinical subtypes of DM1. So far, all the published studies in DM1 have only

addressed the DNA methylation pattern in the region containing the expanded repeat, which
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overlaps with a big CpG island (named CpGi 374), and where CTCF can be bound at two
distinct places (named CTCF1 and CTCF2). This was considered particularly relevant because
the DMPK gene is found in a chromosomal location containing a high density of genes, being
most of them almost exclusively expressed in testis, and there is overlapping between the 3’
UTR of one gene with the regulatory regions of the next. The SIX5 transcription start site is
less than 400bp from the 3’ end region of the DMPK, and more importantly, the SIX5
enhancer/promoter resides in CpGi 374. The gene adjacent to the 5’ end region of the DMPK
gene, DMWD, is also within 500 bp from the gene (Figure 10 introduction). Importantly, CTCF
is a transcription factor that can function as an insulator and hypermethylation of the CTCF
regions could inhibit CTCF-binding and disrupt the insulator element altering gene expression
[292].

Our results comparing blood samples highlight a gain of DNA methylation in the
CTCF1 region of DM1 developmental cases, which is more prevalent with earlier onset and
correlates with higher disease severity and CTG expansion length. The upward gradient
observed, has been described previously [55,297-299], but the trend was not as clear as
ours, since hypermethylation was more concentrated towards the congenital subtype.
Additionally, fifty percent of the CTCF1 hypermethylated cases showed also hypermethylation
in the CTCF2 region. However, CTCF2 methylation without CTCF1 hypermethylation was not
observed, which may indicate that the beginning of the aberrant DNA methylation is not
random and it spreads beyond the CTG repeat only in certain cases/conditions. Several
studies have shown that in non-affected samples, CTCF binds strongly to CTCF1, whereas
the CTCF2 binding site is more controversial showing either weaker or no CTCF binding
[135,293,295,330]. The preferential hypermethylation observed at the CTCF1 region, mainly
in the congenital cases, can therefore potentially be more disruptive and a bigger contributor
to DM1 pathology. The CpGs in the binding site region of CTCF1 and CTCF2 were both
hypermethylated in our methylated samples, as well as in other studies, which could
potentially inhibit CTCF-binding and disrupt the hypothesized insulator element between the
SIX5 enhancer and DMPK promoter, resulting in increased DMPK levels, meanwhile reducing
SIX5 expression, and worsening DM1 pathology [7,292]. However, some reports showed no
differences in DMPK and SIX5 expression levels between methylated and non-methylated
samples [298] and Yanovsky-Dagan and collaborators identified a region upstream of CTCF1
binding site that when hypermethylated decreased SIX5 expression [135]. Additionally, in
DM1 adult samples a reduction of DMPK levels has extensively been reported, making this
theory only applicable for DM1 developmental cases, which are in fact the ones that showed
CTCF1 hypermethylation.

Our study is the first to report a more severe disease manifestation at skeletal
muscle, cardiac and cognitive level in hypermethylated DM1 childhood cases, as phenotype
associations have so far only been performed in adults [294,301]. Furthermore, we found an

association with CTG expansion length, where longer CTG expansions are more likely to be

205



General Discussion

hypermethylated. This is in concordance with previous results [32,296,298,301], although
other studies have suggested no such correlations exist or they may not be absolute
[55,299]. Additionally, we have found an increased, but not exclusive, maternal transmission
in the hypermethylated cases. Barbé and collaborators have suggested the presence of a
parent-of-origin effect, where DNA methylation may account for the maternal bias for CDM1
transmission, the larger maternal CTG expansions, age of onset and clinical phenotype [55].
Although we do see a similar trend, as all our CDM1 cases are both maternally transmitted
and hypermethylated, for the other clinical phenotypes, parental inheritance is not a good
predictor for methylation status or vice versa. This is strengthened by the observation of
Morales and collaborators, where a large family showed several paternally transmitted
methylated cases [297]. It therefore may be a good diagnostic indicator during prenatal
screening, but less efficient as a general disease marker. Of note, a recent study in DM1
spermatozoa found that DNA methylation was not affecting sperm viability and these
spermatozoa were compatible with “in vitro” fertilization [331]. These findings go against the
hypothesis that reduced survival is associated with methylated spermatozoa, preventing the
transmission of CDM1 [7], and therefore, other explanations for this maternal bias should be

explored.

Our study cohort included several families, giving us the opportunity to study
inheritance of the DNA methylation profiles. We found the CTCF methylation status of our
patients was not inheritable, as several unmethylated mothers gave birth to methylated
cases. This is in accordance with previous studies [55,297]. Interestingly, we observed that
the offspring of methylated mothers carried contractions of the CTG expansion, while the
offspring of unmethylated mothers carried expansions of the repeat. This suggests that
although the bigger CTG expansion sizes are associated with hypermethylation, when a
methylated parent passes on the methylation status, it coincides with the transference of a
smaller CTG expansion. Some authors have evaluated the effect of DNA methylation on the
stability of the CTG expansion repeat [332]. When using bacterial and primate cellular models
of 83 to 100 CTG repeat expansions, DNA methylation was found to be associated with a
stabilization of the repeat size. However, caution must be taken with these observations, as
the sample size in their study and our study was low and additional studies are needed to

further elucidate this observation.

