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Chapter 1
Genetics of Myotonic Dystrophy

Tohru Matsuura

Abstract Myotonic dystrophy (dystrophia myotonica, DM) is the commonest
form of muscular dystrophy affecting adults. This multisystem disorder typically
affects the skeletal muscle and is characterized by weakness, wasting, and myoto-
nia; other systemic involvement includes ocular, cardiac, endocrine, and central ner-
vous system dysfunction. DM is classified into two main subtypes: type 1 (DM1)
and type 2 (DM2) based on mutations in the dystrophia myotonica protein kinase
(DMPK) gene and CCHC-type zinc-finger cellular nucleic acid-binding protein
(CNBP) formerly known as the zinc finger 9 (ZNF9) gene, respectively. The multi-
system phenotype of DM1 and DM2 is due to the presence of expanded repeats and
the attendant effects. DM1 occurs due to the persistence of harmful effects of
untranslated RNA transcripts of CTG trinucleotide repeat, which are located in the
3’-untranslated region of the DMPK gene on 19q13. DM2 results from the toxic
effects of the untranslated RNA transcripts of CCTG tetranucleotide repeat, which
are located in the primary intron of the CNBP gene, on chromosome 3q 21.3. A
diagnosis of myotonic dystrophy can be made clinically based on presentation with
characteristic features and a positive family history. However, molecular genetic
testing for an expanded CTG repeat in the DMPK gene is the gold standard for
definitive diagnosis of DM1. If DM1 testing is negative, testing for the CCTG repeat
in the CNBP gene is then considered appropriate to establish a diagnosis of DM2.
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Abbreviations

CNBP Cellular nucleic acid-binding protein
DM Myotonic dystrophy

DMPK Dystrophia myotonica protein kinase
MBNL Muscle blind-like

PROMM  Proximal myotonic myopathy

RNA Ribonucleic acid

ZNF9 Zinc-finger nuclease 9

1.1 Introduction

Myotonic dystrophy (dystrophia myotonica, DM) is an autosomal dominant multi-
system disorder and is the commonest form of muscular dystrophy in adults. The
condition is clinically and genetically heterogeneous, typically affecting the skeletal
muscle with characteristic paradoxical weakness, wasting, and myotonia [1].
Features of multisystem involvement include ocular, cardiac, endocrine, and central
nervous system manifestations. And thus, affected individuals may present with
early cataract, cardiac conduction abnormalities, insulin resistance, infertility, sleep
disorders, and cognitive dysfunction.

Also, severe developmental disability has been reported in a severe congenital
form of DM1 [2]. These multiorgan clinical features account for the initial presenta-
tion of such individuals to various medical subspecialties including internal medi-
cine, cardiology, ophthalmology, endocrinology, and even pediatrics, before
eventually undergoing specialist neurology review. DM is classified into two main
forms, myotonic dystrophy type 1 (DM1) and myotonic dystrophy type 2 (DM2),
based on the genetic alteration and clinical features. Showing specifically wide vari-
ability in terms of severity and age of onset, the disease can also broadly be divided
into congenital and adult forms.

The genetic defect in DM1 is a result of mutation in the dystrophia myotonica
protein kinase (DMPK) gene with amplified trinucleotide CTG repeats in the 3'
untranslated region. Disease severity varies with the number of repeats. In DM2 the
defect is in the CCHC-type zinc-finger cellular nucleic acid-binding protein (CNBP)
formerly known as the zinc-finger 9 (ZNF9) gene, with tetranucleotide CCTG
repeats. Both of them are caused by microsatellite repeat expansions in noncoding
regions of the genome giving rise to RNAs having a toxic gain of function among
microsatellite expansion diseases encompassing more than 20 neurological disor-
ders, including Huntington’s disease and various spinocerebellar ataxias (Fig. 1.1).
The multiorgan phenotype of DM1 and DM2 results from the presence of these
expanded repeats and the attendant effects. DM1 occurs due to the persistence of
harmful effects of untranslated RNA transcripts of CTG-trinucleotide repeats,
which are located in the 3’-untranslated region of the DMPK gene on 19q13. DM2
results from the toxic effects of the untranslated RNA transcripts of CCTG-
tetranucleotide repeats, which are located in the primary intron of the CNBP gene,
on chromosome 3q 21.3.
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Fig. 1.1 Diseases caused by expanded microsatellite repeats. Abbreviations: SCA spinocerebellar
ataxia, FXS fragile X syndrome, FXTAS fragile X-associated tremor/ataxia syndrome, SBMA spinal
and bulbar muscular atrophy, HD Huntington’s disease, DRPLA dentatorubral-pallidoluysian atro-
phy, DM myotonic dystrophy, ALS/FTD amyotrophic lateral sclerosis and frontotemporal dementia

The gene mapping, molecular genetics, genotype-phenotype correlation, and
population genetics/epidemiology of DM are further expanded below, with discus-
sions on the various phenotypes of DM1 and DM2 and the genetic basis for investi-
gation and diagnosis.

