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Preface

Since identification of the DMD (dystrophin) gene as the cause of Duchenne

muscular dystrophy (DMD) in 1987, many genes have been found to contribute

to muscular dystrophies. In particular, recent next-generation sequencing technol-

ogy has accelerated the identification of disease-causing genes, especially for

α-dystroglycanopathies. In parallel, new research tools for revealing the molecular

and cellular mechanisms of muscular dystrophies have been extensively investi-

gated, and new therapeutic strategies for treatment of muscular dystrophy, such as

exon skipping therapy using antisense-oligonucleotides or stem cell-based therapy

using pluripotent stem cells, have been proposed. To support development of

therapies and nationwide and international clinical studies for rare, intractable

neuromuscular diseases, the EU started the TREAT-NMD network and the United

States started a cooperative international neuromuscular research group (CINRG).

In Japan, a patient registry site (registry of muscular dystrophy: REMUDY) (http://

www.remudy.jp/) and a muscular dystrophy clinical trial network (http://www.

mdctn.jp/network.html) were established. These networks actively communicate

with each other to form a worldwide research framework to fight against these

devastating neuromuscular disorders.

“Translational research” or “translational medicine” means the transfer of

knowledge or technology from bench to bedside, but the interaction should be

bidirectional. To accelerate the collaboration between scientists and clinicians, we

planned this eBook and asked both talented researchers and clinical physicians who

are currently working in the field of muscular dystrophy in Japan to contribute. This

book covers cutting-edge studies on muscular dystrophies, e.g., regenerative med-

icine, next-generation sequencing, and nucleic acid therapies. It also describes the

current systems used for clinical trials and patient databases, resources that will

support the early realization of clinical application and improve patients’ quality of
life. Although this eBook might not cover the entire field, we believe that it is

informative and useful to all readers who are interested in the neuromuscular

diseases.

The editors thank all the authors who have contributed to this eBook and all

colleagues who helped us to edit the manuscripts. We also appreciate Dr. Kiyohiko

v
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Takayama and Ms. Tamaki Yamamoto at Springer Japan for their help in both the

planning and editing processes.

Tokyo, Japan Shin’ichi Takeda, M.D., Ph.D.

On behalf of all editors and authors
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Chapter 1

Fukuyama Congenital Muscular Dystrophy:

Clinical Aspects

Keiko Ishigaki

Abstract Fukuyama congenital muscular dystrophy (FCMD), the second most

common muscular dystrophy in the Japanese population, is an autosomal recessive

disorder caused by mutations in the fukutin (FKTN) gene. FKTN encodes a protein

involved in the glycosylation of α-dystroglycan (α-DG), which is important for

linking the basal lamina to cytoskeletal proteins in muscles, peripheral nerves, and

the brain. The main features of FCMD are a combination of infantile-onset hypo-

tonia, generalized muscle weakness, eye abnormalities, and central nervous system

involvement with mental retardation and seizures associated with cortical migration

defects. The peak motor function is seen between the ages of 2 and 8 years, and

maximal motor ability is usually unassisted sitting or sliding on the buttocks. Most

patients die of respiratory dysfunction, pulmonary infections including aspiration

pneumonia, suffocation, or congestive heart failure. The mean life span is less than

20 years. In managing the FCMD patients, two characteristic complications should

be considered. The first is frequent episodes of ketotic hypoglycemia often seen in

young lean patients. The second is sudden severe exacerbation of muscle weakness

following viral infections, which can be fatal. In this section, the author’s extensive
experience, gained by managing nearly 200 FCMD patients, will be described.

Keywords α-Dystroglycanopathy • Fukutin • Rhabdomyolysis • Cobblestone

lissencephaly

1.1 Introduction

Fukuyama congenital muscular dystrophy (FCMD), characterized by the combina-

tion of severe muscular dystrophy and dysgenesis of the eyes and central nervous

system (CNS) causing intellectual deficits and epilepsy, was first reported by

Fukuyama et al. in 1960 [1]. FCMD is one of the most common autosomal recessive

disorders in Japan and is second in prevalence to Duchenne muscular dystrophy

(DMD) among Japanese childhood-onset progressive muscular dystrophies, while
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it is rarely reported outside of Japan. The annual incidence was reported to be 2.9 of

100,000 live births [2], and the average heterozygous carrier prevalence in various

regions of Japan is one in 188 [3].

Toda et al. first reported in 1996 that the locus for FCMD lies on chromosome

9q13 [4]. Kobayashi et al. finally identified the fukutin (FKTN) gene encoding a

461 amino acid protein and reported a founder mutation, a 3-kb retrotransposal

insertion into the 30 untranslated regions of this gene, to be present in 87 % of

FCMD patients [5]. This 3-kb insertion is a hominid-specific, composite noncoding

retrotransposon that contains SINE (short interspersed nuclear element sequence),

VNTR (variable number tandem repeats), and Alu sequences and is thus referred to
as an SVA (SINE-VNTR-Alu) retrotransposon. Most patients have at least one

copy of this 3-kb SVA retrotransposal insertion. The rate of heterozygosity for this

haplotype was reported to be significantly higher in severe than in typical or mild

cases [6, 7]. Phenotypically severe FCMD patients appear to be compound hetero-

zygotes for the founder 3-kb insertion mutation and a missense or nonsense

mutation at the corresponding allele. The age of the insertion mutation causing

FCMD in Japanese patients was calculated to be approximately 102 generations,

perhaps slightly less [8]. Taniguchi-Ikeda et al. found that aberrant mRNA splicing

induced by SVA exon trapping results in truncating the product of FKTN and

thereby determined the pathogenic mechanism underlying FCMD [9]. The FKTN
mutation results in defective O-glycosylation of α-dystroglycan (α-DG) leading to

disruption of the linkage between the basal lamina and cytoskeleton, known as

α-dystroglycanopathy. Recently, α-dystroglycanopathies caused by FKTN muta-

tions have been recognized as having a much wider clinical spectrum than previ-

ously thought, from the most severe form of congenital muscular dystrophy to the

mildest form of limb-girdle muscular dystrophy (LGMD) and can basically be

classified into three forms. The first is congenital muscular dystrophy-

dystroglycanopathy with brain and eye anomalies (muscular dystrophy-

dystroglycanopathy (MDDG) type A4, MDDGA4), previously designated FCMD,

Walker-Warburg syndrome (WWS), or muscle-eye-brain disease (MEB). The

second is a less severe congenital muscular dystrophy without mental retardation

(type B4, MDDGB4), and the third is a limb-girdle muscular dystrophy (LGMD)

(type C4, MDDGC4), previously designated LGMD2M. All of the phenotypes of

MDDGA4 share the common condition of congenital muscular dystrophy associ-

ated with characteristic brain malformations (cobblestone cortical dysplasia and

cerebellar malformations) and eye malformations. WWS and MEB are much more

severe than FCMD in terms of brain and eye involvement. WWS is a more severe

manifestation of the disorder, with death usually in the first year of life and a

heterogeneous genetic background. It can be caused by mutations in genes other

than FKTN, such as POMT2, POMGNT1, FKRP, and LARGE. MEB can also be

caused by POMT2 and POMGNT1mutations. There are cases that show phenotypic

overlapping between FCMD and mild WWS or MEB. FCMD patients are mainly

reported in Japan due to the high prevalence of ancestral founder mutation carriers,

though some patients with FCMD or FKTN-related WWS/MEB have also been

reported in China, Turkey, Spain, and Portugal [10–13].

2 K. Ishigaki



1.2 Clinical Manifestations

FCMD patients can be classified based on maximum motor development. Those

who can sit on their own or slide on their buttocks while sitting by extending and

flexing the knees with hip rotation are classified as having the typical form,

accounting for 75 % of FCMD patients. Those who can walk are classified as

having the mild form (15 %) and those lacking head control as having severe

FCMD (10 %). All of the severe-type patients have the heterozygous allele, and

the typical patients tend to have homozygous alleles of a founder mutation. Mild-

type patients can be either heterozygous or homozygous. Saito et al. hypothesized

that severe cases have a nonsense mutation of another allele, while typical and

milder cases that are heterozygous for the insertion have a missense or silent

mutation in another allele [7].

FCMD patients show generalized muscle weakness, hypotonia, and psychomo-

tor retardation from early infancy. Patients are generally brought to the hospital

because of floppiness, muscle weakness, poor sucking, poor weight gain, and motor

delay as initial symptoms, usually before 9 months of age. In retrospect, mothers

sometimes notice less movement or weaker crying than in healthy babies (5 %).

Limited hip abduction, as a symptom of contractures, is sometimes mistaken for hip

dislocation. Some patients show scoliosis or thoracic deformities such as funnel

chest or pigeon chest due to muscle weakness affecting the trunk. Motor delay

becomes apparent at the age of 4 months as a lack of head control in typical cases.

Most typical cases gain head control from 4 to 12 months of age, sitting from

8 months to 3 years of age, and sliding on the buttocks from 18 months to 7 years of

age. Mild cases sometimes show normal motor development by sitting without

support, with the delay subsequently becoming apparent. Most mild cases can crawl

before 2 years and walk with support before 3 years of age. The muscle power of the

upper limbs is rather poor, and most patients can raise their forearms only to the

shoulder level, no higher. Most typical patients, when quite young, use a self-

propelled manual wheelchair and later switch to using an electric wheelchair. The

peak motor function is seen between the ages of 2 and 8 years in all cases, and the

deterioration then manifests. Before 15 years of age, typical patients lose the ability

to sit without support and become bedridden. Most typical patients die of respira-

tory dysfunction, pulmonary infections including aspiration pneumonia, suffoca-

tion, or congestive heart failure. The mean life span is less than 20 years.

Hypertrophic changes of the calves, forearms, and cheeks are often seen and

become evident in late infancy. Facial muscle involvement is a characteristic

feature of FCMD, but it is not clear before 1 year of age. Only puffing of the

cheeks, shallow nasolabial folds, and a slightly open mouth are recognizable in

infancy. After 1 year of age, the myopathic face becomes increasingly apparent as

the child grows older [2] (Fig. 1.1a–c). Prognathism and macroglossia become

more evident in childhood. After age 6 years, the puffing of the cheeks changes to

atrophy and results in the chin having a sharp or pointed shape.

1 Fukuyama Congenital Muscular Dystrophy: Clinical Aspects 3



1.3 Diagnostic Testing

1.3.1 Serum Creatine Kinase (CK)

The level of serum creatine kinase (CK) is usually under 10,000 U/l, not as high as

that of DMD patients. Under age 6 years, CK is 10–50 times higher than normal, but

it decreases after age 6 years. CK decreases to the normal level when patients

become bedridden. The level of CK changes depends on maximum motor devel-

opment. In patients with the severe phenotype, who are bedridden, the CK level is

highest in infancy or early childhood and then decreases linearly. In patients with

the typical or the mild phenotype, the CK level increases with motor development,

reaching the highest around the time of peak of their motor function, and then

decreases with age and deterioration. Aspartate aminotransferase (AST), alanine

aminotransferase (ALT), lactate dehydrogenase (LDH), and aldolase are 1.5–3

Fig. 1.1 Facial appearance changes with age in a girl with FCMD; images were obtained at

7 months (A), at 1 year and 5 months (B), and at 8 years of age (C). Note that the myopathic face is

not evident at 8 months (A). At 2 years, puffing of the cheeks and open mouth are evident (b). At

5 years, open mouth and a sharp chin are recognizable (c). A boy with FCMD at 1 year and at

3 years of age (D, E). He can sit on his own and is classified as having the typical form. Facial

muscle involvement is not evident (D). He is training to maintain the standing position with

HKAFO (E). (These images are shown with permission from the parents)
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times higher than normal. FCMD patients are on occasion misdiagnosed as having

liver dysfunction because ALT is sometimes higher than AST, a finding that also

occurs in young children with DMD.

1.3.2 Neuroimaging

Typical findings of magnetic resonance imaging (MRI) in FCMD patients are

cobblestone lissencephaly and cerebellar cystic lesions [14] (Fig. 1.2). Cerebral

abnormalities on MRI are mainly classified into two patterns of cerebral cortical

dysplasia. Both patterns are usually symmetrical and can be seen at all ages. The

first pattern is typical of polymicrogyria showing a slightly thickened cortex with

shallow sulci and a bumpy gray-white matter interface at the frontal lobe in all

Fig. 1.2 Brain MR images in a 10-year-old girl with severe phenotype (A, B, C) and in a 3-year-

old boy with typical phenotype (D, E, F). A T2-weighted image shows several small cysts (arrow)
in the cerebellum (A). Pachygyria with a thickened cortex showing a smooth surface in the

frontotemporal lobes can be seen. Wide Sylvian fissures and dilated ventricles are evident on

the T2-weighted image. (B) The high-intensity area close to the frontal horn of the lateral ventricle

in the white matter region was easily demonstrated on FLAIR (c). No apparent cysts were detected

in the cerebellum on the T2-weighted image (D), and pachygyria in the frontal region was very

mild on a T1-weighted image (E). High-intensity areas were also detected in a typical phenotype

case employing FLAIR (F)

1 Fukuyama Congenital Muscular Dystrophy: Clinical Aspects 5



patients and at the temporoparietal lobes in some cases. Employing sagittal images

may facilitate detecting the changes in this cortical dysplasia that were limited to

the frontal lobe [14]. The second pattern is pachygyria showing a thick cortex with a

smooth surface and a smooth gray-white matter interface in the temporo-occipital

lobes. In the cerebellum, polymicrogyria such as disorganized cerebellar foliation

with intermingled islands of granular and molecular layers and cerebellar cysts

which are intraparenchymal cysts located in the peripheral hemispheres are typi-

cally seen in FCMD patients, regardless of age. White matter abnormalities with

hyperintensity on T2-weighted images and hypointensity on T1-weighted images

are seen especially in younger patients and those with severe phenotypes. Since the

signal alteration varies in extent among patients and becomes milder with age, the

issue of whether white matter abnormalities suggest delayed myelination, demye-

lination, dysmyelination, or other problems remains controversial [15–17]. Recent

studies with MR spectroscopy indicate delayed myelination rather than

dysmyelination [16, 17]. Dilated lateral ventricles are often recognized, and some

patients with severe phenotypes may show hydrocephalus similar to that associated

with WWS. A thin and rounded corpus callosum and cavities of the septum

pellucidum or Berger’s space in older patients are often seen. Hypoplasia of the

brain stem is sometimes seen, and sagittal views reveal a thin brain stem which is

straighter than normal.

In Fig. 1.2, the three upper brain MRIs are from a severe-type patient, and the

lower three are from a patient with typical-type FCMD. T2-weighted images show

frontal pachygyria, dilated ventricles, and high myelin signals. The cerebellum has

numerous pits. These abnormalities are more severe in the severe type.

1.3.3 Skeletal Muscle Imaging (MRI and CT)

Skeletal muscle imaging detecting the patterns of affected muscles specific for each

disease is useful for differential diagnosis or assessment of the progression of

muscle disease. In FCMD patients, the changes with fatty replacement are more

striking and extensive at the calf level (Fig. 1.3). The fatty changes in calf muscles

in FCMD patients are already detectable in early infancy and progress rapidly as

compared to those in DMD, indicating that this is one reason for FCMD patients

never becoming ambulatory [18]. Muscle imaging showed marked involvement of

the gastrocnemius and soleus muscles at the calf level, and the biceps femoris,

vastus lateralis, and rectus muscles at the thigh level are also secondarily involved.

Paraspinal muscles become involved at the early stage. On the other hand, the

gracilis, sartorius, and tibialis posterior muscles are relatively preserved. Since

there are patients with the mild phenotype who can become ambulant due to

preserved soleus muscles, some extent of maximum motor development can be

assumed based on skeletal muscle imaging.

6 K. Ishigaki



1.3.4 Muscle Pathology

Findings such as necrosis, regenerating fibers, and increases in connective tissues

are seen. Compared with those in DMD cases, all fibers are round and small. Some

extremely small fibers (<10 μm) are scattered among other muscle fibers. There is

no inflammatory cell infiltration. Hayashi et al. reported a selective deficiency of

highly glycosylated α-DG, but not β-dystroglycan (DG), on the surface membranes

of skeletal and cardiac muscle fibers in patients with FCMD [19]. Since the

diagnosis can be made by genetic analysis and specific clinical features in most

cases, muscle biopsy should not necessarily be performed for diagnostic purposes.

Fig. 1.3 T1-weighted skeletal muscle MRI (A, B) and CT scans (C, D, E) in a 3-year-old FCMD

patient. Reticulated increased intensities were recognized in the rectus femoris and vastus lateralis

(A) and marked high-intensity areas in the soleus and gastrocnemius muscles. Atrophy and

scattered low-density areas were seen in the paraspinal muscles at the T3 level (C) and

low-density areas in the rectus femoris and vastus lateralis muscles, while the gracilis and sartorius

muscles were well preserved (D). Low-density changes were seen throughout the soleus and

gastrocnemius muscles (E)

1 Fukuyama Congenital Muscular Dystrophy: Clinical Aspects 7



1.3.5 Neuropathology

The main central nervous system (CNS) lesion in FCMD patients is cobblestone

lissencephaly of the cerebrum and cerebellum. Several studies investigating how

fukutin works via α-DG in neurons have been conducted. The basement membrane

covers the glia limitans where the glycosylated α-DG is observed. In CNS lesions of

the fetus with FCMD, glioneuronal tissues protrude into the leptomeninges through

disruption of the glia limitans in which the glycosylation of α-DG is reduced [20–

22]. Hence, hypoglycosylation of α-dystroglycan is considered to be one of the

main causes of glia limitans disruption, resulting in cobblestone lissencephaly.

Astrocytes are also presumably involved in FCMD. As Hiroi et al. suggested,

fukutin appears to be important not only simply for migration but also for cell

differentiation. Their study demonstrated that the expression of FKTN mRNA

decreased with maturation in the human cerebrum and raised the possibility that

fukutin might be involved in cellular differentiation via glycosylation of

α-dystroglycan. Immature neurons remain in an immature state during migration

and begin to develop into a mature form once they reach the proper position after

migration. Fukutin might be important for preventing inappropriate differentiation

during migration [23].

1.4 Complications and Management Strategies

1.4.1 Intellectual Involvement

Mental retardation is seen in most FCMD patients, and the level is moderate to

severe [24], with IQs ranging from 30 to 50 [25]. Most typical patients master very

little speech, fewer than 20 meaningful words, and are never capable of sentence

formation. The severity of mental retardation usually correlates with phenotypes

classified by maximum motor development, that is, severe-form patients can learn

no or only a few words, while those with the mild form can speak in sentences.

Some patients with refractory epilepsy can learn only a few words though they are

able to sit without support or slide on the buttocks, showing a discrepancy between

speech ability and motor development. There are a few reports on the mild-form

FCMD with a mild mental deficit. One report described a mild-form patient,

heterozygous for a 3-kb insertion of the ancestral founder mutation, whose IQ on

the Tanaka-Binet scale was 97 [26]. Since no mutation was detected in the coding

region of the other allele in this patient, the phenotype-genotype correlation

remained unclear. Social development is not as severely affected as mental abilities

[27]. FCMD patients are shy but enjoy communicating with people and can have

positive relationships with other children in kindergarten and primary school.

Autistic features are rare in FCMD patients.

8 K. Ishigaki



1.4.2 Seizures

Because of cortical dysplasia, more than 50 % of FCMD patients exhibit febrile

seizures and/or epilepsy beyond 1 year of age [2]. Yoshioka and Higuchi reported

seizures in 80 % of their FCMD patients, and the average age at onset was 3 years

[28]. Usually, the initial seizures occur with a febrile episode, though one-third of

patients had afebrile seizures from the onset [28]. Most patients show generalized

tonic or tonic-clonic convulsions, as febrile seizures, early in life. Later, however,

the main convulsive disorder becomes complex partial seizures. In most patients,

epilepsy is mild and treatable, but some patients develop intractable seizures

including Lennox-Gastaut syndrome. West syndrome has also been documented

but is rather rare in FCMD patients [29, 30]. Yoshioka et al. reported the correlation

between seizure severity and genotype and concluded that mutation analysis of the

FKTN gene may predict seizure outcomes [30]. In their study, heterozygotes

usually developed seizures earlier (the onsets of febrile and afebrile seizures

were, on average, 3.6 and 3.7 years) than homozygotes (5.4 and 4.6 years), and

some heterozygotes had intractable seizures.

In our recent study, 62 % of patients developed seizures. Among them, 71 % had

only febrile seizures, 6 % had afebrile seizures from the onset, and 22 % developed

afebrile seizures following febrile seizures. A comparison of seizure prevalences

between homozygotes and heterozygotes showed a slightly higher rate in the latter,

but the difference did not reach statistical significance. The peak age at febrile

seizure onset was 1–2 years and the mean age was 3 years, later than that of febrile

convulsions in the normal population. Mean age at afebrile seizure onset was

5.8 years, showing no peak. Most patients have seizures that are controllable with

just one type of antiepileptic drug, but 18 % have intractable seizures that must be

treated with three medications. Comparison between patients with seizures con-

trollable with one type of antiepileptic drug and those requiring more than two types

revealed no statistically significant differences in genotype or phenotype, but there

was a tendency for the number of intractable seizures to be lower in homozygotes.

There was also a tendency for the total number of seizures and intractable seizures

to be lower in homozygotes. In contrast to a previous report, the author’s study

group found that intractable seizures can manifest in homozygotes, especially those

with severe intellectual involvement, despite relatively good motor development

and mild abnormalities on brain MR images. Fixed discharges in the F areas tended

to be a common feature in the intractable cases. Paroxysmal discharges on electro-

encephalography did not usually have a fixed location and were independent of the

brain MRI abnormalities. Carbamazepine and valproic acid (VPA) are the agents

most frequently used and show no statistically significant difference in efficacy. We

have experienced a few FCMD patients treated for intractable epilepsy with many

types of antiepileptic drugs, including relatively a high dose of VPA, with kidney

tubule cell damage progressing to Fanconi syndrome. Instead of high-dose VPA,

levetiracetam (LEV), which has recently been administered for intractable epilepsy

as a second-line therapy in Japan, is now among the effective choices for seizures

1 Fukuyama Congenital Muscular Dystrophy: Clinical Aspects 9



complicating FCMD. LEV is effective for both partial and generalized seizures, and

we have succeeded in controlling intractable seizures with LEV in some of our

FCMD patients. No serious side effects have been reported, and LEV is especially

useful for patients with respiratory dysfunction and/or dysphagia since it does not

increase oropharyngeal secretion, a common side effect of antiepileptic drugs.

1.4.3 Ocular Abnormalities

Ocular abnormalities including refractive errors and accommodation disorders are

seen in almost half of FCMD patients. Retinal abnormalities are mild and focal, but

the prevalence is relatively high, being present in 32 % of FCMD patients with the

more severe phenotype [2, 31]. Refractive errors (myopia and hypermetropia) are

common, and microphthalmia, retinal detachment, and cataracts are seen in patients

with the severe phenotype [27]. Hino et al. demonstrated the clinicopathological

features of the eyes of FCMD patients in detail [32]. Their histopathological

examinations revealed various retinal abnormalities even in FCMD cases without

ophthalmological alterations. The authors raised the possibility that the initial

changes in retinal dysplasia may occur during the fetal period. Reductions in

basement components, cytoskeletal proteins, and glutamate metabolism-related

proteins produced by Müller cells in the eyes of FCMD patients implicate defective

Müller cell properties in the retinal pathology of FCMD. Fukutin may be highly

relevant to the cell-to-cell interaction of retinal blasts with Müller cells, and

downregulation of FKTN mRNA may thus be responsible for retinal dysplasia

[32]. Regular ophthalmologic evaluations are recommended especially for patients

with the severe phenotype.

1.4.4 Respiratory Failure

Progressive respiratory failure typically emerges early in the second decade of life

and is one of the most common causes of death in FCMD patients. Noninvasive

positive pressure ventilation (NPPV) has been used as an effective therapy,

although tracheostomy with invasive ventilation (TIV) may be needed in some

cases. The author’s research group retrospectively studied chronic respiratory

failure in genetically diagnosed FCMD patients. In our study, the mean age at the

introduction of noninvasive positive pressure ventilation support was 12 years.

NPPV is beneficial and well tolerated despite the intellectual impairments. A few

patients received tracheostomy with invasive ventilation (TIV) after age 15 years

without prior NPPV, because of difficulty with extubation followed by a respiratory

infection and some urgently required laryngotracheal separation after episodes of

aspiration pneumonia or suffocation. Heterozygotes tended to develop the compli-

cation of chronic respiratory failure earlier than homozygotes. Respiratory failure
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also progressed earlier in the severe-type patients. Though the difference did not

reach statistical significance, chronic respiratory failure manifests earlier in those

with poor motor function and/or a heterozygous genotype. It is often difficult at the

outpatient clinic to detect respiratory dysfunction in FCMD patients. Most patients

cannot perform lung function tests mainly due to mental retardation and because

they are unable to purse their lips due to facial muscle weakness. Furthermore, the

symptoms of chronic respiratory dysfunction such as sleep disturbance or poor

intake are difficult to detect since many FCMD patients have had these symptoms

since they were quite young. Regular assessments with end-tidal CO2 monitoring

during sleep should be conducted once a year to detect respiratory dysfunction,

starting at about age 10 years in typical-form patients and much earlier in those with

the severe form.

1.4.5 Cardiomyopathy

Cardiac involvement usually develops very slowly, first appearing after 10 years of

age, in FCMD patients. Since Hayashi et al. reported a deficiency of α-DG in the

cardiac as well as in the skeletal muscles of FCMD patients [19], it is reasonable

that cardiac involvement also manifests in both DMD and Becker muscular dys-

trophy (BMD). Fibrosis of the myocardium was confirmed at autopsy in several

reports [33, 34], and moderate-to-severe multifocal fibrosis was observed through-

out the left ventricular (LV) wall, especially in the anterior, lateral, and posterior

walls [34]. The degree of fibrosis was greater in patients who died of heart failure

than in those who died of other causes such as respiratory problems. Electrocar-

diographic (ECG) abnormalities are common and similar to those in DMD and

BMD. Especially, a tall R wave on V1 with an R/S ratio >1 is observed in most

FCMD patients, while deep but narrow Q waves on leads I, aVL, V5, and V6 are not

seen as frequently as in dystrophinopathies. In contrast, cardiomegaly on chest

radiography is rare. Plasma brain natriuretic peptide is not elevated till the advanced

stage of cardiac dysfunction and is not useful for early detection. An echocardio-

gram is the most useful method of detecting the early stage of cardiac dysfunction.

A significant correlation between age and LV fractional shortening (LVFS) was

confirmed and LVFS decreased with age. LVSF was normal in most patients under

10 years of age but was reduced in most patients over 15 years of age. Therefore, a

regular cardiac evaluation including echocardiograms and follow-up is important in

patients aged 10 years and older. It is noteworthy that there was no significant

difference in LVFS among the three phenotypes. Also, LV function in heterozygous

patients is similar to that in younger children who are homozygous. There is no

definite relationship between cardiac dysfunction and either the severity or the

genotype of FCMD. Rather, we can say that the frequency of cardiac involvement

tends to become higher in mild and typical FCMD cases. There is an involvement

discrepancy between cardiac dysfunction and skeletal muscle systems, which is

also seen in DMD or BMD. We hypothesized that the greater mobility of mild and
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typical cases may place more of a burden on the hearts. It is rare, but a few patients

rapidly developed serious cardiac dysfunction and died before 15 years of age, and

a few patients with the severe form showed LVFS reduction before 5 years. Once

the presence of cardiac involvement is recognized, patients are usually treated with

angiotensin-converting enzyme (ACE) inhibitors or a combination of ACE inhib-

itors and β-blockers. These interventions were reported to improve LV function in

patients with DMD and BMD [35]. Combination therapy with ACE inhibitors and

β-blockers for 2 years was also found to significantly increase LVFS, and this

regimen was more efficient than therapy with only ACE inhibitors in several types

of muscular dystrophies including FCMD [36].

Only dilated cardiomyopathy was seen, while no patients showed increased wall

thickening or a conduction abnormality on ECG. Murakami reported Japanese

patients with a compound heterozygous FKTN mutation presenting with dilated

cardiomyopathy with minimal muscular dystrophy (OMIM # 611615, Cardiomy-

opathy, dilated, 1X; CMD1X). All of their patients had a compound heterozygous

mutation consisting of a 3-kb insertion and a missense mutation in the FKTN gene

[37]. Elevated serum CK and dilated cardiomyopathy were recognized in all

patients with minimal muscle change. A subsequent study detected only one patient

who was a compound heterozygote with a 3-kb insertion and a missense mutation

among 172 patients with dilated cardiomyopathy and indicated that the compound

heterozygous FKTN mutation was a rare cause of dilated cardiomyopathy

[38]. Among patients with hyper cardiomyopathy, none had mutations in the

FKTN gene.

1.4.6 Dysphagia

Dysphagia is a serious problem in advanced stage FCMD patients and can, along

with respiratory dysfunction or cardiomyopathy, be life-threatening. However, only

a few reports have described swallowing problems or therapeutic interventions for

dysphagia in FCMD patients [39]. We retrospectively studied dysphagia and

therapeutic interventions in genetically diagnosed FCMD patients. No mild-form

patients developed dysphagia. All severe-form patients needed tube feeding from

infancy, and 67 % underwent gastrostomy in the early stage (0.5–8.5 years). In

typical-form patients, dysphagia emerged on average at age 10 (7–14) years,

showing double peaks, one at 7–9 years in the group whose maximum ability was

sitting and the other at 12–14 years in the shuffling group. Most typical-form

patients required gastrostomy, half had early-stage elective surgery before the age

of 10 at the family’s request, and half had absolute indications. After gastrostomy,

the patients were able to maintain their body weights, and the frequency of

aspiration decreased significantly. Some patients over 15 years of age underwent

urgent tracheostomy or laryngotracheal separation after episodes of aspiration

pneumonia or suffocation, though their respiratory dysfunction was not particularly

severe. These patients with severe dysphagia tended to have intractable seizures. In
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FCMD patients, dysphagia emerged earlier than respiratory dysfunction and

required active intervention. Gastrostomy at an early stage was beneficial and

well tolerated, though saliva/sputum aspiration remained uncontrollable since

mechanical insufflation-exsufflation is occasionally ineffective for uncooperative

patients with severe mental retardation.

1.4.7 Sleep Disturbance

Insomnia is well known to occur in other neurodevelopmental disorders, like

attention deficit hyperactivity disorder (ADHD), and there is extensive experience

with the use of medications for treatment. Alpha-agonists, late-day stimulants,

antihistamines, and antidepressants are often prescribed for sleep disturbance in

patients with ADHD. Insomnia is often seen in patients with FCMD starting in early

childhood and can be a serious problem that bothers their families at home. In our

retrospective study [40], the prevalence of insomnia in FCMD patients was 32 %,

with difficulty falling asleep (60 %), difficulty staying asleep (33 %), and early

waking (7 %), while the insomnia prevalence in the general pediatric or adolescent

population ranges between only 0.05 % and 20 %. Most patients showed resistance

to medication and a few obtained good results for falling asleep with etizolam or

estazolam, and one patient seemed to have a good response to a new narcoleptic,

melatonin. We analyzed the relationships between insomnia and other factors,

genotype, seizures, maximum motor function, and mental status. However, we

identified no statistically significant correlations of any of these clinical factors,

even genotype, with insomnia. Thus, insomnia was independent of these factors,

and no insomnia-genotype relationship was detected. Ito et al. reported an abnor-

mality of catecholaminergic neurons in the brain stem in FCMD and suggested that

it may contribute to brain stem dysfunction and might be related to sleep-wake

regulation disorders [41]. Insomnia in FCMD should be considered a central

nervous system complication, and medication for insomnia in FCMD should be

established in order to improve quality of life for patients and their families.

