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Abstract

Myotonic dystrophy is an autosomal dominant muscular dystrophy not only associated with muscle weakness, atrophy, and
myotonia but also prominent multisystem involvement. There are 2 similar, but distinct, forms of myotonic dystrophy; type 1 is
caused by a CTG repeat expansion in the DMPK gene, and type 2 is caused by a CCTG repeat expansion in the CNBP gene. Type
1 is associated with distal limb, neck flexor, and bulbar weakness and results in different phenotypic subtypes with variable onset
from congenital to very late-onset as well as variable signs and symptoms. The classically described adult-onset form is the most
common. In contrast, myotonic dystrophy type 2 is adult-onset or late-onset, has proximal predominant muscle weakness, and
generally has less severe multisystem involvement. In both forms of myotonic dystrophy, the best characterized disecase mech-
anism is a RNA toxic gain-of-function during which RNA repeats form nuclear foci resulting in sequestration of RNA-binding
proteins and, therefore, dysregulated splicing of premessenger RNA. There are currently no disease-modifying therapies, but
clinical surveillance, preventative measures, and supportive treatments are used to reduce the impact of muscular impairment and
other systemic involvement including cataracts, cardiac conduction abnormalities, fatigue, central nervous system dysfunction,
respiratory weakness, dysphagia, and endocrine dysfunction. Exciting preclinical progress has been made in identifying a number
of potential strategies including genome editing, small molecule therapeutics, and antisense oligonucleotide-based therapies to
target the pathogenesis of type 1 and type 2 myotonic dystrophies at the DNA, RNA, or downstream target level.
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Introduction

The myotonic dystrophies are autosomal dominant skeletal
muscle disorders associated with multisystem involvement.
Myotonic dystrophy type 1 (DM1; OMIM #160900) is the
most common form of muscular dystrophy in adulthood, af-
fecting about 1 in 8000 individuals; however, reported preva-
lence varies significantly depending on the population studied
[1, 2]. DM1 is caused by a cytosine, thymine, guanine (CTG)
repeat expansion of > 50 repeats in the dystrophia myotonica
protein kinase (DMPK) gene on chromosome 19q13.3.
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Myotonic dystrophy type 2 (DM2; #602668) is a phenotypi-
cally similar but distinct disorder related to a CCTG repeat
expansion in the CCHC-type zinc finger nucleic acid-
binding protein (CNBP, also known as ZNF9) gene on chro-
mosome 3q21 [3].

There are currently no disease-modifying treatments
available for the myotonic dystrophies. The systemic
nature of these disorders has significant implications
outside of the muscular system (Fig. 1), and in many
individuals, extramuscle involvement far exceeds skele-
tal muscle impairment. In this review, we will discuss
the multisystem symptom burden of DM1 and DM2, the
recent progress in the understanding of molecular path-
ogenesis, and how this understanding is leading to the
development of potential strategies for therapeutic
intervention.

Overview

DMI1 shows a remarkably diverse set of symptoms and wide
variability of disease onset, and together, this often results in a
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Fig. 1 Multisystem effects of
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delay in diagnosis or misdiagnosis [4]. DM1 has traditionally
been broadly divided into 3 phenotypic groups: congenital,
classic, and mild. These phenotypic groups have been further
subdivided into congenital, childhood-onset, adult-onset, late-
onset, and premutation subtypes with some authors also in-
cluding a juvenile-onset subtype (Table 1) [5, 6]. The classi-
cally described and best characterized subtype is adult-onset
DM1, with wide-ranging variability in its prevalence, between
0.5 and 18.1 per 100,000 [7]. It also exhibits a significant
founder effect; for example, its frequency is 1 in 550 in
Northeastern Quebec [8]. Adult-onset DM is associated with

Proximal-predominant
muscle weakness and
atrophy (DM2)

Distal-predominant muscle
weakness and atrophy
(DM1)

cataracts, abnormal muscle relaxation related to myotonia,
muscle weakness and atrophy, cardiac conduction abnormal-
ities, central nervous system (CNS) dysfunction, sleep disor-
ders, gastrointestinal and endocrine dysfunction, frontal
balding, and shortened lifespan [8, 9]. Congenital DM1, oc-
curs at a frequency of about 2 per 100,000 and is characterized
by hypotonia at birth with the absence of myotonia, significant
intellectual impairment, and a high frequency of respiratory
insufficiency or failure leading to death in about 30% in the
neonatal period [10, 11]. Both childhood-onset and juvenile
forms are characterized by cognitive dysfunction, particularly