1.2 Genetics

DMI1 and DM2 are genetically distinct and are both inherited in an autosomal domi-
nant manner and present with somewhat overlapping phenotypic abnormalities. The
diseases may show variable penetrance, with characteristic increasing severity of
phenotype over subsequent generations.

The underlying mechanism of the pathogenesis of DM is still unclear. However,
studies show a role for the proliferation of transcription products in mutant forms of
defective genes. The two genetically distinct subtypes, DM1 and DM2, are caused
by similar noncoding repeat expansions in different genes.

In DM1, expanded repeats occur in CTG in the 3'-UTR of DMPK gene. In DM2,
expanded repeats occur in the CCTG region in the primary intron of the CNBP gene
(formerly known as zinc-finger protein 9; ZNF9) [3-5]. The DM1 and DM2 pheno-
types result from abnormalities in the transcribed RNA equivalents, CTG-to-CUG
for DM1 and CCTG-to-CCUG for DM2.



4 T. Matsuura

In DM1 and DM2, the abnormal RNA transcripts remain untranslated. They exert
a harmful effect on other genes not unique to the DM1 or DM2 locus and aggregate
other proteins involved in alternative RNA splicing. These proteins are known as
muscle blind-like (MBNL) proteins and CUG-BP and ETR-3-like factors (CELF) [4,
6—-8]. MBNL proteins are highly conserved across species including man.

The MBNL gene encodes MBNL proteins, responsible for muscle development
and photoreceptor neuron differentiation in the eye. Thus, absence of the MBNL
gene results in blindness and muscle defects. In patients with DM1 and DM2,
MBNL proteins accumulate in the RNA foci due to the activity of the mutated RNA
transcripts of CUG or CCUG repeats. Because of this sequestration, the amount of
MBNL proteins available for proper function is reduced. A fetal pattern of target
transcripts results due to the mutant RNA-induced shift in splicing from normal to
abnormal. These mutant RNA transcripts further exert an adverse effect on RNA-
binding protein activity, leading to errors in transcript splicing and defects in the
function of several genes such as the bridging integrator 1 gene (BIN1) [9], cardiac
troponin T [10], insulin receptor [11], and the skeletal muscle chloride channel [12].
These could result in the typical features of abnormalities in cardiac conduction,
myotonia, and insulin resistance seen in individuals with DM [4, 6, 7].

1.3 DM1

The genetic defect in DM 1 results from a heterozygous trinucleotide repeat expan-
sion (CTG)n in the 3" UTR of the DMPK gene on chromosome 19q13. Repeat
lengths in excess of 50 CTG repeats are considered pathogenic [13].

DMI1 phenotypes can be classified as congenital, childhood-onset, adult-onset
“classic DM1,” late-onset/asymptomatic, and premutation DM. Table 1.1 presents
an overview of these phenotypes, clinical findings, and CTG length [14].

Clinical features are slowly progressive, and clinical severity varies broadly
ranging from asymptomatic to severe. Symptoms usually appear in the second and
third decades of life for the most common classic form of DM. Molecular pathways
are still unclear.

1.3.1 Mapping

The myotonic dystrophy locus was among the earliest human disease loci to be
assigned a chromosome by linkage analysis. Linkage was first suspected between the
Lutheran blood group (Lu) and the secretor (Se) loci by Mohr [15]. It was later dis-
covered that complement component 3 (C3) was linked to Lu-Se-DM [16, 17]. C3
had earlier been assigned to chromosome 19 by somatic hybrid studies, and thus this
linkage indicated that DM is also on chromosome 19. Subsequently, positive LOD
scores were discovered for serum C3 and another chromosome 19 locus, peptidase D
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Table 1.1 Summary of myotonic dystrophy type 1 phenotypes, clinical findings, and CTG length

Phenotypes Clinical findings CTG length | Age of onset

Congenital Infantile hypotonia >1000 Birth

Respiratory failure

Learning disability

Cardiorespiratory complications
Childhood onset Facial weakness 50-1000 1-10 years
Myotonia