1.4.8 Severe Muscle Damage Following Viral Infection

We have experienced FCMD patients who showed sudden exacerbation of muscle

weakness with marked elevation of serum creatine kinase and urinary myoglobin

levels a few days after a febrile episode with a viral infection, occasionally leading

to death. To elucidate this characteristic feature of patients with FCMD, we focused

on genetically defined FCMD patients who had manifested sudden exacerbation of

muscle weakness and retrospectively studied the month in which the episode

occurred, age at onset, level of motor function, clinical course, and cause of

infection [42]. All of the patients were homozygous for a 3-kb insertion mutation

1 Fukuyama Congenital Muscular Dystrophy: Clinical Aspects 13



of FKTN. The phenotypes of these patients were rather mild, with one-fourth

having the mild phenotype with standing or walking with support while others

had the typical type. None of the severe phenotype patients were included. The

patients developed muscle weakness exacerbations ranging from paralysis to loss of

head control, and one-fourth developed severe respiratory failure requiring

mechanical ventilator support. The episodes were clustered in the summer, espe-

cially in July, and coxsackievirus and enterovirus were most often detected. Most

patients were clinically given a diagnosis of herpangina, hand-foot-mouth disease,

pharyngitis, or upper respiratory infection. It could happen at any age, of course, but

was most often observed in infants. The duration of fever during the viral illness

was 1–5 days, a mean of 3.3 days. The interval between the occurrence of symp-

toms suggestive of viral infection and the exacerbation of muscle weakness was 2–6

days, a mean of 3.3 days. More than half of the patients showed defervescence.

Serum CK was markedly elevated, up to 2.7–37.8 times (mean, 10.8 times) the

usual level. Urinary myoglobin also showed marked elevation, up to 3000 ng/ml,

but none of the patients developed renal failure. The period between the onset of

muscle weakness exacerbation and recovery to the previous level was 3–27 days, a

mean of 14.8 days. Two-thirds of patients were treated with intravenous prednis-

olone or methylprednisolone pulse therapy in our study, and there was a tendency

for earlier muscle recovery in patients treated with steroids as compared to those not

receiving steroid therapy (14 days vs 18.5 days). This phenomenon with exacerba-

tion of muscle weakness associated with viral infection is rarely seen in DMD

patients, instead apparently being unique to FCMD patients. In patients with limb-

girdle muscular dystrophy 2M and dilated cardiomyopathy 1X with the FKTN gene

mutation, transient exacerbations of muscle weakness or heart failure have been

reported [37, 43]. Since the patients did not complain of myalgia or muscle swelling

and the results of muscle biopsies performed in two patients showed no evidence of

myositis [44], we consider this phenomenon to be rather suggestive of rhabdomy-

olysis. Since the muscle volumes of FCMD patients are decreased from early

childhood, the level of myoglobinuria was mild to moderate, thereby not leading

to renal failure. The reason for muscle damage being induced by specific viral

pathogens such as coxsackieviruses and enteroviruses remains unknown. However,

we can hypothesize that changes due to FKTN gene abnormalities may increase the

affinity for certain viruses, considering the recent discovery that many viruses

recognize and bind to carbohydrate chains on host cell membranes serving as

specific receptors.

1.4.9 Hypoglycemia

Some patients with FCMD experience repeated episodes of hypoglycemia or

ketotic hypoglycemia. Ketotic hypoglycemia is also common in healthy younger

children, especially those who are lean. One study focused specifically on glucose

metabolism in FCMD [45]. Glucagon, alanine, and glucose tests were performed in
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four FCMD patients who had episodes of ketotic hypoglycemia, to study hepatic

reserve, glycogenosis, and glucose tolerance. The investigators found that

glycogenosis and gluconeogenesis did not occur, but ketone metabolism was

thought to be accelerated only in one case, while the others showed normal

glycogenosis and glucose tolerance. Since hypoglycemia occurred in patients

who had a low body mass index (<13), we suspect that the loss of muscle volume,

which serves as a site of glycogen storage, is the main reason for hypoglycemia.

Hypoglycemia often occurs in the morning after prolonged hunger, for example, in

the event of patients missing dinner the day before. The author advises parents to

make sure that patients eat regularly and to avoid prolonged periods of hunger, in

order to prevent hypoglycemia.

1.4.10 Scoliosis and Contractures

Though some patients show severe multiple contractures from birth, similar to

those of patients with congenital arthrogryposis multiplex, most are free of con-

tractures in the neonatal period. Extension limitations of the fingers at the extended

position of the wrist due to shortening of the long extensor muscle of the digits are

recognized in early infancy and can be the initial symptom. Limited hip abduction

is noticed in some patients at 3–4 months of age. By 3 years of age, 70 % of patients

have developed hip and knee contractures. Pes equinovarus becomes apparent in

typical phenotype cases whose maximum motor function is sitting without support

or sliding on the buttocks. Beyond 5 years of age, flexion contractures of the elbows

and toes, pronation contractures of the forearm, limited neck anteflexion, and

malocclusion become marked. To prevent contractures, physical therapy and

stretching exercises are essential. Maintaining the standing position with a

hip-knee-ankle-foot orthosis (HKAFO) and wearing an ankle-foot orthosis (AFO)

are also useful.

Scoliosis is another serious problem that can cause pain, gastrointestinal diffi-

culties, and respiratory dysfunction. Unlike idiopathic scoliosis with a thoracic

curve, FCMD patients often have thoracolumbar curve scoliosis like that in DMD

patients. Kyphosis and lumbar lordosis are common, and lumbar lordosis especially

often causes pain and breakdown of the skin in bedridden patients. Scoliosis is

present even in early childhood in patients with severe to typical phenotypes. We

speculate that this is due to sitting in the baby buggy despite their trunk muscles not

being strong enough to maintain the sitting position. It is important to monitor

patients for the presence of spinal deformity and refer them to an orthopedic

specialist, if surgical correction is needed. Pedicle-screw-alone fixation and fusion

to L5 were reported to be safe and effective in congenital muscular dystrophy

patients free of respiratory dysfunction, and the satisfaction of patients and their

families was high [46]. However, they must be warned that cardiomyopathy might

be a risk factor for mortality, and surgery in these patients should thus generally be

avoided.
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1.5 Genetic Counseling

Genetic counseling is recommended for the parents of FCMD patients, who want

another child. Carrier testing is available after the mutation has been identified in

the proband. In Japanese cases, detection of the 3-kb insertion of the ancestral

founder mutation can facilitate the prenatal diagnosis of FCMD. For the purposes of

family planning, the optimal time for determination of genetic risk and clarification

of carrier status, as well as the discussion of prenatal testing, should be completed

before pregnancy [47].

1.6 Future Treatments

To date, no definitive and effective treatment for FCMD patients has been devel-

oped. Multidisciplinary management such as respiratory support, medications for

cardiac dysfunction, nutritional control, and physical therapy are important and can

prolong survival. Recently, Taniguchi-Ikeda et al. reported an important insight

into the pathogenic mechanism of FCMD and suggested splicing modulation

therapy with antisense oligonucleotides (AONs) [9]. They showed that aberrant

mRNA splicing induced by SVA exon trapping resulted in truncation of the fukutin

gene product and the addition of unnecessary amino acids encoded by SVA.

Introduction of AONs has the potential to restore normal FKTN mRNA expression

and protein production in FCMD patients and in a model mouse, by preventing

pathogenic exon trapping by SVA. This revolutionary treatment is now under

preparation with clinical trials being planned for the near future.

As another possible treatment, Kanagawa et al. suggested gene therapy with

adeno-associated virus (AAV) [48]. In their study, AAV successfully rescued

fukutin expression that was limited in myofibers with severe pathology, and,

surprisingly, this was achieved even after disease progression.

1.7 Conclusion

FCMD was first reported by Fukuyama et al. in 1960. Thus, global recognition has

taken a long time, since patients were rarely reported outside of Japan. After Toda

et al. localized a responsible gene at 9q31-33 in 1993 and Kobayashi identified the

FKTN gene, FCMD was accepted as a new entity, and contributions by

non-Japanese researchers have since increased dramatically. In 2012, there was

the aforementioned report suggesting a possible treatment for FCMD using ASO.

We believe that major steps will be taken to solve the problems of our patients in the

near future.
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Chapter 2

α-Dystroglycanopathy

Motoi Kanagawa and Tatsushi Toda

Abstract α-Dystroglycanopathy encompasses a group of congenital and limb-

girdle-type muscular dystrophies that are caused by abnormal glycosylation of α-
dystroglycan. α-Dystroglycanopathy is often associated with brain abnormalities

including type II lissencephaly and mental retardation. Currently, around 15 genes

have been identified in which mutations cause abnormal glycosylation of α-
dystroglycan resulting in disease. Dystroglycan is a highly glycosylated peripheral

membrane protein that functions as a cell-surface receptor for proteins in the extra-

cellular matrices and synapses. Unique O-mannosyl glycosylation is necessary for

the ligand-binding activities of dystroglycan, and some of α-dystroglycanopathy
gene products are involved in the process of α-dystroglycan glycosylation. Studies

using animal and cell models for α-dystroglycanopathy have contributed to under-

standing the pathogenesis of this disease and to establishing therapeutic strategies.

In this chapter, we review the structure, modification pathways, and physiological

roles of dystroglycan glycosylation, as well as their involvement in human diseases,

disease pathogenesis, and therapeutic strategies.

Keywords Dystroglycan • Glycosylation • O-Mannose • Fukutin • Fukuyama

congenital muscular dystrophy • Gene therapy

2.1 What Is α-Dystroglycanopathy?

α-Dystroglycanopathy (α-DGpathy) is a muscular dystrophy disease entity that is

caused by the abnormal glycosylation of α-dystroglycan (α-DG). Dystroglycan
(DG) was originally identified from skeletal muscle as a component of the
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dystrophin-glycoprotein complex (DGC) [1]. DGC is a large glycoprotein complex

containing dystrophin in the muscle plasma membrane and forms a structural

linkage between the basement membrane and actin cytoskeleton [2]. One of the

functions of the DGC is to provide physical strength to the skeletal muscle cell

membrane. Within the DGC, DG functions as a central axis by anchoring the

dystrophin underneath the cell membrane and binding to basement membrane

proteins such as laminin on the outside of the cell (Fig. 2.1).

Mutations in components of the DGC, such as dystrophin and sarcoglycans,

were identified to be associated with Duchenne/Becker and limb-girdle type-mus-

cular dystrophies in the late 1980s to the mid-1990s. Although mutations in the

DAG1 gene, which encodes DG, were not identified until 2011 [3], there was a

unique route leading to the establishment of the disease entity called α-DGpathy. In
2001, Hayashi and colleagues reported that the reactivity of the monoclonal anti-

body IIH6 that recognizes a portion of the O-glycan structure of α-DG is dramatic-

ally reduced in patients with Fukuyama congenital muscular dystrophy (FCMD)

[4]. Subsequently, Campbell and colleagues confirmed that the α-DG proteins from

patients with FCMD, Walker-Warburg syndrome (WWS), and muscle-eye-brain

disease (MEB) were abnormally glycosylated and had lost their ligand-binding

activities [5]. Abnormal α-DG glycosylation was subsequently also found in

patients with congenital muscular dystrophy (CMD) and limb-girdle muscular

dystrophy (LGMD) [6–8]. In this way, the concept of α-DGpathy was established

[9, 10]. Currently, there are around 15 known α-DGpathy genes, all of which are

Fig. 2.1 Schematic

representation of the

dystrophin-glycoprotein

complex and dystroglycan
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involved either directly or indirectly in the glycosylation of α-DG (Table 2.1).

However, some unidentified causative genes for α-DGpathy could possibly be

identified in the near future.

FCMD is an autosomal recessive muscular dystrophy that is the most common

CMD in Japan. FCMD is also the most common childhood muscular dystrophy,

next to Duchenne muscular dystrophy (DMD), in Japan [11]. The incidence of

FCMD is around 3 per 100,000 persons, and one in about 90 persons is expected to

be a heterozygous carrier. FCMD is characterized by CMD in combination with

abnormalities of the central nervous system (brain malformations characterized by

micropolygyria of the cerebrum and cerebellum and type II lissencephaly) and the

eye (severe myopia, cataracts, optic nerve hypoplasia, retinal dysplasia, etc.) [12].

Severe mental retardation is observed in all cases. Most patients are never able to

work, and they die by the age of 20 years.

MEB is a severe autosomal recessive disease characterized by CMD, ocular

abnormalities, and brain malformations and is seen mainly in Finland. As with

FCMD, hypoglycosylation of α-DG is commonly seen in MEB patients [5, 13].

WWS is the most severe form of α-DGpathy, with most patients living only a year

or less. Similar to FCMD and MEB, this disease is characterized by CMD,

structural brain defects, and eye malformations. WWS patients show a high degree

of genetic heterogeneity, and several genes have been implicated in this disease.

Table 2.1 Dystroglycanopathy genes and their functions

Dystroglycanopathy

genes Gene functions

MDDG

number

POMT1 O-mannosyltransferase (POMT1/POMT2 complex) 1

POMT2 O-mannosyltransferase (POMT1/POMT2 complex) 2

POMGNT1 Protein O-mannose β1,2-GlcNAc transferase 3

FKTN Unknown, likely involved in post-phosphoryl

modification

4

FKRP Unknown, likely involved in post-phosphoryl

modification

5

LARGE Synthesis of Xyl-GlcA repeating units 6

ISPD Unknown 7

GTDC2/POMGNT2 Protein O-mannose β1,4-GlcNAc transferase 8

DAG1 Dystroglycan, reduced interaction with LARGE 9

TMEM5 Unknown 10

B3GALNT2 β1,3-GalNAc transferase 11

SGK196/POMK O-Man kinase 12

B3GNT1(B4GAT1) β1,4-GlcA transferase 13

GMPPB GDP-mannose pyrophosphorylase B 14

DPM1 Dol-P-Man synthesis –

DPM2 Dol-P-Man synthesis –

DPM3 Dol-P-Man synthesis –

DOLK Dolichol phosphate synthesis –
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All of these disorders are biochemically characterized by abnormal glycosyl-

ation of α-DG and are clinically associated with severe CMD and brain abnormal-

ities. On the other hand, a considerable number of patients who show only mild

muscular dystrophy without brain malformations have been also reported [14, 15].

A number of studies on large cohorts of α-DGpathy patients confirmed that there is

a wide clinical spectrum, and there is no clear genotype-phenotype correlation [16,

17]. It is thought that effects of mutation on the gene function, rather than types of

disease-causing gene, affect disease severity. The most severe end of the spectrum

is characterized by CMD with extensive structural abnormalities in the brain and

eyes, which usually results in early infantile death. Patients at the mildest end of the

spectrum may present in adult life with LGMD, without the involvement of the

brain or eyes.

In 2007, Muntoni and colleagues proposed a clinical classification system

comprising seven broad phenotypic categories [16]. They first categorized α-
DGpathy into four groups: (a) WWS/WWS-like, (b) MEB/FCMD-like, (c) CMD,

and (d) LGMD. Categories (c) and (d) were further classified into subgroups: (c-1)

CMD with mental retardation and cerebellar involvement as the only structural

brain abnormality, (c-2) CMD with mental retardation and a structurally normal

brain, (c-3) CMD with no abnormal cognitive development, (d-1) LGMD with

mental retardation, and (d-2) LGMD without mental retardation. Later, new Online

Mendelian Inheritance in Man (OMIM) entries created a simplified classification

scheme for α-DGpathy (MDDG; muscular dystrophy dystroglycanopathy) by com-

bining three broad phenotypic groups and gene defects. First, α-DGpathy was

divided into three groups: (A) CMD with brain/eye abnormalities, (B) CMD with

milder brain structural abnormalities, and (C) LGMD. Second, the causative gene

was indicated numerically (e.g., POMT1 is “1” and fukutin is “4”). From this

classification, typical FCMD is named “MDDG type A4.” For more information,

please refer to Godfrey et al. [17].

2.2 Sugar Chain Structure and Modification Mechanisms

of α-DG

Glycosylation is a posttranslational modification that attaches sugar moieties to

proteins or lipids and plays crucial roles in a wide range of biological processes.

Glycosylation of α-DG also plays a central role in the functional maturation of α-
DG as well as in the pathogenesis of α-DGpathy. In this section, the structure of

sugar chain and mechanisms by which it is modified are reviewed.

DG consists of α and β subunits, both of which are expressed from a single

mRNA and cleaved into α-DG and β-DG during posttranslational modifications

[18]. α-DG is a highly glycosylated extracellular protein that functions as a ligand-

binding subunit for several ligand proteins that commonly contain laminin G (LG)

domain-like modules. β-DG is a transmembrane subunit that anchors α-DG on the
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cell surface and binds to dystrophin inside the cell. α-DG consists of three domains,

two globular domains at the N- and C-termini and an intervening mucin-like

domain (Fig. 2.2). The mucin-like domain contains more than 40 Ser/Thr residues

that form O-glycan clusters. The N-terminal globular domain is essential for O-
glycosylation to proceed in the mucin-like domain. However, the N-terminal

domain is cleaved and shed from the α-DG core portion after the completion of

glycosylation and is therefore not present in mature α-DG [19]. The significance of

this cleavage is not understood. Because glycosylation, which is necessary for

ligand binding, takes place a few amino acids downstream of the cleavage site, it

may provide a stereochemically efficient structure for interaction with the ligands

[20]. Among heterogeneous groups of O-linked sugar chains on the mucin-like

domain of α-DG, a unique O-mannose (O-Man) type sugar chain is important for

the ligand-binding activity.

O-Mannosyl glycan structures of α-DG that are currently known are shown in

Fig. 2.3. Core M1 (Siaα2–3Galβ1–4GlcNAcβ1–2Man), which was the first O-Man

type glycan found in mammals, was originally identified from the bovine peripheral

nerve by Endo and colleagues [21]. The structure of Core M2 is currently presumed

based on the finding that N-acetylglucosaminyltransferase IX (GnT-IX) can transfer

GlcNAc to O-Man [22]. Core M3 (GalNAcβ1–3GlcNAcβ1–4Man) was identified

in recombinant α-DG proteins expressed in HEK293 cells [23]. In 2010, Campbell

and colleagues reported the presence of a novel moiety that is modified on O-Man

via a phosphodiester linkage and proposed that this moiety forms a ligand-binding

domain [23]. Because its complete structure has not yet been elucidated, this

structure has been tentatively termed as the “post-phosphoryl moiety” or “post-

phosphoryl modification.” It is likely that this post-phosphoryl moiety contains

repeat units consisting of xylose (Xyl) and glucuronic acid (GlcA) and that these

units are assembled through the enzymatic activity of LARGE (like-acetylgluco-

saminyltransferase) [24]. Enzymatically synthesized Xyl-GlcA repeats bind to

laminin, and their ligand-binding capacity is associated with the length of the

repeats [25]. Overexpression of LARGE produces hyperglycosylated α-DG that

has increased ligand-binding activity [19, 26]. This activity is likely due to the

formation of longer and/or more repeating units. Taken together, it appears that the

repeating Xyl-GlcA units function as the ligand-binding epitopes of α-DG. Details
of the linker structure between the phosphorylated Man (Man-P) and the Xyl-GlcA

Fig. 2.2 Schematic

representation of

dystroglycan. The domain

structure of dystroglycan.

SP signal peptide, TM
transmembrane
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repeats remain unknown. Currently, more than 15 genes have been identified in

which mutations cause abnormal glycosylation of α-DG resulting in human disease

(Table 2.1). The enzymatic or putative functions of these gene products are

described in the following paragraphs.

ProteinO-mannosyltransferase (POMT) 1 and POMT2were originally identified
as the genes responsible for WWS [27, 28]. POMT1 and POMT2 localize to the

endoplasmic reticulum (ER) and form a POMT1/POMT2 heterocomplex [29]. This

POMT complex catalyzes the transfer of a mannosyl residue from dolichol-

phosphate mannose (Dol-P-Man) to the Ser and Thr residues of α-DG.
ProteinO-linked mannose β1,2-N-acetylglucosaminyltransferase 1 (POMGNT1)

was cloned from a cDNA sequence that is homologous to N-acetylglucosaminyl-

transferase I (GnT-I, encoded byMGAT1) and was identified as a causative gene for
MEB [30]. POMGnT1 is a glycosyltransferase that catalyzes the formation of the

GlcNAcβ1–2Man linkage by transferring GlcNAc from UDP-GlcNAc to O-Man.

The enzymatic removal of NeuAc, Gal, and GlcNAc from Core M1 does not affect

the ligand-binding activity of α-DG [31]. This suggests that Core M1 may not

directly serve as a ligand-binding domain. However, in POMGnT1-deficient mice,

and fibroblasts from MEB patients, the post-phosphoryl modification is partially

disrupted, raising the possibility that the structure of Core M1 may influence the

biosynthesis of the Core M3/post-phosphoryl moiety [23, 32].

Glycosyltransferase-like domain containing 2 (GTDC2, POMGNT2), β1,3-N-
acetylgalactosaminyltransferase 2 (B3GALNT2), and SGK196 (POMK) are newly

discovered α-DGpathy genes that are involved in the synthesis of Core M3 [33–36].

GTDC2 (alternatively called AGO61) is localized in the ER and catalyzes the

formation of the GlcNAcβ1–4Man linkage by the transfer of GlcNAc from UDP-

GlcNAc to the O-mannosyl peptide derived from α-DG. B3GALNT2 is also

localized in the ER and catalyzes the formation of the GalNAcβ1–3GlcNAc linkage
by transferring GalNAc from UDP-GalNAc. SGK196 catalyzes the addition of a

Fig. 2.3 Sugar chain structures of α-dystroglycan. Unique O-mannose glycans of α-dystroglycan
and enzymes involved in their synthesis are illustrated
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phosphate group from ATP to position 6 on the O-Man residues in the Core M3

structure. Mutations in any molecule that participates in the synthesis of Core M3

result in α-DGpathy. Therefore, highly ordered and sequential actions of the POMT

complex, GTDC2, B3GALNT2, and SGK196 are required for subsequent post-

phosphoryl modifications. It is not known whether Core M1 and Core M3 can be

simultaneously modified on the same O-Man residues. In addition, because defects

in either Core M1 or Core M3 synthesis result in the loss of the ligand-binding

activities of α-DG, it is necessary to uncover the nature of their relationship in the

biosynthetic pathway and/or in the state of ligand binding.

LARGE was originally discovered as a gene that was defective in meningiomas

[37] and was later shown to be causative for spontaneous muscular dystrophy in

Largemyd mice [38] and CMD 1D (MDC1D) in humans [8]. LARGE possesses both

xylosyltransferase and glucuronyltransferase activities that produce repeating units

of [�3Xylα1–3GlcAβ1–] using UDP-GlcA and UDP-Xyl as donor substrates [24].

In addition to the enzymatic activities of LARGE, a physical interaction between

LARGE and the α-DG N-terminal domain is required for the functional maturation

of α-DG [19]. Thus, the N-terminal domain serves as a recognition motif for

LARGE, thereby providing substrate specificity for this unique modification. As

mentioned previously, a missense mutation in the DAG1 gene was identified in an

α-DGpathy patient. The mutation was located within the N-terminal globular

domain of α-DG, which leads to reduced interactions with LARGE and conse-

quently impairs the formation of Xyl-GlcA repeating units [3].

Mutations in B3GNT1 were identified in WWS patients [39], and its gene

product was thought to be required for LARGE-dependent glycosylation of α-DG
[40]. Recently, it has been revealed that B3GNT1 encodes for a β1,4-glucuronyl-
transferase to form a GlcAβ1–4Xyl disaccharide and thus proposed to rename the

enzyme B4GAT1 [41, 42]. The GlcAβ1–4Xyl acts as an acceptor primer that can be

elongated by LARGE (Fig. 2.3).

Fukutin (FKTN) was identified as the gene responsible for FCMD [43]. Fukutin-

related protein (FKRP) was identified based on sequence homology to fukutin [6].

Both fukutin and FKRP are localized in the Golgi apparatus and are involved in the

post-phosphoryl modifications of α-DG [23, 32], although their exact functions

remain unknown. It is expected that mutations in fukutin or FKRP reduce the

activities of these proteins in α-DG glycosylation. Interestingly, however, several

disease-causing point mutations cause misfolding of the fukutin protein resulting in

changing its cellular localization from the Golgi apparatus to the ER, which also

triggers abnormal glycosylation of α-DG [44]. A database retrieval study showed

that there is a region in the fukutin protein that is homologous to bacterial proteins

involved in polysaccharide/phosphorylcholine modifications and to a yeast protein

involved in the mannosyl phosphorylation of oligosaccharides [45]. Another report

proposed that fukutin and FKRP belong to the nucleotidyltransferase (NTase) fold

protein superfamily [46].

TMEM5 is a newly discovered α-DGpathy gene that encodes transmembrane

protein 5 [35, 47]. The TMEM5 protein contains the exostosin family domain found

in EXT1, a glycosyltransferase required for the biosynthesis of heparan sulfate. The

exact function of TMEM5 is unknown, but it is expected to be a glycosyltransferase.
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The isoprenoid synthase domain-containing protein (ISPD) belongs to the 4-

diphosphocytidyl-2C-methyl-D-erythritol (CDP-ME) synthase family, and muta-

tions in the ISPD gene were found in WWS patients [48, 49]. ISPD contributes to

the synthesis of isoprenoid precursors in the methylerythritol phosphate (MEP)

pathway in Escherichia coli. However, it is postulated that the MEP pathway is

absent in mammals. Therefore, specific roles for ISPD, especially in relation to α-
DG glycosylation, are still unknown in humans. It has been proposed that the

function of ISPD is crucial for efficient POMT-dependent O-mannosylation or

synthesis of a novel nucleotide sugar that is required for α-DG glycosylation.

Defects in the synthesis pathway of Dol-P-Man are associated with α-DGpathy.
Dol-P-Man is a Man donor in reactions that include N-glycosylation, O-mannosyl-

ation, and glycophosphatidylinositol (GPI) anchor biosynthesis in the ER lumen.

Dol-P-Man is synthesized from GDP-Man and dolichol phosphate by the DPM

complex, which consists of the catalytic component DPM1 and the ER-localized

transmembrane proteins, DPM2 and DPM3. Mutations in DPM1, DPM2, or DPM3
have been identified in patients that show α-DGpathy with a type I congenital

disorder of glycosylation (CDG) [50–52]. CDG is a heterogeneous group of rare

genetic disorders that were originally defined as defects in the N-glycosylation
process and are now reclassified to includeO-linked and lipid glycosylation defects.
In addition, mutations in the gene for dolichol kinase (DOLK) that is responsible for
the formation of dolichol phosphate were discovered in patients with CDG and

dilated cardiomyopathy [53]. Heart tissues from these patients showed abnormalO-
mannosylation of α-DG. Mutations in the GDP-Man pyrophosphorylase B

(GMPPB) gene that is responsible for the formation of GDP-Man were also

reported in α-DGpathy patients [54]. Presumably, mutations in GMPPB result in

a decrease in GDP-Man and consequently Dol-P-Man levels. Taken together,

defects in the Dol-P-Man synthesis pathway are expected to perturb O-mannosyl-

ation of α-DG. However, it is also expected that defects in the synthesis of Dol-P-

Man would affect O-mannosylation, N-glycosylation, and GPI anchor formation of

other proteins. In fact, defects in N-glycosylation were found in patients with DPM

mutations [50–52]. It is possible that defects in reactions using Dol-P-Man, other

than O-mannosylation of α-DG, may also contribute to the pathology of these

diseases. Thus, it remains controversial whether or not gene mutations in the Dol-

P-Man biosynthesis pathway can be attributed to a cause of α-DGpathy.

2.3 Pathophysiological Function of DG

Several extracellular matrix and synaptic proteins such as laminins [55–58], agrin

[59, 60], perlecan [61], neurexin [62], pikachurin [63], and slit [64] are ligands of α-
DG. All of these ligand proteins commonly contain LG domain-like modules that

function as binding sites for α-DG. BecauseO-mannosylations and post-phosphoryl
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modifications are required for the ligand-binding activities of α-DG, the DG-ligand
interactions are dramatically reduced in patients with α-DGpathy.

Laminin is a major component of the basement membrane and is composed of

three subunits (α, β, and γ) [65]. The expression pattern of each laminin isoform

(currently, more than 15 different isoforms are known) differs among different

tissues and cells. In the skeletal muscle basement membrane, the laminin α2 subunit
of the main laminin isoform (laminin-211, composed of α2, β1, and γ1 subunits)

interacts with α-DG on the surface of muscle cells. This interaction establishes a

physical link between the basement and plasma membranes.

Agrin is a heparan sulfate proteoglycan and agrin-DG interactions play impor-

tant roles in the structural maintenance and stabilization of neuromuscular junctions

[66]. Perlecan is also a heparan sulfate proteoglycan and one of the major compo-

nents of basement membranes. The relatively high binding affinities in perlecan-

DG interactions possibly indicate that there are specific roles for these interactions

[56].

Neurexins are transmembrane proteins that are expressed in the nervous system.

There are two families of neurexins, α- and β-neurexins, and both can bind to α-DG.
The significance of the neurexin-DG interaction is unclear, but it may be involved

in the formation and/or maintenance of synapses because neurexins are located on

the presynaptic membranes, and α-DG is expressed on the postsynaptic membranes

[67].

Pikachurin is expressed in the synaptic clefts of the photoreceptor ribbon

synapses. Interactions between pikachurin and DG play important roles in the

maintenance of retinal synapse structures, synaptic signal transmissions, and visual

functions [63, 68]. Slit is a protein widely referred to as a repulsive axon guidance

cue, and Robo is its known transmembrane receptor. Slit-DG interactions are

required for the proper localization of Slit, suggesting a new function for α-DG as

an extracellular scaffold for controlling axon guidance [64].

Several mouse models for α-DGpathy have been established, and studies using

these models have helped reveal pathophysiological roles of α-DG glycosylation

(Table 2.2). Targeted disruptions of α-DGpathy genes resulted in embryonic lethal-

ity (POMT1, fukutin) [69, 70] or early postnatal lethality (GTDC2) [71]. POMGnT1

knockout (KO) mice are viable but show variable life spans [72, 73]. To bypass

these issues, chimeric mice, knock-in (KI) mice, or conditional KO (cKO) mice

have been generated. Fukutin-deficient chimeric mice, generated using embryonic

stem cells targeted for both Fktn alleles, develop severe muscular dystrophy and

display brain and eye anomalies [74]. Fukutin KI mice carrying the most prevalent

FCMDmutation (retrotransposal insertion) confirmed that the retrotransposal inser-

tion leads to abnormal post-phosphoryl modification of α-DG [32, 75]. Skeletal

muscle-selective fukutin-cKO mice recapitulate features of α-DGpathy [76, 77].