Table 1  Characteristics and subtypes of the myotonic dystrophies (table modified from De Antonio et al. [5] and Ho et al. [6])
Subtypes Age of onset Prominent findings at clinical diagnosis Repeat size
Type 1 Congenital Apparent at birth Hypotonia, respiratory insufficiency/failure, > 1000-2000
cognitive impairment
Classic Childhood-onset <10 years Cognitive impairment leading to psychosocial 50-1000
issues, muscle weakness, myotonia, cataracts,
cardiac conduction abnormalities, incontinence
Juvenile-onset 10-20 Cognitive impairment including psychosocial 50-1000
problems; weakness and cardiac symptoms
may be absent at first
Adult-onset 20-40 Myotonia, weakness, cardiac conduction 50-1000
abnormalities, GI dysmotility, milder cognitive
impairment, endocrine abnormalities
Late onset >40 Myotonia, cataracts, mild weakness, aging-related 50-100
cognitive decline
Premutation Asymptomatic None 38-49
Type 2 8-60 Proximal weakness, myotonia, myalgia, tremor, 75-11,000 (average ~5000)

less prominent involvement of other systems
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psychosocial impairment; however, the juvenile form typical-
ly has fewer motor and cardiac symptoms than the childhood-
onset form until later in life. Late-onset DM1 is characterized
by cataracts, less severe muscle involvement, and normal
lifespan. Individuals with premutations, CTG repeat size from
38 to 49, are asymptomatic but are at increased risk of trans-
mitting a pathologically expanded mutant allele. It has been
suggested that disease phenotype is more severe in males with
DMI1 [12].

Although there are many overlapping phenotypic features
in DM1 and DM2, key characteristics that distinguish DM2
from DM1 include a more proximal pattern of muscle weak-
ness and overall less severe cardiac, respiratory, and central
nervous system involvement [13]. In contrast to DM1, onset
of DM2 occurs in adult ages with no reports of congenital
onset (Table 1). Multisystemic features are not as prominent
in DM2, but earlier onset disease is associated with more
prominent multisystemic involvement [14]. Symptoms of
DM2 appear to be sexually dimorphic, as women more fre-
quently show proximal muscle weakness and more severe
disease, whereas men more frequently show symptoms of
myalgia-type pain [14]. DM2 is less common than DM 1, with
a reported prevalence of 0.99 per 100,000 [7].

Multisystem Symptom Burden and Overview
of Clinical Care

Skeletal Muscle

The most prominent features of the myotonic dystrophies are
skeletal muscle weakness, atrophy, and myotonia. The pattern
of muscle weakness significantly differs between DM1 and
DM?2. DM typically presents in a predominantly distal pat-
tern, with certain muscle groups such as long finger flexors,
ankle plantar flexors, and ankle dorsiflexors being more se-
verely affected. Jaw and facial muscles, as well as the neck
flexors, are also significantly involved. In contrast, DM2 pre-
sents in a proximal predominant pattern. Facial and bulbar
muscles are spared in the majority of DM2 patients. In both
DM1 and DM2, symptoms of weakness are typically symmet-
ric. Muscle pain is common in both DM1 and DM2, being
reported in about 50 to 90% of patients, but may be more
overlooked in DM1 because of the emphasis on other symp-
toms by patients and physicians [15, 16]. In DM2, pain is the
first symptom of disease in up to 11% of patients [4].

There are currently no treatments for muscle weakness oth-
er than supportive interventions. Exercise appears to be safe
and well tolerated, but study results have been mixed in regard
to improvement of function [17-20]. Distal leg weakness,
more prominent in DM1, can result in significant gait difficul-
ties. Ankle foot orthoses, such as off-the-shelf anterior shell
carbon fiber ankle—foot orthoses (ground reaction ankle foot
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orthoses), can be helpful to increase stride length and improve
gait mechanics and are well tolerated by patients [21]. Ground
reaction ankle foot orthoses, in addition to helping with
plantarflexion and dorsiflexion weakness, may also help with
knee extension weakness, a common feature in DM1.