Low IQ
Conduction defects
Adult-onset “classic DM1” | Weakness 50-1000 10-30 years
Myotonia

Cataracts

Conduction defects

Insulin resistance

Respiratory failure

Late onset/asymptomatic Mild myotonia 50-100 20-70 years
Cataracts
Pre-mutation None 38(35)-49 N/A

(PEPD). PEPD was also assigned to chromosome 19 by somatic cell hybrid studies,
and a close linkage was demonstrated between PEPD and DM locus with a LOD
score of 3.51 at a recombination fraction of 0.00 [16]. This provided regional assign-
ment and further confirmed the Lu-Se-DM assignment to chromosome 19. Restriction
fragment length polymorphism analysis with an associated C3 probe showed evi-
dence of linkage with DM with a LOD score of +3.36 at a recombination fraction of
0.05 in males [17]. Further gene mapping of chromosome 19 with regard to DM
revealed suppression of recombination near the centromere, and linkage studies
assigned DM a location in the centromere region of chromosome 19 [18].

RFLPs were designated to the D19S19 locus that is linked to DM (maximum
LOD score of 11.04 at a recombination fraction of 0.0). The genomic clone LDR152
(D19S19) was reported to be tightly linked to DM with a maximum LOD score of
15.4 at a recombination fraction of 0.0 (95% confidence limits 0.0-0.03) [19, 20].

Friedrich et al. conducted linkage studies in three large kindreds, using RFLPs
related to C3 and the chromosome 19 centromeric heteromorphism as genetic mark-
ers, and excluded DM from the 19cen-C3 segment by three-point linkage analysis,
thus strongly reinforcing the assignment to the proximal long arm of chromosome
19 [21].

It was conclusively established that the DM gene lies in region 19q13.2—q13.3. The
APOC2 and CKM were identified as the closest proximal markers located approxi-
mately 3 cM and 2 cM from DM, respectively, in the order cen—APOC2-CKMM-DM.
Furthermore, among 12 polymorphic markers on 19q, 10 were revealed to be proximal
to the DM gene, and 2 were distal to DM, PRKCG (176980), and D19S22 (located at
a distance of approximately 25 cM and 15 cM, respectively, from DM) [22].
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1.3.2 Molecular Genetics of DM1

Previously known as Steinert disease, DM1 is inherited in the non-Mendelian auto-
somal dominant pattern, with variable penetrance and transmission between mother
and child. A low frequency of about 5-34 copies of the trinucleotide repeats is typi-
cal in the general population. In patients with DM, a greater number of repeats,
ranging from upward of 50 copies, are reported [6, 23]. This may explain the paral-
lel seen between the varying severity of DM with the age of onset and the number
of repeats. These expanded repeats are unstable and exhibit intergenerational expan-
sion; further expansion may occur during meiosis with an increase in the repeat size
during parent-to-child transmission within successive generations [24]. Thus, at-
risk offspring may inherit sizably longer repeat lengths than those present in the
transmitting parent. Based on these, DM1 is described as showing a characteristic
anticipation and exhibiting parental gender effect/maternal bias.

Anticipation is a phenomenon where the increase in repeat size during parent-to-
child transmission within successive generations results in increasing disease sever-
ity and decreasing age of onset in successive generations. This anticipation results
because DMPK alleles of over 34 CTG repeats in length are unstable. Most often a
child with early-onset, severe DM1 (i.e., congenital DM1) has inherited the
expanded DMPK allele from the mother [25, 26, 27]. Although anticipation typi-
cally occurs in maternal transmission of the disease, anticipation with paternal
transmission is also possible [25, 28]. Disease severity is directly proportional to the
number of repeats: normal individuals have 5-34 repeats, individuals with mild
disease have 50—150 repeats, patients with classic DM have 100-1000 repeats, and
patients with congenital DM exhibiting over 2000 repeats. The size of the CTG
repeat appears to increase over time in the same individual. Somatic instability of
the repeat is also recognized as intra-tissue, inter-tissue, and cell-type variability
over a patient’s life time [29, 30].

Congenital DM is seen solely when the affected parent is the mother. This mater-
nal bias occurs because expansion of alleles with 40-80 repeats typically occurs in
paternal transmissions; however, expansion is seen only in alleles longer than 80
repeats when transmission is maternal. The frequency of repeat contractions is
approximately 4.2-6.4% [13].