As mentioned before, all previous DNA methylation studies were focused in the CTG
repeat region, located in the CpGi 374. However, the DMPK locus harbors three more CpG
islands, which have never been investigated in DM1 samples. Interestingly, our results
showed a novel tissue-specific epigenetic landscape in muscle samples for CpGi 43 and
CTCF1, which brings new insights in DM1 epigenetics. Recently, Buckley and collaborators
reported the existence of a DMPK alternative promoter, which overlaps with CpGi 43, as well
as cell type-dependent differences in promoter usage according to epigenetic features [293].

The data presented by Buckley and collaborators showed a predominant use of the canonical
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upstream promotor in skeletal muscle and myogenic cells from control individuals [293].
Conversely, in blood, a predominant usage of the alternative DMPK promoter was suggested
[293]. Interestingly, our study in DM1 muscle samples showed a specific demethylation of
this alternative promoter located at CpGi 43 in skeletal muscle tissue and muscle-derived
cells. This could potentially alter chromatin conformation and result in a shift of the promoter
usage from the strongest/canonical one to the weak/alternative promoter, decreasing DMPK

expression levels in DM1 myogenic samples.

Additionally, this DM1 tissue-dependent demethylation was accompanied by a gain
of methylation in the CTCF1, but not the CTCF2 region. However, the CpG sites residing in
the CTCF1 binding site remained unmethylated in muscle samples. This may imply that
although there is a disease-specific gain of methylation for the CTCF1 region in muscle, the
CTCF binding site is not disrupted, allowing CTCF binding. Nevertheless, CTCF1
hypermethylation might affect other chromatin interactions, in turn affecting gene
expression. Buckley and collaborators showed that CTCF regions, as well as intragenic regions
of DMWD and radial spoke head 6 homolog A genes (RSPH6A genes), located next to the
DMPK gene, display enhancer chromatin features in control muscle cells [293]. Our findings
showing the hypermethylation of the CTCF1 region in DM1 muscle samples may indicate loss
of chromatin interactions between the DMPK promoter and these potential myogenic
enhancers. Interestingly, Brouwer and collaborators showed an increase of the H3K9me3
chromatin repressive mark, together with gain of DNA methylation, in the CTCF1 region (and
to a lesser extent in CTCF2) in heart tissue of DM1 mice, which correlated with decreased
DMPK expression [295]. However, to demonstrate that DNA methylation changes in the
CTCF1 region in DM1 skeletal muscles could alter chromatin interactions in the DMPK locus,

further experiments are needed.

Our study addressed for first time the DNA methylation status of patients-derived
DM1 cells. Our results showed that most of the tissue-derived primary cells showed very
similar DNA methylation patterns as the tissue of origin. However, in some cases we observed
a slightly higher increase in methylation levels in cells versus the corresponding tissues. This
can be explained by the observation that cellular models, especially immortalized cell lines
or primary cell cultures that have been in culture for a substantial amount of time, can
increase DNA methylation levels [253,333,334], and/or because of the purity of cell cultures
compared to tissues containing distinct cell types. Overall, our results showed that the DM1
patient-derived cells preserve the genetic and epigenetic features, which make them

excellent models to study DM1 pathology.

Altogether, our results showed a distinct DNA methylation profile across DM1 tissues
and uncovered a novel and dual epigenetic signature involving gain of DNA methylation in
the flanking region of CTG expansion, accompanied by specific DNA demethylation in the

DMPK gene body of DM1 samples, which highlighted the contribution of epigenetic changes
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to DM1 pathology. Further research is needed to understand the impact of this dual myogenic

epigenetic signature on gene expression and DM1 pathology.

THE BIOMARKER POTENTIAL OF miRNAs

The last disease modifier studied are miRNA expression profiles. miRNAs have great
potential to become diagnostic tools in several diseases, including cancer, neurodegenerative
diseases, and neuromuscular diseases. However, to date, insufficient knowledge and a lack
of conclusive results to clarify the role of miRNA in disease diagnosis have held back the
implementation of miRNA biomarkers in clinical settings [313]. In the past two decades,
extensive research has been conducted in the miRNA expression profiles of DM1 patients and
their biomarker potential. Several expression profiles have been found to be able to
distinguish between DM1 patients and healthy subjects, and even a link has been made
between progressive and non-progressive muscle wasting in DM1 patients. However,

discrepancy between studies still exists.