Ablation of the putative functional domain from Fkrp (E310 to the TGA stop)

results in embryonic lethality; the mutant homozygous embryos die before reaching

embryonic day 12.5 [78]. Homozygous KI mice carrying the missense P448L

mutation develop muscular dystrophy as well as a wide range of structural
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abnormalities in the central nervous system that are characteristic of neuronal

migration defects [78]. Abnormal phenotypes in skeletal muscle and the central

nervous system have been described in another FKRP mutant KI mouse (FKRP-

NeoY307N) [79]. Abnormal brain development was shown in GTDC2-KO,

POMTGnT1-KO, and brain-selective POMT2-cKOmice [71–73, 80]. These models

are genetically engineered mice, but there is a spontaneous Large mutant mouse

(Largemyd) that exhibits abnormal α-DG glycosylation and shows skeletal muscle

pathology and neuronal migration defects that recapitulate α-DGpathy phenotypes

[38, 81]. This is probably the most used model of α-DGpathy.
In α-DGpathy, the loss of α-DG ligand-binding activity leads to disruption of the

linkage between the basement membrane and the plasma membrane. Indeed, an

ultrastructural abnormality, in which the basement membrane was detached from

the muscle plasma membrane, was shown in skeletal muscle from skeletal muscle-

selective DG-deficient mice as well as the Largemyd mouse [82]. These structural

abnormalities likely render muscles prone to contraction-induced injuries, eventu-

ally leading to necrosis of muscle cells. By using myofiber-selective fukutin-cKO

Table 2.2 Summary of dystroglycanopathy mouse models introduced in this chapter

Model mice Gene Phenotypes References

Knockout (KO)

POMT1 KO POMT1 Embryonic lethal [69]

Fukutin KO FKTN Embryonic lethal [70]

GTDC2 KO GTDC2 Postnatal lethality

Brain abnormality

[71]

POMGnT1 KO POMGNT1 Variable life span

Brain abnormality

[72, 73]

Chimeric mice

Fukutin chimera FKTN Severe muscular dystro-

phy

Brain and eye abnormality

[74]

Knock-in (KI)

Fukutin KI (retrotransposon) FKTN No obvious phenotype [75]

FKRP E310del homozygous FKRP Embryonic lethal [78]

FKRP P448L homozygous FKRP Muscular dystrophy

Brain and eye abnormality

[78]

FKRP-NeoTyr307Asn homozygous FKRP Postnatal lethality

Reduced muscle mass

Brain and eye abnormality

[79]

Conditional KO (cKO)

Fukutin-cKO (muscle precursor

cell)

FKTN Severe muscular

dystrophy

[76, 77]

Fukutin-cKO (myofiber) FKTN Mild muscular dystrophy [76, 77]

POMT2-cKO (brain) POMT2 Brain abnormality [80]

Spontaneous mutant

Largemyd Large Muscular dystrophy

Brain and eye abnormality

[38, 81]
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(MCK-fukutin-cKO) mice, membrane weakness was shown to precede the onset of

disease and that membrane fragility triggers manifestation of the disease [77].

MCK-fukutin-cKO mice exhibited only mild muscular dystrophy, indicating

that membrane fragility is not sufficient to explain the severe muscle pathology

of α-DGpathy. When myofibers are damaged, muscle-specific stem cells, called

satellite cells, are activated for differentiation into muscle precursor cells (MPCs),

followed by myoblasts and eventual fusion into myotubes. In this way, the skeletal

muscle can regenerate. In contrast to MCK-fukutin-cKO mice, MPC-selective

Myf5-fukutin-cKO mice showed severe muscular dystrophy with reductions in

the number of satellite cells, proliferation/differentiation activities of MPCs, and

muscle regeneration activity [77]. All of these abnormalities become more severe

as the disease progresses. Thus, properly glycosylated α-DG likely plays important

roles in the maintenance of satellite cell viability and MPC activities, and defects in

their functions correlate with the severity of the disease. It is also possible that the

absence of α-DG glycosylation during postnatal/juvenile muscle growth and devel-

opment has a high impact on muscle degeneration and/or dystrophic pathology in

later stages [76]. In FCMD and Largemyd mice, the aberrant formation of neuro-

muscular junctions, and the presence of many immature muscle fibers, suggests that

impaired differentiation signals from these aberrant neuromuscular junctions, and

maturational delays in muscle fibers, underlie the etiology of α-DGpathy [83].

Together, in addition to muscle membrane fragility, it appears that muscle matur-

ation and regeneration processes are involved in the pathogenesis of α-DGpathy.
α-DGpathy is often associated with brain abnormalities, and abnormal glyco-

sylation of α-DG is considered one of the main causes of brain malformation. The

surface of the cerebral cortex is covered by the glia limitans/basement membrane

complex, which prevents the over-migration of neurons. In FCMD [84] and other α-
DGpathy models [5, 85], there is a breakdown in the basement membrane resulting

in protrusion of neurons into the subarachnoid space through breaches in the

basement membrane. These abnormalities may be the underlying causes of cortical

dysplasia and type II lissencephaly.

α-DG is expressed in radial glia and presumably plays a role in the physical

connection of the glia limitans to the basement membrane [85, 86]. During the

developmental growth of embryonic brain, abnormally glycosylated α-DG may be

unable to maintain sufficient physical strength and/or plasticity of the glia limitans-

basement membrane complex against an expanding cortical surface area. Further-

more, the neuron-selective DG-cKO (NEX-DG-cKO) and Largemyd mice show

impairment of long-term potentiation at CA3–CA1 synapses [87], suggesting that

α-DG glycosylation is also involved in synaptic plasticity, although the precise

mechanism is unknown.
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2.4 Therapeutic Strategies for α-DGpathy

In spite of recent progress in identifying α-DGpathy disease-causing genes, and a

deeper understanding of the underlying pathological mechanisms, effective thera-

pies for α-DGpathy have not yet been established. Several genetically engineered

KI or cKO mice for α-DGpathy genes have been used to develop treatment strate-

gies for α-DGpathy. In this section, we introduce ongoing therapeutic studies using
model animals and cells with a main focus on fukutin-deficient α-DGpathy.

A transgenic fukutin KI mouse model carrying a retrotransposal insertion in the

fukutin gene ( fukutinHp/Hp, fukutinHp/�) exhibited hypoglycosylation of α-DG but

did not show any signs of muscular dystrophy due to the presence of minor levels of

intact α-DG with residual laminin-binding activities [75]. This indicates that even a

small amount of intact α-DG is sufficient for maintaining skeletal muscle function

and suggests that an effective treatment of α-DGpathy will not require a full

recovery of glycosylation. In addition, considering the pathological mechanisms

revealed by analyses of the fukutin-cKO mice, any therapeutic strategy must

involve the prevention of myofiber membrane weakness and/or the rescue of the

substantial loss and dysfunction of MPCs [77].

Because frequent cycles of degeneration and regeneration of myofibers acceler-

ate the substantial and/or functional loss of MPCs, it is expected that protection

from disease-triggering myofiber degeneration will provide therapeutic benefits

even in skeletal muscles that have MPC defects. Therefore, the therapeutic benefits

of rescuing fukutin expression in myofibers were tested. This gene therapy study

was conducted by using recombinant adeno-associated virus 9 (AAV9) vectors

containing the mouse fukutin cDNA under the control of the MCK promoter, which

allowed fukutin expression in differentiated myofibers [77]. Systemic gene delivery

via the tail vein into adolescent Myf5-fukutin-cKO mice, which exhibit early stage

of muscular dystrophy, dramatically ameliorated the dystrophic phenotype and

restored muscle function to the same level, as seen in the wild-type mice.

In addition to fukutin gene therapy, other successful gene therapies to newborn

Largemyd and adolescent FKRP mutant mice have been reported [26, 88, 89]. Many

genes associated with α-DGpathy code for enzymes, and therefore it is expected

that even small quantities of exogenously delivered genes that express normal

proteins can compensate for the mutant genes. In fact, therapeutic effects from

the fukutin gene transfer were achieved with much lower AAV titers than those

used in other types of muscular dystrophy models that had defects in structural

proteins. Importantly, therapeutic benefits can be attained even after manifestation

of the disease. Therefore, gene therapy is a feasible treatment for the wide range of

α-DGpathies. However, the glycosylation status of α-DG varies during myogenesis

and muscle regeneration, suggesting that expression patterns and activities of genes

involving α-DG glycosylation are strictly controlled. In order to achieve an effec-

tive therapeutic intervention, it is thus important to consider the timing of the inter-

vention, the nature of the targeted cells, and the types of promoters used for driving

gene expression.
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When LARGE is overexpressed, α-DG is hyperglycosylated and its laminin-

binding activity is increased in wild-type and α-DGpathy cells derived from

fukutin-deficient or POMGnT1-deficient patients [26]. This unique characteristic

of LARGE led to the development of a novel treatment strategy by involving

overexpressing or increasing the activity of LARGE, which could enhance or

bypass the DG-ligand linkage in genetically distinct α-DGpathy. Viral vector-

mediated gene transfers of LARGE into POMGnT1-deficient mice and FKRPP448L

mice improve their motor performance [88] and dystrophic pathology [90], respec-

tively. In contrast, transgenic overexpression of LARGE in FKRP mutant mice or

MCK-fukutin-cKO mice resulted in a worsening of the muscle pathology [91, 92].

This adverse effect may have resulted from constitutively hyperglycosylated α-DG
and/or an overdose of LARGE having a negative impact in skeletal muscle patho-

logies. In addition, LARGE-dependent hyperglycosylation requires O-mannosyl

phosphorylation and therefore does not always occur in all types of α-DGpathies
[49, 71]. Currently, whether overexpression of LARGE possesses any therapeutic

benefits is inconclusive.

Finally, we introduce a novel antisense oligonucleotides therapeutic strategy that

is based on the pathogenesis of FCMD [93]. The major mutation in FCMD is a

SINE-VNTR-Alu (SVA) retrotransposon insertion in the 3’ noncoding region of the
fukutin gene, which accounts for approximately 90 % of the FCMD chromosome

[43]. This insertion contains a strong splice acceptor site that induces a rare alter-

native donor site in the last exon, thus causing abnormal mRNA splicing (exon

trapping). This abnormal mRNA splicing produces an aberrantly spliced fukutin

protein that lacks 38 amino acids from the C-terminus but contains 129 amino acids

derived from the SVA sequence [93]. This mutant fukutin protein localizes to the

ER, and it is thought that this mislocalization and/or lack of a portion of the C-

terminal sequence leads to disruption in the activity of fukutin. Introduction of

antisense oligonucleotides that target the splice acceptor, the predicted exonic

splicing enhancer, and the intronic splicing enhancer prevents the pathogenic

exon trapping by SVA in cells from FCMD patients as well as from fukutin KI

mice (fukutinHp/Hp and fukutinHp/� mice). Importantly, this treatment restores

normal fukutin mRNA expression, protein production, and consequently α-DG
glycosylation and laminin-binding activity both in vitro and in vivo. This treatment

strategy can potentially be applied to almost all FCMD patients in Japan and has the

potential to be the first radical clinical treatment for α-DGpathies.

2.5 Conclusions

More than a decade has passed since the discovery of α-DGpathy. During this

period, there have been advances in identifying the genes responsible for this

disorder and in understanding the functions of these genes, the molecular and

cellular pathogeneses of this disorder, and the structure and modification pathway

of α-DG. In general, α-DGpathy is a grouping of CMD and LGMD disorders that is
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characterized by abnormal glycosylation of α-DG. More than 15 genes have been

identified in which mutations are implicated in the abnormal glycosylation of α-DG
and α-DGpathy. There is a wide variation in the clinical spectrum of α-DGpathy.
Studies using cell or animal models of this disease revealed that myofiber mem-

brane fragility, as well as impairments of muscle precursor cell and regeneration

activity, is associated with disease pathogenesis. Finally, based on the pathological

mechanism, several therapeutic strategies for α-DGpathy, such as antisense and

gene replacement therapies, have been proposed and examined in animal systems.

We are reaching at the beginning of translational stage from basic research to

therapeutic approaches. International registry for α-DGpathy has been established

and FCMD registry has also started in Japan since 2011. The issues that remain

unresolved include obtaining a more complete understanding of the post-phos-

phoryl structures and functions of any unknown α-DGpathy genes. Hopefully,

clarifying these issues in the future will contribute to a deeper understanding of

α-DGpathy and also establish more specific diagnosis and possible cures for α-
DGpathy.
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Chapter 3

Myotonic Dystrophy

Masayuki Nakamori and Masanori P. Takahashi

Abstract Myotonic dystrophy (DM) is the most common form of muscular dys-

trophy in adults, caused by unstable genomic expansions of simple tandem repeats.

Myotonic dystrophy type 1 (DM1) results from expansion of a CTG repeat in the 30

untranslated region of DMPK. In myotonic dystrophy type 2 (DM2), the expanded

repeat is a CCTG tetramer in intron 1 of CNBP/ZNF9. The mRNA transcripts

containing expanded repeats form ribonuclear inclusions, thereby retained in the

nucleus. The mutant RNA gives rise to a toxic gain of function by perturbing

splicing factors, resulting in misregulation of alternative pre-mRNA splicing that

may underlie the multisystemic symptoms of DM. Although no curative treatment

exists, recent advances in basic and translational research and pharmacological

approaches provide clues for therapeutic intervention in DM. In this review,

we describe the RNA-dominant mechanism in DM and summarize potential thera-

peutic approaches that address RNA toxicity and current progress toward trans-

lational research.

Keywords Trinucleotide • Toxic RNA • Repeat instability • Alternative splicing •

Spliceopathy

3.1 Myotonic Dystrophy

Myotonic dystrophy (DM) is the most common type of muscular dystrophy in

adults, with a prevalence of 1 per 8,000 individuals [1]. DM is a dominantly

inherited multisystemic disorder caused by the expansion of CTG (myotonic

dystrophy type 1, DM1) or CCTG (myotonic dystrophy type 2, DM2) repeats

[2, 3]. The common molecular basis of DM1 and DM2 is a toxic RNA transcript

containing the expanded repeats. DM is the first disease proven to result from by

toxic gain of function of the mutant mRNA and is now recognized as an

RNA-mediated disease [4]. The clinical expression of both types of DM is quite

similar, including myotonia, progressive muscle weakness, cataracts, insulin
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resistance, and cardiac conduction defects, although some differences exist

between DM1 and DM2 (Fig. 3.1).

3.2 Clinical Features

3.2.1 Adult-Onset DM1

3.2.1.1 Muscle Weakness

The predominant symptom of adult-onset DM1 is facial and distal muscle weak-

ness. Facial weakness is an early feature and atrophy of temporalis and masseter

leads to the characteristic facial appearance, so-called hatchet face. Mild ptosis is

often seen, but ophthalmoplegia is rare. The neck flexors and sternocleidomastoid

muscles are commonly involved. Weakness in the limbs is initially distal, espe-

cially finger and wrist flexors and ankle dorsiflexors, leading to difficulty with

Cognitive impairment
Apathy
Hypersomnia

Frontal baldness

Cataracts

Conduction defect
Arrhythmia
Cardiomyopathy

Hypothyroidism

Myotonia
Muscle wasting
Myalgia

Glucose intolerance

Infertility
Testicular atrophy

Gastrointestinal 
disturbance

Cancer risk

Fig. 3.1 Multisystemic symptoms of DM
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opening caps and foot drop. Muscle weakness progresses gradually and proximal

limb weakness occurs later in the disease course, leading to loss of ambulation.

Swallowing and respiratory muscles are often involved in later disease stages, with

resultant difficulty in swallowing and breathing.

3.2.1.2 Myotonia

Myotonia, defined as delayed muscle relaxation following voluntary contraction or

mechanical percussion, is caused by abnormal muscle fiber membrane activity

[5]. Grip myotonia, which is difficulty in relaxing the grip, is often observed in

adult-onset DM1. Improvement in myotonia by repeated contractions is termed

“warm-up phenomenon.” Myotonia can be elicited by percussion of the thenar or

tongue. Myotonia can be recorded with electromyography (EMG) as bursts of

repetitive muscle fiber discharges, giving a characteristic sound called “dive bomber”

or “motorcycle.”

3.2.1.3 Cardiac Involvement

Cardiac involvement is the second most frequent cause of death in DM1 [6]. Con-

duction disturbance is quite common, such as first-degree atrioventricular

(AV) block and QRS widening, sometimes progressing to third-degree AV block.

Atrial tachyarrhythmia and fatal ventricular tachyarrhythmia can occur. Regular

ECG monitoring and early implantation of a pacemaker or cardiac defibrillator are

critical for the prevention of sudden unexpected death. In contrast to cardiac

arrhythmia, cardiomyopathy is not common, though some DM1 patients suffer

from severe dilated cardiomyopathy and heart failure.

3.2.1.4 CNS Involvement

Central nervous system (CNS) involvement is frequently seen in adult-onset DM1.

The characteristic neuropsychiatric features are mild cognitive impairment, inertia,

apathy, and reduced perception of disease symptoms. Hypersomnia is extremely

common even in the absence of respiratory involvement. Polysomnography shows

nonobstructive apneas and central hypoventilation. Brain MRI scan frequently shows

diffuse white matter lesions, particularly in the frontal or anterior temporal lobes.

3.2.1.5 Endocrine Involvement

Although overt diabetes is not frequent, hyperinsulinemia and insulin resistance are

common in adult-onset DM1. Hypothyroidism, dyslipidemia, and male infertility

because of testicular atrophy are also seen.
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3.2.1.6 Other Multisystemic Symptoms

In addition to striated muscle, smooth muscle is affected in DM1. Gastrointestinal

problems, such as diarrhea and constipation, are particularly frequent and may lead

to pseudo-obstruction and megacolon. Cholecystitis and gallstones are also com-

mon because of increased tone of the gallbladder sphincter. Cataracts (typically

iridescent posterior subcapsular forms) develop in most adult-onset DM1 patients

and are sometimes the only symptom of very late-onset mild DM1. Early frontal

baldness is often seen in male and even in some female DM1 patients.

Increased risks of cancers of endometrium, ovary, thyroid, and colon have been

reported [7].

3.2.2 Congenital DM1

Congenital DM1 (CDM) is not merely a severe early form of DM1 but rather a

distinct clinical phenotype. CDM patients are severely affected at birth with

hypotonia and generalized muscle weakness resulting in difficulty of sucking,

swallowing, and breathing. Some CDM patients present symptoms even in utero,

such as reduced fetal movements and hydramnios in later pregnancy. Talipes and

tented upper lip (so-called carp mouth) are also seen in CDM. Despite neonatal

intensive support, the mortality from respiratory failure remains high in affected

infants. Surviving infants gradually improve in motor function, but nevertheless

show delayed motor and mental development. Children with CDM can achieve

independent walking, but develop myotonia and progressive muscle weakness in

early adulthood. CDM is almost exclusively maternally inherited, even from

mothers with mild forms of DM (see Sect. 3.3.2).

3.2.3 DM2

Although DM1 is common in populations of European and Asian descent, most

DM2 patients are of northern and eastern European descent. DM2 patients also

present myotonia and muscle weakness; however, the weakness typically affects the

proximal muscles including the neck, elbow extension, and hip flexors. Significant

muscle pain and fatigue are common in DM2. Cardiac conduction defects, cata-

racts, and insulin resistance are seen, whereas cognitive manifestation is rare in

DM2. In contrast to DM1, a severe congenital form of DM2 has not been reported

to date.
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3.3 Genetics

3.3.1 Repeat Expansion in DM1 and DM2

Short DNA tandem repeats are observed ubiquitously across the human genome

[8]. A small fraction of these repetitive elements are prone to become mutable and

highly expanded. Such genomic expansions of simple tandem repeats cause various

neurogenetic disorders, including DM. DM1 is caused by an expansion of CTG

repeats in the 30 untranslated region (UTR) of the DMPK gene [2] (Fig. 3.2). The

length of CTG repeats is between 50 and several thousand in DM1, whereas the

normal repeat number is between 5 and 37. In general, the length of expanded CTG

repeats in blood cells correlates with the age of onset in DM1 [9]. DM2 results from

a similar expansion of CCTG repeats in the first intron of the CNBP/ZNF9 gene [3]
(Fig. 3.2). The expanded CCTG repeat in DM2 is much longer than that in DM1,

ranging from 75 to over 11,000. Importantly, unlike that seen in DM1, the size of

expanded CCTG repeats does not correlate with the age of onset in DM2.

3.3.2 Repeat Instability

The expanded CTG and CCTG repeats in DM are not stable [10]. These mutations

exhibit an exceptional degree of genetic instability in germline and somatic cells.

For instance, the size of the repeat is prone to change during transmission from one

generation to the next. In fact, intergenerational increments in the order of hundreds

of repeats are often seen in DM1 (intergenerational instability). These mutations are

DMPK Ex 1 Ex 2 Ex 14 Ex 15

(CTG)n

CNBP
(ZNF9)

Ex 1 Ex 3 Ex 4 Ex 5

(CCTG)n

Ex 2

DM1

DM2

Fig. 3.2 Location of unstable CTG (DM1) or CCTG (DM2) repeats within their respective genes
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also unstable in somatic cells, leading to an age-dependent growth of repeat

expansion during the life of an individual (somatic instability).

3.3.2.1 Intergenerational Instability

The expanded CTG repeats in DM1 often increase in size when transmitted from

parent to offspring, resulting in earlier onset and more severe clinical symptoms in

subsequent generations, a phenomenon called “anticipation.” A maternal expansion

bias is evident in DM1 and cases with CDM are almost exclusively maternal in

origin. There are a few cases of repeat contraction through paternal transmission

[11]. In contrast to DM1, anticipation is less evident, both clinically and geneti-

cally, in DM2.

3.3.2.2 Somatic Instability

The expansion process continues throughout life in somatic cells, at rates that are

variable between tissues in DM. This can lead to over tenfold variations of

expansion length in different tissues of a DM individual [12]. Progenitor alleles that

are estimated in leukocytes in adult-onset DM1 are usually between 100 and

800 CTG repeat, whereas adult biopsy and autopsy samples show typically

2,000–6,000 CTG repeats in the muscle or heart. In DM2, the CCTG expansion

length is also considerably longer in the muscle than in leukocytes from the same

individual [13]. Since the heterogeneity in fetal tissues is much less extensive,

somatic instability causing these highly expanded alleles occurs mainly during

postnatal life. The functional significance of somatic instability remains unclear;

however, the progression of DM may be depending on the growth of the expanded

repeat over time.

3.3.2.3 Mechanism of Repeat Instability

Instability of the expanded repeats is associated with DNA replication, repair, or

transcription, which instigate separation of double-stranded DNA, thus promoting

the formation of extrahelical slipped strand structures that are substrates for error-

prone repair (Fig. 3.3a). Recent studies have shown that the effects of transcription

on repeat stability are particularly pertinent for DM1 [14]. The predominance of

transcription-induced instability in DM is reasonable as the organs most affected,

such as the skeletal muscle, heart, and brain, are those with low rates of cell

proliferation but the highest levels of DMPK expression. Recent studies also

indicate a role for RNA repeats in transcription-induced repeat instability. RNAs

comprised of expanded CUG or CCUG repeats bind to the template strand of DNA,

then form RNA:DNA hybrids (R-loops) (Fig. 3.3b). The presence of R-loops
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triggers the formation of extrahelical looped-out structures on the non-template

strand and thereby stimulates error-prone repair, leading to further expansion or

contraction [15].

3.3.3 Genotype-Phenotype Correlation

Although the size of expanded CTG repeats in leukocytes correlates with the age of

onset in DM1, there was no correlation betweenmuscle weakness and CTG expansion

size in either leukocytes or muscle cells [16]. This suggests that some DM1 patients

may tolerate longer expansions better than others and raises the possibility that DM1

severity is modulated by additional factors, such as modifier genes, sequence inter-

ruptions in the CTG repeat tract, or epigenetic changes at the DMPK locus. The CTG

expansion length in the muscle also did not correlate with that in leukocyte from the

same subjects [16, 17]. However, the difference in repeat size between leukocytes and

muscle is correlated with age, suggesting an age-dependent process of somatic

expansion that is more pronounced in the muscle than in leukocytes.

Slipped strand structure 
formation

Mismatch repair protein

expansion

contraction

a

b R-loop

CTG

CAG

CTG

CAG

DNA

RNA

Mismatch repair protein

Fig. 3.3 (a) Mechanism of repeat instability. Extrahelical slipped strand structures form in (CTG)

•(CAG) repeats, resulting in error-prone processing by mismatch repair proteins. (b) R-loop

formation at the DMPK locus. In DM1, expanded CUG RNA binds to the template strand of

DNA, then forms RNA:DNA hybrids (R-loops). The presence of R-loops instigates the formation

of slipped strand structures on the non-template strand, thereby leading to further repeat instability.

RNAP: RNA polymerase
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3.4 Pathomechanism

3.4.1 Unstable Repeat Expansion

More than 20 neurogenetic disorders are caused by unstable genomic expansions of

simple tandem repeats [8]. Such unstable repeat expansion disorders fall in two

categories according to the position of the repeat element within the mutant gene. In

most cases the repeat tract is located in protein-coding regions, the motif is CAG,

and the orientation in the reading frame produces expanded polyglutamine proteins,

resulting in neurotoxicity (e.g., Huntington disease, spinocerebellar ataxia types

1, 2, 3, and 6). The second major group of unstable repeat expansion disorders

results from repeats in non-protein-coding regions of genes, such as expanded CGG

repeats in the 50 UTR of FMR1 in fragile X syndrome (FXS) [18], GAA repeats in

the first intron of FXN in Friedreich’s ataxia (FRDA) [19], and CTG/CCTG repeats

in DM. In cases with FXS and FRDA, the critical effect of the expanded repeats is

transcriptional silencing of FMR1 and FXN, respectively. However, there is no

proven effect on transcription of DMPK or CNBP/ZNF9 in DM, indicating that the

main pathogenic effect is a deleterious gain of function by the mutant mRNA.

3.4.2 RNA Dominance

Although the mutant mRNA is fully processed in DM1, repeat expansion blocks the

nuclear export of mRNA with the expanded repeats of CUG (CUGexp) [20]. Thus,

the mRNA containing expanded repeats is retained in the nucleus and accumulates

in discrete foci. Since DM1 is an autosomal dominant disease, nuclear retention of

the mutant mRNA could theoretically lead to a 50 % reduction in DMPK protein.

However, several lines of evidence strongly indicate that symptoms of DM1 result

not from haploinsufficiency but from the toxic gain of function by RNA transcripts

containing the CUGexp. First, DMPK knockout mice, in which DMPK protein can

be completely eliminated, show only minor symptoms in the skeletal muscle

[21, 22]. Second, muscular features of DM1 can be reproduced by the expression

of CUGexp RNA at the 30 UTR of human skeletal actin transgene in a mouse model

[23]. Finally, in DM2, the highly expanded CCUG repeat in CNBP/ZNF9 is fully

transcribed, but the intron containing the CCUG expansion is retained and accu-

mulated in nuclear foci similar to that seen in DM1 [3, 24].

3.4.3 RNA-Binding Proteins: MBNL Family and CELF1

The mutant RNA retained in the nucleus affects at least two RNA-binding protein

families: the MBNL and CELF. MBNL1, a member of the MBNL family protein,
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has a strong affinity for CUGexp and CCUGexp [25]. When CUGexp or CCUGexp

RNA accumulates in the nucleus, MBNL1 is sequestered in nuclear RNA foci and

depleted from the nucleoplasm [26, 27] (Fig. 3.4). Since MBNL1 is a regulator of

alternative splicing [28], MBNL1 sequestration in foci leads to the misregulation of

alternative splicing of its target exons. One clear example of the functional conse-

quence in DM is the splicing misregulation of CLCN1 [29, 30]. This gene encodes a
chloride ion channel that stabilizes the transmembrane potential in skeletal muscle.

When alternative splicing of CLCN1 is misregulated in response to expression of

CUGexp RNA, the channel activity is lost, causing electrical instability of the

membrane, which triggers repetitive action potentials and delay of relaxation

(myotonia). The loss of MBNL1 has additional effects on gene expression,

including transcriptional alterations, mRNA decay, transport of mRNA, and

micro-RNA biogenesis [31–33].Mbnl1 knockout mice exhibit myotonia and splic-

ing alteration of Clcn1, supporting the evidence for MBNL1 dysfunction in DM1

[34]. Two other members of the MBNL family, MBNL2 and MBNL3, may also be

involved in DM [34, 35]. Similar to MBNL1, MBNL2 is expressed in the skeletal

muscle, heart, and brain, whereas MBNL3 is expressed mainly in the placenta.

MBNL2 and MBNL3 are closely related to MBNL1 and can also be sequestered in

nuclear foci. These suggest a role for the combinatorial deficiency of all three

MBNL family members in DM, depending on the expression of CUGexp or

CCUGexp RNA relative to the distinct levels of MBNL proteins in different tissues.

Indeed, a recent report showed compound loss of MBNL1 and MBNL2 functions

exaggerated cardiac and skeletal muscle symptoms in a mouse model [36].

Expression of CUGexp also causes perturbations in cell signaling via several

kinases, including protein kinase C (PKC), Akt kinase, cyclin-dependent kinase

4 (CDK4), and glycogen synthase kinase 3 beta (GSK3B) [37–39]. While the

mechanisms of activation of these pathways have not yet been determined,

upregulation of PKC enhances the phosphorylation of CELF1, a member of

CELF RNA-binding protein family. The phosphorylation of CELF1 extends its

half-life, resulting in the upregulation of its steady-state level [37] (Fig. 3.4). Since

CELF1 is a multifunctional RNA-binding protein involved in the regulation of

alternative splicing and translation, upregulation of CELF1 protein in DM1 results

in misregulated alternative splicing of several pre-mRNAs, as well as altered

translation or decay of mRNAs that are bound by CELF1 [40–43]. Transgenic

mice overexpressing Celf1 show splicing misregulation and cardiac conduction

defect similar to DM1 [44]. As CELF1 plays an important role in developmental

splicing switch in the heart, increased CELF1 expression may underlie the cardiac

pathology observed in DM1. However, CELF1 upregulation has not been con-

firmed in DM2 [27, 45].
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Fig. 3.4 Schematic illustration of the RNA-mediated disease mechanism (left) and possible thera-

peutic strategies (right) in DM1. Expanded CUG repeats in the mutant DMPK mRNA form hairpin

structures and nuclear foci, sequester MBNL1 in the nucleus, and phosphorylate and stabilize

CELF1. Loss of functional MBNL1 and upregulation of CELF1 cause misregulation of alternative

splicing. Mis-splicing of CLCN1 exon 7a induces a frameshift and premature termination codon in

exon 7, resulting in loss of functional CLCN1 protein on the sarcolemma and myotonia in DM1.

Therapeutic strategies are currently being developed for DM, including (1) stabilization of expanded

repeats, (2) degradation of the toxic RNA by ASOs, (3) neutralization of CUGexp toxicity by

preventing MBNL sequestration with ASOs or small molecules, (4) modulation of MBNL or

CELF1, and (5) induction of exon skipping of individual targets (Figure modified from Ref. [82])
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3.4.4 Spliceopathy in DM

RNA splicing is the mechanism by which intervening introns are removed, while

functional exons are ligated together to form amaturemRNA transcript [46]. There are

two types of RNA splicing: constitutive and alternative splicing. Alternative splicing

serves to generate a wide variety of unique mRNA transcripts by selecting and pairing

discrete exons, resulting in distinct but similar proteins from the same gene (Fig. 3.5).

Although many human genetic disorders have been identified as the conse-

quences of mutations on RNA splicing, in almost all cases, these are cis-acting

effects that affect the splicing of a single pre-mRNA. In contrast, DM is caused by a

trans-effect of alternative splicing factors on many RNAs and now is recognized as

the first example of a human genetic disease resulting from “spliceopathy” [4]. The

spliceopathy in DM shares common features in splicing misregulation. First, it does

not involve constitutive exons, but selectively affects a group of exons that are

subject to alternative splicing. Second, it usually affects alternative exons that

normally undergo a developmental splicing switch; therefore, the fetal or neonatal

splicing isoforms are expressed in mature muscle fibers in DM1. Third, most target

exons in the spliceopathy in DM are regulated by MBNL1, CELF1, or both.

