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Myotonic Dystrophy Type 1 (DM1):
From the Genetics to Molecular Mechanisms
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1. Introduction

For a long time, the human genome was considered an intrinsically stable entity; however, it
is currently known that our human genome contains many unstable elements consisting of
tandem repeat elements, mainly Short tandem repeats (STR), also known as microsatellites
or Simple sequence repeats (SSR) (Ellegren, 2000). These sequences involve a repetitive unit
of 1-6 bp, forming series with lengths from two to several thousand nucleotides. STR are
widely found in pro- and eukaryotes, including humans. They appear scattered more or less
evenly throughout the human genome, accounting for ca. 3% of the entire genome (Sharma
et al., 2007). STR are polymorphic but stable in general population; however, repeats can
become unstable during DNA replication, resulting in mitotic or meiotic contractions or
expansions. STR instability is an important and unique form of mutation that is linked to
>40 neurological, neurodegenerative, and neuromuscular disorders (Pearson et al., 2005). In
particular, abnormal expansion of trinucleotide repeats (CTG)n, (CGG)n, (CCG)n, (GAA)n,
and (CAG)n have been associated with different diseases such as fragile X syndrome,
Huntington disease (HD), Dentatorubral-pallidoluysian atrophy (DRPLA), Friedreich ataxia
(FA), diverse Spinocerebellar ataxias (SCA), and Myotonic dystrophy type 1 (DM1).

In 1909, Hans Gustav Wilhelm Steinert, as well as Frederick Eustace Batten and H.P. Gibb,
described for the first time a muscular dystrophy characterized by progressive muscle
weakness and myotonia (involuntary muscle contraction and delayed relaxation due to
muscle hyperexcitability) denominated Myotonic dystrophy or Steinert disease (Schara and
Schoser, 2006). Currently, two distinct mutations are known that lead to the clinical
syndrome of DM: Myotonic dystrophy type 1 (DM1), caused by expansion of CTG repeats
within the 3" untranslated region of the Dystrophia myotonica-protein-kinase gene (DMPK)
on chromosome 19 (Brook et al., 1992), and Myotonic dystrophy type 2, due to expansion of
CCTG repeats in intron 1 of the Zinc finger protein gene (ZNF9) on chromosome 3 (Liquori
et al., 2001). DM1 is an autosomal dominant inherited disease that represents the most
common form of muscular dystrophy in adults with a prevalence of 1 in 8,000 individuals
worldwide. In addition to muscular pathology, DM1 symptomatology includes cardiac
conduction defects, insulin resistance, and cognitive alterations in the congenital form of the
disease (Harper et al., 2002). For some time, it was difficult to decipher the manner in which
a repeat expansion in the DMPK gene causes a multisystemic disease with dominant
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inheritance pattern. However, the fact that such a mutated region is transcribed but
untranslated implies that mutant RNA might play a significant role in the disease process.
Supporting this hypothesis, growing pieces of evidence obtained over the past 10 years have
established that DM1- mutant RNA accumulates in the nuclei, disturbing RNA splicing and
gene expression through sequestering of splicing and transcription factors, respectively
(Day & Ranum, 2005; Ebralidze et al., 2004).

In this chapter, the clinical features of DM1 and the scientific pathway that allowed
elucidation of the molecular basis of DM1 pathogenesis are described in detail. In addition,
a discussion of recent developments in molecular therapy for fighting DM1 is provided.

2. Clinical aspects

DM1 is one of the most frequent genetic diseases and is also one of the most variable
disorders. Symptoms and severity vary greatly among family members and between
generations. Patients may even remain undiagnosed or be misdiagnosed for years, if not
recognized as being a member of a family with DM1. However, within the broad spectrum
of clinical symptoms, there are some distinct phenotypes according to age-of-onset and
number of CTG repeats.

2.1 Multisystemic symptomatology

Clinical manifestations of DM1 involve a great number of organs and tissues and vary from
the pre-/post-natal period to adulthood. Skeletal muscle pathology is the most characteristic
feature of DMI1. Impaired muscle relaxation from myotonia can lead to stiffness and
cramping, especially in distal muscles of the hands, but it is rarely a significant complaint
registered by patients. Muscle weakness and wasting start distally on distal limbs, neck, and
face, and progress proximally over time, often leading to severe disability as the disease
progresses (Schara and Schoser, 2006). Respiratory muscle involvement is common, and
respiratory failure, either from the primary muscle process or from cardiopulmonary
involvement, is a significant contributor to patient mortality (Machuca-Tzili L et al., 2005). A
less well-defined but important disease feature is its effect on the Central nervous system
(CNS) and cognition, which can be manifested by psychological dysfunction, mental
retardation, excessive diurnal sleepiness, and neuropathological abnormalities (Rubinsztein
et al, 1998; Laberge et al., 2009). Recent work has demonstrated global deficits with
neuropsychological testing, as well as radiographic changes in the brains of affected
individuals, including increased white matter lesion burden, decreased gray matter mass
(especially in hippocampal and thalamic regions), and hypometabolism in frontal lobes (Di
Constanzo et al., 2002a, 2008b; Ono et al., 2001). Alterations of personality associated with
DM1 include avoidant personality, obsessive-compulsive, passive-aggressive, and
schizotypic traits, whose occurrence is not attributable to the patients’ disabling condition
(Delaporte 1998; Winblad et al., 2005). Other studies have found severe impairment in all
measurements of general intelligence and verbal fluency (Rubinsztein et al., 1997).

In addition to the effects on the CNS, 90% of patients with DM1 could develop cardiac
abnormalities at some point of disease development. First-degree atrioventricular block and
intraventricular conduction disorders are observed commonly in subjects with DMI,
followed by lethal arrhythmias and occasional signs of cardiomyopathy. Echocardiograph
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findings include prolapsed mitral valve, depressed left ventricular systolic function,
reductions in ejections fraction, fractional shortening, and reduced stroke volume (Melacini
et al., 1995). In fact, sudden cardiac failure is one of the main causes of death in these
patients and occurs with a high incidence of 30%. In the ocular system of these patients, the
incidence of lens opacities is very high and manifests as posterior subcapsular, iridescent,
multicolored cataracts. Moreover, changes in the Retinal pigment epithelium (RPE), known
as Pigment pattern dystrophy (PPD), could be present in the peripheral retina or in macula,
mimicking retinitis pigmentosa (Grover et al., 2002; Kim et al., 2009; Louprasong et al.,
2010). The ocular muscles are also affected, resulting in external ophthalmoplegia, bilateral
motility disturbance, obicularis oculi and levator muscle weakness, and ptosis. Other ocular
defects include decreased vision and decreased intraocular pressure (Rosa et al.,, 2011).
Patients with DM1 could also present endocrine defects including insulin resistance and
gonadal atrophy (Garcia de Andoin et al., 2005; Matsumura et al., 2009), as well as smooth
muscle dysfunction, the clinical effects of which are observed mainly in the gastrointestinal
tract and result in disordered esophageal and gastric peristalsis (Machuca-Tzili L et al.,
2005).