Clinical and electrical myotonia is almost always present in
patients with adult-onset DM1 and has been shown to corre-
late with CTG repeat size [22]. Myotonia may occasionally
cause severe impairment of limb or bulbar function (speech or
swallowing) in patients with DM1, but this is rare in DM2
[13]. In DM2, clinical myotonia is present in less than 50%
of patients and electrical myotonia is variable and can be dif-
ficult to elicit [13, 23]. However, modifier genes, specifically
SCN4A and CLCNI, can change the severity of myotonia in
DM2. Cases of both CLCNI and SCN4A mutations present in
DM2 patients have been shown to enhance the myotonic phe-
notype [24-26]. Sodium channel blockers, such as mexiletine,
have been used for many years to treat myotonia in both the
myotonic dystrophies as well as the nondystrophic myotonias.
A randomized, double-blind, placebo-controlled trial did
show it to be effective in reducing clinical myotonia in pa-
tients with DM1 without any significant adverse events [27].
However, the drug does have proarrthythmic potential, and use
is contraindicated in second- or third-degree AV block which
may increase risk in some patients with DM. Lamotrigine,
another sodium channel blocker, has been shown to be effec-
tive in nondystrophic myotonia, and ranolazine, which in-
creases slow inactivation of sodium channels, may be effec-
tive for the treatment of myotonic dystrophy as well as
nondystrophic forms of myotonia such as paramyotonia
congenita and myotonia congenita [28-32].

Other Neurological Manifestations

An array of both peripheral nervous system and CNS abnor-
malities have been reported in both DM1 and DM2. The man-
ifestations of CNS impairment in the myotonic dystrophies
may be 1 of the most important yet poorly understood aspects
of the disease and were recently reviewed in detail by
Gourdon and Meola [33]. Commonly reported CNS-related
symptoms include fatigue, apathy, and cognitive difficulties.
Although it has been suggested that fatigue may be related to
the sleep-disordered breathing observed in this population,
some studies have shown no relationship [34]. Symptoms of
fatigue are likely multifactorial and may be related to periph-
eral and central factors. Individual-reported severity of fatigue
as measured by the Fatigue Severity Scale has been shown to
correlate with muscle function [35]. Impaired muscle activa-
tion was reported over 30 years ago in myotonic dystrophy,
and this could reflect factors such as impaired motor unit
recruitment or rate coding, which could influence fatigue as
well as muscle function [36].
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Modafinil has long been used for the treatment of
hypersomnia and fatigue in myotonic dystrophy. A
Cochrane review in 2006 examined the use of
psychostimulants in DM and found that only 4 studies showed
modafinil to have slight, but inconsistent benefits [37]. A dou-
ble-blind, placebo-controlled trial in 13 patients performed
later showed that modafinil did reduce somnolence but did
not significantly increase activity level [38]. Still, a large sur-
vey including 145 patients with DM1 and 146 relatives found
that 85% of responders believed modafinil had been of
“marked or dramatic” benefit [39].

Cognitive impairment and fatigue have been associated
with worse quality of life measures in adult patients [40].
One study comparing cognitive dysfunction in DM1 and
DM2 showed that almost all DM1 patients had deficits in
multiple cognitive domains whereas 1/3 of DM2 patients
had completely normal findings [41]. In this study, the most
commonly affected domains in both DM1 and DM2 patients
were visuospatial and executive function. In DM1, cognitive
problems are broadly associated with CTG repeat size as con-
genital forms have severe cognitive delay, whereas those with
a mild phenotype seem to perform better on cognitive mea-
sures than those with a classic adult-onset phenotype [42].
There is significant variability, however, which is likely due
to the differences in repeat size between tissues [43].

Peripheral neuropathy has been reported in both DM1 and
DM2 and appears to occur in about 10 to 15% of patients on
the basis of nerve conduction studies, but clinical symptoms
related to neuropathy such as loss of balance or sensory loss
are not usually evident [44, 45]. Potential autonomic manifes-
tations of peripheral nervous system involvement could in-
clude some of those discussed as part of the cardiac and GI
symptom burden (i.e., cardiac conduction abnormalities, or-
thostatic hypotension, GI dysmotility), but it has been argued
that these are primarily due to target organ involvement rather
than generalized autonomic system involvement [46].