More than 70 mis-splicing events have been reported in DM. Table 3.1 lists the

transcripts known to be affected by spliceopathy in DM. In case of CLCN1, the

Alternative 5’ splice site selection

Exon skipping

Alternative 3’ splice site selection

Mutually exclusive exons

Intron retention

Fig. 3.5 Patterns of alternative splicing. Constitutive exons present in all final mRNAs are indi-

cated by white boxes. Alternative RNA segments that may or may not be included in the final

mRNA are indicated by gray boxes
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Table 3.1 Mis-splicing events described in DM

Gene symbol Function of gene

product

Gene symbol Function of gene

productSkeletal muscle Heart

Cl� ion transport Cytoskeletal

component

CLCN1 Chloride channel TNNT2 Troponin T

DMD Dystrophin

Ca2+ homeostasis DTNA Dystrobrevin

RYR1 Ryanodine receptor TTN Titin

ATP2A1 Calcium ATPase LDB3 Z-disk

ATP2A2 Calcium ATPase PDLIM3 Z-disk

BIN1 T-Tubule formation CAPZB Assembly of actin

filament

CACNA1S Calcium channel

Ion channel

Cytoskeletal
component

KCNAB1 Potassium channel

DMD Dystrophin SCN5A Sodium channel

DTNA Dystrobrevin

TTN Titin Others

LDB3 Z-disk MTMR1 Phosphatase activity

CAPZB Assembly of actin

filament

TNNT3 Troponin T

PDLIM3 Z-disk

PDLIM7 Z-disk

FHOD1 Actin organization

NRAP Myofibril assembly

ABLIM2 Z-disk Brain

MYBPC1 Myosin-binding pro-

tein C

APP Amyloid beta precursor

MYOM1 Z-disk GRIN1 NMDA receptor

MAPT Tau

Signaling CAMK2D Signaling

INSR Insulin receptor SORBS1 Signaling

SOS1 Receptor signaling DCLK1 Microtubule

polymerization

ALPK3 Myogenesis MPRIP Rho interacting

CAMK2B Signaling TANC2 Development

MAP4K4 Signaling KCNMA1 Potassium channel

CSNK1D Casein kinase

Transcription CACNA1D Calcium channel

MBNL1 Alternative splicing LIMCH1 Actin binding

MBNL2 Alternative splicing ADD1 Cytoskeletal protein

NFIX Transcription factor PPP1R12A Myosin phosphatase

(continued)
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exon 7a is negatively regulated by MBNL1 [34]. When MBNL1 is depleted in DM

muscle, the exon 7a is retained in the mRNA. The inclusion of exon 7a induces a

premature termination codon, which causes loss of mature CLCN1 protein in

muscle membrane in DM, resulting in myotonia [29]. Misregulated splicing of

insulin receptor (INSR) is also reported in DM muscle [41]. Alternative splicing of

exon 11 is an important factor dictating the function of this receptor. The receptor

lacking the exon 11 (non-muscle form) has a higher affinity for insulin than the

receptor including the exon (muscle form). Because the inclusion of exon 11 is

negatively regulated by CELF1, the non-muscle form lacking exon 11 is increased

in DM muscle, leading to insulin resistance. However, whereas numerous

mis-splicing events have been identified in DM, the underlying cause of progressive

muscle wasting, the main disabling symptom in DM, has not been well defined. One

possible candidate is mis-splicing of a group of genes regulating Ca2+ homeostasis,

Table 3.1 (continued)

Gene symbol Function of gene

product

Gene symbol Function of gene

productSkeletal muscle Heart

MEF2C Transcription factor CLASP2 CLIP binding

NCOR2 Transcriptional

silencing

RYR2 Ryanodine receptor

FXR1 mRNA trafficking

Others

GFPT1 Protein glycosylation

IMPDH2 Nucleotide

biosynthesis

MTMR1 Phosphatase activity

CAPN3 Intracellular protease

PHKA1 Glycogenesis

PHKA2 Glycogenesis

KIF13A Endosome positioning

VPS39 Vesicle trafficking

ARFGAP2 Vesicle trafficking

COPZ2 Vesicle trafficking

TBC1D15 Intracellular

trafficking

ANK2 Membrane targeting

OPA1 Mitochondrial

dynamics

UBE2D3 Ubiquitination

USP25 Deubiquitination

TXNL4A PQBP1 binding

protein

VEGFA Angiogenesis

MAPT Tau

MLF1 Oncoprotein
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such as ryanodine receptor (RYR1), sarcoplasmic/endoplasmic reticulum calcium

ATPases (SERCAs), voltage-dependent Ca2+ channel (CACNA1S), and T-tubule

membrane scaffolding protein (BIN1) [47–49]. Because Ca2+ concentration is

increased in DM1 cells and impaired Ca2+ homeostasis triggers muscle damage,

misregulated splicing of these transcripts may cause muscle wasting in DM [50].

Another candidate is splicing misregulation of genes encoding cytoskeletal pro-

teins, such as dystrophin (DMD), dystrobrevin (DTNA), titin (TTN), and ZASP

(LDB3), as mutations or deletions in these genes causes other types of muscular

dystrophies and myopathies [27, 51, 52].

The spliceopathy in DM also involves the heart and brain. Although the cause of

cardiac symptoms in DM is not well elucidated, mis-splicing of cardiac cytoskeletal

proteins (cardiac troponin T, DMD, DTNA, TTN, and LDB3) may contribute to

cardiomyopathy [51–54]. In addition, conduction block and arrhythmia in DM may

be caused by mis-splicing of cardiac ion channels, such as K+ channel beta subunit

(KCNAB1) and voltage-gated Na+ channel (SCN5A) [54] (Charlet-Berguerand &

Takahashi, manuscript in preparation). In DM1 brain, several splicing

misregulations have been reported, including Tau (MAPT), APP, and CAMK2D
[26, 55]. However, neither the functional consequences of these mis-splicing events

nor the cause of cognitive impairment in DM1 has been determined.

3.4.5 Other Possible Mechanisms

Besides MBNL and CELF1, other RNA-binding proteins, such as hnRNP H and

staufen, are implicated in DM pathogenesis [56, 57]. Dysregulation of micro-RNAs

and MEF2 transcription factor proteins are also suggested to contribute to cardiac

symptoms in DM [33, 58]. Furthermore, repeat-associated non-ATG translation of

the DMPK antisense transcript was shown to give rise to polyglutamine aggregates

[59]. Future studies are needed to elucidate the role of each mechanism in DM

pathogenesis.

3.5 Therapeutic Strategies

Although no curative treatment exists in DM at present, recent advances in research

and pharmacological approaches provide clues for potential future therapeutic

intervention. Along with a better understanding of disease mechanisms such as the

spliceopathy because of RNA toxicity, several experimental approaches have been

developed and applied to translational research in DM (Fig. 3.4).
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3.5.1 Splicing Correction

Since splicing misregulation is the molecular basis of DM, correction of individual

mis-splicing events is the most direct way to alleviate the symptoms. Recent

advances in technology of antisense oligonucleotides (ASOs) has enabled this

strategy. ASOs are short, synthetic, modified nucleic acids that bind comple-

mentary RNA and regulate its function [60]. ASOs modulate splicing events by

hiding specific sites essential for exon inclusion from the splicing machinery. ASOs

blocking target splice sites can skip the target exon(s) and restore normal splicing.

This approach has been applied as a treatment for Duchenne muscular dystrophy

(DMD). The exon skipping achieved by ASOs restores dystrophin expression in

DMD patients and is currently evaluated by clinical trials [61]. In a mouse model of

DM1, a morpholino ASO targeting the 30 splice site of Clcn1 exon 7a reversed the

defect of alternative splicing [62]. The morpholino ASOs repressed the inclusion of

exon 7a, restored the normal Clcn1 mRNA, increased the expression of CLCN1

protein on sarcolemma, stabilized the membrane potential and, thereby, alleviated

myotonia. These findings suggest that ASO-induced exon skipping is a powerful

tool for correcting mis-splicing in DM. However, there are several hurdles to

overcome in the application of this approach in DM patients: (1) alternative splicing

of CLCN1 is more complicated in humans than in mice and (2) mis-splicing events

responsible for other symptoms, especially muscle wasting, are not known.

3.5.2 Modulation of Alternative Splicing Factors

In DM, MBNL1 sequestration leads to multiple mis-splicing events, such as

CLCN1 and ATP2A1 [34]. One therapeutic approach is the restoration of MBNL1

protein in the nucleoplasm. Overexpression of MBNL1 by adeno-associated viral

gene delivery in skeletal muscle of mice expressing CUGexp reversed MBNL1-

dependent mis-splicing of exons and rescued myotonia [63]. However, the MBNL1

overexpression in a DM1 mouse model did not improve muscle pathology. In

addition, Mbnl1 knockout mice neither reproduce the developmental features of

CDM nor display the severe muscle wastings that occur in adult-onset DM1

[34]. Thus, as MBNL1 sequestration does not provide a unifying explanation for

the disease process, simultaneous modulation of other splicing factors, such as

MBNL2 and CELF1, may be required for successful treatment of DM.

In addition to MBNL1 sequestration, increased steady-state level of CELF1

protein is another important molecular event involved in DM1 pathogenesis

[64]. Overexpression of CELF1 in the mouse heart and skeletal muscle causes

DM1-associated splicing changes and results in disease phenotypes [44, 65, 66].

Activation of the PKC signaling pathway is suggested to leads to the hyperphos-

phorylation and stabilization of CELF1 [37]. A recent report showed that PKC

inhibitors reduced phosphorylation of CELF1, decreased the steady-state levels,
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reversed misregulation of splicing events regulated by CELF1, and ameliorated the

cardiac conduction defects and contraction abnormalities in a heart-specific DM1

mouse model [67]. Although this approach may be promising for the treatment of

cardiac symptoms in DM, there remain important unanswered questions: (1) why is

CELF1 not consistently increased in DM2 despite cardiac involvement similar to

DM1, and (2) how do CUGexp activate the PKC signaling pathway?

3.5.3 Targeting Toxic RNA

In DM, the mutant RNA exerts a pivotal role in trans-dominant effects on different

transcripts and spliceopathy. Thus, interventional strategies against toxic RNA are

ideal to accomplish a generalized correction of DM symptoms. Several experi-

mental therapeutic approaches have been attempted to degrade the toxic RNA by

small interfering or short hairpin RNA delivered with a retroviral vector and hammer-

head ribozyme [68–70]. Although these RNA-based approaches reduced the mutant

RNA in DM1 myoblast cells, normal DMPK mRNA was simultaneously decreased,

raising concerns regarding the loss of endogenous DMPK function. In addition,

unmodified nucleic acids are susceptible to cleavage by endogenous nucleases and

are rapidly degraded in vivo. From this view point, chemically modified ASOs with

high binding affinity and extreme nuclease resistance emerge as a suitable tool for

the modulation of toxic RNAs in DM. Depending on the chemistry and sequence,

ASO binding can modulate the target RNA metabolism by two distinct mechanisms:

neutralization and degradation. Neutralizing ASOs bind to the target RNA and steric-

ally hinder RNA-protein interactions. Therefore, CAG-repeat ASOs can be expected

to bind CUGexp, compete with MBNL proteins, and prevent MBNL sequestration in

DM1. In fact, recent reports showed that CAG-repeat ASOs with different chemistry

(2-O-methyl, morpholino, locked nucleic acid) mitigated the RNA toxicity in

DM1 model mice [15, 71, 72]. Most strikingly, CAG-morpholino ASOs dispersed

nuclear foci of CUGexp, released MBNL1 from foci, corrected mis-splicing events,

and eliminated myotonia [72]. One caveat with this approach is the delivery of the

ASOs by direct injection into the muscle, followed by electroporation, an approach

that is not practical for human patients. However, systemic administration of

CAG-ASOs with peptide-linked morpholino (PPMO) modification was reported

to improve myotonia in a DM1 mouse model, providing the proof-of-concept for

clinical applications given the versatility of CAG-ASOs [73] (see also Sect. 3.5.4).

In contrast to these neutralizing ASOs, target-degrading ASOs cleave target RNA

by recruiting RNase H to the oligonucleotide-RNA heteroduplex. This degradation

capability arises from a characteristic structure called “gapmer” that has

chemically modified residues on either side of a stretch of unmodified residues

referred to as the gap. The modified wings enhance the binding and stability of the

ASOs, and the gap allows for the induction of RNase H activity. Because of the

exceptional capability of target degradation, gapmer ASOs are considered as promis-

ing for DM treatment and have already been tested in DM1 model mice [15, 74, 75].
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In one study, systemic administration of the gapmer ASO with 2-O-methyl modifi-

cation decreased toxic RNA, reduced foci formation, corrected splicing defects, and

eliminated myotonia in DM1 mouse model [74]. More importantly, these effects

were sustained for up to one year after the discontinuation of treatment. This

approach achieved the best therapeutic effects among all strategies in mice so far

and led to the development of gapmer ASOs against human DMPK. As therapeutic
effects were confirmed in a mouse model [74], the gapmer ASOs (ISIS-DMPKRx)

will hopefully be applied to a clinical trial soon.

Small molecules are also appropriate tools for targeting mutant RNA. Recent

studies have identified numerous small molecules that bind specifically the CUG or

CCUG repeats and competitively release the sequestered MBNL1. Several of these

molecules were shown to induce the dispersal of RNA foci, redistribution of

MBNL1 to the nucleoplasm, and partial reversal of mis-splicing events in mice

expressing CUGexp [76–78]. However, toxicity of these compounds in human has

not been determined, and none of the candidates achieved a full rescue of

mis-splicing of Clcn1 and myotonia in mice. Pentamidine and related compounds

have been recently suggested to inhibit the transcription of CUGexp by binding to

the CTG repeat DNA [79, 80]. Indeed, heptamidine, a methylene linker analogue of

pentamidine, reversed splicing defects and improved myotonia in the mouse model.

3.5.4 Stabilization of Expanded Repeats

Another striking feature of DM is the marked instability of the expanded repeats.

The progression of DM1 may depend on the growth of the expanded repeat

throughout life. The ongoing repeat expansion also raises a concern that an initial

beneficial effect of therapeutic ASOs on the toxic RNA may be lost because of

ongoing expansion and increased production of CUGexp RNA. Therefore, stabili-

zation of the repeat is also a potential approach to postpone the onset, slow the

progression, or to sustain the effect of therapeutic ASOs. Several compounds that

stabilize the repeats in cultured cells have been identified [81]. However, these

compounds are DNA intercalators or drugs that affect DNA methylation or repli-

cation, evoking concerns about long-term safety. In DM1, the instability of

expanded repeats is enhanced by transcription across the repeat and R-loop forma-

tion [14, 15]. Because the R-loop is formed with CUG RNA and CAG DNA on the

template strand, CAG-ASOs can theoretically prevent its formation. Indeed, a

recent report showed that CAG-ASOs suppressed the repeat instability in both a

cellular model and a mouse model by reducing the formation of R-loops at the

DMPK locus [15]. Thus, intervention with CAG-repeat ASOs has the dual benefit

of preventing the RNA toxicity and stabilizing the repeat.
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3.6 Concluding Remarks

Since the CTG expansion was discovered in DM1, the understanding of the

molecular pathomechanisms in DM has been enormously advanced. Promising

experimental therapeutic strategies targeting toxic RNA continue to emerge. A

recent study showed that several mis-splicing events can be a good biomarker for

disease severity and therapeutic response in DM [16]. National and international

DM patient registries have already been established in several countries for a

clinical trial. Indeed, gapmer-ASOs targeting mutant DMPK mRNA for treatment

of DM1 is currently being planned for a first-in-human clinical trial. Combination

therapy with small molecules is also an attractive option. These developments are

opening a new, fascinating, and promissing era for the treatment of DM.
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Chapter 4

Molecular Pathogenesis and Therapeutic

Strategy in GNE Myopathy

Hiroaki Nishimura and Satoru Noguchi

Abstract GNEmyopathy is an autosomal recessive disease, which is characterized

by gradually progressive muscle atrophy and weakness, and preferentially involves

the distal muscles of lower extremities, especially the tibialis anteriormuscle. GNE

myopathy is caused by mutations in the UDP-N-acetylglucosamine 2-epimerase/N-

acetylmannosamine kinase (GNE) gene which encodes the bifunctional enzyme

catalyzing the rate-limiting step in sialic acid biosynthesis. GNE myopathy model

mouse, in which Gne is knocked out with human GNE transgene with D176V,

recaptured the symptoms of human GNE myopathy. The supplementation of

ManNAc, NeuAc, and sialyllactose prevented the onset of the disorder and also

recovered the muscle function from symptomatic status, suggesting hyposialylation

is one of key factors in the pathogenesis of this disorder. Based on the studies with

GNE myopathy model, the clinical trials are conducted at the three places in the

world (USA, Japan, and Israel). Expectedly GNE myopathy will be treatable in the

near future.

Keywords GNE myopathy • GNE gene • Sialic acid • Clinical trial

4.1 Introduction

GNE myopathy is an autosomal recessive myopathy, which was initially identified

by its unique pathological characters, the presence of rimmed vacuoles and cyto-

solic inclusions in myofibers in 1981 [1]. Then this disease was characterized

clinically by progressive atrophy and weakness of preferentially distal muscles of

lower extremities, especially the tibialis anterior muscles as “distal myopathy with

rimmed vacuoles,” and by the unique finding of quadriceps sparing even in the

advanced stages as “quadriceps sparing rimmed vacuolar myopathy” [2]. In 2001,

the identification of causative gene and gene mutations in the patients made an

initial breakthrough on a research on this disease [3]. After this finding, the

researches on this disorder were accelerated remarkably; more than 100 genetic
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mutations were listed up [4, 5], phenotypes of the identified patients were

documented in detail, and the impacts of the identified mutations and natures of

the affected muscles were evaluated on cell culture experiments. Most importantly,

the efficacy of treatment with sugar metabolites on the patients’ cells served a

strong possibility for the therapy for this disorder [6]. The second breakthrough on

the research was the development of the animal models mimicking patients’
phenotypes which enable to make up a detailed strategy for the therapeutic appli-

cation. The success of the preclinical studies on the animal model by sugar

compound supplementation further encouraged the researchers, clinicians, as well

as the patients to have a reality of the therapy, as considering that GNE myopathy is

a treatable disorder. Now the clinical trials for this disease are conducted at three

places. GNEmyopathy might be a special case with successful research progression

just taking for only 10 years from starting research to clinical trials. What makes it

possible for such a shorter time? In this chapter, we will give an outline of the GNE

myopathy and explain the researches using animal models. In the last part, we will

also introduce the ongoing clinical trials and discuss the further perspectives in

therapy for the GNE myopathy.

4.2 Nomenclature of the Disease and Causative Gene

As described in “Introduction,” GNE myopathy has been reported as “Nonaka

distal myopathy” [1]. Later this disorder was commonly referred to as “distal

myopathy with rimmed vacuoles” in Japan. Argov et al. independently identified

this disorder in Iranian-Jewish families and termed as “vacuolar myopathy sparing

the quadriceps” [2] and later it was commonly referred to as “inclusion body

myopathy 2” or “hereditary inclusion body myopathy” in Western countries.

Genetic analyses by mapping of the causative gene to 9p1-9q1 on chromosome

9 and identification of mutations in the GNE gene in all cohorts clarified that these

disorders are the same condition [7]. These multiple names to one disorder make

confusing for clinicians, researchers, and patients. An international consortium has

recently proposed to rename this disorder as “GNE myopathy” and recommended

only to use this term [8].

In 2001, GNE gene had been identified as a causative gene for GNE myopathy.

After this finding, the several kinds of transcripts from GNE gene were identified.

According to the rule of mutation nomenclature of HGVS, the longest transcript

(hGNE2: NM_001128227) and protein (NP_001121699) should be used to describe

mutations. The protein and transcript originally used are hGNE1 (NP_005467) and

variant 2(NM_005476), respectively, in GenBank. The protein isoform hGNE1

covers 722 amino acids which is 31 amino acids shorter than hGNE2. So, amino

acid numbering of previously reported GNE mutations should be supplemented

with 31 amino acids to adhere to the current nomenclature guidelines [8]. However,

several previous studies have used the shorter protein, hGNE1, and old nomencla-

ture based on hGNE1. To express the information, for avoiding confusion, it was
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also recommended to describe the GNE mutation position with the name of

corresponding transcript or protein, if the research used the specific isoform.

4.3 Clinical Features and Pathological Findings of GNE

Myopathy

The onset age of GNE myopathy is from 15 to 40 years, with the average onset of

26 years. Patients become wheelchair bound for an average of 12 years after the

onset. Serum creatine kinase level is normal to mildly elevated.

Though GNE myopathy is a mildly progressive disease, annual reduction in

summed manual muscle testing, grip power, percent force vital capacity, 6 min

walk test scores, and gross motor function measurement were observed. Among all

the muscles examined, shoulder extension and abduction and knee flexion showed

significant annual decrement [9]. Respiratory dysfunction had rarely been reported

in GNE myopathy patients. In 2012, some of GNE myopathy patients were reported

to have mild but progressive respiratory loss, and some of them experienced

recurrent pneumonia due to reduced airway clearance [10].

In muscle pathology, the most characteristic feature in GNE myopathy is the

presence of rimmed vacuoles (RVs) in myofibers (Fig. 4.1). Some of these RVs

include congophilic materials which have immunoreactivity to amyloid proteins

[11], phosphorylated tau, ubiquitin, and various proteins. Scattered atrophic fibers

are also seen. Necrotic and regenerating fibers or inflammatory cell infiltration is

not common but occasionally can be observed. In ultrastructural observation,

accumulated autophagic vacuoles with amorphous inclusions are seen in the center

of the myofibers making “autophagy buildup” as described in Pompe disease

[12, 13], and the myofibrils neighbor to the autophagy buildup were well

Fig. 4.1 RV in GNE

myopathy muscle. Bar

20 μm
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maintained (Fig. 4.2). Filamentous inclusions with 18–20 nm in diameter are also

seen in the cytoplasm and the nucleus.

4.4 Genetic Cause and Proposed Molecular Mechanism

of GNE Myopathy

More than 100 mutations in the GNE gene have been reported so far [4, 5]. It is

known that different mutations lead to different ranges of severity in symptoms

[4, 5, 14]. For example, the patients with homozygous p.V572L mutations exhibit

earlier onset age and the time from disease onset to wheelchair use is shorter. On the

other hand, the patients with p.D176V mutations show later onset age and most of

them are ambulatory at the older ages.

GNE gene encodes a bifunctional enzyme working on the rate-limiting step in

sialic acid biosynthesis in higher vertebrates. GNE protein catalyzes the

epimerization of UDP-GlcNAc to ManNAc and the phosphorylation of ManNAc

to ManNAc-6-P. The phosphorylated ManNAc eventually is converted to NeuAc

and then CMP-NeuAc. The final product CMP-NeuAc is used as a sialic acid

donor for sialylation of gangliosides or sialoglycoproteins in Golgi (Fig. 4.3).

Sialic acid production is regulated by a negative feedback inhibition of the GNE

activity by CMP-NeuAc. GNE mutations have been reported to lead to decreased

GNE activities, subsequently resulting in the reduction in sialic acid production

in cells.

Although decreased sialic acid production in GNE myopathy has been controver-

sial [15], we have demonstrated the hyposialylation in primary culture cells and

muscles in GNE myopathy patients [7]. Importantly, the hyposialylation in culture

Fig. 4.2 Electron

microscopic findings of

GNE myopathy muscle.

Autophagic vacuoles (black
arrow head) are seen in the

regions with various

cellular debris and protein

deposit (white arrow head).
Multilamellar bodies (black
arrow) are also formed.

Myofibrils (MF) themselves

are maintained to be almost

normal. Sarcolemma (white
arrow) is intact. Bar 5 μm
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cells was recovered to normal level with NeuAc and ManNAc supplementation

[6]. However, no overall hyposialylation in the myoblasts and lymphoblastoid cell

line from GNE myopathy patients had been also reported in other papers [16, 17].

4.5 GNE Myopathy Model Animals

Model animals are essential to elucidate the pathomechanism of diseases and to

develop therapeutic methods. Three kinds of Gne gene-modified mice and gne-
knocked down zebra fish with antisense oligonucleotides have been reported. Two

mice strains with the recessive mutations of M712T and V572L (mutation nomen-

clature is based on GenBank NP_005467) represented the severe glomerular pro-

teinuria without myopathic phenotype [18, 19]. Both mice displayed quite similar

renal phenotypes, enlarged glomerulosclerosis, and podocyte foot process abnor-

malities in the kidney. ManNAc administration to M712T homozygotes and

NeuAc administration to V572L homozygotes could prevent the nephrotic-like

Fig. 4.3 Sialic acid biosynthetic pathway. The initial step in sialic acid biosynthesis is started by a

bifunctional enzyme encoded by the GNE gene: UDP-GlcNAc 2-epimerase which epimerizes

UDP-GlcNAc into ManNAc and ManNAc kinase which catalyzes the phosphorylation of

ManNAc into ManNAc-6-P. The next two steps in the pathway eventually convert ManNAc-6-

P into NeuAc. Activation of free NeuAc into CMP-NeuAc occurs in the nucleus. CMP-NeuAc is

later transported to the Golgi apparatus and used for sialylation of oligosaccharide chains of

gangliosides or sialoglycoproteins in Golgi. CMP-NeuAc regulates UDP-GlcNAc 2-epimerase

activity by negative feedback to determine sialic acid biosynthesis in cells
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phenotypes, suggesting hyposialylation would be associated with the phenotypes.

The zebra fish treated with antisense morpholino to GNE during embryogenesis

showed the impairment of muscle structure, especially reduction in the number of

myofibers and large gap between myofibers in electron microscopy [20]. These

GNE-mutated/GNE-depleted animals unraveled the new function of GNE proteins;

however, these animals must be difficult to be used as the model animals for GNE

myopathy for elucidation of myopathy-causing mechanism and development of the

therapeutic strategy, since these phenotypes were much different from those in

GNE myopathy.

Another model is Gne-knocked out mouse with human GNE transgene with

D176V (Gne�/�•hGNED176V-Tg) [21], which is one of the most prevalent GNE
mutations among Japanese patients. This model (referred to as “GNE myopathy

mice”) represented progressive myopathic phenotype which recaptures those in

human GNE myopathy. The experiments conducted on GNE myopathy mice are

introduced in this chapter.

4.5.1 Phenotypes of the GNE Myopathy Mouse

The Gne�/�•hGNED176V-Tg mice can be littered in Mendelian rate and no

apparent phenotype at birth. The cellular sialic acid levels in various organs other

than the brain were remarkably reduced. The weights of the GNE myopathy mice

were lighter than control littermates, and this difference in weight becomes more

remarkable with age [22]. The motor performance and exercise endurance of the

model mice were worse than their littermates, and the impairment of the motor

performance became evident from the age of 21 weeks and displayed remarkable

disease progression after 31 weeks of age.

In isolated gastrocnemius muscles, peak isometric twitch and maximum tetanic

force showed gradual decrements with age: decrease to 90 % by 10 weeks, 80 % by

21 weeks, 70 % by 31 weeks, and 50 % by 41 weeks. The tetanic force was

markedly reduced after 41 weeks of age, so the twitch-tetanic ratio is significantly

higher in GNE myopathy mice compared with control mice. The gastrocnemius

muscles of the GNEmyopathy mice were smaller as compared with those of control

mice, even in younger age. Furthermore, the muscles demonstrated a steadily

decreasing muscle mass of at least 10–20 % from 31 weeks of age and decreasing

more remarkably from 41 weeks of age. Cross-sectional area-normalized twitch and

tetanic forces showed similar temporal pattern of force reduction in GNE myopathy

mice, but interestingly significant differences between GNE myopathy and control

mice were only seen from the age of 31 weeks, indicating the only atrophy but not

muscle degeneration attributes to muscle weakness in younger age by 30 weeks,

and symptomatic muscle degeneration, which would cause the remarkable reduc-

tion of tetanic force, begins from 31 weeks of age and results in the severe muscle

weakness after 41 weeks.
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4.5.2 Atrophic Change Proceeds Development
of Pathological Hallmarks in Muscles of GNE
Myopathy Mice

No remarkable change in morphological appearance on light microscopy was seen

in the muscles from the GNEmyopathy mice from 10 to 20 weeks of age, except for

minimal variation in fiber size in the gastrocnemius, TA, and QF muscles. The

number of small size fibers increased from 21 to 30 weeks of age in gastrocnemius

and TA muscles, which contribute to the increasing variation in fiber size. From

31 to 40 weeks of age, a few intracellular inclusions, which were Congo red positive

and immunoreactive to various antibodies to amyloid, were observed. The appear-

ance of RVs delayed from 42 weeks (Fig. 4.4). In electron microscopy, the protein

inclusions were observed between the bundles of myofibrils in 30 weeks of age, and

both the protein inclusions and autophagic vacuoles were accumulated in the center

Fig. 4.4 The course of muscle changes in GNE myopathy mouse. No remarkable changes in

morphological appearance, but slight weakness in muscle power is seen from 10 to 20 weeks of

age. The myofiber atrophy is evident from 21 to 30 weeks of age, which contributes to the

increasing variation in fiber size. From 31 to 40 weeks of age, fiber size variation is enhanced

and amyloid protein positive – intracellular inclusions are observed. RVs are seen after 40 weeks
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of myofibers apart from the myofibrils after 41 weeks as observed in human GNE

patients’muscles. This accumulation would be results of active cellular response to

intracellular inclusion proteins, gathering them into central region by intracellular

transport system and inducing macroautophagy process for proteolysis of them.

Fiber-type selective atrophy was not observed at least in gastrocnemius, TA, and

QF muscle. However, surprisingly, almost all fibers that had either RVs or intra-

cellular depositions were type II fibers. In other murine models of muscular

dystrophy and myopathies, the predominant involvement of type II muscle fibers

[23] has been estimated to be due to the increased susceptibility of these muscles to

eccentric contraction-induced damage [24, 25]. In the GNE myopathy mice, this is

interesting since the mechanism underlying the disease is remarkably different from

these other types of murine myopathy models. Interestingly, in a transgenic mouse

overexpressing β-amyloid precursor protein (β-APP), intracellular amyloid deposi-

tion has been reported predominantly in type II fibers [26]. This could suggest that

the involvement of type II fibers may be secondary to susceptibility to oxidative

stress and/or calcium dysregulation attributed to type II fibers. Moreover, in a

mouse which overexpresses β-APP in type II fibers, an increase in resting calcium

and relative membrane depolarization in muscle fibers have been observed and are

thought to represent a mechanism relating β-APP mismetabolism to altered calcium

homeostasis and clinical weakness [27]. Because intracellular amyloid depositions

are key events in muscle degeneration of GNE myopathy mice, these findings may

be of interest for future investigations.

4.6 Treatment of the GNE Myopathy Mouse

We have designed two kinds of the experiments: “prophylactic treatments” that

were aimed to prevent onset of the disorder and “amelioration of myopathy

phenotypes in symptomatic mice” that was aimed to recover the muscle function

from diseased status. The former experiments were also aimed to identify the

effective compounds for administration, to clarify the natures of the compounds

in animal body, and to get the limitation of the treatments and tolerance of the

compounds. The latter experiments were designed as more practical therapeutic

applications using weaker animals and a wide range of severity.

4.6.1 Prophylactic Treatment with Sialic Acid Metabolites

ManNAc was effective in preventing the myopathic symptoms of the GNE myop-

athy mice, equally with low dose (20 mg per kg bodyweight per day), medium dose

(200 mg per kg bodyweight per day), and high dose (2000 mg per kg bodyweight
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per day) [28]. The serum creatine kinase concentration was lowered and motor

performance, body weight, and muscle mass were increased after treatment. The

number of rimmed vacuoles was significantly lower than the mice who received

control treatment. Treatment also increased muscle cross-sectional area and force

production and substantially diminished congophilic, amyloid-positive, or

tau-positive inclusions. There was no apparent dose effect of ManNAc supplemen-

tation in preventing the myopathic symptoms of the GNE myopathy mice. NeuAc

and sialyllactose were also effective for the prevention of disease with lower dose at

20 mg per kg bodyweight per day.

To aim for the enhancement of cellular uptake of the administered sialic acid

metabolites in mice, we used peracetylated ManNAc for prophylactic treatment of

the GNE myopathy mice [29]. Peracetylated ManNAc showed similar recovery of

cellular sialylation at less than 1/10 concentration of regular ManNAc in culture

medium. As expected, cellular sialic acid levels were highly increased to control

levels in all organs including serum, and all aspects in muscle phenotypes, such as

muscle power, size, and pathology, were well recovered to those in control mice.