2.2 Adult-onset and congenital myotonic dystrophy

Based on the clinical findings as well as age-at-onset and disease course, DM1 has been
categorized into two main and somewhat overlapping phenotypes: adult-onset, and
Congenital myotonic dystrophy (CDM). A rough correlation exists between CTG repeat
tract size and these two main forms of DM1 (see Genetics of DM1 section).

Adult-onset presents the classical manifestations of DM1, including myotonia, muscle
weakness, cardiac rhythm abnormalities, and endocrine and gonadal abnormalities. The
disease progresses insidiously but can become debilitating in the fifth and sixth decades of
life. Some authors have classified adult-onset in into two subtypes (mild and classic DM1)
according to age-at-onset. Mild DM1 could be asymptomatic or may have only cataracts,
mild myotonia, and/or diabetes mellitus. It usually begins in old age and patients may have
fully active lives and normal or minimally shortened life span. Classic DM1 is the most
common presentation of DM1. The predominant symptom is distal muscle weakness,
leading to foot drop disturbance and difficulty with performing tasks requiring fine manual
dexterity. Myotonia may interfere with daily activities and the typical face of the patients is
principally caused by weakness of facial and levator palpebrae muscles; however,
expressivity can be variable, and the presentation could include one or several DM1
features, including cardiac abnormalities, respiratory failure, endocrine abnormalities,
smooth muscle dysfunction, cataracts, and hypersomnolence. Age-at-onset for classic DM1
is typically in the third of fourth decades of life, and presents uncommonly after 40 years of
age. Nevertheless, in some cases, the pathology begins in the childhood stage (first decade of
life), exhibiting evident facial weakness and myotonia, and more severe evolution
characterized by low IQ, psychiatric alteration, and early cardiac abnormalities.

CDM is the most severe form of the disease and is usually inherited maternally (Harley et
al., 1993). Prenatal stage is characterized by polyhydramnios and reduced fetal movement,
all caused by muscle action failure. The main features of congenital DM1 include
generalized hypotonia and weakness, pharyngeal weakness, and arthrogryposis, involving
predominantly the lower limbs. Less constant features include facial diplegia,
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diaphragmatic paralysis, respiratory failure, decreased gastrointestinal-tract motility,
congenital cataracts, and electrocardiographic abnormalities. Surviving infants exhibit
delayed motor development and are often mentally retarded. Typically, affected infants
have an inverted V-shaped upper lip, which is characteristic of significant bilateral facial
weakness. It is noteworthy that myotonia is not observed in the first years of life (Schara and
Schoser, 2006).

2.3 Prognosis and diagnosis of DM1

Life expectancy appears to be reduced in patients with DM1 and is variable depending on
the clinical phenotype presented. Subjects with adult-onset DM1 have a nearly normal
Quality of life (QOL) during childhood and early adulthood. Nevertheless, many patients
become severely disabled by the fifth or sixth decades of life. Chest infections partly due to
aspiration and diaphragm weakness are common and may precipitate respiratory failure.
Sudden cardiac death is not uncommon, even in younger patients, but it may be preventable
by cardiac pacemaker implantation (Machuca-Tzili L et al., 2005). In addition, treatment for
diabetes mellitus including annual measurement of serum glucose and glycosylated
hemoglobin concentration is indicated to improve the QOL of these patients. Approximate
average age of death for patients with adult-onset disease is between 50 and 60 years, and
when symptoms begin in the childhood stage, life expectancy is not necessarily reduced, but
complications are more common.

In congenital DM1, stillbirths are seldom reported. In severe cases, mortality is high in the
first hours and days of life, caused by respiratory insufficiency despite active resuscitation.
After the neonatal period, prognosis is more favorable, and despite retarded motor
development, all patients become able to walk independently at different ages. Death is
frequent in these patients before the age of 30 years, which is caused suddenly by
cardiomyopathy and cardiac arrhythmias (Harper, 2001). In the second decade of life,
myotonia becomes a more prominent feature, in addition to classical symptoms observed in
the adult-onset form, such as infertility and gastrointestinal problems.

An accurate diagnosis of DM1 is important, not only to enable a differential diagnosis
among neurological diseases, but also to predict disease severity and to assist patients with
appropriate medical monitoring and symptom management. For some time, clinical features
were employed to establish the diagnosis of DM1; however, the disease’s multisystemic and
variable symptomatology caused misdiagnosis in some instances. For example, congenital
DM1 could be clinically confused with several other congenital neuromuscular disorders,
including myotonia congenita, congenital myopathies, spinal muscular atrophy type 1 or -2,
congenital myasthenic syndromes, Mobius syndrome, Spinal muscular atrophy with
respiratory distress (SMARDI1), the congenital form of glycogenosis type 2, or anoxic brain
damage (Harper, 2001; Harper & Monckton, 2004). In adults, Myotonic dystrophy type 2
(DM2) is the condition that is most similar to DM1; the symptoms are practically the same in
both dystrophies. Other hereditary distal myopathies, such as hereditary myofibrillar
myopathy, hereditary inclusion body myositis, distal muscular dystrophy (Miyoshi,
Nonaka, Welander, Markesbery-Griggs), or limb-girdle muscular dystrophies could be
confused (Bird, 2011). Currently, diagnosis of DM1 disease is based on DNA testing in
individuals who are clinically suspected of having DMI. Patients may have had an
electromyography and occasionally muscle biopsy and other tests prior to clinical suspicion
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of the diagnosis. Electromyography was the most helpful laboratory study prior to the
availability of genetics. The combination of myotonic discharges and myopathic- appearing
motor units, predominantly in distal muscles and the face, is highly suspicious of DM1.
Because electrical myotonic discharges are not usually observed during infancy and many
other disorders are associated with myotonia, including myotonia and congenital
parmyotonia, this particular test should be taken only as a suggestive finding of DM1.
Muscle biopsy is histologically grossly abnormal in clinically affected individuals. Features
include variability in fiber size, fibrosis, rows of internal nuclei, sarcoplasmic masses, and an
increased number of intrafusal muscle fibers. However, it should be emphasized that there
is no clinical indication for performing a muscle biopsy to conducting the diagnosis of DM1
(The International Myotonic Dystrophy Consortium [IDMC], 2000). If clinical features
suggest DM1 but DM1 genetic testing is negative, then DM2 testing should be performed.
Finally, serum creatine kinase concentration may be mildly elevated in patients with DM1,
but it is often normal in asymptomatic individuals.