The vast difference in results between the studies, which at first glance look very
similar in set-up, might be explained by the use of different tissues of origin. Studies in
muscle use biopsy material from the vastus lateralis [314,316], the biceps brachii [317], or
a mixture of material from the vastus lateralis, biceps brachii, and deltoid [318]. Since in
DM1, in general, the observed muscle weakness is prominently distal, and only in later stages
of the diseases are the proximal muscles, such as the bicep brachii and the vastus lateralis,
involved, it could be that the stage of each individual patient at the time of biopsy can
influence the obtained results. The studies that focus on blood use different blood
components as well, i.e., serum, plasma or whole blood. It has been shown that the miRNA
expression levels differ between serum and plasma, for example due to the activation and
release of miRNAs from platelets during collection of plasma [335]. Moreover, different
clinical subtypes are used across the reported studies or clinical subtypes are not mentioned.
The different clinical subtypes can potentially differ in their miRNA profiles. Childhood-onset
DM1 patients display a different array of symptoms compared to adult-onset DM1, suggesting

that different pathological mechanisms are at play.

Another reason for the discrepancies found could be the use of quantitative PCR
(gPCR) to study miRNA expression levels, where expression levels are normalized against an
endogenous miRNA of which the levels are known to be stable or by using a spike-in miRNA.
Total miRNA content has been shown to be an experimental variable and adds a systematic
bias in miRNA quantification [336]. No gold standard for this type of normalization exists,
and groups often use different approaches, decreasing the comparability of their studies. A
way around the normalization process might be the use of a fairly novel technique, the digital
droplet PCR, which produces an absolute quantity, eliminating the need for normalization
[337]. This will help in the comparability of results between groups. Sample size and type of

patient cohort seems to be of influence as well. Both Koutsoulidou and collaborators [323]
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General Discussion

and Perfetti and collaborators [322] tried to validate their initial findings in a bigger cohort,
but obtained different results, highlighting the importance of sample size and the specific

group of patients included [324,325].

Further research, especially longitudinal studies, are needed to unravel the true
biomarker potential of miRNAs in DM1 and to see whether they can help in the prediction of

disease progression and/or in the prediction of treatment efficacy.

CONCLUDING REMARKS

The results lined out in this doctoral thesis have highlighted the complexity of DM1
pathology. Here, we have addressed the contribution of genetic and epigenetic modifiers to
DM1 pathology. Our results have shed light on the contribution of variant repeats, antisense
transcription, RAN translation and changes in DNA methylation and miRNA expression levels
to DM1 pathology. There is no doubt that a full understanding of the entire DM1 pathology is
needed to be able to find new therapeutic targets for this incurable disease, but also to find
prognostic markers for disease development to facilitate symptom management. Although
further research is needed, the data presented in this dissertation will contribute to a better

understanding of this complex and multi-systemic disease.
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Conclusions

Chapter I

= Variant repeats can be linked to a delay of disease onset, but not necessarily a milder

phenotype, as an aging-related severe disease manifestation might be present.

=  Atypical features can be present in variant carrying individuals, hampering disease

diagnosis.

= Intergenerational transmission can result in both contractions and expansions, the latter

linked to anticipation.

Chapter II

. DM1-AS transcript levels are lower in DM1 patients compared to controls, and can be
found in both nucleus and cytoplasm as a heterogeneous pool with and without the

expanded repeat.

. Only a small portion of the DM1-AS transcripts contained the expanded repeat,

substantially lowering the possibility of RAN translation in DM1.

=  The polyGIn RAN protein is not present in patient-derived DM1 cells, or is present in such
low quantities that it is below the detection limit of the currently available techniques.

This raises the question whether RAN translation contributes to DM1 pathology.

Chapter III

L] A gain of DNA methylation is present in the CTCF1 region of DM1 developmental cases,

which is more prevalent with earlier onset.

L] Childhood hypermethylated patients present a more severe muscular, cardiac and

cognitive manifestation of the disease.
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Longer CTG expansions are associated with a higher chance of hypermethylation.

Hypermethylation of the CTCF1 regions is linked to increased, but not exclusive,

maternal transmission of the expanded allele.

DNA methylation status in DM1 patients is not inheritable. Parental hypermethylation is

associated with CTG size contractions, instead of expansions, in offspring.

There is a muscle-specific dual epigenetic signature involving gain of DNA methylation
in the flanking region of the CTG expansion, accompanied by specific DNA demethylation

present in the DMPK gene body of DM1 samples.

Chapter IV

214

Extensive research into the miRNA expression profiles of DM1 patients and their

biomarker potential reveal a global deregulation of miRNA expression in DM1.

miRNA expression profiles can distinguish between DM1 patients and healthy subjects,

and can be linked to clinical phenotype.

Further research, especially longitudinal studies, are needed to unravel the true disease
modulating and biomarker potential of miRNAs in DM1 to see whether they can help in

the prediction of disease progression and/or in the prediction of treatment efficacy.
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