These results provided us important insights: the properties of supplemented

compounds, timing of treatment and measurement outcomes, for treatment of GNE

myopathy. For the prevention of the disorder, small amounts of metabolites must be

enough. More importantly, since NeuAc and ManNAc are rapidly excreted after

oral administration, the repeated administration and modification of the compounds

for increment of cellular uptake or for sustained release preparation must be

necessary.

4.6.2 Amelioration of Myopathy in Symptomatic Model Mice
by Treatment with Sialyllactose

60-Sialyllactose showed slower excretion into urine than free sialic acid com-

pounds. Treatment with 60-sialyllactose led to marked amelioration of

hyposialylation in muscle and consequently to improvement in the muscle size,

contractile parameters, and pathology as compared to NeuAc [30]. These results

suggest that GNE myopathy is treatable even at a progressive stage and 6-
0-sialyllactose has more remarkable advantage than free sialic acid. These facts

also provided an evidence of concept in the use of slowly metabolized sialic acid in

the clinical trial of patients with GNE myopathy. Much amounts of sialic acid must

be needed to rescue myopathic phenotypes. There are several points that we have to

consider to achieve efficient increase in sialic acid level in peripheral tissues,

including the variation of the recovery effects among the individual mice and the

pharmacological advantages of the less metabolized compounds such as

60-sialyllactose.

4 Molecular Pathogenesis and Therapeutic Strategy in GNE Myopathy 71



4.7 Clinical Trials by Sialic Acid-Related Compounds

After the success of preclinical studies on GNE myopathy model mice with

supplementation of sialic acid metabolites, the clinical trials were carried on in

three places in the world (NIH, Japan, and Ultragenyx) [31]. In this chapter, the

design and the present status of the clinical trial in each place are explained.

4.7.1 Registration of GNE Myopathy Patients

In NCNP, Japan, the patients of GNE myopathy are registered with Remudy,

Registry of Muscular Dystrophy. Remudy of GNE myopathy started in June 2012

and 155 patients were registered by July 2014.

4.7.2 ManNAc

In 2012–2013, a phase 1a study (ClinicalTrials.gov NCT01634750; IND No.78

091) with ManNAc was conducted at the NIH. This was the randomized, placebo-

controlled, double-blind, single-dose study. The aim of this study was to evaluate

the safety, pharmacokinetics, and pharmacodynamics of ManNAc in patients with

GNE myopathy. A total of 22 patients were recruited in three cohorts. The dose

levels investigated were 3, 6, and 10 g in each cohort. ManNAc was safe and well

tolerated in all participants in this study. A multiple-dose study as a phase 1b study

and an efficacy study of ManNAc in participants with GNE myopathy as a phase

2 study are being planned.

4.7.3 NeuAc

From November 2010 to June 2011, phase 1 clinical trial was performed at Tohoku

University in Japan (ClinicalTrials.gov: NCT01236898). Three genetically con-

firmed patients were enrolled and were given 800 mg of NeuAc 3 times a day up to

5 consecutive days. No significant side effects were observed.

Because free sialic acid is rapidly excreted after administration, a slow release

product (sialic acid extended release: SA-ER) was developed by Ultragenyx, a

company involved in developing metabolic treatments for rare diseases. The trial

was started in 2012 by Ultragenyx (ClinicalTrials.gov: NCT01517880). The

46 patients were enrolled and this new drug was orally supplemented. The trial

design was double-blind administration of 2 doses (3 or 6 g per day) of SA-ER and a

placebo control for 24 weeks. This was followed by continued administration of
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either the high or the low dose for an additional 24 weeks. Results of the first phase

of the trial gave a modest improvement in the upper limb functional measurements,

compared with deterioration in the placebo group. Patients with better walking

ability at baseline had a better effect, which suggests that the degree of advance-

ment of this disease may be a factor in the observed response. The serum sialic acid

levels rose significantly as expected. There were no serious adverse events, and

minimal side effects were not dose related.

4.7.4 Intravenous Immunoglobulin G Trial (IVIG)

Immunoglobulin G is a glycoprotein that contains 8 μmoles of NeuAc per gram. In

2005, IVIG was conducted in four patients with GNE myopathy at the NIH

(ClinicalTrials.gov: NCT00195637) [32]. IVIG was infused as a loading dose of

1 g per kg on 2 continuous days followed by 3 doses of 400 mg per kg at weekly

intervals, providing a total of 1.8 mmol (0.55 g) of NeuAc for an average participant

weighing 70 kg, that is, approximately equal to 6 days normal production of NeuAc

(0.3 mmol/24 h). The objective measurements of muscle strength were improved by

IVIG administration (35 % in the quadriceps and 46 % in the shoulders). About

2 weeks after finishing IVIG administration, patients lost the benefit of IVIG.

Distinct histological changes were not observed, possibly because such changes

need longer-term treatment or muscle regeneration. Although the improvements of

muscle strength after IVIG treatments suggest that supplementation of sialic acid

has therapeutic promise, the therapeutic advantages in the use of IVIG, such as

target organs of IVIG and the metabolism pathway of immunoglobulin G to

produce sialic acids, should be considered.

4.8 Conclusion

Sialic acid deficiency might be a critical factor for the pathogenesis of GNE

myopathy. Treatments for GNE model mouse by the supplementation of sialic

acid-related compounds have been successfully conducted. Clinical trials using

sialic acid compounds are in progress.
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Chapter 5

Targeting the Type I TGF-β Receptor

for Treating Caveolin-3-Deficient Autosomal

Dominant Limb-Girdle Muscular Dystrophy

Type 1C and Muscle Wasting Disorders

Yutaka Ohsawa, Shin-ichiro Nishimatsu, Masahiro Fujino,

and Yoshihide Sunada

Abstract Caveolin-3, the principal scaffold protein in sarcolemmal caveolae,

regulates signal transduction and vesicular trafficking. Dominant-negative muta-

tions in the caveolin-3 gene (CAV3) cause autosomal dominant limb-girdle mus-

cular dystrophy 1C (LGMD1C) and autosomal dominant rippling muscle disease

(AD-RMD). Myostatin, a member of the muscle-specific transforming growth

factor (TGF)-β family, negatively regulates muscle growth and volume. We

recently showed that wild-type caveolin-3 binds to and inhibits TGF-β type I

receptor (TβRI), thereby suppressing intracellular TGF-β signaling. In contrast,

LGMD1C-causing mutant caveolin-3 activates TβRI, resulting in muscle atrophy.

Recently, small-molecule compounds suppressing activation of TβRI, also known

as activin receptor-like kinase 5 (ALK5), have been developed as anticancer agents.

Oral administration of a TβRI inhibitor, Ki26894, ameliorates muscle atrophy and

weakness in a caveolin-3-deficient LGMD1C mouse model. The therapeutic effect

of Ki26894 is associated with a reduction in TGF-β signaling and an increase in the
number of muscle precursor satellite cells. This suggests that the caveolin-3/TβRI
signaling pathway plays an important role in the pathogenesis of LGMD1C and that

it regulates skeletal muscle size by controlling the number of muscle precursor

cells. Consequently, drugs that target the TGF-β pathway may have therapeutic

potential for diseases characterized by muscle atrophy.
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5.1 Mutations in the Caveolin-3 Gene Cause Autosomal

Dominant Limb-Girdle Muscular Dystrophy 1C

and Autosomal Dominant Rippling Muscle Disease

Caveolins, 18–24-kDa integral membrane proteins, play a crucial role in the

formation of caveolae, flask-shaped pits in the plasma membrane, in terminally

differentiated cells, such as adipocytes, endothelial cells, and skeletal muscle cells

[1, 2]. Caveolin-1 and caveolin-2 are co-expressed and form hetero-oligomers in

non-muscle cells, whereas caveolin-3 forms homo-oligomers in muscle cells

[3, 4]. De novo synthesized caveolins assemble to form ~350-kDa oligomers in

the endoplasmic reticulum (ER) and are subsequently targeted to the plasma

membrane via the trans-Golgi network. Caveolins participate in diverse cellular

processes, including vesicular trafficking, lipid metabolism, and signal transduction

[1–4]. They bind to and regulate specific lipid and lipid-modified signaling proteins,

including cholesterol, G-proteins, G-protein-coupled receptors, Src family kinases,

Ha-Ras, and nitric oxide synthases [3, 4]. The interaction between caveolins and

these molecules is mediated by a caveolin-binding motif on the target protein and a

scaffolding domain in caveolins [5]. Numerous recent in vitro studies have dem-

onstrated an important role of caveolins in regulating signaling by these various

effectors. However, very few studies have examined the role of caveolins in signal

transduction pathways in vivo [2, 3].

Mutations in the caveolin-3 gene (CAV3) have been identified in autosomal

dominant limb-girdle muscular dystrophy 1C (LGMD1C) and autosomal dominant

rippling muscle disease (AD-RMD) [6]. These mutations cause a significant reduc-

tion in sarcolemmal caveolin-3 protein levels and, to a lesser extent, mistargeting of

the mutant protein to the Golgi complex from the sarcolemma [6–8]. The loss of

caveolin-3 by mutations in CAV3 in LGMD1C/AD-RMD patients may also impact

the function of caveolin-3-binding molecules. Indeed, we and another group have

shown that the enzymatic activity of neuronal nitric oxide synthase, which is

suppressed by caveolin-3 in vitro, is elevated in skeletal muscles in a transgenic

mouse model of LGMD1C and in LGMD1C/AD-RMD patients [7, 8]. Cytokine-

induced nitric oxide production is increased in C2C12 myoblast cells transfected

with LGMD1C/AD-RMD-causing mutant caveolin-3, compared with cells

transfected with wild-type caveolin-3 [8]. Src, a membrane tyrosine kinase that

regulates the balance between cell survival and cell death, is highly activated and

accumulates in the perinuclear region, instead of the plasma membrane, in cells

transfected with mutant LGMD1C/AD-RMD-causing caveolin-3 [9]. Furthermore,

muscle-specific phosphofructokinase, a glycolytic enzyme, is significantly reduced

in cells transfected with LDMD1C/AD-RMD-causing mutant caveolin-3, likely

because of enhanced ubiquitin-mediated proteasomal degradation [10]. Of note,

dysferlin, a protein involved in skeletal muscle repair, is deficient in LGMD2B/

Miyoshi myopathy and is mistargeted to the cytoplasm in skeletal muscle of

LGMD1C/AD-RMD patients, probably due to misdelivery of mutant caveolin-3

to the trans-Golgi network [11]. We previously showed that the ER stress molecule
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GRP78 is upregulated in parallel with the gene dosage of mutant caveolin-3

(CAV3P104L) in skeletal muscle in a rodent model of LGMD1C [12]. Despite the

recent insight into the function of wild-type and mutant caveolin-3, the pathoge-

netic mechanisms underlying LGMD1C/AD-RMD remain fully understood.

5.2 Myostatin is a Promising Therapeutic Target

for Muscle Wasting Disorders

Myostatin, a muscle-specific TGF-β family member, was discovered as a negative

regulator of muscle growth and muscle volume. Overexpression of myostatin

causes severe muscle atrophy, whereas targeted disruption of the myostatin gene

increases skeletal muscle mass in mice [13, 14]. Like most other TGF-β family

members, myostatin is synthesized as a precursor that undergoes proteolytic

processing to generate a peptide with an N-terminal prodomain and a biologically

active C-terminal disulfide-linked dimer [15, 16] (Fig. 5.1a). In the circulating

inactive state, the N-terminal prodomain suppresses the biological activity of the

C-terminal dimer [17, 18]. Once the prodomain is cleaved by BMP-1/tolloid-like

proteases in the extracellular matrix, the C-terminal active dimer binds to and

phosphorylates the activin receptor IIB/IIA (ActRIIB/IIA), a receptor type II

serine/threonine kinase [18, 19]. This, in turn, recruits and phosphorylates activin

receptor-like kinase 4/5 (ALK4/5), a receptor type I serine/threonine kinase, at the

plasma membrane [16, 18–20]. The activation of a heteromeric complex of receptor

type II and type I serine/threonine kinases results in the phosphorylation of intra-

cellular effectors, including the receptor-regulated Smads (R-Smads), such as

Smad2/3 [16, 21]. Phosphorylated R-Smads translocate to the nucleus from the

cytoplasm, where they regulate the transcription of specific target genes leading to

skeletal muscle atrophy [16]. In 2002, Khurana’s group reported that administration

of a neutralizing antibody against myostatin ameliorated symptoms in dystrophin-

deficient mdx mice, including muscle atrophy, muscle weakness, and dystrophic

changes [22]. However, a clinical trial using a humanized neutralizing antibody

against myostatin showed no significant improvement in muscle strength in patients

with Becker-type muscular dystrophy (BMD), facioscapulohumeral muscular dys-

trophy (FSHD), or LGMD [23]. Recently, highly potent myostatin signal blockers

have been developed for clinical application in patients with muscle wasting

disorders. A clinical trial of an antibody against the receptor type II serine/threonine

kinase is currently ongoing in patients with sporadic inclusion body myositis

(sIBM). This antibody, named bimagrumab, was designated as a breakthrough

therapy by the US Food and Drug Administration (FDA) in 2013 [24, 25].
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Fig. 5.1 Caveolins regulate myostatin and related TGF-β signaling at the type I receptor level. (a)
Schematic representation of myostatin and related TGF-β signaling and caveolin-3. Type I serine/
threonine receptor (R) controls intramuscular signaling by activating R-Smad (Smad2/3).

Caveolin-3 suppresses the type I receptor. (b) In vitro autophosphorylation of constitutively active

type I TGF-β receptors, ALK4 and ALK5. Cell lysates from COS-7 cells cotransfected with

FLAG-tagged wild-type or mutant caveolin-3 (CAV3P104L) and HA-tagged constitutively active

ALK4 (HA-caALK4) or ALK5 (HA-caALK5) were immunoprecipitated with anti-HA agarose.

The in vitro kinase reaction was initiated by the addition of kinase reaction buffer and [γ-32P] ATP.
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5.3 Ceveolin-3 Suppresses the Type I TGF-β Receptor:

Relationship to the Pathogenesis of Caveolin-3-

Deficient LGMD1C

Recently, caveolin-1 has drawn considerable attention as a critical regulator of

TGF-β signaling. Caveolin-1 binds to and suppresses activation of the TGF-β1
receptor type I serine/threonine kinase (TβRI), which induces growth arrest in

non-muscle cells [26]. Caveolin-1 facilitates ligand-bound TβRI internalization

and ubiquitin-mediated degradation [27]. In addition, caveolin-1 interacts with

type II and type I receptors for bone morphogenic proteins (BMPs) in vivo

[28]. These findings indicate that caveolin-1 regulates TGF-β signaling at the

receptor level.

Based on the role of caveolin-1 in non-muscle cells, we postulated that caveolin-

3 likely inhibits myostatin and TGF-β signaling in muscle cells. Indeed, we found

several caveolin-3 binding motifs in the cytoplasmic kinase domain of the TβRI
[29]. We cotransfected caveolin-3 and a constitutively active TβRI in COS-7

monkey kidney cells (Fig. 5.1b). We found that caveolin-3 colocalized and

co-immunoprecipitated with the TβRI. Furthermore, phosphorylation of the TβRI
was decreased by wild-type caveolin-3 and, conversely, increased by the P104L

disease-causing mutant caveolin-3 in vitro [3]. These results indicate that wild-type

caveolin-3 inhibits activation of the TβRI, whereas mutant caveolin-3 enhances

activation. Genetic introduction of the myostatin prodomain or administration of

type II decoy receptor (ActRIIB-Fc) drastically rescues muscle atrophy in a

LGMD1C mouse model (CAV3P104L). This therapeutic effect is associated with a

decrease in TGF-β signaling, which is elevated in mutant mouse muscle [29]. Thus,

caveolin-3 normally suppresses myostatin and TGF-β signaling at the type I

receptor level, thereby preventing muscular atrophy. These findings suggest that

excessive TGF-β signaling, triggered by caveolin-3 deficiency, could participate in

the pathogenesis of muscular atrophy in LGMD1C.

5.4 TβRI Inhibitors Potentially Suppress Multiple TGF-β
Signaling Pathways

Small-molecule compounds antagonizing TGF-β signaling at type I receptors

(TβRIs) have recently been developed as targeted drugs for advanced cancer

[30]. Tumor cells in advanced stages become refractory to TGF-β-induced growth

⁄�

Fig. 5.1 (continued) Phosphorylated caALK4 and caALK5 were detected by autoradiography.

Immunoprecipitated caALK4, caALK5, and caveolin-3 were analyzed by immunoblotting with

anti-HA (α-HA) or anti-FLAG (α-FLAG) mAb. Bands corresponding to phosphorylated type I

receptor (in vitro kinase assay), total type I receptor (α-HA), and caveolin-3 (α-FLAG) are shown
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arrest, but often overexpress TGF-β1, TGF-β2, and TGF-β3 [31]. TGF-β family

members promote the epithelial–mesenchymal transition, immunosuppression, and

angiogenesis, resulting in tumor growth and metastasis [31]. Each member of the

TGF-β family binds to the type II receptor, which, in turn, recruits a TβRI. Seven
different TβRIs—activin receptor-like kinases 1–7 (ALK1–7)—determine the

intracellular signaling specificity of the 33 members of the TGF-β family. Small-

molecule TβRI inhibitors were originally developed to compete with the binding of

adenosine triphosphate (ATP) to the kinase domain of ALK5, the TβRI for

TGF-β1–3 [15, 16]. TβRI inhibitors have been found to suppress tumor enlarge-

ment and metastasis in the advanced stages of cancer in animals [32, 33]. Notably,

these inhibitors also suppress a similar kinase domain in ALK4, the type I receptor

for activin, and potentially block ALK4/5, the type I receptor for myostatin

[30]. However, the effects of TβRI inhibitors on activin, myostatin, and

TGF-β1–3 signaling in muscle remain unclear.

5.5 A TβRI Inhibitor Ameliorates Muscle Atrophy

and Weakness in a Rodent Model of Caveolin-3-

Deficient LGMD1C by Impacting Muscle Precursor

Cells

Myostatin suppresses the differentiation of C2C12 myoblasts exposed to low-serum

conditions [34]. Using an efficient retrovirus-mediated gene transfer system [35],

we assessed the effect of a TβRI inhibitor, Ki26894 [33], on the differentiation of

C2C12 myoblasts expressing TGF-β1 or activin A, as well as myostatin (Fig. 5.2a)

[36]. Transferring C2C12 myoblasts expressing an empty vector from high-serum

(growth) to low-serum (differentiation) media caused them to fuse and form

multinucleated myotubes. We then stained the cells with antibodies against myosin

heavy chain (MyHC). Adding Ki26894 to the culture media enhanced myoblast

fusion and myotube formation (Fig. 5.2a, green). In comparison, myotube forma-

tion was impaired in C2C12 myoblasts expressing myostatin, activin A, or TGF-β1
(Fig. 5.2a, blue), compared with controls harboring an empty vector. Notably,

Ki26894 alleviated the impairment in myotube formation induced by the TGF-β
family members (Fig. 5.2a, red). TβRI inhibitors enhance myoblast differentiation

in vitro by suppressing the activity of several members of the anti-myogenic TGF-β
family, including activin, TGF-β1, and myostatin. Ki26894 also prevented the

impairment in myotube formation induced by LGMD-causing mutant caveolin-

3 [36].

We orally administered Ki26894 to a rodent model of caveolin-3-deficient

LGMD (CAV3P104L) from 6 to 16 weeks of age. Muscle atrophy was reduced in

Ki26894-treated animals compared with untreated mice (Fig. 5.2b). Ki26894

increased muscle weight, muscle strength, and myofiber size, as well as centrally

nucleated regenerative myofiber number in the mouse [36]. Furthermore, Ki26894
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Fig. 5.2 TβRI inhibitor Ki26894 (Ki) prevents muscular atrophy in a caveolin-3-deficient

LGMD1C mouse model. (a) Ki26894 suppresses the impairment in myogenesis produced by

myostatin, activin A, and TGF-β1. C2C12 myoblasts expressing an empty vector were grown in
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ameliorated the reduction in the number of satellite cells attached to isolated single

myofibers in the mice (Fig. 5.2c). Ki26894 also increased muscle mass and strength

and elevated the number of satellite cells, in wild-type littermate mice. These

findings indicate that TβRI inhibitors strongly antagonize anti-myogenic TGF-β
signaling and alleviate muscle atrophy.

5.6 Future Directions

As mentioned above, caveolin-3 regulates skeletal muscle volume by suppressing

multiple anti-myogenic TGF-β signaling pathways. Pharmacological intervention

strategies based on TβRI inhibitors are expected to prevent the progression of

muscle weakness better than those based on inhibitors that suppress myostatin

signaling alone. An increase in the number of satellite cells and the enhancement

of myoblast differentiation induced by this type of inhibitor suggests that they may

hold substantial therapeutic potential for the treatment of muscle atrophy in various

diseases, including muscular dystrophies, sarcopenia, and cancer cachexia. To

evaluate their effect on muscle performance, TβRI inhibitors should be tested in

large-animal models of muscular atrophy. However, much additional study is

required before clinical application of these compounds. For example, it is neces-

sary to define the optimal, but nontoxic, dosage of these drugs for the treatment of

individual patients with muscular atrophy. To facilitate this, we have developed an

ex vivo myostatin activity assay as a convenient real-time biomonitoring system to

determine how myostatin signaling is affected by the administration of these drugs

in individual patients [36]. Furthermore, novel delivery systems targeting skeletal

muscles also require development before the full potential of these drugs can be

realized.
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Fig. 5.2 (continued) DMEM containing 10 % FBS (growth medium) and then differentiated in

DMEM containing 2 % horse serum (differentiation medium), without (�) or with (+) 10 nM

Ki26894 for 6 days. The cells were then stained with the muscle differentiation marker myosin

heavy chain (MyHC). (b) Oral administration of Ki26894 ameliorates muscular atrophy. Appear-

ance of de-skinned hind limb from 16-week-old mice treated without (�) or with (+) Ki26894.

Scale bar, 5 mm. (c) Fluorescence images of satellite cells attached to single myofibers isolated

from the EDL muscles of a rodent model of caveolin-3-deficient LGMD (CAV3P104L) at 16 weeks

of age. The white arrow indicates caveolin-1-positive satellite cells
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Chapter 6

Translational Research in Nucleic Acid

Therapies for Muscular Dystrophies

Joshua J.A. Lee and Toshifumi Yokota

Abstract Nucleic acid therapies have gained significant traction in recent years as

a promising new approach to treating various genetic diseases. Such therapies

employ synthetic, small molecules called antisense oligonucleotides (AOs) which

are capable of modulating the transfer of genetic information from nucleic acid to

protein through various mechanisms, including the augmentation of pre-mRNA

splicing and downregulation of expression. Thus, AOs can prevent the incorpora-

tion of genetic mutations causing disease into final protein transcripts as well as

reduce levels of mutant transcripts, potentially ameliorating disease phenotype.

This process, also known as antisense therapy, has recently been the subject of

several preclinical and clinical trials aimed at treating muscular dystrophies.

Thanks to recent advancements in antisense drug chemistries, numerous studies

have demonstrated the safety, tolerability, and efficacy of AOs administered to

patients with Duchenne muscular dystrophy, the most common form of

muscular dystrophy. In the wake of promising clinical trial data, it may well be

that the first federally approved marketable antisense drug for treating muscular

dystrophy could be on the horizon.

Keywords Antisense oligonucleotides • Muscular dystrophy • Exon skipping

6.1 Introduction

A potential therapeutic strategy for the treatment of the muscular dystrophies which

has gained significant momentum in the last several years is antisense therapy.

Antisense therapy involves the use of short, synthetic, nucleic acid-like molecules

known as antisense oligonucleotides (AOs). AOs are designed to bind in a
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sequence-specific manner to target regions on pre-mRNA, whereupon they can

modulate splicing or inhibit protein synthesis through various mechanisms, such as

translational arrest and RNase-mediated degradation of target RNA [1, 2]. By

modulating the transfer of information from transcription to translation, antisense

therapy could provide therapeutic treatment for a wide range of diseases, including

muscular dystrophy, by preventing the incorporation of deleterious disease-causing

mutations found in patients’ genetic information from inclusion in the final protein

product or by silencing the expression of a given mutant protein [3]. This chapter

focuses on antisense oligonucleotides and their use as a therapeutic agent for the

treatment of muscular dystrophies.

6.2 AO History and Early Challenges

The regulatory role of antisense RNA was first alluded to in studies involving

transcription in Phage lambda [4] but was later defined through the study of E. coli
plasmid ColE1, wherein plasmid replication is negatively controlled by antisense

RNAs that modulate the formation of a replication-initiating primer [5–8]. Several

other prokaryotic antisense systems were later described [5, 7, 9–11]. Antisense-

mediated regulation of gene expression through the application of AOs was first

reported by Zamecnik and Stephenson [12] who demonstrated the inhibition of

Rous sarcoma virus (RSV) replication in chick embryo fibroblasts through the

addition of a 13-mer oligonucleotide complementary to the 30- and 50-redundant
terminal sequences of the RSV 35S RNA. Subsequent studies supporting the feasi-

bility of antisense-mediated regulation of gene expression in eukaryotic systems

were conducted using mouse β-actin, chicken thymidine kinase, and Drosophila
hsp26, to name just a few [13, 14]. These early studies helped prepare the way for

translational research utilizing AOs to target specific nucleic acid sequences to treat

human diseases.

As the potential applications for AOs became apparent, so did the challenges and

limitations of early antisense technology. These challenges have, in part, been

responsible for the slow progress of antisense therapeutics into clinical application,

but they have also propelled the breakthroughs that have brought nucleic acid thera-

pies to where they are today; a few such early challenges will be discussed briefly as

follows.

Initially, the method of AO delivery presented a major problem. The effective-

ness of early AO chemistries was greatly hindered by their inefficiency at crossing

the cell membrane, thus being unable to reach their intracellular targets at thera-

peutically beneficial quantities [15–18]. Off-target toxic effects caused by the

immunostimulatory nature of traditional nucleic acids were another challenge

faced by early AOs. Toll-like receptors, key players in the body’s immune response,

can be activated by the hybridization of DNA or RNA and can even recognize some

AO chemistries [19]. Another challenge of AO-based therapies lies in the fact that

depending on the nature of the disease or mutation, a very large proportion of
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nucleic acid targets (possibly greater than 90 %) must be specifically silenced

through direct base-pairing with an AO in order to prove therapeutically beneficial

[20]. Determining biochemically effective concentrations of AOs can therefore

prove quite challenging when compounded with other challenges such as toxicity.

A final challenge to consider in nucleic acid therapy is the intracellular seques-

tration of AOs. Administered AOs can sometimes be taken up and sequestered in

phagolysosomes, oligo-protein complexes, and the reticuloendothelial system [20].

To overcome all of these challenges, AOs have undergone extensive changes in

their chemistries since their initial discovery and development. These chemical

modifications have produced several classes of AOs that exhibit increased stability

and greater effectiveness at reaching and hybridizing with their transcript targets.

6.3 Comparative AO Chemistries

To counter the many opposing barriers which have impeded the development of

effective nucleic acid therapies, many unique chemical modifications have been

developed. These “next-generation” antisense chemistries exhibit improved target

specificity, biological stability, intracellular delivery, and reduced off-target toxic

effects. Some of these AO modifications will be discussed presently.

A widely popular antisense chemistry is the phosphorodiamidate morpholino

oligomer (PMO, morpholino) [21]. Unlike DNA or RNA, base pairs within the

PMO chemistry are bound to morpholine rings rather than the traditional deoxy-

ribose/ribose rings. Additionally, PMOs differ from classical nucleic acid structures

in the design of their backbone which is comprised of phosphorodiamidate linkages

as opposed to phosphodiester linkages [22]. PMO antisense oligos exhibit high

nuclease stability as well as binding affinity for their mRNA targets. PMOs are also

well tolerated and do not activate toll-like receptors, the interferon system, or the

NF-κB-mediated inflammatory response [23]. The encouraging toxicokinetic pro-

file of PMO-based antisense drugs has helped catapult them to the forefront of

clinical research, and there have been several clinical trials employing them as a

potential therapeutic agent for treating neuromuscular disorders. A phase II trial for

Duchenne muscular dystrophy has already been concluded and has yielded very

promising results [24].

Another AO chemistry which has also been the focus of several clinical investi-

gations is the 2’O-methyl phosphorothioate-modified (2’OMePS) antisense oligo

[25]. The increased stability and cellular uptake of this particular AO come from a

20-ribose ring modification and the substitution of sulfur for oxygen groups along its

backbone, creating a phosphorothioate linkage. As mentioned, this AO has demon-

strated its safety and effectiveness through several preclinical and clinical investi-

gations for a host of diseases and is also currently being studied as a potential

therapeutic agent for the treatment of Duchenne muscular dystrophy [26].

While not all AO chemistries have advanced to the clinical trial phase,

many have demonstrated great potential through extensive in vitro and in vivo
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investigations. For example, vivo-morpholinos (vPMOs) are morpholino AOs

conjugated to a cell-penetrating octa-guanidine moiety. These have been shown

to effectively modulate splicing of the FCMD gene for the potential treatment of

Fukuyama congenital muscular dystrophy, as well as facilitate multiple exon

skipping of exons 45–55 and 6–8 in mice and dogs, respectively [27–29].

2’-methoxyethoxy (2’-MOE)-modified oligonucleotides contain 2’-O-alkyl-sub-

stitutions and function as antisense gapmers, supporting RNase-H-mediated cleav-

age of target RNAs [30–32]. Preclinical studies involving 2’-MOE AOs to treat

spinal muscular atrophy (SMA) in the mouse model have shown the ability of this

AO to ameliorate disease pathology in severely affected mice [33]. This antisense

chemistry has been employed by Isis Pharmaceuticals in human clinical trials for

SMA. Isis Pharmaceuticals’ lead candidate drug, ISIS-SMNRx, is designed to target

a splice enhancer region of the survival of motor neuron 2 (SMN2) gene, facilitating
inclusion of exon 7 and producing full-length SMN protein. Current phase II

clinical trials involving children with infantile-onset (type I) as well as type II

and type III SMA have demonstrated the safety and tolerability of ISIS-SMNRx

(clinical trials ID: NCT01703988, NCT01839656).

6.4 Antisense Therapy and Muscular Dystrophy

As newer and more effective AO chemistries have been developed, their potential

to treat a wide range of genetic diseases has been vigorously investigated. One

promising group of genetic diseases for which antisense therapy holds great prom-

ise is the muscular dystrophies. Despite there being more than 30 different types of

muscular dystrophy, with new sub-types being added regularly, only a relative few

have found their way to the forefront of antisense therapy-based investigations.

6.4.1 Duchenne Muscular Dystrophy

Of all the muscular dystrophies, Duchenne muscular dystrophy is the most pre-

valent and, not surprisingly, it is also the foremost muscular dystrophy under

investigation as a target for antisense therapy – specifically, exon skipping therapy

(Fig. 6.1). Antisense-mediated exon skipping is a process that employs AOs to

restore the open reading frame by either removing in-frame mutation-carrying

exons or by removing exons flanking deletions [3, 34]. Numerous in vitro and in

vivo studies have demonstrated the feasibility of exon skipping in the DMD gene

[35–38]. The first successful DMD exon skipping in vitro was demonstrated in

lymphoblastoid cells. In that study, researchers achieved successful skipping of

exon 19 using a 20O-methyl AO targeted to an exon recognition site and delivered

via cationic lipid transfection [39]. The first demonstration of DMD exon skipping

in vivo was shown in mdx mice using a 20O-methyl AO designed to catalyze the
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removal of exon 23 [40]. Lu et al. conducted the first systemic study of AO-

mediated exon skipping in mice and were able to achieve bodywide dystrophin

expression in all skeletal muscles using a 20O-methyl AO chemistry [41]. Systemic

administration of PMOs and local injection of 20O-methyl AOs were able to restore

dystrophin expression in the canine X-linked muscular dystrophy (CXMD) dog

model; furthermore, this was the first successful demonstration of multiple exon

skipping, wherein researchers used a cocktail of multiple AOs to achieve bodywide

skipping of exons 6 and 8 [42, 43]. These discoveries have paved the way for AO

clinical trials, and several have been conducted, with others ongoing or planned in

the near future. The current status of nucleic acid therapies in clinical trials will be

discussed in the section below.