The DNA test for DM1 is highly relevant because, it confirms the diagnosis in cases with
clinically uncertain symptoms, eliminating the need for invasive muscle biopsy. Currently,
molecular diagnosis identifies the DM1 mutations in 100% of affected subjects (IDMC, 2000).
In addition, determination of insert sizes of CTG repeats aids relatively in predicting disease
severity (see Table 1), which is especially useful in young asymptomatic subjects. Despite
several advances in the field of DNA analytic techniques, identification of DM1 expanded
alleles continues to represent a challenge because of the immense length and variability of
expanded alleles and due to the extremely stable secondary structure formed by repetitive,
CG-rich sequences. Mutation analysis is based on detection of expanded DMPK alleles,
usually by Southern blot analysis. The use of Field-inversion gel electrophoresis (FIGE) and
Pulsed-field gel electrophoresis (PFGE), as well as digoxigenin-labeled short CAG-repeat-
specific, locked nucleic acid probes have increased the resolution of this technique
(Jakubicza et al., 2004). However, Southern blot analysis is not suitable for routine clinical
use because it is a time-consuming technique that requires large amounts of genomic DNA
and the use in the majority of instances of radioactive probes. Moreover, Southern blot fails
to detect premutated alleles and alleles with small expansions. PCR-based assays have been
developed to replace Southern blot. PCR utilizing flanking primers allows for amplification
up to approximately 100 CTG repeats, but it is unreliable above this size; thus, amplification
of alleles with very large numbers of CTG repeats (>100) continue to require Southern blot
analysis (Falk, 2006; Tishkoff, 1998; Warner, 1996). Certain improvements in amplification of
alleles with large numbers of repeats have been obtained by adding highly stable Taq DNA
polymerases, and PCR-enhancing agents, such as glycerol, betaine, and 7-deaza-dGTP to the
master reaction (Cheng et al., 1996; Kakourou et al., 2010; Magafa et al., 2011a; Skrzypczak-
Zielinska et al.,, 2009). Currently, identification of DM1 expanded alleles is performed
through fluorescent PCR and capillary electrophoresis. The use of a fluorescently labeled
primer permits detection of the amplified products by an Argon lasser, and its comparison
with a molecular size marker allows sizing of alleles of <100 CTG repeats. Interestingly, a
simple fluorescent PCR system that can rapidly identify the largest alleles for any disorder
with CTG/CAG repeat expansion was developed (Warner et al., 1996). This method utilizes
a fluorescently labeled locus-specific primer flanking the CTG repeat together with paired
primers amplifying from multiple priming sites within the CTG repeat. Triplet repeat
primed (TP-PCR) gives a characteristic ladder on the fluorescent trace, enabling rapid
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identification of large, pathological CTG repeats that cannot be amplified employing
flanking primers. Although TP-PCR detects expanded alleles of all lengths, it does not allow
for their sizing. In fact, samples with large CTG expansions identified by TP-PCR will
require Southern blotting if accurate estimation of size is required (Magafia et al., 2011a).
Therefore, there is no single method available yet that can reliably identify and size all
ranges of expanded alleles in the DM1 locus.

3. Genetics of DM1

DM1 is the most common type of myotonic dystrophy in adults and it belongs to a growing
group of genetic diseases caused by expansion of unstable microsatellite repeats. In 1992,
DM1 was shown to be caused by an expanded CTG repeat in the 3'-Untranslated region
(3'UTR) of the Dystrophy myotonic-protein kinase (DMPK) gene in chromosome 19q (Brook
et al., 1992) (Figure 1). This gene is composed of 15 exons that encode several alternatively
spliced isoforms of a serine/threonine protein kinase that range from 60-70 kDa. The
number of CTG repeats in the DMPK gene is polymorphic. In unaffected individuals, length
of the CTG expansion ranges from 5-34 repeats; this range of repeats is stably inherited and
possesses a relatively low mutation rate. DM1 alleles present a range of intermediate alleles
that is known as the "premutation range" and that includes between 35 and 49 CTG repeats
(Table 1); this range is not clinically significant, but it is genetically unstable, which may
cause the expansion of repeats in subsequent generations to reach the pathological range
(IDMC, 2000), whereas affected individuals with as few as 50 repeats can exhibit symptoms
of the disease in adulthood (Table 1).

Chromosome 19
q13.32

C 1 [ [0 [ I N I

3’-UTR
~m ) D W R o,
1 234 56 78 9 10 11 12 1314 15 CTGCTGCTG
CTGCTGCTGCTG
CTGCTGCTGCTGCTG
DMPK Gene CTGCTGCTGCTGCTGCTG

Fig. 1. DMPK gene. The DMPK gene is located in chromosome 19 at the q13.32 band. Blue
rectangles indicate exons and the straight gray line, introns. The CTG repeat tract is located
in the 3’unstranslated region of the gene.