Respiratory

Respiratory failure is the most common cause of death in
myotonic dystrophy [47]. It has been correlated with CTG
repeat size and may even exist in the absence of significant
muscle weakness [48]. The respiratory dysfunction likely re-
sults from a combination of skeletal muscle weakness and
central nervous system dysfunction [49, 50]. Irregular breath-
ing patterns, sleep breathing disorders, and the finding of re-
duced ventilatory response to CO, independent of respiratory
muscle weakness all suggest that the central nervous system
plays an important role in pathogenesis [50-52]. Importantly,
it has been noted that patients with DM1 may not be aware of
their symptoms related to respiratory failure so physicians
should be careful in the way questions are posed and monitor
respiratory parameters even in the absence of obvious

symptomatology [49]. Although respiratory parameters are
typically monitored upright, supine evaluation of pulmonary
function may be more sensitive at detecting a restrictive ven-
tilatory pattern [48]. With regard to supportive care, noninva-
sive ventilation for respiratory weakness has been shown to
potentially improve survival in DM1 patients, but therapeutic
adherence may be poor and requires close follow-up [53].
This is being explored further in an ongoing open label, mul-
ticenter randomized controlled trial assessing the utility of
early nocturnal noninvasive ventilation versus annual moni-
toring (DY VINE; NCT01225614).

Cardiac

Cardiac involvement in myotonic dystrophy was noted in
1911 shortly after the original description of the disease
[54]. In contrast to other myopathies and dystrophies, cardio-
myopathy is less common (though it does occur), but cardiac
conduction abnormalities occur in a majority of patients with
DM1 [55]. In DM, cardiac conduction abnormalities range
from asymptomatic PR interval prolongation to complete
heart block and correlate with repeat expansion size [56—58].
Progression of cardiac conduction abnormalities is usually
slow but is variable and can be unpredictable presenting a
challenge for surveillance and management [59, 60].
Cardiac-related involvement is the second most common
source of mortality in DM1, resulting in about 30% [47] of
deaths. Bradyarrhythmias and ventricular tachycardia are like-
ly the primary sources of sudden death, but ventricular dys-
function is also a contributor, albeit much less commonly
[61-63]. Pathological analyses of postmortem tissues have
shown degeneration, fibrosis, and fatty infiltration of the con-
duction system, typically the His—Purkinje system but also in
the sino-atrial and atrioventricular nodes, and this can result in
ectopic activity, conduction failure, and arrhythmias [61,
64-66].

In contrast to DM, the frequency and severity of involve-
ment of the cardiac system are less in DM2 [67]. In an obser-
vational study of 104 DM2 and 117 DM1 patients, the PR
interval and QRS interval were significantly longer in the
DM1 cohort, and the frequency of PR prolongation (>
200 ms) was 17% in DM2 as compared with 31% in DM1
[67]. Despite the reduced frequency of cardiac involvement in
DM2, 6% of DM2 patients in this study required pacemaker or
defibrillator implantation [67]. Another interesting point noted
in this study is that conduction deficits in DM1, but not DM2,
were significantly correlated with age [67].

Management of cardiac involvement involves surveillance
and prophylactic treatment with pacemaker and defibrillator
implantation. Initial recommended screening evaluation in-
cludes electrocardiography, echocardiogram, and Holter mon-
itor [63]. Conduction disease on electrocardiography and his-
tory of atrial fibrillation are known predictors of sudden death
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[68]. Implantation of pacemakers is indicated for patients with
symptomatic type Il and complete atrioventricular block or
bradycardia, and defibrillator implantation should be consid-
ered for documented sustained ventricular tachycardia, similar
to patients without neuromuscular disorders. The unpredict-
ability of progression of conduction disease and the discor-
dance that can occur between symptoms of weakness and
cardiac conduction abnormalities necessitates a lower thresh-
old for considering intervention [69]. Prophylactic invasive
investigation and preventative measures appear to improve
survival in DM1 patients [70].

Gastrointestinal

Gastrointestinal manifestations are frequent in the myotonic
dystrophies, with dysphagia being the most common gastro-
intestinal complaint in DM1 and constipation the most com-
mon in DM2 [71]. Other reported symptoms include acid
reflux, fluctuations between diarrhea and constipation that
may mirror irritable bowel syndrome, gallbladder problems
with a high frequency of cholecystectomy, and liver problems
[71]. Pseudo-obstruction of the small bowel, as well as lower
GI tract problems such as fecal incontinence, has also been
reported [72—74]. The pathogenesis of GI symptoms remains
to be fully ascertained. GI involvement is correlated with the
duration of disease but not the severity of skeletal muscle
involvement in DM 1 [75]. One small study did show a corre-
lation between CTG repeat size and GI symptoms of dyspha-
gia, abdominal pain, and constipation, but larger studies have
not [71, 76]. The treatment of dysphagia is supportive, and no
clear guidelines exist for its management. Other gastrointesti-
nal symptoms are treated with antacid medications, prokinetic
agents, laxatives, and cholecystectomy although again, clear
guidelines are lacking [71, 75]. For symptoms of small intes-
tinal bacterial overgrowth, treatment with antibiotics, such as
ciprofloxacin, may be effective [77].