In congenital DM cases, the CTG-repeat lengths are unusually high, at >1000,
and as high as 4000 expanded repeats can occur [6]. Fewer repeat lengths (730—
1000) have been reported, but the affected infants may present with infantile hypo-
tonia, mental retardation, and respiratory dysfunction. A decrease in the CTG-repeat
size (intergenerational contraction) has been also reported in about 6.4% of trans-
missions [31]. A paternal factor may contribute to the dynamics of intergenerational
contraction, observed in the expanded CTG repeats in DM1. Among the French-
Canadian DM 1 population, about 7.4% display intergenerational contractions, dur-
ing transmission. All the cases in this cohort were transmitted from father to child
[31]. The intergenerational contraction seen in DM1 could occur within some [32]
or all [31] related siblings in a family.
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Historically, the isolation of a human genomic clone that detected novel restric-
tion fragments specific to persons with myotonic dystrophy was reported in 1992
[33]. An EcoRI polymorphism with two alleles was seen in normal persons, but in
most affected individuals, one of the normal alleles was replaced by a larger unsta-
ble fragment. Fragment length showed significant variation within families as well
as between unrelated affected individuals. The unstable nature of this region was
thought to explain the characteristic variation in severity and age at onset of DM.

Subsequently, a DNA fragment was detected that was larger-sized in DM
affected persons compared with normal sibs or controls. The sequence containing
this fragment was located in chromosome 19 and was flanked by two tightly linked
markers, ERCCI1 (126380) proximally and D19S51 distally [34]. The essential
region between the above-mentioned markers was cloned in a 700-kb contig com-
prising overlapping cosmids and yeast artificial chromosomes. The central part of
the contig bridged an area of about 350 kb between two flanking crossover borders.
This segment, which presumably contained the DM gene, has been extensively
characterized. Two genomic probes and two homologous cDNA probes were situ-
ated within approximately 10 kb of genomic DNA and detected an unstable genomic
segment in myotonic dystrophy patients. The length variation in this segment
showed similarities to the instability seen in the fragile X locus (300624). The dis-
covery of these changes in repeat expansion in families with fragile X syndrome
strongly suggested the possibility that a similar mutation with unstable microsatel-
lite expansion might be involved in the pathogenesis of DM. Subsequently, the CTG
expansion was identified [5]. The authors proposed that the length variation was
consistent with a direct role in the pathogenesis of DM.

Typically, the size of the pathognomonic CTG triplet repeat is larger in DM
patients than in unaffected individuals [22]. The sequence shows high variability
among normal populations. Unaffected individuals carry 5-27 copies. Patients with
mild disease have 50 or more repeats, and patients with the phenotypically more
severe classic DM typically carry repeat expansions of up to several kilobase pairs.

The length of the CTG repeat correlates with the incidence of severe congenital
DM. Furthermore, mothers of individuals with congenital DM were found to have
higher than average CTG repeat lengths [35].

Recently, using triplet-primed PCR (TP-PCR) of both DNA strands followed by
direct sequencing, Musova et al. identified interruptions within expanded DM1 CTG
repeats in almost 5% (3 of 63) of Czech DM1 families and in 2 of 2 intermediate
alleles [13]. None of 261 normal Czech alleles tested carried interruptions. The
expanded alleles contained either regular runs of a (CCGCTG)n hexamer or showed
a much higher complexity; they were always located at the 3-prime end of the repeat.
The number and location of the interruptions were very unstable within families and
subject to substantial change during transmission. However, four of five transmissions
of the interrupted expanded allele in one family were accompanied by repeat contrac-
tion, suggesting that the interruptions render the DMPK CTG repeat more stable or
could even predispose it to contractions. Overall, the contribution of the interrupted
alleles to the phenotype was uncertain. Musova et al. suggested that the occurrence of
interruptions may be missed by routine testing using PCR or Southern blotting.
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1.3.3 Genotype-Phenotype Correlations
1.3.3.1 Congenital DM

Clinically, congenital DM presents with infantile hypotonia, respiratory failure,
learning disability, and cardiorespiratory complications. For congenital DM1, an
estimated incidence of 2.1-28.6 per 100,000 live births has been reported based on
accumulated studies [6]. Onset of typically symptoms present at birth. The majority
of congenital DM cases show a maternal transmission pattern, due to a higher prob-
ability for expanded CTG repeats in mothers compared with fathers [3, 6, 8]. The
mean length of maternal trinucleotide CTG repeats is greater in congenital DM
cases compared with adult-onset DM with CTG expansions in excess of 1000
repeats [32]. This is in contrast with paternal trinucleotide repeats, which are smaller
and/or show no symptoms at childbirth [6]. Maternal DM can go undetected for
most of adult life, with a diagnosis made only after the birth of a neonate with con-
genital DM [5, 6, 24].