In DM1, puzzling genetic phenomena, such as anticipation and the congenital form, which
were difficult to explain by conventional Mendelian genetics, are largely attributable to the
“dynamic” mutation. Expanded repeat size correlated inversely with age-at-onset, and
repeat size increases in successive generations in DM1, providing the molecular basis for
anticipation (Harper et al., 1992; Harley et al., 1992; Ashizawa et al., 1992). Paternal mutant
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alleles usually do not exceed 1,000 CTGs in offspring, whereas maternal transmission
frequently gives rise to further expansions of mutant repeats beyond 1,000 CTGs in children
with congenital myotonic dystrophy (Lavedan et al., 1993; Ashizawa et al, 1994).
Premutation alleles tend to expand into the full-mutation range more frequently with
paternal than with maternal transmission (Martorell et al., 2001; 2004). This accounts for the
paternal origin of the de novo mutations of myotonic dystrophy. The terminal event of
anticipation in DM1 is the congenital form, which accompanies severely compromised
nuptial and reproductive capability. Consequently, anticipation is expected to deplete the
population of patients with DM1 in gradual fashion. However, the prevalence of the disease
has been relatively steady; in part, this can be explained by the considerable pool of normal
individuals who have permutation alleles who can act as a reservoir for the future origin of
new cases through genetic instability (Martorell et al., 2001).

Phenotype CTG repeat size Ag?}-lzz)sl;set
Normal 5-34 NA
Premutation 35-49 NA
Adult-onset (Mild) 50-150 60-70
Adult-onset (Classic) 100-1,000 10-30
Congenital >1,000 From birth to 10

Table 1. Correlation between CTG repeat length and phenotype in DM1. NA, Not
applicable.

3.1 Origin and distribution of the CTG repeat polymorphism

Myotonic dystrophy is one of the most common inherited neuromuscular disorders and has
been described in global populations except for the majority of sub-Saharan ethnic
populations (Krahe et al., 1995; Ashizawa & Epstein, 1991). Prevalence varies but generally
ranges from 1/8,000-1/50,000 in European and Japanese populations (Harper et al., 2002).
High prevalence has been reported in different regions of the world, such as Northeastern
Quebec, Canada (Bouchard et al., 1989), and Istria, Croatia (Medica et al., 2004), with a
founder effect. Based on the paucity of DM1 in sub-Saharan ethnic populations, it was
postulated that the DM1 mutation occurred after human migration out of Africa (Ashizawa
& Epstein, 1991). When the (CTG), DM1 mutation was identified, it was found to be in
complete linkage disequilibrium with the Alu 1-kb insertion (Alu*) allele located 5 kb
upstream of the (CTG), repeat within the DMPK gene (Zerylnick et al., 1995). Since then,
(CTG), repeat expansion has always been found on the Alu* background in European and
Asian populations (Krndija et al., 2005; Pan et al., 2001), with the exception of a Nigerian
Yoruba family (Krahe et al, 1995). Subsequent analyses of (CTG), and the Alu*/-
polymorphism in populations worldwide appears to point to the consensus that (CTG)s
Alu is the ancestral haplotype for all observed haplotypes and that (CTG), expansion alleles
have derived from this ancestral haplotype through expansion in successive generations of
larger normal alleles with >18 CTG repeats (Tishkoff et al., 1998). Supporting this
hypothesis, African-Negroid, African-American, and Taiwanese populations all exhibit low
frequency of (CTG) >18 alleles and low DM1 prevalence (Acton et al., 2007; Goldman et al.,
1994; Hsiao et al., 2003; Pan et al., 2001), whereas the relatively high frequency of (CTG) >18
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alleles observed in Japanese, Yugoslav and European populations appears to be associated
with moderate-to-high incidence of DM1 (Leifsdottir et al., 2005; Mladenovic et al., 2006).
Thus, in the absence of epidemiological data for DM1, frequency estimation of (CTG), alleles
with >18 repeats in healthy population could be an indirect estimator of DM1 prevalence
(Magaria et al., 2011).

Analysis of haplotypes of the DMPK region demonstrated that the majority of European and
Asian DM1 (CTG), expanded alleles are on one haploytpe (haplotype A) background, while
the Nigerian DM1 mutation was found to be on a different haplotype background (Krahe, et
al,, 1995). Therefore, (CTG)s repeats in the DMPK gene is the most common allele in the
majority of the populations; however, allelic distribution of other alleles is different among
populations by means of the genetic drift effect on these populations or due to the genic
flow caused by the emergence of new populations.

3.2 Expansion and Instability of CTG repeats

The molecular mechanism underlying repeat instability has yet to be completely elucidated.
However, remarkable progress has been achieved through research done not only in
patient-derived tissues and cells, but also in a variety of experimental systems, including in
vitro, bacteria, yeast, and transgenic animal models. The use of these experimental models
has recapitulated the expansion-prone instability of the expanded (CTG), repeat, with
degree of repeat instability in correlation with repeat size.

Age-dependent, tissue-specific somatic CTG repeat instability is observed in patients with
DM1, with a strong bias toward expansions. The first wave of somatic instability has been
suggested to occur between 13 and 16 weeks of gestation, and the second, which is less than
the first, could continue throughout adulthood (Jansen et al., 1994). Likewise, a high degree
of instability is detected in germ cells. In male gametes, smaller repeats are highly unstable,
tending to enlarge significantly during spermatogenesis, while in female gametes, high
instability is exhibited mainly in larger repeats (Martorell et al., 2004). It is thought that CTG
repeats have already expanded in DM1-affected oocytes, leading to the conclusion that the
initial CTG expansion occurs prior to completion of meiosis II of oogenesis (De Temmerman
et al., 2004). In transgenic mice, the expanded (CTG), repeat exhibits the majority of the
characteristics of the expanded repeat in patients’ tissues, including expansion bias, the
parental gender effect, intergenerational instability, age-dependent increase, and inter-tissue
variability of the repeat size (Fortune et al., 2000; Gourdon et al., 1997; Monckton et al., 1997;
Seznec et al., 2000; 2001). Characterization of transgenic mice with expanded CTG-CAG
repeats in the background of mismatch repair-gene deficiencies revealed that Msh2, Msh3,
Msh6, and Pms2 play important roles in repeat instability (Savouret et al., 2004; Van den
Broek et al., 2002). Studies in vitro provide evidence that CTG-CAG repeats form non-B
DNA structures during DNA replication (Wojciechowska et al., 2005); it is thought that the
aberrant repair of these DNA intermediates is a source for development of the triplet repeat
expansions. In Escherichia coli, CTG repeats are unstable by deletion prone, although
expansions do occur depending on repeat length and direction of replication; the
mechanism of instability includes slippage of the strands at the replication fork, gene
conversion-like events, and recombination (Hashem et al., 2002). Analysis of CTG-CAG
repeat instability in yeast has revealed the participation of molecules involved in DNA
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replication and repair (Shimizu et al., 2001). Although studies in bacteria and yeasts have
provided insights into the mechanism of CTG repeat instability, their extrapolation to
humans should be carefully considered due to obvious interspecies differences. Figure 2
depicts the major contributors to CTGG instability schematically. It is noteworthy that
identification of the molecular mechanism causing expansion of CTG repeats might allow
the design of therapeutic strategies against DM1, aimed at inducing deletions of the already
expanded CTG repeats or preventing expansion from occurring.
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Fig. 2. Major contributors factor to CTG instability in vivo. Studies performed on cells and
tissues from subjects with DM1, as well as on organism models including transgenic mice,
bacteria, and yeast, have revealed that DNA segments containing expanded CTG repeats
form unusual DNA structures that, in conjunction with alterations in the replication,
recombination and repair processes, lead to CTG instability.