Other Systemic Involvement

A number of other multisystem features of myotonic dystro-
phy are also common, including ophthalmologic, endocrine,
immune, sleep, and dermatologic effects, among others.
Cataracts are a characteristic feature of myotonic dystrophy,
are present in most patients with DM1 and the majority of
patients with DM2, and may be a diagnostic clue for the astute
practitioner [13, 78]. Asymptomatic immunoglobulin M and
immunoglobulin G hypogammaglobulinemia are present in a
majority of patients with both DM1 and DM2 but have not
been associated with any important clinical implications [79,
80]. About a 2-fold increased cancer susceptibility has been
reported in myotonic dystrophy with endometrial, brain, ovar-
ian, and colon cancers carrying the highest risk compared to
the general population [81]. Endocrine dysfunction may
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include primary hypogonadism, hyperinsulinism usually
without frank diabetes and likely related to insulin resistance,
and frontal balding, apparent in at least half of patients and
increases during aging [82].

Molecular Pathophysiology

DM1

DML results from an unstable expansion of a CTG repeat in
the 3" untranslated region of the DMPK gene, and discase
transmission is autosomal dominant with variable penetrance
[83]. Affected individuals, homozygous for mutant expansion
repeat alleles, express similar phenotypes as compared with
heterozygous individuals [84]. Mutant allele repeat sizes
range from > 50 to 4000 (Table 1). Alleles with repeat sizes
of 38 to 50 are termed premutations and do not result in DM1
phenotypes but are liable to repeat size expansion. As noted
previously, more severe and earlier onset phenotypes have
larger repeat expansions; the congenital form of the disease
is associated with expansions of > 1000 repeats, and mild
phenotypes are associated with expansions of 51 to 149
repeats.

The presence of somatic mosaicism occurs because of in-
stability of repeat size during mitotic divisions. In general,
peripheral blood leukocyte expansion sizes are smaller as
compared with expansion sizes in other tissues [85]. Somatic
mosaicism of repeat sizes may partly explain the variability of
phenotypic expression between different tissues as well as
between individuals and among family members affected.
Instability of premutation and mutant alleles (38 CTG repeats
or greater) during meiosis underlies genetic anticipation.
Congenital DM1, associated with large, > 1000 to 2000 repeat
expansions, is usually transmitted maternally and only rarely
paternally [86—88]. Contraction of CTG repeat expansions can
also occur, albeit less commonly (in about 5% of cases), and
this is more common with paternal transmission [89].

The majority of evidence supports that a major pathogenic
consequence of expanded CUG repeats in DMI1 is an RNA
toxic gain-of-function. The export of the expanded CUG
RNAs is abnormal, and expanded CUG repeats form hairpin
structures that bind and sequester RNA-binding proteins
[90-92].

As RNA-binding proteins are sequestered (and therefore
functionally depleted), this disrupts the splicing of RNA tar-
gets of these RNA-binding proteins. As a consequence, these
RNA targets are alternatively spliced, resulting in altered pro-
tein isoforms. The most notable RNA-binding proteins affect-
ed by toxic ribonuclear foci include those in the muscleblind-
like (MBNL) family and CUG RNA-binding protein
(CUGBP) family with ETR-3-like factor (also known as
CELF), that play important roles in RNA splicing,
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polyadenylation, stabilization, and translation [93, 94].
Specifically, the abnormal sequestration of MBNL and the
abnormal stabilization of CELF ultimately lead to alternative
splicing of many different premessenger RNAs in various
tissues causing multisystemic effects. For example, splicing
dysregulation of dystrobrevin 1, dystrophin, CLCN1, BIN1,
and RYRI all likely play roles in the development of muscle
weakness and myotonia, whereas aberrant splicing of troponin
T and Tau may lead to the cardiac and CNS manifestations,
respectively [33, 95-100]. Splicing dysregulation becomes
worse over time because CTG repeats are unstable and be-
come larger during aging [101].