One possible explanation for the remarkable success in antisense-based thera-

pies for the treatment of DMD lies in understanding the pathology of the disease

Fig. 6.1 Mechanism of exon skipping therapy in DMD and DYSF. The deletion of exon 52 in the

DMD gene results in an out-of-frame transcript that does not produce functional protein (upper
left). Antisense oligonucleotides are able to bind in a sequence-specific manner to regions of pre-

mRNA and modulate splicing through interference with the spliceosome, resulting in the in-frame

skipping of exon 51 and restoration of the reading frame (upper right). A nonsense mutation in

exon 32 of the DYSF gene generates a novel stop codon, disrupting the reading frame and

preventing the production of functional protein (bottom left). Antisense oligonucleotides can

bind to a region of exon 32 and prevent incorporation of the exonic sequence into the final

mRNA transcript, restoring the reading frame and producing a truncated protein that may retain

some functionality (bottom right). Phasing or “framed-ness” of each exon is denoted by the shape

of the ends of the exon – ends that fit together are in-frame
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and the changes which take place at the cellular level. Without dystrophin protein,

the structural integrity of the sarcolemma is severely compromised, resulting in

small perforations in the cell membrane [44]. These perforations result in a “leaky”

cell membrane and could help facilitate easier transport of AOs into the muscle

fiber [18]. This would result in the increased likelihood that AOs will be able to

reach their intracellular targets. As discussed previously, cell delivery has always

posed a major hurdle to nucleic acid therapies – but in the case of DMD, it may be

that the very nature of the disease makes it more amenable to this particular kind of

therapeutic approach.

6.4.2 Fukuyama Congenital Muscular Dystrophy

Fukuyama congenital muscular dystrophy (FCMD) is an autosomal recessive

inherited form of muscular dystrophy more commonly associated with the Japanese

population (about 1 in 10,000 births) [45, 46]. The FCMD gene encodes the protein

fukutin, a putative glycosyltransferase [46–48]. Although its exact function is not

fully understood, fukutin is a ubiquitously expressed protein (although expressed at

much higher levels in skeletal muscle) thought to glycosylate cell-surface glyco-

lipids or glycoproteins, including α-dystroglycan, a member of the dystrophin-

associated glycoprotein complex (DGC) [47]. Patients with FCMD harbor a 3-kb

retrotransposon insertion in the 30-untranslated region (UTR) of the gene, which

introduces a splicing error that causes premature truncation of exon 10 [28].

Researchers have successfully utilized a cocktail of multiple vPMOs targeting

intronic and exonic splice enhancers to restore normal fukutin expression and

protein levels both in a mouse model and in human patient cells (Fig. 6.2) [28].

Although initially promising, there have yet to be any further investigations into the

antisense-mediated treatment of FCMD.

6.4.3 Dysferlinopathy

Mutations in the dysferlin (DYSF) gene are associated with three autosomal reces-

sive inherited muscular dystrophies – limb-girdle muscular dystrophy type 2B

(LGMD2B), Miyoshi myopathy (MM), and distal myopathy with anterior tibial

onset (DMAT) – and are collectively referred to as the dysferlinopathies [49–56].

The clinical symptoms of dysferlinopathy present across a wide pathological

spectrum which narrows with disease progression until each subtype becomes

practically indistinguishable. The protein product of DYSF, dysferlin, is a ubi-

quitously expressed transmembrane protein found at higher levels in skeletal and

cardiac muscles where it plays an essential role in vesicle trafficking and plasma

membrane resealing [54]. Providing “natural” proof of principle evidence that exon

skipping could be amenable to treating dysferlinopathies, a female patient was
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previously reported as having a DYSF mutation causing the in-frame skipping of

exon 32. Although the patient had two daughters with homozygous null mutations

and severe LGMD2B, the patient herself presented with only mild symptoms, a

phenotype attributed to the action of truncated DYSF protein caused by her

mutation [57]. These observations drove subsequent investigations into the feasi-

bility of DYSF exon skipping in vitro. One group utilized myoblasts generated from

dysferlinopathy patients to test the effectiveness of 20-O-methyl AOs targeting

exonic splice enhancer/silencer sites and was able to achieve efficient exon skip-

ping of exon 32 (Fig. 6.1) [58]. Another natural observation supporting the potential

therapeutic action of truncated dysferlin comes from the report of a male dys-

ferlinopathy patient who, despite proximodistal muscle weakness, was still ambu-

lant unassisted at 41 years [59]. Intramuscular injections of a viral vector containing

a DYSF construct corresponding to the patient’s mutation were administered to

DYSF-null mice and resulted in significant protein expression and restoration of

Fig. 6.2 Mechanism of antisense therapy in treating FCMD. The addition of a retrotransposal unit

into the 30 UTR of the fukutin gene generates novel splice acceptor and donor sites, resulting in

aberrant splicing and truncation of exon 10. A cocktail of three antisense oligos targeting splice

enhancer regions is able to correct splicing abnormalities and restore protein expression
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membrane resealing ability [59]. As yet, no in vivo investigations have been

reported that assess the effectiveness of AOs in restoring membrane resealing

ability and ameliorating dysferlinopathy phenotype, although several promising

exonic targets have been identified and are under investigation for their amenability

to antisense-mediated exon skipping based on in-frame translational shifts, con-

firmed redundancy, and their disassociation with any reported pathology [60].

6.4.4 Myotonic Dystrophy

Myotonic dystrophy type 1 (DM1) is a multisystemic neuromuscular disease

characterized by progressive muscle wasting, myotonia, cardiac conduction defi-

cits, mental retardation, insulin resistance, and cataracts, although the combination

of these symptoms and their severity varies from patient to patient [61]. DM1 is

caused by an expanded CTG tract in the 30 UTR of the dystrophia myotonica-
protein kinase (DMPK) gene, which is believed to result in RNA-gain-of-function

toxicity [62]. A hallmark feature of DM pathogenesis is aberrant splicing

(spliceopathy). DM spliceopathy is believed to occur due to protein binding with

expanded repeat DMPK transcripts, and these spliceopathies are thought to be

responsible for many DM symptoms, with more than 30 spliceopathic genes having

been identified in DM patients [63–68]. Some spliceopathic genes which have been

implicated in DM pathology, specifically in the progression of myotonia, include

the chloride channel 1 (CLCN1) and muscleblind-like splicing regulator 1
(MBNL1) genes [69–71]. Antisense-mediated degradation of mutant DMPK tran-

scripts and/or the correction of abnormal splicing in DM-related spliceopathic

genes through nucleic acid-based therapy are, therefore, promising avenues for

treating DM1 (Fig. 6.3). Using 20-O-methyl AOs, a novel DM1 myoblast-myotube

cell model, and a well-characterized DM mouse model (HSALR), Mulders et al.

achieved efficient silencing of mutant DMPK transcripts in vitro and in vivo, a

reduction in the amount of RNA nuclear foci, and normalization of spliceopathy in

several affected genes [72]. In human cells, expanded CUG transcripts were

significantly reduced following the addition of AOs, and in DM300-328-XXL

mice harboring a 45-kb human genomic fragment containing human DMPK with

an expanded CTG repeat, there were reduced levels of mutant transcripts following

AO injection into skeletal muscles [73]. In another study, systemically administered

2’-MOE AOs were effective in reducing expanded CUG repeats and nuclear foci

and achieved transcriptome normalization and normalization of splicing in four

genes: sarcoplasmic/endoplasmic reticulum calcium ATPase 1 (ATP2A1 or

SERCA1), titin (TTN), LIM domain binding 3 (LDB3 or ZASP), and chloride

channel 1 (CLCN1) with no signs of toxicity [74]. In the same study, persistent AO

activity was detected up to 1 year following initial treatment and was accompanied

by the sustained amelioration of several myopathic features including reduced

numbers of centrally nucleated fibers and increased muscle fiber diameter [74].
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Focusing on the correction of splicing in CLCN1, researchers employed PMOs to

prevent incorporation of frame-shift-causing exon 7a and were able to suppress

exon 7a inclusion, restore CLCN1 protein expression, rescue channel function, and

reverse myotonia using two different DM mouse models [75]. Another group

achieved amelioration of myotonia in mice who received PMOs delivered via

bubble liposome-ultrasound, highlighting an effective method of AO admini-

stration and further demonstrating the feasibility of AO-based therapies for the

treatment of DM [64].

Fig. 6.3 Antisense-mediated degradation of toxic DMPK expanded repeat transcripts. DM1 is

caused by a CUG repeat expansion in the DMPK gene, which results in spliceopathy in several

other genes. Expression of mutant DMPK transcripts can be silenced through the use of antisense

oligos which catalyze RNase-mediated degradation
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6.5 Current Investigations and Clinical Trials

The road toward implementing AOs in the clinical arena has not been an easy one.

Despite years of study, AOs as a licensed therapeutic agent have had very little

success in reaching the market. To date, only two antisense drugs have ever been

approved by the United States Food and Drug Administration: Vitravene (Isis

Pharmaceuticals, Carlsbad, CA, USA), for the treatment of cytomegalovirus reti-

nitis in HIV-positive AIDS patients, and Kynamro® (Isis Pharmaceuticals, Carls-

bad, CA, USA), for the treatment of familial hypercholesterolemia [3]. Owing to

recent and ongoing advancements in AO chemistries, several major hurdles facing

nucleic acid-based therapies have been overcome. Some major hurdles remain,

such as unknown long-term safety following AO administration, the limited effi-

cacy of AOs in cardiac muscle, and limited applicability (only about 13 % of DMD

patients are amenable to exon 51 skipping) [76, 77]. As research continues in this

field, and it is already advancing at a rapid pace, it may not be long before an

antisense drug for the treatment of muscular dystrophy comes to the clinic.

Based on the status of current clinical trials, the most promising candidate for an

antisense drug is likely to be an AO designed for the treatment of Duchenne

muscular dystrophy. To date, no other form of muscular dystrophy has received

as much exposure in the preclinical and clinical trial world as that of DMD. These

clinical trials have centered exclusively on single exon skipping, with exon 51

being one of the most promising targets [24, 26, 78–81], although clinical trials

involving exons 44, 45, and 53 single exon skipping are also ongoing [2].

One of the leading developers of nucleic acid-based therapeutics is Sarepta

Therapeutics. Their lead antisense drug, PMO-based Eteplirsen, is currently the

focus of phase II/III clinical trials aimed at skipping exon 51 in the dystrophin gene
for treating DMD. According to a recent report from a phase IIb trial, Eteplirsen

significantly improved pulmonary function in patients treated through 120 weeks.

This finding comes in the wake of preceding data from a 120-week study which

found a significant improvement in walking ability in treated patients, as demon-

strated by the 6-min walk test. No clinically significant negative effects due to

Eteplirsen treatment have been reported. Another DMD exon 51-targeting drug, the

20OMePS oligo Drisapersen, was developed jointly by GlaxoSmithKline (GSK)

and Prosensa, and previous phase II clinical trial data demonstrated the safety,

tolerability, and effectiveness of the drug at improving walking distance after 12

weeks of treatment. Unfortunately, Drisapersen did not demonstrate significant

improvement in the 6-min walk test in a more recent phase III clinical trial. As a

result, GSK is no longer involved in pursuing further clinical trials with

Drisapersen, although Prosensa continues to be involved with the drug’s develop-
ment. There are plenty of lessons we can learn from this failure as recently pointed

out [3]. For example, the doses of injections in this trial (up to 6 mg/kg) were much

lower than the effective dose inmdxmice (2 mg/mouse; approximately 75–100 mg/

kg) [41]. A very recent development in DMD clinical trials involves the joint efforts

of Nippon Shinyaku Co., Ltd. and the National Center of Neurology and Psychiatry
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(NCNP, Kodaira City, Japan), which have been developing a PMO-based antisense

drug that facilitates exon 53 skipping in DMD patients. The first clinical trial

involving their lead candidate drug NS-065/NCNP-01 is underway in 2014. This

marks the first ever nucleic acid-based clinical trial in Japan and the first DMD exon

53-targeting clinical trial in the world.

While single exon skipping may be a focus of current clinical trials, future

investigations involving multiple exon skipping could widen the door of appli-

cability for AOs in treating muscular dystrophies, especially DMD. The majority of

DMD patients (about 63 %) with deletion mutations harbor a mutation between the

region of exons 45–55 in the DMD gene, a region known as the “mutation hot spot”

[27, 37]. The development of a novel antisense approach to skipping exons 45–55 in

the human DMD gene could overcome the enormous clinical heterogeneity

observed in DMD by providing a single therapeutic tactic to treating a large

proportion of patients. Furthermore, naturally occurring exons 45–55 deletions in

patients are associated with an exceptionally mild, even asymptomatic phenotype

[27, 35]. Bodywide exon skipping of exons 45–55 has been accomplished in a

mouse model of DMD but has yet to be reported in human cells [27].

With successes in recent clinical trials, ongoing translational research using both

in vitro and in vivo models, and continual advancements in AO chemistries, nucleic

acid therapies for muscular dystrophies have become one of the most rapidly

improving therapeutic strategies in medical research and may soon cease to be a

technology exclusive to just the lab bench or to clinical trial cohorts.
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Chapter 7

Toward Regenerative Medicine for Muscular

Dystrophies

Lessons from Regeneration Processes

Akiyoshi Uezumi and So-ichiro Fukada

Abstract The US National Institutes of Health defines regenerative medicine as

“the process of creating living, functional tissues to repair or replace tissue or organ

function lost due to age, disease, damage, or congenital defects.” In many cases,

physiological regenerative processes give us multiple clues for creating new thera-

peutic methodologies. In skeletal muscle fields, the first attempt at regenerative

medicine was transplantation of myoblasts into Duchenne muscular (DMD)

patients in the early 1990s, but the clinical trials were not successful. At that time,

not much was known about the regenerative process in skeletal muscle. However,

due to the efforts of scientists and progress in technologies, many important

discoveries have emerged. One is the study of muscle stem cells, named satellite

cells, and another is identification of muscle-resident mesenchymal progenitors.

In this chapter, we focus on satellite cells and mesenchymal progenitors and discuss

the newest information concerning them to realize regenerative medicine.

Keywords Muscle satellite cell • Muscle-resident mesenchymal progenitors • Cell

transplantation

7.1 Introduction

Skeletal muscle has great regenerative ability, which depends on muscle stem cells,

also known as muscle satellite cells, and skeletal muscle differentiation is one of the

best models for the study of cellular differentiation. Establishment of myogenic cell

lines, discovery of myogenic transcription factors, and studies of developmental
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myogenesis allow us to understand the outline of regenerative and myogenic

differentiation processes. However, some fundamental issues remain to be eluci-

dated. Among them, molecular regulation of satellite cells in both a steady homeo-

static state and during regeneration is of great interest. In addition, in order to

exploit the efficient regenerative potential of satellite cells, the contributions of

non-myogenic cells are also considered essential. The representative type of non-

myogenic cell is the hematopoietic cell, especially the macrophage, because a lack

of macrophages results in a decreased number of proliferating myogenic cells

and eventually leads to impaired regeneration with fibrosis [1]. In addition to

macrophages, recent studies have shown the contribution of regulatory T cells to

muscle regeneration [2]. Skeletal muscle-resident mesenchymal progenitors, which

were originally identified as a source of both fibrosis and fat accumulation in

muscle [3, 4], have attracted great attention for their vital roles in both undamaged

muscle and muscle regeneration. Similarly, new factors in maintaining the homeo-

stasis of skeletal muscle have been proposed recently, and a deeper understanding

of them will lead to the development of new therapeutic approaches. We introduce

satellite cell and mesenchymal progenitors on the basis of new findings that are

closely related to the progression of muscular disorders, including muscular dys-

trophies, and the establishment of regenerative medicine for skeletal muscle.

7.2 Cellular Components of Skeletal Muscle

Well-recognized cellular components of skeletal muscle are myofibers, endothelial

cells, nerve cells, hematopoietic cells, and satellite cells. The myofiber is multi-

nuclear and the largest cell in the body, surrounded by the basal lamina and

connected to bone via tendons. Except for myofibers, all other cells are mono-

nuclear. When mononuclear cells derived from uninjured skeletal muscle are

analyzed by FACS, endothelial cells account for 60–70 % of them. Endothelial

cells are positive for both CD31 (PECAM-1) and Sca-1, but negative for CD45.

Nerve cells innervate myofibers via neuromuscular junctions and are essential in

skeletal muscle for locomotion. In uninjured muscle, only a few hematopoietic cells

exist, but when muscles are damaged, abundant neutrophils appear and then

infiltration by macrophages follows them [1]. Besides these myeloid lineage cells,

the importance of lymphoid cells in the regeneration process is also reported.

Recent studies showed that a special population of regulatory T (CD4+Foxp3+)

cells controls muscle inflammation and promotes skeletal muscle repair [2].

The most indispensable type of mononuclear cell for muscle regeneration is the

satellite cell, which is known as the physiological stem cell of skeletal muscle [5, 6].

Only satellite cells are found between the basal lamina and plasma membrane

of myofibers [7]. Pax7, M-cadherin, calcitonin receptor, Syndecan4, HeyL, and

Odz4/Ten-m4 are specifically expressed in satellite cells in skeletal muscle [8–14].

Besides satellite cells, many studies have reported other myogenic stems/

progenitors, for example, bone marrow cells, side population (SP) cells, and
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muscle-resident interstitial cells, that can participate in generating myofibers [15–

24]. However, their potentials for generating myofibers are limited. Therefore, they

seem inadequate as cell sources for regenerative medicine. When Pax7-expressing

cells (satellite cells) are conditionally depleted utilizing a CreERT2-DTA (diph-

theria toxin) system, skeletal muscle regeneration is almost completely inhibited

[25, 26]. Therefore, these two studies confirmed the essential roles of satellite cells

during skeletal muscle regeneration. On the other hand, an early response in muscle

hypertrophy does not depend on satellite cells in a compensatory hypertrophy

model mice [27], although satellite cells had been thought to be required for muscle

hypertrophy based on the “myonuclear domain theory.” This study implied that

satellite cells do not contribute to an acute change of myofiber size. On the other

hand, there is a decrease in myofiber size during the lifelong process known as

sarcopenia, the age-related loss of muscle mass. Although the contribution of the

loss of the satellite cell pool to the onset of sarcopenia remains to be elucidated,

many investigations have demonstrated a decreased number of satellite cells and

impaired muscle regeneration in aged animals [28, 29]. In order to reveal the

mechanism of the decline in the satellite cell pool, we need to reveal the molecular

mechanism for maintaining the satellite cell pool. Fortunately, recent studies are

starting to uncover the mechanism, which is expected to lead to the development of

an ideal cell source for regenerative medicine [30–32].

Several types of stem cells or progenitors in the interstitial space of muscle are

reported. Among them, the mesenchymal progenitor was recently identified as the

origin of fibrosis and adipogenesis [3, 4, 33]. Mesenchymal progenitors are positive

for both PDGFRα and Sca-1 and negative for CD31, CD45, and satellite cell

markers. In addition, they do not have myogenic potential; therefore, mesenchymal

progenitors are a completely distinct population of satellite cells. Notably, although

mesenchymal progenitors were originally identified as a cell contributing to a

pathogenic condition, they likely promote successful regeneration as well [34].

The physiological roles of mesenchymal progenitors are largely unknown,

but an elegant in vivo study implied that mesenchymal progenitors play potent roles

in muscle repair [35]. Utilizing Tcf4-CreERT2 knock-in and DTA mice, Mathew

et al. ablated Tcf4+ cells and found impaired muscle regeneration with premature

satellite cell differentiation, depletion of the early pool of satellite cells, and smaller

regenerated myofibers. The direct relationship between mesenchymal progenitors

and Tcf4+ fibroblasts is not fully understood, but Tcf4+ fibroblasts express

PDGFRα. Therefore, we can speculate that the roles of mesenchymal progenitors

overlap with those of Tcf4+ fibroblasts in many aspects. In addition to their roles in

the regenerative process, a supportive effect of mesenchymal progenitors on myo-

fibers has been proposed, even in a steady condition [36]. Taken together, the

mesenchymal progenitor, like the satellite cell, is becoming recognized as an

essential type of cell in skeletal muscle. In order to utilize the full potential of

muscle regeneration for the treatment of muscle disorders, we have to understand

their roles in skeletal muscle biology. Below, we introduce recent research on both

satellite cells and mesenchymal progenitors and discuss their functions in muscular

dystrophies, sarcopenia, and cancer-induced loss of muscle mass (cancer cachexia).
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7.2.1 Satellite Cells

There is no doubt that prior research on embryonic stem (ES) cells enabled the

generation of iPS cells. If there were no established methodology for maintaining

ES cells in an undifferentiated state, it would be impossible to generate iPS cells. In

the same way, in order to expand satellite cells in vitro while maintaining their

original ability, we have to elucidate the maintenance and self-renewal mechanisms

of satellite cells in physiological events. In this part, we introduce a brief history of

satellite cells and the key molecules for maintaining satellite cells.

7.2.1.1 Brief History of Satellite Cells

In 1961, Dr. Alexander Mauro first reported the existence of satellite cells in frog

muscle [7]. Subsequently, satellite cells were discovered in mammalian skeletal

muscle. The name is derived from its specific location. One side of a satellite cell is

directly attached to a myofiber via cell-cell adhesion molecules such as M-cadherin,

and the other side is attached to the basal lamina; therefore, satellite cells are

located between the myofiber and basal lamina. Other types of cells are never

found in this position. Before the satellite cell-expressing molecules were identi-

fied, electron microscopy was the only means to identify and observe satellite cells.

However, identifying the proteins expressed in satellite cells and establishing

methodologies (FACS analysis, single-myofiber culture, and so on) allow us to

observe satellite cells more easily [11, 37–39].

A stem cell is defined as a cell having both differentiation and self-renewal

potentials. In 2008, Sacco et al. transplanted a single satellite cell and demonstrated

that the satellite cell has both potentials [6]. Although there are many reports

indicating the existence of muscle stem cells besides satellite cells, as described

above, many recent studies leave no doubt that the satellite cell is a physiological

stem cell having both differentiation and self-renewal potentials [5, 25, 26, 40].

7.2.1.2 Maintenance Mechanism of Satellite Cells

Like other stem cells, satellite cells are maintained in an undifferentiated and

quiescent state [41]. This state is considered essential for maintaining a satellite

cell pool. In general, each tissue stem cell can be found in a specific location, called

its niche, composed of certain types of cellular and extracellular matrix proteins.

The satellite cell locates beneath the basal lamina and attaches to a myofiber;

therefore, both of them together are thought to create the niche for satellite cells.

In addition, Christov et al. reported that satellite cells exist in close proximity to

endothelial cells [42]. Therefore, endothelial cells might also be a niche cell for

maintaining satellite cells, like hematopoietic, neural, and spermatogonic stem cells

[42–44].
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Recent studies are starting to reveal the molecular mechanism for keeping

satellite cells in an undifferentiated and quiescent state [31]. A report by Seale

and colleagues was the first that showed a decreased number of satellite cells in

genetically modified animals. They found expression of Pax7 in myogenic cells and

discovered the loss of the satellite cell pool in Pax7 knockout mice [12]. Because

Pax7 is specifically expressed in satellite cells in skeletal muscle, Pax7 has been the

best molecule for identifying satellite cells in skeletal muscle. Importantly, the

expression of Pax7 has been also confirmed in across species (human, rodent,

avian). Although Lepper et al. had reported that the role of Pax7 in adult satellite

cells was dispensable [45], two independent groups demonstrated that it was

essential even in adult satellite cells [46, 47]. The discrepancy is likely due to the

construct of Pax7-floxed mice [46].

What is the role of Pax7 in satellite cells? Taking the abovementioned studies

together, Pax7 is involved in both the generation and maintenance of satellite cells.

Originally Seale et al. proposed the specification of muscle satellite cells by Pax7

[48]. Relaix et al. showed the antiapoptotic roles of Pax7 in satellite cells [49]. In

addition to those roles, McKinnell et al. indicated that Pax7 directly regulates Myf5

expression by association with the Wdr5-Ash2L-MLL2 histone methyltransferase

complex that causes methylation of histone H3 lysine 4 [50]. The phenotype of

Myf5-null mice [51] is much milder than that of Pax7-null mice; therefore, other

targets of Pax7 might be also important for the specification and/or survival of

satellite cells. Significantly, Pax7 was used for generating satellite cell-like cells

from human iPS cells [52], demonstrating that Pax7 is one of the important

discoveries in satellite cell biology that promotes the achievement of cell therapy.

Another molecule essential for regulating satellite cells in adult skeletal muscle

is the Notch signaling pathway, which is an evolutionarily conserved intracellular

signaling system. When Notch signaling is activated by its ligand (Dll1, Dll3, Dll4,

Jag1, or Jag2), the intracellular domain of Notch is cleaved by a protease like γ-
secretase and transported to the nucleus [53]. Then, the target genes are transcribed

through interaction with Rbpj. Rbpj-dependent Notch signaling is known as canon-

ical Notch signaling, and the representative target genes of canonical Notch sig-

naling are the Hes (Hairy and enhancer of split) and Hesr (Hes related, also known

as Hey/Herp/Hrt/Ghf/Gridlock) families of bHLH transcriptional repressor genes

[54]. Using conditional ablation of Rbpj in Pax7-CreERT2 mice, two independent

groups have indicated the essential roles of Rbpj for maintaining adult satellite cells

in an undifferentiated and quiescent state [55, 56]. Intriguingly, when satellite cells

in adult skeletal muscle lack Rbpj, they start to show precocious myogenic differen-

tiation following protein expressions of MyoD and myogenin. They eventually fuse

with myofibers and the satellite cell pool is diminished. When C2C12 cells or

primary myoblasts are stimulated by Dll1 (Delta-like 1) or Dll4, Hesr1 and Hesr3

are upregulated [10, 57]. In addition, we observed premature differentiation and

loss of satellite cell pools in Hesr1/3-double knockout mice [10]. Because each

single knockout mouse did not show any significant defect in skeletal muscle

including satellite cells, these results suggest that Hesr1 and Hesr3 have a redundant

effect in maintaining satellite cells downstream of the canonical Notch signal [32].
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Like Pax7, Notch signaling might contribute to the realization of cell therapy.

Parker et al. compared the in vivo reconstitution potential of transplanted cells

stimulated with Notch ligand and control cells and found that the former cells can

engraft in vivo more actively than the latter [58]. The mechanism of Pax7 expres-

sion induction and the type of ligand/receptor for canonical Notch signaling in adult

satellite cells have not been fully determined. Therefore, elucidation of these

regulatory mechanisms will lead to the identification of the in vitro maintenance

conditions for preparing cells for regenerative medicine.

Except for Pax7 and Notch-related genes knockout mice, decreased numbers of

satellite cells are observed in some genetic knockout mice [59–63]. Most gene

knockout mice show a loss of satellite cell pools at a relatively young age [31].

However, the phenotypes of Sprouty 1 (an inhibitor of receptor tyrosine kinase

signaling) knockout mice are quite different. The loss of Sprouty 1 did not affect the

number of satellite cells in uninjured muscle of young mice, but in aged mice

(22 months), the satellite cell pool was diminished by half [64]. They also showed

that this diminishment of satellite cells resulted from accelerated fibroblast growth

factor (FGF) signaling. Therefore, maintenance genes can be divided to two

categories: one is a gene for autonomous regulation, and the other is a gene affected

by a change of environment. The elucidation of both mechanisms is important for

the development of an ideal cell source for muscular disorders.

In addition to coding RNA, noncoding RNA is also essential for maintaining the

satellite cell pool in uninjured muscle. Dicer is an enzyme for generating micro-

RNA. When Dicer is conditionally and specifically deleted in adult satellite cells,

they start to express proliferative markers and eventually undergo apoptosis [65].

Among quiescent stage-specific microRNA, Cheung et al. demonstrated that

mir-489 is critical for a quiescent state of satellite cells through suppressing its

target gene, Dek. Notably, mir-489 is located in the intron of the calcitonin receptor

expressed specifically in quiescent satellite cells in skeletal muscle [9]. The expres-

sions of both mir-489 and calcitonin receptor are downregulated after activation of

satellite cells. During regeneration, re-expression of calcitonin receptors is

restricted to the area where regeneration is mostly completed [9]. Although the

physiological role of calcitonin receptor is unknown, the common expression

mechanism of both mir-489 and calcitonin receptor might be extremely important

to unravel the mechanism for establishment of quiescent satellite cells during

developmental and regenerative processes.

7.2.1.3 Self-Renewal Mechanism of Satellite Cells

As described above, adult satellite cells are maintained in a dormant and undifferen-

tiated state, but when skeletal muscle is injured, these cells start to enter an

activated state. Before proliferating, they begin to express MyoD protein and then

enter the cell cycle. Proliferating satellite cells that express both Pax7 and MyoD

are called myoblasts. When they become more committed to myogenic differenti-

ation, they start to express myogenin and lose Pax7. Myogenin-expressing cells that
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can fuse with each other or myotubes and make multinucleated myotubes are called

myocytes. After myotubes mature, myofibers are innervated and rebuilt. During the

regeneration processes, satellite cells produce self-renewed satellite cells that are

indispensable due to their repeated regenerative potentials. The critical mechanism

of satellite cell self-renewal is unknown, but two basic models have been proposed.

Using cultured single myofibers, Zammit et al. indicated that almost all satellite

cells become Pax7+MyoD+ cells, and then a part of them return to a Pax7+MyoD�

state. On the other hand, Kuang et al. found that satellite cells can be divided into

two populations based on YFP expression driven by Myf5-Cre and that the

Pax7+Myf5�(YFP�) population has more stem cell-like characteristics than the

Pax7+Myf5+(YFP+) population. Intriguingly, when Pax7+Myf5� cells divide on a

plane, most cells generated are Pax7+Myf5� cells. On the other hand, when

Pax7+Myf5� cells do apical-basal division, both Pax7+Myf5� and Pax7+Myf5+

cells (asymmetric division) are generated. However, these cells were observed in

regenerating myotubes/myofibers having central nuclei. Furthermore, Wnt7s pro-

mote the number of Pax7+Myf5� cells [66], and the effect of Wnt7a was acceler-

ated by fibronectin, which is specifically expressed during myotube/myofiber

formation [67]. Therefore, there is a possibility that symmetric and asymmetric

division in Pax7+Myf5� might occur after several cell divisions of Pax7+MyoD+

cells. The self-renewal mechanism of satellite cells is one of the important issues to

be explained.

7.2.2 Mesenchymal Progenitors

In 2010, we identified muscle-resident mesenchymal progenitors [3]. Originally,

mesenchymal progenitors were identified as cells contributing to pathological

changes in skeletal muscle, but, at the same time, we speculated on their support

functions in muscle repair because many mesenchymal progenitors proliferate

actively even during a successful regeneration process. Intriguingly, recent studies

revealed their support functions in muscle regeneration and homeostasis. In this

part, we introduce several pathophysiological roles of mesenchymal progenitors on

the basis of recent reports.