4. RNA-mediated mechanisms of pathogenesis

The mechanism by which the expanded CTG repeat leads to the multisystemic clinical
phenotype of DM1 is not fully understood. Because of the location of (CTG), in the 3° UTR,
the gene’s coding region remains intact in the mutant DMPK gene; however, the (CTG),
repeat is transcribed into the messenger RNA (mRNA) as a (CUG), repeat. Recent studies
have led to three major models of the disease mechanism for DM1 as follows: a) DMPK
haploinsufficiency; b) loss-of-function of genes in the vicinity of the CTG repeat, and c) a
toxic gain-of-function by the expanded CUG repeat in mutant DMPK mRNA.

a. Due to decreased levels of DMPK mRNA and protein in adult DM1 tissue (Fu et al.,
1993), DMPK deficiency was proposed as the pathogenic mechanism of DM1 soon after
identification of the DM1 mutation. The functional implications of a reduction in DMPK
expression were genetically tested with the generation of knockout mice. DMPK-/- mice
develop mild, late-onset, progressive skeletal myopathy, which suggested that DMPK
might be necessary for the maintenance of skeletal muscle structure (Reddy et al., 1996).
Subsequent divulged showed that DMPK-deficient mice also exhibited some cardiac-
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conduction abnormalities (Berul et al., 2000) and metabolic impairment such as
abnormal glucose tolerance, reduced glucose uptake, and impaired insulin-dependent
GLUT4 trafficking in muscle (Llagostera et al., 2007). However, the fact that DMPK-/-
mice demonstrated solely a mild phenotype for only some DM symptoms and that no
DMPK point mutations have been associated with a DM1 phenotype strongly
suggested that the multi systemic features of DM1 were not caused by simply DMPK
haploinsulfficiency.

b. A second mechanism proposed to explain the pathogenesis of DM1 is based on the
effect exerted by CTG expanded repeats on chromatin structure (Otten & Tapscott,
1995), which in turn might lead to partial silencing of neighboring DMWD (Dystrophia
myotonica-containing WD repeat motif) and SIX5 (Sine oculis homeobox homolog 5)
genes (Alwazzan et al., 1999; Klesert et al., 1997; Sarkar et al., 2000). This hypothesis is
supported by the fact that DMWD expression levels are reported as decreased in repeat
expansion-bearing patients (Alwazzan et al., 1998; Gennarelli et al., 1999). Moreover,
mutant analysis in Drosophila has shown that D-Six4, the closest Six5 homolog in flies, is
required for normal development of gonad muscle and mesodermal components. This
suggested that human Six5 could participate in muscle-wasting and testicular-atrophy
phenotypes in DM1 (Kirby et al., 2001). However, Six5 knockout mice only develop
cataracts that lacked the distinctive iridescent opacities characteristic of cataracts of
patients with DM1 (Klesert et al., 2000).

c. Data from patients as well as from transgenic mice and cell lines developed for DM1
modeling have offered compelling evidence in support of the third model, which
proposes that CUG repeats in the pathogenic range fold into RNA hairpins that are not
exported from the nucleus but that, instead, accumulate within ribonuclear foci,
acquiring a new toxic function by trapping essential cellular RNA-binding proteins
including alternative-splicing modulators and transcription factors, thus disturbing the
gene-expression and alternative- splicing processes, respectively (Davis et al., 1997;
Ebralidze et al., 2004; Ranum & Cooper 2006; Taneja et al., 1995).

4.1 Nuclear retention of mutant DMPK RNA

Preferential accumulation of mutant DMPK mRNA in nuclear foci has been observed by the
Fluorescent in situ hybridization (FISH) technique in fibroblasts, myoblasts, and neurons
from different nerve tissues (cerebral cortex, hippocampus, dentate gyrus, thalamus,
substantia nigra, and brainstem) of subjects with DM1 (Davis et al., 1997; Day & Ranum,
2005; Machuca-Tzili et al., 2005). These findings have also been corroborated in muscle
tissue of patients with DM1 by Northern blot analysis (Davis et al., 1997; Klesert et al., 2000;
Wang et al., 1994). Furthermore, electron microscopy examination has revealed that the
CUG-repeat RNA forms double-stranded RNA (Michalowski et al., 1999), which might
impede its export to the cytoplasm. It has been demonstrated that nuclear accumulation of
mutant transcripts increases in proportion to the number of CUG repeats, suggesting that
the length of the (CUG)n tract strongly determines the formation of nuclear aggregates
(Klesert et al., 2000). Furthermore, the number and morphology of ribonuclear foci in DM1
are also quite variable in different cell types and tissues; in proliferating DM1 cells in
culture, these RNA-rich accumulations range from a few small foci in fibroblasts to dozens
of larger foci in myoblasts. In contrast, only a few nuclear foci are observed in postmitotic
cells, such as myofibers and cortical neurons.
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Interestingly, mutant DMPK RNA is able to form ribonucleoprotein complexes by binding
to certain RNA-binding proteins (Miller et al., 2000) including modulators of alternative-
splicing and transcription factors, which are correspondingly depleted from their normal
subcellular localizations (for review, see Llamusi & Artero, 2008). This aberrant event causes
alteration in the normal expression of numerous muscular and neuronal proteins,
supporting the multisystemic phenotype of the disease (see later). Given the fact that
nuclear accumulation of mutant DMPK RNA is the basis for its toxic function, definition of
the steps at which mutant mRNA transport is blocked would aid in improving the
definition of the molecular basis of the pathology and eventually, in designing a therapeutic
treatment (Mastroyiannopoulos et al., 2005).