More recently discovered repeat-associated non-AUG
(RAN) translation has gained attention and research is
expanding in this area. RAN translation was first reported in
DM1 and spinocerebellar ataxia type 8 in 2011 [102]. RAN
translation has also been implicated in Fragile X tremor ataxia
syndrome and C9ORF72 amyotrophic lateral sclerosis/
frontotemporal dementia [103]. It has become apparent that
the DM1 disease mechanism could be related to a combina-
tion of RNA toxic gain-of-function and toxicity of RAN pro-
teins [102, 104]. RAN translation does not follow the tradi-
tional rules of RNA translation, as expansion can occur with-
out an AUG start codon present and proceeds bidirectionally.
Therefore, this translation mechanism contributes to toxic
gain-of-function proteins, notably with patients expressing ge-
netic anticipation, early-onset, and worsened prognosis [102].

Haploinsufficiency of DMPK is not thought to be a major
factor in pathogenesis. DMPK knock-out mice do not repro-
duce the multisystem phenotype but, interestingly, they do
develop a late-onset myopathy [105]. Another hypothesis is
that the CTG repeat expansion may alter neighboring genes
[106]. Again, although alteration of neighboring genes has
shown some features of the disease phenotype in knock-out
mice, it does not fully explain the broad features seen in myo-
tonic dystrophy patients.

DM2

DM2 is caused by an expanded and unstable tetranucleotide
repeat (CCTQG) in intron 1 of the CNBP gene (previously re-
ferred to has ZNF9) located on chromosome 3 [3]). Normal
repeat length is 7 to 24, and mutant alleles have repeat lengths
of 75 to 11,000 repeats. Similar to DM1, intermediate repeat
sizes are considered premutation and are more likely to ex-
pand during meiosis, increasing the risk of transmitting a mu-
tant allele to offspring. In addition, there is some debate about
whether a distinct threshold of repeat expansion number can
be used to define repeat instability. There have been cases
reported of repeat values less than 75 causing disease, sug-
gesting that those with CCTG repeats between 25 and 75 may
show incomplete penetrance [107]. Although the CCTG re-
peat expansion appears to be even more unstable as compared

with the CTG repeat in DM, repeat size in DM2 does not
show correlations with disease severity or age of onset [13,
108].

The pathogenesis of DM2 has also been attributed to a
toxic RNA gain-of-function with a reduction in available
MBNL due to its abnormal sequestration into ribonuclear in-
clusions. Recent work showed competition between rbFOX1
and MBNLI for binding to CCUG RNA repeats (but not
CUG repeats in DM1), and this could explain differences in
phenotype between DM1 and DM2 [109]. The role that
CUGBP may play in DM2 is less clear as it has not been
shown to be overexpressed in muscle biopsies from DM2
patients but is overexpressed in DM1 muscle biopsies [110].
In addition, haploinsufficiency may be a more important
mechanism in DM2 than in DM1, although this is not univer-
sally agreed upon [111-113].

Recent work has shown that expansion mutations in DM2
are also bidirectionally expressed via RAN translation to pro-
duce tetrapeptide repeats (LPAC, leucine—proline—alanine—
cysteine and QAGR, glutamine—alanine—glycine—arginine,
proteins, respectively) [114]. LPAC proteins were found in
the gray matter of patient autopsy brain samples, whereas
the QAGR proteins were found in the white matter regions
of brains [114]. It has recently been suggested that during
early disease progression, RNA toxic gain-of-function plays
a more prominent role in disease progression, and that RAN
translation mechanisms result in later progression of the dis-
ease [114].

Emerging Therapeutic Strategies
and Biomarkers

Improved understanding of the molecular pathogenesis of the
myotonic dystrophies has identified a number of potential
therapeutic strategies. Reversal of the spliceopathy has been
a major focus of new therapy development. A number of
strategies have been investigated, including small molecule
therapeutics, antisense oligonucleotide (ASO)-based therapy,
and genome editing targeting either the expanded DNA,
RNA, or downstream signaling pathways that are altered
(Table 2). In addition to the development of potential thera-
pies, much work is being done to develop and refine sensitive
biomarkers with the hope that biomarkers will provide the
ability to directly track disease severity, predict therapeutic
response, and demonstrate target engagement in early phase
trials [125]. One of the most promising strategies is measure-
ment of alternatively spliced RNA products of predefined tar-
gets [120, 126]. One challenge of such measures includes the
invasiveness of muscle biopsy, although a disposable core
needle for obtaining biopsies (albeit smaller size) has been
used to reduce invasiveness. Nevertheless, many tissues that
are important for symptom burden are inaccessible to biopsy,
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Table 2  Therapeutic strategies