7.2.2.1 Mesenchymal Progenitors as Villains

Fibrosis is a hallmark of pathological conditions with impaired regeneration in

many tissues. In skeletal muscle, accumulation of adipocytes is also observed in

progressed muscular dystrophy patients. In order to identify the origin of the cell

populations involved in fat accumulation and fibrosis in skeletal muscle, we

performed comprehensive FACS-based cell analyses. Although satellite cells

were considered the original source of fibrosis and adipogenesis, we found that a
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non-satellite cell population exclusively contributed to both fat accumulation and

fibrosis in skeletal muscle, and this cell population specifically expressed PDGFRα
[3, 4]. Besides the potentials to produce adipocytes and fibrogenic cells, they can

also differentiate into osteogenic cells [3, 68]. Therefore, we called these cells

mesenchymal progenitors.

Our study clearly demonstrated that only PDGFRα+ mesenchymal progenitors

differentiate into adipocytes and form ectopic fat tissue in skeletal muscle [3]. This

conflicts with the adipogenic potentials of satellite cells proposed by experiments

using a myogenic cell line and single isolated myofiber. Myogenic cell lines are

extremely useful for investigation of many aspects of myogenic differentiation,

but they do not reflect some aspects of characteristics of in vivo satellite cells.

Isolated single myofibers are also widely used for studies of satellite cell biology,

but we have to pay attention to the risk of contamination by non-satellite cells

(including mesenchymal progenitors) attached to the myofiber. Satellite cells were

also proposed as a potent cellular source of collagen-producing cells by a study

using a myogenic cell line [69]. In fact, fibrosis-related genes are detected even in

highly purified primary myogenic cells, but their expression levels in mesenchymal

progenitors are much higher than those of myoblasts, and myogenic cells do not

contribute to or differentiate into collagen-producing cells in the dystrophic condi-

tion [4]. Brack et al. showed that satellite cells in aged mice transdifferentiate into

fibroblastic cells in response to canonical Wnt signaling [28]. Therefore, we cannot

exclude the potential of satellite cells to become fibroblastic cells. However,

given their highly fibrogenic nature, it seems highly plausible that mesenchymal

progenitors are the best candidate for fibrosis-initiating cells in skeletal muscle.

In addition, we could identify a human counterpart to these progenitors by the

expression of PDGFRα [34, 70]. Therefore, their pathological relevance to mus-

cular disorders is further convinced. Taken together, the mesenchymal progenitor is

the most potent origin of adipogenesis and fibrosis in skeletal muscle.

7.2.2.2 Mesenchymal Progenitors and Pericytes

Mesenchymal progenitors reside in the muscle interstitium, and thus, their location

is also distinct from that of satellite cells. Mesenchymal progenitors are more

frequently observed in the perimysium than in the endomysium, particularly in

the perivascular space, but they are distinct from pericytes because they locate

outside the vessel wall and basement membrane of capillaries [3]. The definition of

a pericyte is based exclusively on its anatomic location, where it is bounded by a

common basement membrane with endothelial cells [71, 72]; there is no specific

pericyte marker. Mesenchymal progenitors account for about 5–10 % of whole

mononucleated cells isolated from skeletal muscle [3], but skeletal muscle is known

to have an extremely low percentage of pericytes. In skeletal muscle, there is only

one pericyte per 100 endothelial cells [71, 73]. This is quite a contrast to pericyte-

rich tissues such as the retina or central nervous system, where the pericyte to

endothelial cell ratio is 1:1 [71, 73]. Because endothelial cells account for 60–70 %
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of total mononuclear cells in skeletal muscle, as described earlier, pericytes should

constitute only 0.7 % of all mononuclear cells at most. Although pericytes have

been reported to possess myogenic differentiative potential [74], mesenchymal

progenitors cannot differentiate into myogenic cells. Where do mesenchymal pro-

genitors arise developmentally? We do not know, but we are sure that they do not

originate in bone marrow and that they reside in skeletal muscle before the

beginning of inflammation.

7.2.2.3 Mesenchymal Progenitors and Fibroblasts

The morphology of mesenchymal progenitors is similar to that of fibroblasts, and

there is no marker that distinguishes fibroblasts and mesenchymal progenitors.

Unlike fibroblasts, mesenchymal progenitors have the potential to differentiate

into mesenchymal lineage cells including adipocytes, chondrocytes, and osteo-

blasts. Therefore, the ability to differentiate is the only way to characterize mesen-

chymal progenitors. Sudo et al. showed that primary fibroblasts derived from

various human tissues can differentiate into at least one mesenchymal lineage cell

[75], and mesenchymal progenitors and so-called fibroblasts have much more

similarity than previously recognized [76]. Therefore, many tissues seem to have

their own tissue-resident mesenchymal progenitors which have been considered as

fibroblasts.

7.3 Muscular Dystrophy

Duchenne muscular dystrophy (DMD) is a representative inherited muscular dis-

order that is caused by a mutation in the DYSTROPHIN genes [77]. Besides DMD,

more than 30 different types and subtypes of muscular dystrophies are known, and

most of them lack cell structure-related molecules for sustaining the cell membrane

stability of myofibers. DMD patients exhibit progressive muscle weakness, and

eventually myofibers are replaced by fibrosis and adipocytes. Although the mecha-

nism of progressive muscle weakness is still unknown, it has been believed that a

decline of the ability of muscle regenerative potential results in an increase in the

size of pathogenic areas. Therefore, the loss of satellite cell numbers and function is

considered to be one reason why many muscular dystrophies exhibit progressive

symptoms. In this section, we introduce the relationship between satellite cells and

the progression of muscular dystrophies. In addition, we discuss mesenchymal

progenitors as therapeutic targets for muscular disorders.
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7.3.1 Satellite Cells and Progression of Muscular
Dystrophies

In 2010, we found impairment of the repeated regenerative ability in the DBA/2,

but not C57BL/6, BALB/c, and C3H/HeN strains, and showed that mdx mice

having a DBA/2 background exhibit much severe dystrophic phenotypes than

C57BL/10-mdx, a conventional DMD model mice [78]. The proliferative ability

of DBA/2-derived satellite cells is inferior to that of C57BL/6 satellite cells. This

phenomenon is not limited to mdx mice. Heydemann also observed sever pheno-

types in gamma sarcoglycan-deficient mice having a DBA/2 strain background

compared to 129SV/J and C57BL/6 J strain mice [79]. The same group employed

an unbiased mapping approach and identified a latent TGF-beta-binding protein 4

gene (Ltbp4) as one explanation of the phenotype of DBA/2 J background mice

[80]. Ltbp is considered to be a negative factor for TGF-β activity; therefore,

accelerated TGF-β signaling likely contributes to the pathological progression in

DBA/2-J dystrophic mice. In fact, mutations of LTBP4 are found in humans and

result in increased TGF-β activity in cultured human DMD patient-derived fibro-

blasts [81]. Until now, the phenotype of DAB/2 satellite cells and LTBP4 was

unclear because both anti- and pro-proliferative effects of TGF-β signaling have

been reported during proliferation of myogenic cells [82]. If we can determine the

gene responsible for the low repeated regenerative potential in DBA/2 satellite

cells, the progression of muscular dystrophies might be controlled.

Lamin A/C and emerin are known as causal genes of autosomal-Emery-Dreifuss

muscular dystrophy (A-EDMD) [83] and X-EDMD [84], respectively. Notably,

both molecules are expressed in quiescent satellite cells. In addition, our microarray

analyses reveal that satellite cells express dystroglycan and dystrophin genes [9].

The roles of lamin A/C and emerin in satellite cells are still unknown, but some

causative genes of muscular dystrophy may affect the function and survival of

satellite cells directly, which might determine the severity of symptoms [85]. The

relationship between the causative genes and satellite cell biology is one of the

important issues in understanding each muscular dystrophy and development of

therapeutic approaches.

7.3.2 Mesenchymal Progenitors as Therapeutic Target

Some studies have indicated or implied that PDGFRα+ mesenchymal progenitors

are also positive for Sca-1, ADAM12, Tcf4, CD90, and Tie2 [3, 86, 87]. Among

them, PDGFRα is not only a specific marker for mesenchymal progenitors but also

can be a molecular target for many disorders including muscular dystrophy. Olson

and Soriano generated constitutively active PDGFRα mutant mice and observed

systemic fibrosis including skeletal muscle in these mice [88]. We showed that

PDGF-AA (one ligand of PDGFRα) promotes cell proliferation and expression of
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fibrosis-related genes in PDGFRα+ mesenchymal progenitors [4]. Furthermore, we

showed that a tryrosine kinase inhibitor, imatinib, inhibits the effect of PDGF-AA

on PDGFRα+ mesenchymal progenitors, and we and others indicated that imatinib

ameliorates dystrophic symptoms in the DMD model mice [89–91].

Besides imatinib, many small molecules ameliorate the dystrophic symptoms of

mdx mice. Intriguingly, mesenchymal progenitors might be a direct target of some

of them. Losartan is a blocker of the angiotensin II type I receptor and is widely

used for treatment of hypertension. Cohn et al. showed that losartan improves

skeletal muscle regeneration in mdx and fibrillin-null mice [92]. Fibrillin-1 is a

structural component of extracellular matrix microfibrils that is known to be a

negative regulator of TGF-β activation and signaling. The effect of losartan is

attributed to reduced expression of thrombospondin-1 (TSP-1), which is a down-

stream target of angiotensin II and has the potential to activate latent TGF-β. In our
analyses, mesenchymal progenitors also express TSP-1, and TGF-β induces the

expression of fibrosis-related genes (Col1a1, Col3a1, a-SMA, CTNF) in mesen-

chymal progenitors. Therefore, mesenchymal progenitors might be a direct target of

losartan in the dystrophic condition.

Histone deacetylase (HDAC) is a component of the epigenetic regulator.

Trichostatin A (TSA) is a chemical compound that selectively inhibits mammalian

classes I and II but not class III HDACs. Iezzi et al demonstrated that the expression

of follistatin was upregulated in TSA-treated C2C12 cells compared with control

C2C12 cells [93]. Follistatin inhibits myostatin, a well-known negative regulator of

muscle mass, because myostatin-null mice, cows, and humans exhibit a noticeable

increase in skeletal muscle mass. Follistatin was induced by TSA and then pro-

moted C2C12 recruitment and fusion. The same group also showed that TSA

induced follistatin in myotubes and ameliorated dystrophic symptoms of mdx
mice in vivo [94]. Importantly, TSA enhances the ability of mesenchymal pro-

genitors to promote myogenic activity of myoblasts in vitro and in vivo. Mesen-

chymal progenitors express a much higher level of follistatin than myogenic cells,

and the positive effect of mesenchymal progenitors on myogenesis is mediated by

follistatin [95]. Therefore, the beneficial effect of an HDAC inhibitor on muscular

dystrophy is largely mediated by mesenchymal progenitors. Taken together,

PDGFRα+ mesenchymal progenitors are or will be potent direct targets for the

treatment of muscle diseases.

Muscle CD31�CD45� SP cells [24] are only a small portion of the cells present

during regeneration, but they have characteristics similar to those of mesenchymal

progenitors; therefore, we consider that muscle CD31�CD45� SP cells are a type of

mesenchymal progenitor. In 2008, we showed that co-transplantation of satellite

cells and muscle CD31�CD45� SP cells results in an increased number of satellite

cell-derived myofibers in vivo [96]. Mozzetta et al. reported that co-transplantation

of satellite cells with mesenchymal progenitors resulted in an increased number of

donor-derived myofibers [95]; therefore, co-transplantation of mesenchymal pro-

genitors might be a promising cell therapy to improve the results of satellite cell

transplantation. However, when mesenchymal progenitors are transplanted into a

severely dystrophic environment, they differentiate into adipocytes or collagen-
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producing cells. Therefore, one of the most important issues is the mechanism that

controls the behavior of mesenchymal progenitors and affects the myogenic reconsti-

tution of satellite cells. Regulation of the fate of mesenchymal progenitors will be a

promising therapeutic strategy to treat muscle dystrophy.

7.4 Homeostasis

As described above, satellite cells are essential for skeletal muscle regeneration.

Under conditions of repeated damage like muscular dystrophy, satellite cells

undergo repeated proliferation, which is considered to be one reason why some

muscular dystrophy patients show progressive symptoms. Thus, there is no doubt

that satellite cells are indispensable for sustaining muscle mass and power in

conditions in which there is apparent muscle damage. However, the contribution

of satellite cells to maintaining muscle mass in a non-injured condition is still

controversial. In this section, we discuss the contribution of satellite cells to a

steady condition. In addition, the potent roles of mesenchymal progenitors in

maintaining muscle mass are described on the basis of recent research.

7.4.1 Contribution of Satellite Cells to Steady Condition

Age-related alterations are observed in many organs and tissues. Skeletal muscle

also shows such changes. The age-related loss of skeletal mass is known as

sarcopenia, which will become a social problem due to the increasing proportion

of aged people. Sarcopenia patients exhibit two characteristic alterations in skeletal

muscle. One is the decreased volume of each myofiber, which is referred to atrophy.

The other is a decline in the number of myofibers. The physiological capacity for

generating new myofibers is limited in satellite cells; therefore, many researchers

have considered the relationship between satellite cells and sarcopenia. In fact,

many studies have shown a decrease in the number of satellite cells in aged animals

and humans. However, many factors seem to be related to the onset of sarcopenia,

for example, the nervous system, hormone levels, and availability of nutrients.

White et al. estimated that adult satellite cells proliferate once in 51 days [97]. Like

cardiomyocytes, myofibers might survive throughout the lifetime if they are not

damaged. In this case, satellite cells are not needed to generate new skeletal muscle.

Until now, whether the loss of satellite cell results from or causes a decreased

number of myofibers is not unclear. The long-term analyses of satellite cell-

depleted mice like Pax7-CreERT2::DTA mice will answer this query.
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7.4.2 Contribution of Mesenchymal Progenitors to Steady
Condition

As a mechanism for sustaining skeletal muscle mass, a new concept has emerged.

Roberts et al. demonstrated the essential roles of fibroblast activation protein-α
(FAP)-expressing stromal cells in the homeostasis of skeletal muscle by ablating

them [36]. Both FAP+ cells and mesenchymal progenitors express PDGFRα and are

localized to the interstitial spaces of muscle. Therefore, FAP+ stromal cells appear

to be almost identical to mesenchymal progenitors. Intriguingly, FAP+ cell-

depleted mice exhibited a loss of skeletal muscle mass, followed by a persistent

decrease in follistatin and laminin α2 expression and transitory induction of two

muscle-specific ubiquitin ligases, atrogin-1 and MuRF1. Laminin α2 is a compo-

nent of the basal lamina of myofibers, and mutation in the human LAMININ α2 gene
leads to congenital muscular dystrophy. Although the expression of laminin α2 had
been believed to be restricted to myogenic cells, including myofibers, in skeletal

muscle, we previously showed that CD90+ interstitial cells (which largely overlap

with mesenchymal progenitors) also express laminin α2 protein [86]. Therefore,

there are two possible explanations for the decrease in laminin α2 expression in

FAP+ cell-depleted mice. One possibility is that decreased expression of laminin α2
may result directly from a depletion of mesenchymal progenitors. The other is that

mesenchymal progenitors may provide factor(s) that sustain the expression of

laminin α2 in myofibers and that such factor(s) might be diminished by mesen-

chymal progenitor ablation. Thus, mesenchymal progenitors may be a vital cellular

component in maintaining muscle fibers, even in a steady homeostatic condition

[98].

7.5 Cancer Cachexia

Cancer cachexia is a wasting syndrome accompanying the loss of body weight,

fatigue, and anorexia. A decrease beyond 5 % of body weight in 12 months or less

can be defined as cachexia. Although causative factors for skeletal muscle loss in

cancer cachexia patients remain largely unknown, unusual behaviors of both

satellite cells and mesenchymal progenitors might be involved in the onset or

progress of the loss of muscle weight. Acharyya et al. found fragility of the muscle

fiber plasma membrane in cachectic mice and showed that dystrophin-glycoprotein

complex dysfunction can cause membrane abnormalities [99]. Myofibers are consi-

dered an important cellular component for maintaining the satellite cell pool and

therefore might affect the behavior of satellite cells. In fact, Penna et al. found an

increased number of satellite cells in a cancer cachexia model mouse [100]. In

addition, He et al. found that Pax7 was overexpressed in two types of tumor-bearing

mice (mouse models of cancer cachexia) and that non-myogenic cells become

Pax7+ cells in the environment of cancer cachexia [101]. The Pax7+ cells also
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expressed PDGFRα and Sca-1 cells, which were derived from non-Pax7 expressing

cells; therefore, the fates of mesenchymal progenitors are altered by cancer cach-

exia-inducing factors. Intriguingly, Roberts et al. showed that FAP-dependent

bioluminescence was decreased in cachectic mice [36]. As described above, diminish-

ment of mesenchymal progenitor numbers may lead to a decrease in muscle mass.

Therefore, some cachectic phenomena likely result from the dysfunction of mesen-

chymal progenitors and satellite cells.

7.6 Prospective

Satellite cells show the highest capacity for myofiber reconstitution. This is not

surprising because they function as physiological stem cells during regeneration.

However, it is quite difficult to prepare large enough numbers of them for cell

therapy. Therefore, we have to expand them in vitro without losing their bona fide

potential. In vivo, they are maintained without loss of their capacity during steady

and regenerative processes, which is the maintenance mechanism of satellite cells.

As described, canonical Notch signaling is one candidate signaling pathway that

makes it possible to expand satellite cells while keeping their original potentials,

and canonical Notch signaling is essential for maintaining satellite cells. Thus, deep

understanding of the physiological mechanisms of satellite cells will lead to

successful expansion of an ideal myogenic cell source.

Another cell source for cell therapy is ES/iPS-derived myogenic cells. In this

case as well, the molecular mechanisms of satellite cells offer important clues for

generation of ES/iPS-derived myogenic cells. Studies of satellite cell biology will

continue to provide valuable information to allow the generation of a cell source.

On the one hand, mesenchymal progenitors cannot produce myogenic cells. On the

other, as described above, they are becoming a bona fide target cell for treatment of

muscle dystrophy and other muscle disorders. In addition, they appear to have a

promotive effect on regeneration processes. Therefore, their support function may

be useful for the expansion of satellite cells or ES/iPS-derived myogenic cells in

vitro for effective cell therapy. Furthermore, controlling the properties of mesen-

chymal progenitors in vivo will be a promising therapeutic strategy to treat muscle

dystrophy.
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Chapter 8

Stem Cell-Based Therapy for Duchenne

Muscular Dystrophy

Yuko Miyagoe-Suzuki and Shin’ichi Takeda

Abstract In 1978, Partridge et al. first demonstrated that mouse myoblasts intra-

muscularly transplanted into recipient mice fuse with recipient myofibers. In 1989,

the same research group showed that wild-type myoblasts successfully restored

dystrophin expression in host mdx mice. Based on this report, several clinical trials

of myoblast transfer for Duchenne muscular dystrophy (DMD) have been

performed, but none has been successful in restoration of muscle function. Mean-

while, information about molecular regulation of satellite cells/myoblasts and

cellular and molecular regulation of muscle regeneration has accumulated, and

new types of stem cells with multipotency have been identified in skeletal muscle.

The mesoangioblast is one such stem cell. Notably, mesoangioblasts have been

demonstrated to be deliverable to damaged muscle by intra-arterial injection. In

addition to skeletal muscle-resident stem cells, in 2007, Yamanaka and his col-

leagues reported the induction of embryonic stem (ES) cell-like pluripotent stem

cells from human fibroblasts via the ectopic expression of SOX2, OCT3/4, KLF4,
and c-MYC and named them “induced pluripotent stem cells (iPS cells).” The next

year, generation of iPS cells from cells of patients with DMD was reported. To

utilize iPS cells for regenerative medicine for muscular dystrophies, several pro-

tocols for derivation of skeletal muscle from human ES/iPS cells have been

developed. Lastly, efficient genome-editing tools have emerged as a technology

to obtain genetically corrected autologous cells. To make full use of these new tools

in regenerative medicine, we need to understand how skeletal muscle stem cells are

born, how they participate in regeneration of muscle fibers, and how the process is

impaired in dystrophin-null muscle.
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8.1 Introduction

Stimulated by the discovery of a method to transform ordinary skin fibroblasts into

pluripotent stem cells by Nobel laureate Prof. Shinya Yamanaka, research funding

in Japan has been drastically weighted toward regenerative medicine. Injured

skeletal muscle regenerates well by proliferation and differentiation of skeletal

muscle-specific stem cells (muscle satellite cells), and therefore muscular dys-

trophy is a good target for regenerative medicine. Nonetheless, stem cell transplant-

ation therapy in humans has been unsuccessful until now. In this chapter, the

authors would like to briefly review the history, summarize what researchers are

currently pursuing, and speculate which way we should go.

8.2 Muscle Satellite Cells/Myoblasts Play Key Roles

in Muscle Regeneration

Muscle satellite cells were first identified by electron microscopy in 1961 [1] and

have been shown to be skeletal muscle-specific stem cells [2]. In uninjured adult

muscle, satellite cells locate between the muscle basal lamina and the sarcolemma

of myofibers in a quiescent (G0) and undifferentiated state. When muscle is injured,

satellite cells are activated (and become myoblasts), proliferate, migrate, and fuse

with damaged myofibers. A minor subset of satellite cells self-renew and return to

their niche (Fig. 8.1). Although endogenous satellite cells are powerful enough to

Fig. 8.1 Myoblast transplantation therapy (MMT) for DMD. Endogenous skeletal muscle satellite

cells are located between the basal lamina and sarcolemma of myofibers in a dormant state. Upon

muscle injury, they are activated, proliferate, migrate, and fuse with injured myofibers to regen-

erate myofibers. Wild-type myogenic cells injected into degenerating muscle fuse with host

dystrophin-deficient myofibers in both animal models and clinical trials. Incorporated nuclei

transcribe the normal dystrophin gene, and the hybrid myofibers formed by endogenous and

grafted cells become dystrophin-positive and resistant to mechanical stress. When conventional

protocols for cell transplantation are used, only a small number of injected satellite cells/myoblasts

participate in muscle regeneration, and the engrafted cells are found to fuse only with myofibers

near the injection site. The results suggest that the distance injected cells can migrate is limited. Of

note, grafted myoblasts fuse with regenerating myofibers but not with undamaged myofibers. This

may partly explain the low efficiency of MTT
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regenerate injured muscle, satellite cells/myoblasts in DMD muscle are exhausted

by repeated muscle degeneration/regeneration cycles [3, 4] and gradually fail to

regenerate degenerated muscle, and finally, skeletal muscle tissues are lost and

replaced by fibrotic tissue and adipocytes.

8.3 Myoblast Transplantation Therapy (MTT)

8.3.1 Myoblast Transfer in Animal Models

More than 30 years ago, Partridge et al. first demonstrated that mouse myoblasts

intramuscularly transplanted into recipient mice fuse with recipient myofibers [5].

In 1989, Partridge et al. reported that normal muscle precursor cells from wild-type

mice intramuscularly transplanted into dystrophin-deficient mdx mice fused with

preexisting mdx myofibers and formed dystrophin-positive myofibers [6]. Based on

that report, preclinical and clinical trials of myoblast transplantation began.

8.3.2 MTT (1991–1997)

The studies on MTT for DMD conducted between 1991 and 1997 were disappoint-

ing [7–9]. Failure of the trials was ascribed mainly to poor survival and insufficient

migration of the transplanted myoblasts. Experiments using animal models

suggested that a significant fraction of grafted myoblasts die (or are lost) immedi-

ately after transplantation [10]. It was also pointed out that satellite cells had been

exhausted by expansion in culture and lost their high regenerative potential [11].

However, some researchers argued that current culture protocols might simply be

inappropriate for the expansion of satellite cells/myoblasts, because satellite cells in

their niche expand robustly and regenerate injured muscle [12]. In fact, culture

conditions mimicking in vivo environments might enhance the survival and prolifer-

ation of satellite cells/myoblasts after transplantation [13]. Satellite cells/myoblasts

are supposed to migrate quite short distances from the site of injection. Therefore,

to produce therapeutic effects, the cells need to be injected at multiple sites

at quite small intervals.

8.3.3 High-Density Myoblast Transplantation (2004–2007)

It is widely accepted that satellite cells/myoblasts do not migrate long distances but

fuse only with the myofibers in close contact with them. To overcome this limit-

ation, Skuk et al. performed high-density multiple injection of myoblasts into

muscles of a Duchenne muscular dystrophy patient at 1–2 mm or smaller intervals
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under immunosuppression by tacrolimus [14]. Their attempt successfully produced

numerous dystrophin-positive fibers in a limited area. Interestingly, the same group

has recently reported that transplanted myoblasts can migrate more than several

millimeters in nonhuman primate skeletal muscle [15]. The migration of satellite

cells might be improved under certain conditions.

8.3.4 Local Injection of Autologous Myoblasts for
Oculopharyngeal Muscular Dystrophy (OPMD)

MMT is expected to restore muscle function in myopathies that affect specific

muscles, such as oculopharyngeal muscular dystrophy (OPMD). A French group

performed a Phase I/IIa clinical study of cell therapy for OPMD (clinicalTrials.gov

NCT00773227). Twelve patients received cricopharyngeal myotomy and were

injected with autologous myoblasts prepared from unaffected quadriceps or

sternocleidomastoid muscles. The study verified the feasibility and safety of the

procedures and, importantly, reported cell dose-dependent improvement in

swallowing: the patients injected with more than 178 million myoblasts showed

improvement in swallowing duration, but the patients transplanted with fewer than

178 million myoblasts did not [16]. The observation suggests that the number of

transplanted cells for therapeutic effects has a minimum threshold.

8.3.5 Cell Source Other Than Satellite Cells/Myoblasts

Mesoangioblasts were originally identified as multipotent stem cells associated

with the embryonic dorsal aorta [17]. In human skeletal muscle, a subset of peri-

cytes possesses similar properties [18]. In contrast to satellite cells, mesoangio-

blasts were demonstrated to migrate from the blood into the degenerate muscle and

to ameliorate disease phenotypes of two animal models of muscular dystrophy

(mouse and dog) after intra-arterial delivery [19, 20]. Clinical trials (Phase I/II) of

intra-arterial transplantation of HLA-identical allogeneic mesoangioblasts for

DMD are now ongoing (EudraCT no. 2011-000176-33). The regime includes

immunosuppression of the host.

8.4 Induced Pluripotent Stem Cells (iPS Cells)

Induced pluripotent stem cells (iPS cells), which show properties almost identical to

embryonic stem (ES) cells, can be generated from a wide variety of somatic cells by

overexpression of a set of reprogramming factors ([21–23]. Since Park et al.

reported generation of iPS cells from DMD patients [24], iPS cells have been
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expected to be a potential cell source of autologous cell transplantation for DMD

(Fig. 8.2).

8.4.1 Advances in Methods of Skeletal Muscle Induction

Although it has long been believed that skeletal muscle cannot be easily induced

from ES/iPS cells, several groups have recently reported successful derivation

protocols.

8.4.1.1 Direct Reprogramming of Human iPS Cells into Skeletal

Muscle by Forced Expression of MYOD

More than 25 years ago, MyoD was first isolated as a master gene of myogenesis

because ectopically expressed MyoD induced differentiation of non-myogenic cells

to skeletal muscle [25]. This was the first report of direct reprogramming by

transcription factors. Rao et al. transduced human ES cells with a lentiviral vector

Fig. 8.2 Proposed cell therapy for DMD using patient-specific iPS cells (autologous cell trans-

plantation). Fibroblasts or blood cells from DMD patients are converted into embryonic stem (ES)

cell-like pluripotent stem cells by overexpression of reprogramming factors (originally SOX2,
OCT3/4, KLF4, and c-MYC). After correction of gene mutations using genome-editing tools such

as CRISPR/Cas9, TALEN, or ZFN, iPS cells are induced to differentiate into myogenic cells.

Undifferentiated cells are eliminated to avoid tumor formation, and induced myogenic cells are

transplanted back into the patient’s muscle, where grafted cells are expected to fuse with dystro-

phin-deficient myofibers and also migrate into the niche for satellite cells. To circumvent the long

process of establishment and evaluation of iPS cells, Yamanaka’s team at Kyoto University is

constructing a therapeutic iPS bank, a library of iPS cells with major HLA types. “Ready-made iPS

cells” require only immunosuppression of the host
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encoding a doxycycline (DOX)-inducible MyoD. The protocol takes approximately

10 days to induce multinucleated myotubes in vitro with an induction efficiency of

over 90 % [26]. Tanaka et al. constructed a PiggyBac transposon vector to over-

express MYOD in the presence of DOX [27]. After the cells are switched to muscle

differentiation medium, MYOD starts to activate the genes involved in terminal

differentiation such as contractile proteins and muscle-specific enzymes. This

protocol is able to differentiate human iPS cells into multinucleated myotubes in

a short period. In some iPS lines, however, the efficiency of muscle differentiation

is not 100 %. It remains to be determined whether MyoD-induced cells can be

safely applied to cell therapy of DMD.

8.4.1.2 PAX7-Induced Myogenic Progenitor Cells

PAX7 drives myogenesis together with PAX3 during development and plays

unique roles in postnatal satellite cells (reviewed in [28]). Forced expression of

PAX7 during embryoid body (EB) formation successfully induces transplantable

myogenic cells from human ES cells [29]. Transplanted PAX7-induced myogenic

cells efficiently fuse with host myofibers and restore dystrophin expression and

muscle function in immunodeficient mdx mice. In contrast to the MRF family

(MYOD, MYF5, MRF4, and myogenin), PAX7 alone does not induce fibroblasts

to differentiate into skeletal muscle. Therefore, the differentiation stage of the cells

and timing of the expression of PAX7 in human ES/iPS cells seem critical.

8.4.1.3 Sphere-Based Culture Method Induces Myogenic Stem/

Progenitor Cells from ES/iPS Cells

Recently, Hosoyama et al. reported a new protocol named “EZ-sphere culture” for

derivation of myogenic stem/progenitor cells from human ES/iPS cells [30].

iPS cells are cultured in low-attachment poly(2-hydroxyethyl methacrylate)-coated

flasks and a medium generally used for formation of neurospheres but supple-

mented with high concentrations of human fibroblast growth factor 2 (FGF2) and

human epidermal growth factor (EGF) (100 ng/ml each). In 1 week, human ES/iPS

cells form free-floating spheres and robustly expand (Fig. 8.3). It takes roughly 6

weeks for a sphere to become myogenic. When plated onto MatrigelTM-coated

dishes, cells forming myospheres start to fuse to form multinucleated myotubes and

finally start to twitch. The method is applicable to most human ES and iPS clones

including patient-derived iPS cells. We confirmed the myogenic potentials of a

variety of disease-specific iPS cells, such as Ullrich congenital muscular dystrophy,

Schwartz-Jampel syndrome, congenital myasthenic syndrome, and Duchenne mus-

cular dystrophy (Miyagoe-Suzuki et al. unpublished data). Importantly, some iPS

clones fail to form spheres, and some fail to differentiate into the skeletal muscle

lineage. This might be correlated to incomplete reprogramming of the iPS cells, but

further investigation is needed to determine the cause.
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The percentage of myogenic cells produced in cultures using the original proto-

col described by Hosoyama et al. [30] is not 100 %, and they need purification

before transplantation. To increase the efficiency of myogenic differentiation,

clarification of the molecular mechanisms by which myogenic cells are induced

through sphere formation is required. Myogenic cells induced by the EZ-sphere

method fuse with cardiotoxin-injured muscle fibers in host NOD/Scid mice

(Miyagoe-Suzuki et al. unpublished data).