4.2 Alternative-splicing misregulation

Accumulation of mutant DMPK mRNA in nuclei of muscle and nerve cells facilitates its
aberrant union with proteins that participate in the regulation of nuclear processes, such as
splicing modulators and transcription factors; thus, the normal function of a number of
proteins might be impaired. Mutant mRNA of DM1 is able to interact and form aggregates
with proteins that participate in the alternative splicing of pre-mRNAs, such as the
Muscleblind-like family (MBNL1, MBNL2, and MBNL3), the CUG-binding protein 2 (ETR-
3), the Protein kinase RNA-activated (Protein kinase R) PKR enzyme, and the heterogeneous
nuclear ribonucleoprotein H (hnRNP H), which results in interference in developmentally
regulated alternative splicing of defined pre-mRNAs (Fardaei et al., 2002; Jiang et al., 2004;
Kanadia et al., 2003; Kuyumcu-Martinez & Cooper 2006; Mankodi et al., 2001; Miller et al.,
2000). Furthermore, DM1 mutation cells activate CUG triplet repeat RNA-binding protein 1
(CUG-BP1), also denominated CUGBP1/Elav-like family member 1 (CELF1), through
hyperphosphorylation and stabilization in the cell nucleus (Ho et al., 2005; Philips et al.,
1998; Savkur et al., 2001; 2004; Timchenko et al., 2001). It is known that up to 74% of human
genes undergo alternative splicing, during which exons or parts of exons can be skipped
during pre-mRNA processing, resulting in the expression of multiple variant mRNAs;
therefore, alternative-splicing misregulation could be the best explanation for the
multisystemic characteristics of DM1 pathology. The function of these splicing regulators
determines the tissue- and developmental phase- specific expression of certain protein
isoforms (Taneja et al., 1995). Within this group of splicing regulators, CELF1 and MBNL are
those that are best understood. CELF1 and MBNLI1 play opposite roles in exon selection in
several pre-mRNA transcripts; while MBNL1 promotes the transition of splicing from fetal
to adult exons, CELF1 aids in retaining fetal exons. According to current evidence, the
abnormal length of the (CUG)n segment determines the entrapment of muscle-bound
MBNL proteins in ribonuclear aggregates and in the stabilized expression of CELF1, which
in turn causes aberrant pre-mRNA splicing that results in abnormal expression of fetal
splice isoforms in the tissues of adult subjects with DM1 (Figure 3).

To date, alterations in at least 14 pre-mRNA alternative-splicing events have been reported
(Ranum & Day, 2006; Magania et al., 2009), seven of which have been found in skeletal and
cardiac muscle, affecting the following genes: TNNT2 (cardiac Troponin T gene); IR (Insulin
receptor gene); MTMRI (Myotubularin-related protein 1); TNNT3 (skeletal muscle Troponin
T gene); RyR (Ryanodine receptor gene); SERCA2 (Sarco/endoplasmic reticulum calcium
ATPase 2 gene), and CICN-1 (muscle-specific Chloride Channel) (Charlet et al., 2002; Ho et
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al., 2005; Kimura et al., 2005; Mankodi et al., 2002; Philips et al., 1998; Savkur et al., 2001).
Moreover, alterations in the transcript processing of Tau, NVIDAR1 (N-methyl-D-aspartate
receptor 1), and APP (Amyloid protein precursor) genes have been observed to occur in the
brain of subjects with DM1 (De Le6én & Cisneros, 2008; Jiang et al., 2004) (Figure 3).

It is noteworthy that utilization of transgenic mice and cellular models together with the
information obtained in clinical trials has enabled correlation of alterations in transcript
maturation with DM1 symptomatology. In subjects with DM1, the presence of an IR gene-
derived mRNA that lacks exon 11 has been described, which results in the synthesis of an
insulin-resistant receptor isoform (Savkur et al., 2001). This phenomenon could explain the
development of diabetes in these individuals. Likewise, several studies have reported the
expression of immature transcripts of RyR and SERCA2 genes in skeletal muscle of patients
with DM1; the products of these genes regulate calcium homeostasis during sarcolemma
depolarization: at the beginning of muscle contraction, Ca2?* is released from the
sarcoplasmic reticulum through ion channels formed by RyR, while SERCA2 pumps the
former back to the lumen of the sarcoplasmatic reticulum to restore cytoplasmic Ca2* levels,
consequently inducing muscle relaxation. Thus, alterations in this process could be related
with the muscle weakness observed in DM1. With respect to the employment of transgenic
mice for studying DM1-associated mis-splicing, it has been reported that a transgenic mouse
over-expressing CELF1 exhibits production of alternative TNNT2 gene mRNA with the
inclusion of exon 5, which is exclusively observed in fetal tissues (Ho et al., 2005;
Timichenko et al., 2001). Troponin T forms part of a protein complex that regulates actin-
myosin interactions during muscle contraction. The fetal isoform is less sensitive to Ca2+,
resulting in a weaker cardiac-muscle contraction. Based on these observations, it has been
proposed that aberrant processing of the Troponin T gene transcript might be the cause of
the development of arrhythmia and the loss of myocardial function described in patients
with DM1. Characterization of a second transgenic mouse that over-expressed CELF1
showed the presence of mRNA from the CICN-1 gene with inclusion of exon 7 in muscle
tissue. The presence of exon 7 generates higher degradation of the transcript, with the
consequent decrease in levels of the protein, a chloride-channel component (Charlet et al.,
2002; Mankodi et al, 2002), which ultimately results in decreased transmembranal
conductance of chloride ions in muscle fibers. This physiological alteration correlates with
the classic clinical sign of DM1: myotonia. Supporting the crucial role of mis-splicing in the
development of DM1, the knockout mouse for the MBLN gene (MbInl A3/A3) displayed
alterations in the alternative splicing of TNNT2, TNNT3, and CICN-1 genes and
consequently developed myotonia and cataracts. Comparison of two mouse models for
DM1, one expressing the mutant DMPK RNA and the other null for the Mbnlla gene,
revealed that loss of MBNL1a explains only >80% of the splicing pathology due to expanded
CUG RNA. Mbnl-independent mis-splicing effects were observed particularly on mRNAs
for extracellular matrix proteins (Du et al., 2010).