Potential target  Strategies

Challenges

Examples

DNA CTG/CCTG Genome editing

repeat burden
Increasing CAG-repeat ASOs to stabilize
CTG/CCTG repeat length technology

repeat size

RNA  Transcription of  Small molecule compounds to

CTG repeats inhibit transcription effects)
Abnormal CUG  Small molecule compounds to
expansion block CUG repeat/MBNLI in-
teractions transcripts
Alteration of MBNL overexpression by using
RBPs AAV-mediated transduction

MBNL overexpression by using
small molecule compounds
bFOX1 overexpression (DM2)

Increased levels and stabilization of
CELF1

Off target effects, distribution, immunogenicity?

Difficulties with suboptimal distribution of ASO

Nonspecific changes in transcription (off-target

van Agtmaal et al. [115]
Nakamori et al. [116]
Siboni et al. [117],

Witherspoon et al. [118],
Coonrod et al. [119]

Increased availability of repeat expansions? Increased Nakamori et al. [120], Hoskins
toxic foci due to reduced turnover of CUG

et al.[121], Chenet al. [122]
Kanadia et al. [123]
Chen et al. [122]

Sellier et al. [109]
Wei [124]

Note: Some examples may work in multiple domains

i.e., the CNS. Therefore, much work needs to be done to better
measure, understand, and track the multisystem effects of
myotonic dystrophy.

Small Molecule Therapeutics

High-throughput screening of chemical libraries has been
used in the field of myotonic dystrophy with the hope of
discovery of small molecules with high affinity and specificity
to the intended target. The theoretical benefits of small mole-
cule compounds as compared to other strategies include cost
of manufacturing, ease of oral delivery, and perhaps most
importantly sufficient biodistribution, a feature that is neces-
sary to address the multisystem effects of the disease. Thus far,
many such compounds have been identified that target differ-
ent aspects of the disease mechanism. One of the more com-
mon therapeutic strategies has been the development of com-
pounds that bind to expanded CUG transcripts, which can
have a number of effects, including a decrease in the formation
of toxic ribonuclear foci or freeing sequestered MBNL [127,
128]. Historically, small molecules targeting RNA have been
difficult to develop for many reasons, including limited tertia-
ry structure and the anionic nature of RNA repeats (therefore
impeding specificity and increasing liability for off-target ef-
fects). Nevertheless, 1 molecule that binds to CUG repeats,
developed by Rzuczek and colleagues, has been shown to
improve MBNL1-dependent pre-mRNA splicing defects in
DM -affected cells and was more potent when compared to
a morpholino ASO [127]. The increased potency of the small
molecule was thought to be because of the recognition of
RNA structure rather than the RNA sequence. Erythromycin
has been shown to work by a similar mechanism, and oral
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administration in a DM1 mouse model led to a reduction in
ribonuclear foci formation and splicing abnormalities [120].
As another example, pentamidine, an antibiotic traditionally
used to treat pneumocystis pneumonia, was also identified as a
compound able to disrupt MBNL1 binding in vitro [129].
However, later studies have demonstrated that pentamidine
may actually work upstream by inhibiting transcription of
the mutant CTG repeats which is similar to the mechanism
of actinomycin D shown in cell and mouse models [117, 119].
There are also molecules in development that are able to work
through multiple mechanisms—binding to the CTG DNA re-
peats, binding to the CUG RNA repeats, and cleaving the
CUG repeats, which has obvious possible advantages to only
targeting 1 step in the pathogenesis [130].

Small molecules have also been designed to target path-
ways more downstream, such as inducing overexpression of
MBNLI, a method that has shown promising results [122].
Another molecule currently in the spotlight is tideglusib, a
selective and irreversible non-ATP-competitive glycogen syn-
thase kinase 3 inhibitor. It is thought that glycogen synthase
kinase 3 activity is increased in DM1, leading to stabilization
and increased levels of CELF 1, subsequently causing changes
in CELF-regulated RNA splicing as mentioned above [124,
131]. A phase II clinical trial of tideglusib (NCT02858908)
for patients’ ages 12 to 45 years old with congenital and
juvenile-onset DM1 was recently completed with results
forthcoming. Other avenues being investigated include pro-
tein kinase C inhibition due to its role in hyperphosphorylation
of CELF proteins, normalization of the AMP-activated protein
kinase/mammalian target of rapamycin pathway and blocking
the tumor necrosis factor-like weak inducer of apoptosis/
fibroblast growth factor-inducible 14 [132-135].
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Posttranscriptional Gene Silencing Using Nucleotide
Sequences