Evidence of congenital DM 1 may be detected in utero, with features of clubfoot,
polyhydramnios (common in mostly severe cases with swallowing problems in
infancy), cardiomyopathy (severe cases), and reduced fetal movement. The mother
may experience prolonged labor, likely due to abnormalities in the uterine muscle
[3, 5]. Preterm (<34 weeks) and prolonged labor is likely in DM 1-affected women,
with a resultant increase in the rate of cesarean delivery [6]. Other complications of
pregnancy have been reported in DM 1. The occurrence of preterm labor was attrib-
uted in part to the effects of congenital DM on affected fetuses. Other pregnancy
complications have been reported in both DM1 and DM2. In one study of pregnan-
cies in women, ectopic pregnancy (4%), placenta previa (9%), and postpartum hem-
orrhage (rare) were reported. Uterine atony due to myotonia and muscle weakness
may account for the postpartum hemorrhage observed in this cohort, although it is
a rare occurrence in DM1-affected individuals [6].

Facial diplegia (bilateral facial paralysis) with a typical V-shaped upper lip, marked
hypotonia, poor feeding, respiratory failure, and joint contractures (mainly in the legs)
are all typical features of congenital DM 1. Muscle weakness and facial diplegia per-
sist into early childhood with a slow and progressive increase in motor function.

Feeding difficulties may necessitate nasogastric feeding and intensive manage-
ment. Death may occur in the neonatal period due to respiratory abnormalities or in
infancy due to abnormalities in cardiac function and feeding [4, 6]. Affected neo-
nates and infants may have to be managed with a feeding tube and mechanical
ventilation, in a significant number of cases [6].

Abnormalities of the foot as well as mental and behavioral disorders are common
clinical presentations in early childhood (aged 3-5 years). Marked developmental
delays in mental and motor development occur in half or more children at this stage.
Survival into early childhood is fraught with marked morbidities in the cardiovascu-
lar and respiratory systems with a high likelihood of deaths.
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The severity of complications in congenital DM1 shows no association with the
range of abnormalities that may be observed in teens presenting with the classic,
non-congenital DM phenotype. In these cases, abnormalities in muscular and car-
diac function present with symptoms and signs of myotonia, muscle weakness
(mainly in the lower parts of the body), and cardiac deficits.

Childhood-Onset/Juvenile DM1 In childhood DM1, the CTG-repeat lengths are
usually greater (>800), with muscle weakness and physical disability developing
later in life, usually before age 10 years [1, 5, 6, 32]. Cases in which the repeat
lengths were lower than 800 have been reported [6]. In addition to musculoskeletal
abnormalities, behavioral, cardiovascular, and mental complications are typical in
childhood DM. Children with cardiovascular complications can go undiagnosed.
Behavioral problems can manifest as attentional deficit, anxiety, executive dysfunc-
tion, low 1Q, and mood disorder.

Adult-Onset Classic DM1 Individuals with classic DM1 have CTG-repeat sizes
of 50-1000. Classic DM develops between the first and fourth decades of life, but
in the adult-onset classic type of DM, muscle weakness develops later in life [1, 6].
Cataracts, cardiac arrhythmia, excessive daytime sleepiness, and myotonia are pre-
senting features in individuals with classic DM1. Affected individuals have a lower
average life expectancy.

Late-Onset/Asymptomatic DM1 Individuals with mild DM also display a CTG-
repeat size of 50—150. The onset of DM usually occurs in later years (20-70 years),
and individuals have a normal life expectancy. Features common to DM are typical
of individuals with mild DM, including cataracts, mild weakness, and myotonia [6].
In a multicenter study, a high sensitivity for detection and reporting of expanded
repeats was observed [36]. Also, a high specificity to within two repeats of the con-
sensus was reported in allelic examinations [36]. The ability of genetic testing to
accurately define the presence or absence of DM is central to DM management, as
a cure is yet to be developed.

More than half of asymptomatic DM cases go undetected throughout childhood,
only to have an arrhythmia induced in adolescence due to participation in sports and
physical activities. Children of individuals with asymptomatic DM have a high risk
of intergenerational expansion or activation, with larger repeat sizes and probability
of having symptoms.

Premutation DM1 Generally, the presence of 5-37 repeats is considered normal.