Finally, the generation and characterization of cellular models for DM1 have additionally
contributed to the identification of the molecular mechanism underling this pathology. A
study on C2C12 cells, a mouse muscular-cell line, demonstrated that CELF1 sequestration
by the mutant DMPK RNA impairs the translation of several myogenesis regulators,
including MEF2A (myocyte-specific potentiator factor 2A), MyoD (Myogenin 2), and p21
(CdK 1A inhibitor), which ultimately cause impairment in the muscle differentiation
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program (Ho et al., 2005). Although the brain is considered the second most affected organ
in DM1, the molecular basis of this pathology in the nervous system has not yet been
elucidated. One of the most distinctive characteristics of brain damage in subjects with DM1
is the presence of hyperphosphorylated Tau aggregates in the neurocortex (Jiang et al.,
2004). Tau is expressed abundantly in the peripheral and nervous systems and is especially
enriched in the axons of mature and growing neurons, in which it is found associated with
microtubules and on which it confers stability. Abnormal phosphorylation of Tau negatively
affects its binding to microtubules, and ultimately its function, as has been described in
Alzheimer disease. In the human brain, six Tau-protein isoforms are expressed as a result of
the alternative splicing of exons 2, 3, and 10. Interestingly, expression of Tau isoforms, with
the exclusion of exons 2/3 and 10, is favored in subjects with DM1 (Jiang et al., 2004; Wang
et al., 2005). Exon 2 encodes for the N-terminal domain of Tau, which interacts with the
axonal membrane, whereas exon 10 encodes for a microtubule-binding domain. Therefore,
absence of these domains in the protein product might affect the function of Tau as a
microtubule-stabilizer molecule, causing, at least in part, the neuronal damage observed in
patients with DM1 (Wang et al., 2005). As mentioned previously, the brain of subjects with
DM1 also exhibits alterations in NMDARI-gene transcript maturation (Jiang et al., 2004),
specifically in cortical and subcortical neurons. NMDARI regulates synaptic transmission of
excitation in the hippocampus, thus participating in the long-term potentiation and learning
process (Tsien et al., 1996). Normally, the NMDARI gene produces eight isoforms derived
from alternative splicing of its premRNA; nevertheless, patients with DM1 preferentially
produce an isoform with the inclusion of exon 5, which affects the affects the receptor’s
distribution and pharmacological properties. Hence, the presence of this abnormal isoform
of NMDARI might be related with DM1-associated memory impairment (Cull-Candy et al.,
2004; Winblad et al., 2006).

4.3 Leaching of transcription factors from chromatin

It has been recently observed that several transcription factors are sequestered by mutant
DMPK RNA in muscle cells of subjects with DM1, including Sp1 (Specific protein 1), STAT1,
and STAT3 (members of Signal transduction-family proteins and transcription activators),
and the gamma subunit of the Retinoic acid receptor (RARYy) (Figure 3). This aberrant event
removes the transcription factors from active chromatin, leading to disrupted gene-
expression patterns. It is thought that the decreased CICN-1 gene expression observed in the
muscle cells of patients with DM1 is due to the entrapment of Sp1 in nuclear foci containing
mutant DMPK RNA, because Spl modulates the CICN-1 gene promoter positively.
Supporting this idea, expression of the CICN-1 gene is restored in DM1 muscle cells by over-
expression of Spl (Ebralidze et al., 2004). Further studies are required to fully understand
the influence of mutant DMPK RNA on gene expression.

5. Perspectives of gene therapy

At present, treatment for DM1 is limited to symptomatic intervention and there is no
therapeutic approach to prevent or reverse disease progression. However, elucidation of the
molecular mechanisms underlying DM1 pathogenesis have allowed for the envisaging and
developing of experimental approaches with therapeutic potential that are aimed at
reversing DM1 symptomatology. Because the central core of DM1 pathogenesis is the gain-
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Fig. 3. RNA toxic gain-of-function model for DM1 pathogenesis. Mutant DMPK RNA
accumulates in the nucleus of muscle and nerve cells, sequestering different regulatory
proteins including splicing modulators MBNL1 and hnRNP H and transcription factors Sp1,
STAT1, STAT3, and RARy. Furthermore, expression of expanded CTG repeats causes, by
means of an unknown mechanism, an increase in the activity of splicing modulator CELF1.
The aberrant behavior of mutant DMPK RNA alters the activity of both splicing modulators
and transcription factors, giving rise to impairment in the expression and function of a
number of genes and ultimately, to the multisystemic DM1 phenotype.

of-function of mutant DMPK RNA, the majority of studies have been focused on targeting
the mutant transcript to eliminate or ameliorate its toxic effects. However, alternative
strategies centered on reversing DM1-associated spliceopathy without targeting the mutant
DMPK RNA have remerged recently (Magafia & Cisneros, 2011; Mulders et al., 2010).

5.1 Degradation or neutralization of mutant DMPK RNA

Different approaches have been applied to target and cleave mutant DMPK RNA, including
the use of antisense RNA, Antisense oligonucleotides (AONs), small interfering RNA
(siRNA), and self-cleaving hammerhead ribozymes (Figure 4A). Antisense RNA
complementary to (CUG)13 repeat-sequence AON was employed in human DM1 myoblasts
carrying ~750 CTG repeats (Furling et al., 2003), resulting in preferential decay of mutant
over wild-type DMPK transcripts and consequent normalization of myoblast fusion and
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glucose uptake via restoration of the expression and binding activity of CELF1. Further
studies with a 2’-O-Methyl-phosphorothioate-modified AON (2'-MePS-AON) that targets
CUG repeats were performed in immortal mouse myoblasts expressing the human DMPK
gene with 500 CTG repeats (DM500 cell model) (Mulders et al., 2009) and in two following
DM1 mouse models: the first carrying the Human skeletal alpha-actin (HSA) gene modified
by the insertion of 250 CTG repeats in the 3’'UTR (HSALR mouse model) and the second,
bearing the human DM1 locus with 500 CTG repeats (DM500 mouse model) (Mankodi et al.,
2000; Seznec et al., 2000). Promisingly, antisense treatment resulted in decreasing levels of
mutant DMPK, reduction of ribonuclear foci, and correction of the DM1-associated, aberrant
pre-mRNA splicing of several genes. Similar positive effects have been observed in DM1
myoblasts that have ~3,200 CTG repeats with the use of siRNAs (Langlois et al., 2005), and
in DM1 myoblasts expressing approximately 750 CTG repeats with the employment of
nuclear ribozymes that targeted and cleaved 3’'UTR of DMPK mRNA (Langlois et al., 2003).
However, the main limitation of these strategies lies in that all molecules recognize and
cleave both mutant and wild-type DMPK mRNA with similar efficacy.