The use of ASOs is an important recent therapeutic strategy in
the treatment of genetic neuromuscular disorders [136]. They
consist of a strand of nucleotides that bind to specific hnRNAs
or mRNAs and require modification so that they are not de-
graded in vivo and, therefore, reach the target tissue. In the
case of myotonic dystrophy, ASOs can interfere with the bind-
ing between MBNL and the pathogenic RNA, similar to many
of the small molecules previously mentioned, either by
targeting the CUG-repeat expansion directly or by targeting
a flanking sequence. Several ASOs have shown efficacy
in vitro and in vivo in transgenic mice and nonhuman primates
[137-140]. One ASO developed by lonis Pharmaceuticals
entered a phase I/Ila multiple ascending dose study (IONIS-
DMPKRX). Unfortunately, the ASO did not reach the suffi-
cient concentration in muscle due to inadequate
biodistribution, and thus, the trial was stopped early. Small
interfering RNA and short hairpin RNA have also shown
some efficacy in preclinical studies but have yet to reach clin-
ical trial readiness [101, 141, 142].

Genome Editing

The wide-reaching effects of genome editing, particularly with
CRISPR/Cas9, have yet to be seen. So far, it is clear that this
revolutionary technology has the potential to treat monogenic
disorders, including myotonic dystrophy, but a number of
challenges have to be first surmounted. To put it simply, a
Cas9 nuclease is complexed with a guide RNA that targets a
specific genomic locus. The nuclease cuts the DNA at the
target location, thus correcting the genetic defect. The benefit
(and potential drawback) to this approach is that genetic de-
fects are permanently changed, whereas other methods, such
as ASOs, require repeated administration. The chief concerns
surrounding this approach are similar to the other proposed
strategies: possible nonspecific/off-target effects and immuno-
genicity to either the genome editing components or delivery
particles, particularly if a viral vector-mediated delivery sys-
tem is used. In addition, perhaps 1 of the biggest challenges is
distribution and ensuring the target tissue is reached, a prob-
lem highlighted by the first ASO clinical trial discussed above
[143]. Nevertheless, in vitro genome editing studies in DM1
have been promising. One study using myoblasts from trans-
genic mice found that dual cleavage at both sides of the CTG
expansion led to complete and precise excision of the repeat.
Removal of the repeat did not have any detrimental effects on
the expression of neighboring genes and was able to eliminate
RNA ribonuclear foci and eliminate abnormal splicing [115].
Another study demonstrated similar efficacy using a different
protocol in cell models from different DM1 patients [144]. Yet
another study was able to use the CRISPR/Cas9 system to

eliminate the repeat expansions in human cells using a smaller
version that was optimized for possible adeno-associated virus
packaging [145].

Although many studies concentrate on genome modifica-
tion of terminally differentiated somatic cells, some have ex-
amined the use of genome editing of induced pluripotent stem
cells that could be used for developing autologous stem cell
therapy [146, 147]. Placement of polyA signals upstream of
the CTG expansion using transcription activator-like effector
nucleases, a different genome editing tool than CRISPR/Cas9,
was able to stop the production of the mutant transcripts.
These cells maintained pluripotency and were able to differ-
entiate into normal neurons and cardiomyocytes in vivo [146].

Conclusions

The myotonic dystrophies are complex multisystem disorders
that are currently managed with supportive care to address a
multitude of skeletal muscle, cardiac, endocrine, and CNS
symptoms, among other effects of the disease. There is still
much work to be done to improve understanding of symptom
burden and effects of the disease on patients’ lives as well as
how to reduce this burden. Exciting developments have iden-
tified potential therapeutic targets that, if engaged, should re-
sult in improved disease phenotype. The biggest challenges
appear to be the design of therapeutics that can reach the target
tissues, such as visceral organs, cardiac muscle, skeletal mus-
cle, and CNS. This is not a minor task considering the cur-
rently available strategies and limitations. The discovery and
refinement of sensitive stratifying, pharmacodynamic, and
therapeutic efficacy biomarkers will allow tractable disease
response (or nonresponse) and therefore rapid clinical trial
implementation. There is, in particular, an ongoing need for
biomarkers that can demonstrate target engagement and early
therapeutic response in inaccessible tissues, such as the CNS,
as disease effects in these tissues represent a major source of
disease and symptom burden.
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