Individuals with premutation DM1 display repeat sizes ranging between 38 and
49. Symptoms begin to manifest in individuals with greater than 50 repeats.
Individuals with CTG expansions in the premutation range have been reported to be
asymptomatic but are at increased risk of having their children inherit further
expanded repeats and thus having symptomatic disease.
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1.3.4 Population Genetics and Epidemiology

In general, the prevalence of DM1 ranges from approximately 1:100,000 in certain
parts of Japan to 1:10,000 in Iceland; the global estimated prevalence of DM1 is
reported to be 1:20,000 [37]. Prevalence may increase in specific regions, such as
Quebec, and this is thought to be as a result of founder effects [38, 39]

1.4 DM2

After the discovery of DM1 gene defect, DNA testing identified a group of patients
lacking this defect but showing dominantly inherited myotonia, proximal greater
than distal weakness, and cataracts. In Europe, this disease was termed proximal
myotonic myopathy (PROMM, OMIM 602668) [40, 41] or proximal myotonic dys-
trophy (PDM) [42], while in the United States, it was termed myotonic dystrophy
with no CTG-repeat expansion or myotonic dystrophy type 2 (DM2) [43, 44, 45].
Subsequently, it was demonstrated that many of the families identified as having
PROMM, PDM, or DM2 had the same disease that results from an unstable tetra-
nucleotide CCTG-repeat expansion in intron 1 of the nucleic acid-binding protein
(CNBP) gene (previously known as zinc-finger 9 gene, ZNF9; OMIM 116955) on
chromosome 3qg21 [46].

1.4.1 Mapping

The locus for DM2 is located on the 3q 21.3region. In one study of nine German
families, linkage analysis based on DNA markers (D3S1541 and D3S1589) showed
a close genetic link or allelism between PROMM and DM2, both located on the
long arm of chromosome 3 [40].

In study of a five-generation family with myotonic dystrophy [44, 45], Ranum
et al. found that the disease locus, DM2, mapped to a 10-cM region of 3q. In addi-
tion to excluding the DM1 locus on chromosome 19 in the large family reported by
Ranum et al. [44], Day et al. subsequently excluded the chromosomal regions con-
taining the genes for muscle sodium and chloride channels that are involved in other
myotonic disorders [45].

Another report described a Norwegian PROMM family in which the proband
was clinically diagnosed with myotonic dystrophy but lacked the pathognomonic
(CTG)n expansion [41]. Haplotype analysis suggested exclusion of the DM2 locus
as well, perhaps indicating further genetic heterogeneity. Interestingly, all family
members, affected and unaffected, were heterozygous for the arg894-to-ter (R894X)
mutation in the CLCN1 gene [47]. The authors noted that Mastaglia et al.[48] had
reported the R894X mutation in only one of two children with PROMM, indicating
that it was not the disease-causing mutation in that family: they had termed it an
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incidental finding. Furthermore, Sun et al. suggested that their findings, combined
with those of Mastaglia et al., likely reflected a fairly high carrier frequency in the
population, and they presented preliminary data indicating an R894X allele fre-
quency of 0.87% (4/460) in northern Scandinavia [41].

1.4.2 Molecular Genetics

DM2 is caused by expansion of a tetranucleotide CCTG repeat in intron 1 of the
CNBP gene on chromosome 3q21 [46]. Patients with DM2 exhibit a wide range of
phenotypes that include myotonia, muscle weakness, cardiac anomalies, cataracts,
diabetes mellitus, and testicular failure [49]. In a normal allele, the repeat shows a
complex motif with an overall configuration of (TG)n(TCTG)n(CCTG)n. The num-
ber of CCTG tracts is less than 30, with repeat interruptions of GCTG and/or TCTG
motifs [46], and is stably transmitted from one generation to the next. However, in
the expanded allele, only the CCTG tract elongates, and the GCTG and TCTG inter-
ruptions disappear from the repeat tract. The sizes of expanded alleles are extremely
variable, ranging from 75 to 11,000 repeats, with a mean of 5000 repeats. The
expanded DM?2 alleles show marked somatic instability, with significant increases
in length over time [46]. Over 25% of affected individuals have two or more CCTG
expansion sizes that can be detected in peripheral blood. Because of this somatic
heterogeneity of the repeat size, it can be difficult to establish a pathogenic thresh-
old, and thus affected individuals with the shortest identified CCTG-repeat expan-
sion on one allele (approximately 75 CCTG repeats or 300 bp) would also have an
allele with an extremely sizeable CCTG expansion with over 11,000 CCTG repeats
(or 44,000 bp); any or both of the expanded alleles could be pathogenic. In DM2,
the CCTG expansion usually contracts in the next generation, with no significant
differences determined by the gender of the transmitting parent. This may explain
the missing of congenital form and the lack of genetic anticipation in DM2.