A more recent and attractive strategy against DM1 postulates that disruption of the aberrant
RNA-protein interactions exerted by the DMPK mutant transcript with the alternative-
splicing regulator MBNL1 would correct DM1l-associated mis-splicing (Figure 4B).
Supporting this hypothesis, a 25-nucleotide morpholino-type AON complementary to CUG-
repeated RNA blocks the formation of the CUG-expanded MBNL1 complex in the HSALR
transgenic mouse model, resulting in several beneficial effects, including decreased number
of nuclear foci through MBNL1 protein redistribution in the nucleus, enhanced transport of
CUG expanded-containing transcripts to the cytoplasm, alternative-splicing correction of
MBNL1-dependent genes, normalization of transmembrane chloride-ion conductance, and
reduction of myotonia (Wheeler et al., 2009). In this regard, identification of small molecules
or multivalent modular compounds that specifically bind CUG repeats and that could
competitively release sequestered MBNL1 would constitute a promising alternative strategy
for neutralization of toxic RNA (Warf and Berglund, 2010; Warf et al., 2009).

5.2 Mis-splicing reversal

Sequestration of MBNL1 by mutant DMPK transcript in nuclear foci indicates that MBNL1
titration and loss-of-function is linked with the mis-splicing of particular genes.
Furthermore, it was recently shown that activation of the PKC signaling pathway by CUG
repeats leads to CELF1 hyperphosphorylation and stabilization, implicating this signaling
event in DM1-associated mis-splicing (Philips et al., 1998; Savkur et al., 2001; Sergeant et al.,
2001). Therefore, it has been hypothesized that modulation of the expression and/or activity
of these two splicing factors would reverse DM1l-associated spliceopathy (Figure 4C).
Consistent with this idea, over-expression of MBNLI in a Drosophila model of DM1
expressing a non-coding mRNA containing 480 CUG repeats reduced the number of nuclear
foci and suppressed the degenerative phenotypes caused by expanded repeats in muscle
and eye tissue (de Haro et al., 2006). Moreover, over-expression of MBNL1 mediated by an
adeno-associated viral vector specifically corrected the mis-splicing of MBNL1-dependent
genes including Clcnl, Sercal, and Tnnt3 and reversed myotonia in the HSALR mouse model
of DM1 (Kanadia et al., 2006). On the other hand, different mice models have been
established to test the role of CELF1 activity in the development of muscle-wasting and
cardiac disease in DM1 (Ho et al., 2005; Koshelev et al., 2010). Interestingly, specific blockage
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of PKC activity in an inducible mouse model for heart-specific expression of 960 CUG RNA
repeats that developed cardiac arrhythmias, cardiomyopathy, and CELFl-associated
spliceopathy (Wang et al. 2007) resulted in improved cardiac conduction and reduced
misregulation of CELFl-mediated splicing events, which correlated with decreased
phosphorylation and steady-state levels of CELF1 (Wang et al., 2009). Hence, the use of
protein kinase C inhibitors to downregulate or to prevent upregulation of CELF1 activity
would be an alternative therapeutic treatment for DM1. Finally, it is important to mention
that correction of DM1 mis-splicing by modulation of CELF1 and MBNLI expression should
be considered with caution because artificial alteration of MBNL1 and/ CELF1 steady-state
levels might alter the splicing pattern of a number of genes regulated by these proteins, with
unknown consequences for muscle function.
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Fig. 4. Strategies for DM1 gene therapy. A) Degradation of mutant RNA by antisense
oligonucleotides (AON), ribozyme, or siRNA. B) Neutralization of mutant RNA activity by
blocking its interaction with the splicing regulator MBNL1 using AON or small chemical
compounds. C) Mis-splicing reversal by ver-expression of MBNL1 or down-regulation of
CELF activity. D) Exon skipping of mis-spliced genes (i.e. CLCN1 gene) by splicing blockage
with AON.
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5.3 Exon skipping of mis-spliced genes

An alternative strategy to fight DM1 symptomatology is to correct aberrant splicing events
by exon skipping of mis-spliced genes. The mechanism of exon skipping is based on the
binding of AON to specific-target sense sequences of mis-spliced pre-mRNA genes to block
the access of splicing machinery to splice sites, causing the elimination of specific exons(s)
and their flanking regions, in order to restore an open-reading frame of the normal isoform
(Alter et al., 2006; Lu et al., 2005) (Figure 4D). AON-mediated exon skipping appears to be a
potent method for reversing DM1-associated myotonia caused by abnormal inclusion of
exon 7a in CICN-1 mRNA. Normalization of CICN-1 current density, as well as elimination
of myotonic discharges, were observed in two murine models (DM1 mouse model HSALR,
and a transgenic mouse homozygous for MBNLI-gene disruption) after muscular injection
of a morpholino-AON that targeted the 3' splice site of CICN-1 mRNA exon 7a and
prevented inclusion of this exon in the mature transcript (Wheeler et al., 2007). Future exon-
skipping strategies for DM1 should ensure muscle-specific uptake of therapeutic oligos after
their systemic delivery, as well as the employment of a multiple AON cocktail designed to
correct splicing at two or more transcripts involved in DM1 symptomatology.

6. Conclusions and future outlook

Conventional approaches to treatment of DM1 are supportative and have failed to slow or
halt disease progression. Substantial progress has been made in understanding the disease-
causing mechanisms of DM1, and now that it is clear that multisystemic phenotype of DM1
results directly from expression of a mutant expanded repeat RNA, the search for novel
therapies is underway. Despite the tremendous progress obtained in several cell-based and
animal models, in which degradation or neutralization of the mutant DMPK RNA results in
reversal of mis-splicing and myotonia, there are a number of hurdles to overcome before
implementation of RNA-based strategies in clinical trials, such as tissue-specific delivery,
sustainability, and effectiveness of the therapeutic molecules.
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