Three classes of large non-DM2 alleles have been identified [50]. They include
short interrupted alleles of up to 24 repeats in CCTG (with up to 2 interruptions),
long interrupted alleles of up to 32 repeats in CCTG (with up to 4 interruptions), and
uninterrupted alleles of 23-33 repeats in CCTG (with lengths of 92—132 base pairs).
The instability common to these large, non-DM2 repeat alleles was higher in the
uninterrupted alleles compared to interrupted alleles [50].

Analyses based on single-nucleotide polymorphisms showed a similar haplotype
for expanded DM?2 repeats and the three classes of large non-DM?2 repeat alleles. Thus,
a premutation allele pool from the unstable interrupted CCTG alleles may explain the
full mutations seen in individuals with DM2. Large non-DM2 classes are more com-
mon among African-Americans (8.5%) than European-Caucasians (<2%) [50].

The DM2 CCTG repeat was originally reported to be derived from the Alu ele-
ment insertion, similar to two other repeat expansion disorders, Friedreich’s ataxia
and spinocerebellar ataxia type 10, posing challenges regarding the mechanisms
underlying development of Alu-mediated repeats into large, highly unstable expan-
sions common to all three disorders [51].
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Although the mechanisms responsible for this unique instability are mostly
unknown, the uninterrupted CCTG repeat tends to form a stable hairpin/dumbbell
DNA structure with expansion due to an error in the recombination-repair mecha-
nism [52, 53] DM2 CCTG*CAGG repeats are crossover hotspots that are more
prone to expansions in comparison with the DM1 CTG*CAG repeats in Escherichia
coli [52, 56].

1.4.3 Genotype-Phenotype Correlations

Different from DMI, no significant correlation exists between CCTG repeat size
and age of onset of muscle weakness or other indices of disease severity (such as
age at cataract extraction). The fact that phenotype in individuals with CCTG-repeat
expansions in both CNBP alleles is as severe as those seen in their heterozygous sibs
and parents goes to underscore that CCTG repeat number does not modify the clini-
cal course [54].

In DM2, there is no clear correlation between repeat size and the age of the indi-
vidual at the time that repeat size is measured, demonstrating that repeat length
increases with age [46, 49, 55].

Among families that participated in the original characterization of DM2, the
severity of clinical features were reported to have increased with successive genera-
tions [49, 55]. Data suggested that this was caused by the phenomenon earlier
described phenomenon of anticipation (where individuals in successive generations
tend to present at an earlier age and/or with more severe phenotype or clinical fea-
tures) rather than bias constituted ascertainment (inadvertent inclusion of more
severely affected younger-generation family members in the study).

However, molecular genetic testing for the CNBP gene showed that there was no
obvious congenital form of DM2 analogous to the congenital form of DM1, which
established the role of anticipation in that disease. Furthermore, the lack of correla-
tion between disease severity and CCTG repeat length underscores the observation
that intergenerational changes in repeat length in successive generations are unlikely
to be associated with a definitive increase in disease severity [56].

1.4.4 Population Genetics and Epidemiology

Myotonic dystrophy is the most common adult form of muscular dystrophy, with an
estimated incidence of approximately 1 in 8000 in the general population. The exact
proportion of myotonic dystrophy represented by DM1 and the milder version DM2
are as yet unknown. Also, the varying range of severity of clinical features obscures
the incidence of DM2. An incidence similar to DM1 has been reported in Europe,
although it is likely lower in the United States [6].

Prevalence apparently differs in different populations, but comprehensive demo-
graphic studies in this regard are limited. The prevalence of DM2 has been reported
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to be higher in Germany and Poland and in individuals of either German or Polish
descent [57] and is reported to be 1:1830 in Finland where the incidence of DM2 is
markedly higher than that of DM1 [58]. There have been reports of cases of DM2 in
Afghanistan and Sri Lanka, but the condition has not been observed in China, or
sub-Saharan Africa. The majority of DM2 mutations have been identified in
Caucasians of European descent that are known to have descended from a single
common founder and share an identical haplotype [59, 60, 61]. Nevertheless, a pre-
vious study has identified the first Japanese DM2 pedigree harboring a distinctive
haplotype different from that shared by Caucasians, suggesting the occurrence of
DM2 in non-Caucasian populations as well, and that this likely has separate found-
ers [62, 63]. Thus, it would be beneficial to examine whether there is phenotypic
haplotypic comparability among DM2 patients from different ethnicities compared
with the predominantly European patients that share a common haplotype.

1.5 Genetic Basis for Diagnosis

DM1 and DM2 are clinically and genetically similar but distinct disorders requiring
different diagnostic and treatment strategies [3], and thus diagnosis is based on sug-
gestive clinical features and testing, which comprises genetic and nongenetic tests.
As is the case with all genetic disease, the key to diagnosis is confirming the pres-
ence of the causative mutation by genetic testing. Molecular genetic testing is the
gold standard for establishing a diagnosis of DM.

The clinical diagnosis of DM1 can be made where characteristic clinical features
such as muscle weakness, demonstrable progressive distal and bulbar dystrophy
with myotonia, frontal balding, and cataracts in addition to a positive family history
are present. However, clinical diagnosis can be difficult in mild cases, but a high
index of suspicion should be maintained in atypical cases of DM, where muscle
weakness is absent or a family history is lacking [6]. Clinical diagnosis can be fur-
ther confirmed by demonstration of depressed serum IgG and elevated CPK as well
as other ancillary tests.

For DM2, disease onset is characteristically in adulthood with generally milder
symptoms than DM, and the phenotype clinical manifestations are variable, with
early-onset cataracts (before 50 years of age), proximal weakness, varying grip
myotonia, as well as demonstrable autosomal dominant inheritance.

1.5.1 Genetic Testing

The major indications for genetic testing for DMI1 are as recommended by the
International Myotonic Dystrophy Consortium (IDMC) [64].

Genetic testing for DM can be confirmatory/symptomatic, preclinical/asymp-
tomatic, prenatal testing, and preimplantation testing [65]. The procedure must be
accompanied by genetic counseling.
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1.5.2 Molecular Genetic Analysis

This is the gold standard for the diagnosis of DM [6]. Targeted analysis for patho-
genic variants for the presence of expanded repeats for CTG in the DMPK gene
(DM1) confirms a diagnosis of DM1. The number of DMPK CTG trinucleotide
repeats can be quantified by PCR analysis for expanded alleles with about 100-150
CTG repeats. Southern blot analysis is used for detection of larger CTG expansions.
The absence of the CTG-repeat expansion warrants tests for expanded repeats for
CCTG in the CNBP gene, a characteristic of DM2.

However, it is requisite to identify the presence of CNBP, which is the only gene
in which mutation is known to cause DM2. The CNBP intron 1 carries a complex
repeat motif, (TG)n(TCTG)n(CCTG)n, and expansion of the CCTG repeat is caus-
ative of DM2 [46]. Because the extremely large size of the expansions in DM?2 and
marked somatic instability render Southern blot analysis and its interpretation dif-
ficult, a repeat-primed PCR assay was developed by Day et al. [49] and was found
to increase molecular detection rate of DM2 to 99%. In comparison to laborious and
time-consuming Southern blot, this simple PCR assay cannot determine the size of
the expansion but can readily and speedily detect the mutational status (the exis-
tence of expansion). Recently, a simultaneous repeat assay for both DMPK CTG
and CNBP CCTG expansion has also been developed [66].

1.5.3 Prenatal Testing

Individuals at risk of DM should be tested and advised of the options available to
them. They should be allowed to make an informed decision concerning the out-
come of prenatal tests [1, 10].

1.5.4 Preimplantation Genetic Diagnosis

Where available and in cases where the pathologic expanded repeats have been
confirmed, evaluation of the genetic makeup of the fetus at implantation could fur-
ther assist the parents in making an informed decision [1, 10].

1.6 Conclusion

DM is the most common adult muscular dystrophy, characterized by autosomal
dominant progressive myopathy, myotonia, and multiorgan involvement. To date,
two distinct forms caused by similar mutations in two different genes have been
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identified: DM1 and DM2. Aberrant transcription and mRNA processing of multi-
ple genes due to RNA-mediated toxic gain of function have been suggested to cause
the complex phenotype in DM1 and DM2. Although the size of the respective
repeated DNA sequence was thought to correlate with disease severity and age of
onset, the size of the repeats alone does not explain all the differences in DM phe-
notypes. This shows the importance of considering other factors to regulate disease
phenotype in DM.
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