8.4.2 Genome-Editing Techniques and Autologous Cell
Transplantation

Although whether patient-derived iPS cells and their derivatives are immunogenic

or not when transplanted into the same patient remains controversial (discussed in

[31]), recent tools for genome editing, such as CRISPR/Cas9, TALE nucleases

(TALENs), and zinc finger nuclease (ZFN), are encouraging in that they help us to

Myosphere iPS-derived myotubes

Sphere formation
Chopping

Stemline (SIGMA) 
+100 ng/ml bFGF, 100 ng/ml EGF

p(HEMA) coating
iPS cells

a

cb

100 µm500 µm

Fig. 8.3 Induction of skeletal muscle from human iPS cells by sphere-based culture (EZ-sphere

method). (a) EZ-sphere method. iPS cells are cultured in StemlineTM medium (Sigma-Aldrich S-

3194) supplemented with 100 ng/ml human FGF-2 and 100 ng/ml human EGF in p(HEMA)-

coated flasks, where iPS cells form spherical aggregations and continue to grow. To keep the size

of a sphere between 200 and 500 μm, spheres are cut weekly using a McIlwain tissue chopper. (b)

Spheres are derived from human iPS cells. (c) Myosphere cells fuse and form MF20-positive (red)
multinucleated myotubes on MatrigelTM-coated dishes in differentiation medium (DMEM

containing 2 % horse serum and antibiotics). Nuclei (blue) are detected with Hoechst 33342
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prepare gene-corrected cells from patients for autologous cell transplantation in a

relatively short period. For DMD, in addition to gene correction by homologous

recombination of the mutated region, restoration of the reading frame by exon

skipping at the genomic level or by inserting a small DNA fragment is another

option to obtain autologous cells for therapy (reviewed in [32]).

8.4.3 Problems of iPS-Derived Muscle Stem/Progenitor Cells
Remaining to Be Solved

8.4.3.1 Evaluation of Myogenic Potentials of Myogenic Cells Induced

from Human iPS Cells in Animal Models

So far a limited number of research groups have reported successful engraftment of

human iPS cell-derived myogenic cells in animal models. All studies used immuno-

deficient dystrophin-deficient mdx mice. Recently NSG-mdx4Cv mice, which have

triple mutations, i.e., NOD/Scid, IL2 receptor gamma chain deficiency, and a

mutation in the DMD gene, have been successfully used for xenogeneic transplant-

ation [33]. However, xenogeneic transplantation might underestimate the myogenic

potency of human muscle stem/progenitor cells. On the other hand, in many studies,

the leg muscles of recipient mice are X-irradiated to suppress endogenous satellite

cells and injected with a high dose of cardiotoxin to damage the whole TA muscle

and evoke synchronized muscle regeneration. X-irradiation and cardiotoxin injec-

tion are not physiological and cannot be applied in the clinical setting. Thus,

currently, the efficiency of cell transplantation is being tested in conditions quite

different from clinical settings. The results need to be interpreted with caution.

8.4.3.2 Heterogeneity of iPS Clones in Differentiation Potential

Human iPS cells are heterogeneous in myogenic differentiation potential. Differ-

ences are found even among iPS clones from the same donor. One possible reason

for the heterogeneity is that some clones are incompletely reprogrammed and retain

epigenetic memory of their original cell, which interferes with the differentiation

into the intended lineages. Practically, it would be useful to find characteristic gene

expression patterns or specific markers of highly myogenic iPS clones instead of

empirically testing each iPS clone for myogenic potential.

8.4.3.3 Tumorigenicity of iPS Cell-Derived Myogenic Cells

Human iPS cells vigorously self-renew. Although this property makes them an

attractive source for cell transplantation for devastating diseases, the same property

seems to be related to tumorigenesis by transplanted undifferentiated cells.
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Importantly it is suggested that the risk of tumorigenesis differ greatly among iPS

clones. Therefore, primarily, “good” iPS clones should be selected for clinical

application. How can we know the quality of iPS cells before transplantation?

Koyanagi-Aoi et al. reported the gene expression and methylation patterns of

“bad” human iPS clones, which retain a significant number of undifferentiated

cells after neural differentiation culture and form teratomas when transplanted into

mouse brains [34]. Such a molecular signature would facilitate the selection of

therapeutic cells.

For quality control of iPS-derived cells, it is also necessary to develop sensitive

methods to detect residual undifferentiated iPS cells in differentiated cells.

Kuroda et al. established a qRT-PCR system targeting LIN28 transcripts to detect

low levels (as low as 0.002 %) of residual undifferentiated iPS cells in human iPS

cell-derived retinal pigment epithelial (RPE) cells [35].

Methods for elimination of contaminated undifferentiated cells are also being

developed. The residual undifferentiated iPS cells can be removed by several

methods (reviewed in [36]), including sorting out ES-specific marker-expressing

cells such as TRA-1-60- or SSEA-3-positive cells. Ben-David and Benvenisty also

reported a pharmacological method for ablation of tumor-initiating human ES/iPS

cells [36]. Tumors are also formed by iPS-derived progenitor cells at the inter-

mediate stage of differentiation, but are resistant to terminal differentiation.

Muscle progenitor-like cells or mesodermal progenitor cells refractory to terminal

differentiation might be more troublesome than contaminated pluripotent stem cells

because it is not easy to distinguish clearly differentiation-resistant progenitor cells

from cells that can differentiate into well-differentiated myofibers.

8.5 Regenerative Activity of Grafted Cells Greatly

Depends on Recipient Microenvironments

Survival, proliferation, migration, and differentiation of satellite cells/myoblasts

engrafted into host muscle are affected by the microenvironments around the cells.

Therefore, it is important to provide supportive microenvironments for engrafted

cells.

The extracellular matrix (ECM) is an essential regulator of muscle regeneration.

The basal lamina (BL) is especially important. Upon muscle injury, activated satel-

lite cells migrate along and proliferate on BL, where laminin-integrin and laminin-

dystroglycan interactions are required for survival and proliferation of satellite

cells/myoblasts. Therefore it is natural to speculate that BL or its components

promote the survival, proliferation, migration, and differentiation of the grafted

cells. Indeed, Goudenege et al. reported that intramuscular injection of myoblasts

together with laminin-111 improved the efficiency of myoblast transfer [37].

In response to muscle injury, skeletal muscle-resident mesenchymal progenitor

cells or bipotent fibro-adipogenic progenitors (FAPs) in skeletal muscle are
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activated, proliferate, and facilitate muscle regeneration, but develop into fibrotic

tissues and differentiate into adipocytes in pathogenic conditions [38–41]. Interest-

ingly, FAPs never differentiate into adipocytes or fibroblastic cells after successful

regeneration of skeletal muscle. Fibrosis and fatty infiltration in DMD muscle are

wound-healing mechanisms that compensate for loss of myofibers, but the pheno-

types of FAPs in DMD muscle are no longer supportive of transplanted satellite

cells/myoblasts. We previously reported that co-transplantation of myoblasts and

CD31(�) and CD45(�) side population cells, a subset of FAPs, improves the

efficiency of transplantation [42]. These mesenchymal cells are thought to remodel

the extracellular matrix via secretion of matrix metalloproteinases and to increase

the survival rate and stimulate proliferation and migration by secreting soluble

factors. Co-transplantation of myogenic stem/progenitor cells and mesenchymal

progenitor cells derived from the same autologous iPS cells are an attractive

strategy to improve graft efficiency.

8.6 Systemic Delivery of Myogenic Cells to Musculature

Body Wide

Most muscular dystrophies affect skeletal muscle body wide. Therefore, the final

goal of regenerative medicine for muscular dystrophy is to deliver myogenic stem/

progenitor cells to the whole musculature. So far, mesoangioblasts are the most

promising stem cells because they have already shown therapeutic effects in murine

and canine models of muscular dystrophy by systemic delivery [19, 20]. Human

mesoangioblasts are now in clinical trials for the treatment of patients with

Duchenne muscular dystrophy (https://www.clinicaltrialsregister.eu/ctr-search/

trial/2011-000176-33/IT). However, like satellite cells/myoblasts, mesoangioblasts

have a limited ability to proliferate; therefore, it would be difficult to prepare meso-

angioblasts in good condition on a scale sufficient for clinical trials. To overcome

this limitation, Tedesco et al. tried to induce mesoangioblast-like myogenic cells

from iPS cells. The authors overexpressed MyoD-ER in iPS cell-derived meso-

angioblasts and induced myogenic differentiation in vivo by tamoxifen admini-

stration after intramuscular transplantation [43].

8.7 Conclusion

Satellite cells/myoblasts play central roles in muscle regeneration, and the contri-

bution of cells other than satellite cells/myoblasts to regeneration of myofibers is

negligible. However, transplantation of satellite cells/myoblasts has two major

limitations: (1) it is difficult to prepare satellite cells/myoblasts with high myogenic

potential on a large scale and (2) the migration distance of satellite cells/myoblasts
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is limited, and thus they cannot be delivered body wide. In contrast, mesoangio-

blasts can be delivered systemically. However, mesoangioblasts also reach senes-

cence in culture, inhibiting the preparation of therapeutic cells on a large scale.

Human iPS cells are an attractive cell source for cell therapy of muscular dystrophy

in that they self-renew almost infinitely. Recent progress in methods of induction of

myogenic cells from iPS cells and a lineup of efficient gene-editing tools ensure the

clinical application of iPS cells in the near future. To avoid tumor formation,

establishment of a protocol for quality control of iPS cells and their derivatives is

required.

Muscle regeneration is a dynamic temporally and spatially regulated process,

involving many types of cells and numerous soluble and insoluble factors. For

successful stem cell-based therapy, complete understanding of the roles of the

microenvironments around satellite cells/myoblasts in muscle regeneration is

required. Especially, investigation of the mechanisms of fibrosis and fat deposition

seen in DMD muscle are required for realization of cell therapy for muscular

dystrophies.

Acknowledgments YS and ST are supported by grants from the Research Center Network for

Realization of Regenerative Medicine (Japan Science and Technology Agency), Intramural

Research Grants for Neurological and Psychiatric Disorders of NCNP(24–9), and Grants-in-Aid

for Scientific Research (C) (24590497) (Japan Society for the Promotion of Science).

References

1. Mauro A (1961) Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol 9:493–495

2. Schultz E, Gibson MC, Champion T (1978) Satellite cells are mitotically quiescent in mature

mouse muscle: an EM and radioautographic study. J Exp Zool 206:451–456

3. Blau HM, Webster C, Pavlath GK (1983) Defective myoblasts identified in Duchenne mus-

cular dystrophy. Proc Natl Acad Sci U S A 80:4856–4860

4. Blau HM, Webster C, Pavlath GK, Chiu CP (1985) Evidence for defective myoblasts in

Duchenne muscular dystrophy. Adv Exp Med Biol 182:85–110

5. Partridge TA, Grounds M, Sloper JC (1978) Evidence of fusion between host and donor myo-

blasts in skeletal muscle grafts. Nature 273:306–308

6. Partridge TA, Morgan JE, Coulton GR, Hoffman EP, Kunkel LM (1989) Conversion of mdx

myofibers from dystrophin negative to dystrophin positive by injection of normal myoblasts.

Nature 337:176–179

7. Law PK, Goodwin TG, Fang Q et al (1992) Feasibility, safety, and efficacy of myoblast transfer

therapy on Duchenne muscular dystrophy boys. Cell Transplant 1:235–244

8. Mendell JR, Kissel JT, Amato AA et al (1995) Myoblast transfer in the treatment of

Duchenne muscular dystrophy. N Engl J Med 333:832–838

9. Tremblay JP, Malouin F, Roy R et al (1993) Results of a triple blind clinical study of

myoblast transplantations without immunosuppressive treatment in young boys with

Duchenne muscular dystrophy. Cell Transplant 2:99–112
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Chapter 9

Therapeutic Approach of iPS Cell

Technology for Treating

Muscular Dystrophy

Hidetoshi Sakurai

Abstract Most genetic disorders of skeletal muscle do not have curative treatment

and are limited to palliative care that fails to curb progression. Additionally, for

many myopathies, the pathology remains unclear, although the causative genes

have been identified. Thus, research attempts are underway to develop new treat-

ments for these intractable myopathies, including those based on induced pluri-

potent stem (iPS) cells. In general, iPS cell strategies can be divided into two groups:

those focused on cell transplant therapies in the hope of finding a curative treatment

and those seeking to elucidate the underlying pathology to develop effective drugs.

The transplantation of muscle progenitor cells derived from mouse iPS cells

promotes muscle regeneration in a muscular dystrophy mouse model and restores

muscle strength. Similarly, research using human iPS cells has led to several

methods for inducing muscle engraftable progenitors. Though reports on pathology

studies using patient-derived iPS cells are few, they have shown successful recapitu-

lation of the disease. Here I explain how the induction of differentiation of

human iPS cells into muscle cells with exceptional efficiency and high reproduci-

bility will boost drug development and therapeutic efforts along with providing

detailed understanding of myopathies.

Keywords iPS cell • Cell therapy • Disease modeling • Drug screening

9.1 Introduction

Pluripotent stem cells are capable of considerable proliferation and are theoretically

able to differentiate into any kind of somatic cell, which gives them promise as a

source of cells for various transplant therapies. Induced pluripotent stem cells (iPS

cells) are pluripotent stem cells that were derived by introducing and expressing

specific genes into somatic cells [1, 2]. They share many properties with another
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pluripotent stem cell, embryonic stem cells (ES cells), but have two significant

advantages: (1) in transplantation therapy, the rejection reactions can be much

lower since iPS cells are derived from patient’s cells whereas ES cells come from

another source, and (2) iPS cells have fewer ethical concerns since fertilized eggs

are not destroyed in the process. Already, research on iPS cells in cell transplant

therapies is being carried out for many intractable diseases such as age-related

macular degeneration [3] and spinal cord injuries [4].

There is now a concerted effort to expand the use of iPS cells in cell transplant

therapies to skeletal muscle diseases, including intractable myopathies such as mus-

cular dystrophy. Currently, satellite cells, which are in vivo skeletal muscle stem

cells, are considered the best source of cells for transplant therapy [5, 6]; however,

current culturing methods cause satellite cells to differentiate into myoblasts, which

have limited regenerative ability and therefore compromises their use for cell trans-

plant therapy [5]. Alternatively, there has been an effort to transplant the embryonic

origin of satellite cells, namely, muscle progenitor cells, into host skeletal muscle and

then induce their differentiation into normal satellite cells in vivo. ES [7] and iPS cells

are recognized as potential sources for generating muscle progenitor cells. If ES/iPS

cell-derived muscle progenitor cells could form satellite cells and repeatedly regener-

ate and proliferate when transplanted into the skeletal muscle, effective muscle

regeneration would be possible even with only few transplants.

Another therapeutic approach using iPS cells is drug screening and drug devel-

opment. Because iPS cells are derived from patients with intractable diseases,

inducing them to differentiate into a specific cell type, i.e., the diseased cell type,

offers a new human model that reproduces the pathology in vitro for drug testing

[8]. To date, knockout mice have been used as primary disease models; however,

knocking out human orthologous genes in these models often fails to reproduce the

disease pathology. Further, drugs developed using mouse models are too frequently

ineffective in humans. Consequently, pathology models constructed from human

cells are quintessential for future drug development. Presently, myoblasts from

Duchenne muscular dystrophy (DMD) patients are the most common cell source for

modeling the pathological condition [9]. Yet DMD patient myoblasts show certain

phenotypes that make them unreliable for disease modeling. For example, patient

skeletal muscles vary in nature from individual to individual depending on various

factors such as genetic background, age, and medical history. Furthermore, muscle

cell differentiation from DMD patient myoblasts is delayed and has poor prolifer-

ation capacity compared to those of healthy individuals [10–12]. Finally, the

repetitive regeneration of DMD muscle could reduce the proliferation potential of

the muscle satellite cells, again making the model design difficult [13, 14]. These

DMD myoblast phenotypes are considered secondary effects of chronic inflam-

mation and therefore may not well represent the actual primary pathogenesis.

On the other hand, since the establishment of human iPS cells in 2007 [2], iPS

cell-based disease models have become invaluable resources for the study of disease

mechanisms and drug screening [15, 16]. Because of their unlimited proliferation

potential, patient-derived human iPS cells have tremendous advantages in drug

screening over patient-derived somatic cells such as myoblasts or fibroblasts.
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Myoblasts induced from patient-derived iPS cells allow us to investigate primary

pathogenesis which is generated by the loss of dystrophin itself without the conflation

of secondary effects due to chronic inflammation. Additionally, myogenic differenti-

ation from iPS cells allows us to repeatedly produce a large number of intact and

homogeneous myotubes from healthy subjects and DMD patients in vitro.

Just as it was possible to identify a drug target through the accurate understand-

ing of pathology in a genetic disease such as a sialic acid for GNE myopathy [17], a

detailed analysis of pathogenesis in other intractable myopathies is also warranted.

The majority of intractable myopathies are genetic disorders, and there is a high

expectation that their pathology can be reproduced using in vitro models drawing

on genetic information contained in patient-derived iPS cells.

This chapter will discuss how iPS cells are being used in cell transplant therapy

and drug discovery for myopathies as well as studying the pathology of the disease.

9.2 Approaches for Cell Therapy

9.2.1 Basic Studies of Cell Therapy Using Mouse ES/iPS
Cells

Using mouse models, muscle regeneration therapies based on the induction of

mouse pluripotent stem cells to differentiate into skeletal muscle progenitor cells

are being developed for transplantation experiments. Various methods have been

reported to induce mouse ES cell differentiation to skeletal muscle. Darabi et al.

were the first to successfully treat muscular dystrophy in a mouse model [18]. They

produced skeletal muscle progenitor cells with high efficiency by forcing the

expression of an indispensable transcription factor in the formation of skeletal

muscle, Pax3, in ES cells using a tetracycline induction system. However, when

whole differentiated cells were transplanted into mice, teratomas, a major adverse

effect of ES cell transplants, occurred due to mixing with undifferentiated cells.

Using a DMD mouse model (mdx mice), they transplanted a purified cell fraction

that included PDGFRa positive and Flk1 negative, which are markers for

somite and paraxial mesoderm [19], which is the embryonic origin of skeletal

muscle [20]. The transplanted cells fused to host myofibers and the muscle fibers

expressed dystrophin which is encoded by Dmd, a causative gene of DMD. Further-

more, the contractile force of isolated skeletal muscle and motor function of treated

mouse improved. Additionally, engraftment and regeneration were found not only

with direct administration to the skeletal muscle but also via vascular administration.

However, it was still unclear at that time whether the transplanted cells were

engrafted as satellite cells or were just fused to host myofiber like myoblasts.

In the same year, I and colleagues induced the differentiation of mouse ES cells

into mesoderm cells in 2D culture without forcing gene expression and found that

the PDGFRa-positive fraction contained skeletal muscle progenitor cells [21].
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In vivo differentiation into satellite cells was reported when these PDGFRa-positive

cells were transplanted into mice with muscle damage. A portion of the trans-

planted, ES cell-derived cells expressed Pax7, which is a known molecular marker

for satellite cells, and differentiated into multinucleated, mature muscle fibers when

isolated from live mice and cultured, although the efficiency of the differentiation

was low. Chang et al. induced the differentiation of mouse ES cells into mesoderm

cells by embryoid body formation and succeeded in isolating cells with a high

capacity for muscle regeneration [22] by using markers specific to resting-state

satellite cells called SM/C-2.6 [23]. Dystrophin expression was restored by locally

transplanting these cells into the skeletal muscle of mdx mice, and their differen-

tiation into satellite cells was confirmed. Additionally, when the ES cell-derived

satellite cells were isolated from skeletal muscle and transplanted again, they fused

to skeletal muscle as expected, confirming their differentiation into satellite cells

in vivo. This work is the first published report to show mouse ES cell-derived cells

differentiated into functional satellite cells and to demonstrate repeated muscle

regeneration in vivo. In 2011, Darabi et al. showed that mouse ES cells could be

induced to become skeletal muscle progenitor cells through forced expression of

not only Pax3 but also Pax7 [24]. In this report, the transplanted ES cell-derived

cells differentiated into Pax7-positive cells in vivo and exhibited regenerative

capacity, indicating that the Pax7-mediated ES cell-derived muscle progenitors

were engrafted as functional satellite cells.

Following the development of mouse iPS cells [1], SM/C-2.6-positive cells were

isolated from mouse iPS cells and found to engraft as satellite cells in vivo the same

way as mouse ES cells [25]. Later, it was discovered that mouse iPS cells could also

be induced to differentiate into skeletal muscle progenitor cells by the forced

expression of Pax7 [26]. Moreover, mouse iPS cells were induced to differentiate

into PDGFRa-positive/Flk1-negative cells without genetic recombination and

found to engraft as satellite cells in vivo following transplantation [27]. Thus, the

myogenic progenitor production found in mouse ES cells was reproduced in mouse

iPS cells, demonstrating that mouse iPS cells are equivalent to mouse ES cells in

their ability to differentiate into muscle cell lineages based on the induction of

satellite cells.

9.2.2 Basic Studies of Cell Therapy Using Human ES/iPS
Cells

Parallel to the mouse studies above, research on the induction of human pluripotent

stem cells for differentiation into satellite cells is being conducted for clinical appli-

cation in cell transplant therapies. These studies are expected to be especially

effective, because human iPS cells can be obtained from the patients themselves,

which reduces the immune rejection response. However, since muscular dystrophy
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is a genetic disease, patient cells cannot be used as a treatment strategy without gene

repair. Although the dystrophin gene, the causative factor of DMD, is a very large

gene, which makes complete repair difficult, Kazuki et al. succeeded in patient-

derived iPS cells using artificial human chromosome techniques [28]. Due to this

advancement, expectations for research in the development of muscle stem cell

transplant therapies using iPS cells have grown.

The first induction of human ES cells to differentiate into myoblast cells was

reported in 2007 [29]. In that paper, surface marker molecules such as CD73 and

NCAM were used to isolate myoblast cells, which were obtained approximately

50 days after induction. Although these cells did not turn into satellite cells upon

transplantation, they did show similar local regenerative capability. However, the

differentiation potential varied tremendously between human pluripotent stem cell

clones, including those established from the same donor [30]. Although a very

interesting finding, because thismethod is difficult to reproduce, alternative induction

protocols have been sought. Two include using either a TGF-beta signal inhibitor,

SB-431542 [31], or retinoic acid [32]. However, while both promote the differenti-

ation of skeletal muscle, neither could be used to induce differentiation into satellite

cells nor to achieve successful engraftment. Subsequently, similar to mouse ES/iPS

cells, it was reported that progenitor cells, including those derived from human iPS

cells, with the ability to differentiate into muscle are present in the PDGFRa-positive/

Flk1-negative population, although again, differentiation into satellite cells and

engraftment in vivo was not observed [27]. Awaya et al. succeeded to induce

differentiation into skeletal muscle progenitor cells using an improved culturing

method and marker-based separation without performing forced gene expression

[33]. They found that human iPS cell-derived muscle progenitors differentiated

into Pax7-positive satellite cells in vivo when transplanted into cardiotoxin treated

regeneration model muscle of immunocompromised mice.

Since then, many important reports on cell transplant therapy using muscular

dystrophy mouse models have been published. Darabi et al. applied a method

originally used to induce skeletal muscle progenitor cells from mouse ES/iPS

cells on human ES/iPS cells and succeeded in obtaining skeletal muscle progenitor

cells with high efficiency by forced Pax7 expression [34]. There, human ES/iPS

cells were first differentiated into mesoderm cells using the embryoid body

(EB) method, and then time-specific expression of Pax7 was forced using a

tetracycline-inducible system. After purifying Pax7 positive cells, the cells were

induced to become muscle progenitor cells at a purity of 99 % when cultured with

continuous forced expression of Pax7. When these skeletal muscle progenitor cells

were transplanted into immunocompromised mdx mice, human nucleus-positive/

human dystrophin-positive muscle fibers were formed, and it was found that the

transplanted cells participated in the muscle regeneration. Additionally, some of the

transplanted cells engrafted into muscle fibers as Pax7-positive satellite cells, and as

much as a year after transplantation, human/dystrophin-positive muscle fibers were

confirmed, suggesting that the transplanted cells participated in the repair as

satellite cells for long term in vivo. Unfortunately, despite these promising results,
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this method involved a lentivirus vector for recombination into the genome, which

is considered unsafe for clinical purposes.

Similarly, Tedesco et al. reported successful muscle regeneration by inducing

human iPS cells to differentiate into cells that had characteristics similar to fetal-

stage vascular progenitor cells called mesoangioblasts and subsequently trans-

planting these cells into diseased muscles of limb-girdle muscular dystrophy 2D

model mice [35]. They reported that human iPS cells could differentiate into

mesoangioblast-like cells that were previously established from human periarterial

cells [36] by changing the culture conditions at four different stages over a 1-month

period. Though these iPS cell-derived mesoangioblast-like cells rarely produced

skeletal muscle spontaneously in vitro, if the master gene for skeletal muscle

differentiation, myogenic differentiation 1 (MyoD1), was forcibly expressed during

transplantation into a mouse model, the cells could adhere to the mouse muscle

fibers and participate in the muscle regeneration. Furthermore, engraftment in the

skeletal muscle was verified not only by intramuscular injection but also by

administration into the arteries, suggesting that the iPS cell-derived meso-

angioblast-like cells are excellent progenitor cells capable of systemic admini-

stration into model animals. The same team also succeeded in inducing

mesoangioblast-like cells in iPS cells derived from muscular dystrophy patients.

However, differentiation into satellite cells in vivo was not obtained. Following that

work, Goudenege et al. reported that by inducing differentiation of human ES/iPS

cells into mesenchymal cells over approximately a week and then forcing the

expression of MyoD1 using an adenovirus vector, skeletal muscle progenitor cells

could be generated with an efficiency of approximately 40–60 % [37]. They showed

that, through intramuscular injection, iPS cell-derived skeletal muscle progenitor

cells could provide a similar level of muscle regeneration to myoblast cells. They

also succeeded in inducing differentiation in iPS cells derived from muscular

dystrophy patients. However, differentiation into satellite cells in vivo was again

not obtained. Additionally, while adenovirus vectors offer the advantage of

avoiding recombination with the genome, they are considerably immunogenic

such that a different vector is desirable for clinical use. The above studies show

that successful muscular regeneration following transplantation can be achieved by

inducing muscle progenitor cells through the forced expression of Pax7 or MyoD1.

More recently, however, Xu et al. induced the differentiation of engraftable muscle

progenitor cells to skeletal muscle following transplantation without any gene

modification by using a differentiation culture with additives including the respec-

tive bFGF and Wnt signal agonists Bio and forskolin [38].

These findings demonstrate the use of human iPS cell-derived cells for muscle

regeneration in mouse dystrophy models. The discovery of markers such as Pax7

will be instrumental in verifying whether satellite cells can be induced from hiPSCs

and whether posttransplant engrafted cell populations really function as satellite

cells. Future work is also required to evaluate the efficacy and safety of these

transplant therapies by analyzing the motor function of individual mice and

expanding the long-term observations of these transplantations in animal models

with long life-spans such as dog.
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9.3 Approaches for Drug Screening Followed by Disease

Modeling Using Patient-Derived iPS Cells

9.3.1 Establishment of Efficient and Reproducible
Differentiation Methods from Human iPS Cells
to Muscle Cells

Drug development research using patient-derived iPS cells requires a highly effi-

cient and reproducible method for inducing the differentiation to the target tissue.

However, even as research into skeletal muscle progresses, most reports to date

about the induction of human ES/iPS cells for differentiation into skeletal muscle

cells are poor in these metrics. In order to initiate skeletal muscle differentiation, we

forcibly expressed the master transcription gene, MyoD1, in undifferentiated

human iPS cells to achieve an efficiency approaching 90 % [39]. MyoD1 expression

was controlled by using a tetracycline-responsive vector in an extremely simple

method that involved only the addition of doxycycline to the culture medium. The

reproducibility and efficiency of this method is extremely high even when carried

out on various iPS cell lines including patient-derived iPS cells [39]. Moreover, the

cells induced by this protocol showed promising phenotypes, including fusion with

each other and contraction upon electrical stimuli, indicating mature muscle cells

[39]. Through comprehensive gene expression analysis and structural analysis

using electron microscopy, we showed that these iPS cell-derived muscle cells

exhibited similarities to primary myoblasts obtained through human biopsies

[39]. Utilizing the above results, we carried out studies to reproduce pathologies

in muscle cells differentiated from patient-derived iPS cells, as described below.

9.3.2 Modeling Muscular Dystrophy Using Patient-Derived
iPS Cells

9.3.2.1 Modeling Miyoshi Muscular Dystrophy

Miyoshi myopathy is an autosomal recessive, hereditary distal myopathy that was

first reported by Miyoshi et al. in 1986 [40]. The disease may present itself from the

age of 10 years and causes difficulty in walking or standing on the toes. It is a

progressive disease with gradual muscle loss, and the causative gene was identified

as the dysferlin gene [41]. It was confirmed that dysferlin functions to repair muscle

cell membranes [42], and it is believed that the muscle cells become damaged due

to delayed membrane repair, which leads to the onset of the myopathy [43].

However, the mechanism by which the delayed membrane repair causes the

degeneration and death of muscle cells is not well understood. We aimed to

reproduce this abnormal muscle cell membrane repair pathology using iPS cells

derived from Miyoshi myopathy patients. Adopting the forced expression of
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MyoD1 described above, we induced mature muscle cells from Miyoshi myopathy

patient-derived iPS cells with high efficiency [39]. Compared to healthy control

cells, there was no difference in the induction efficiency, rate of differentiation, or

marker molecule expression in the cells obtained. Next, to reproduce the muscle

repair pathology, a membrane damage experiment was performed using

two-photon laser confocal microscopy, whereby the differentiated muscle cells

were perforated by laser irradiation. The time required for membrane repair was

calculated by measuring the time taken for a fluorescent dye added to the culture

medium to be taken into the cells. Because repair of the muscle cell membrane

occurs on a timescale of a few seconds for healthy control iPS cell-derived muscle

cells, we found that these cells did not increase their uptake of fluorescent com-

pounds after 1 min. However, for muscle cells from Miyoshi myopathy patient-

derived iPS cells, the intake of fluorescent compounds continued even after 5 min

[39]. As mentioned earlier, clones of human iPS cells show a large variation in

differentiation potential [30]. To verify that the differences between healthy control

cells and patient-derived cells were not due to the variation between clones, gene-

repaired, new patient-derived iPS cells were produced whereby dysferlin was

restored by the forced expression of dysferlin cDNA. These cells were made to

differentiate into skeletal muscle cells, and, on carrying out similar membrane

damage experiments, it was found that the prolonged fluorescent compound uptake

was shortened compared to that before the restoration [39]. In other words, we

successfully reproduced the pathology of the lengthened membrane repair time and

found that it was clearly due to dysferlin deficiency.

Based on these results, we are developing new methods of a membrane damage-

inducing system which can be adopted for multi-well plate-based drug screening. It

is expected that in the near future, drug screening using muscle cells from patient-

derived iPS cells to augment muscle cell membrane repair will be possible.

9.3.2.2 Modeling Duchenne Muscular Dystrophy

DMD is a severely debilitating and intractable disease that occurs in 1 of every 3,500

male children born [44]. It is caused by damage or mutation of the dystrophin gene on

the X chromosome [45], which leads to muscle degeneration caused by progressive

inflammation and necrosis of the skeletal muscle. The disease has an exceptionally

poor prognosis, with management using artificial respirators by the time the patient is

in his 20s and death in his 30s. At present, there is no curative treatment, with steroids

being the only drug used to slow progression [46]. Collaborative international clinical

trials using antisense oligonucleotides for exon skipping in DMD are underway [47];

however, only limited number of DMD patients who have specific exon deletions can

be applied by this treatment. Thus, a drug treatment that shows positive effects in all

DMD patients is preferred. However, more than a quarter century since the identifi-

cation of dystrophin [45], the question of why dystrophin deficiency causes serious,

chronic inflammation in skeletal muscle remains unanswered.

Continued research using the DMD mouse model, mdx, has suggested an excess
flow of Ca2+ within muscle cells as a likely cause [48]. This hypothesis argues that
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if a state of high intracellular Ca2+ concentration continues unabated, not only do

the mitochondria become damaged [49], which increases oxidative stress, but

abnormal activation of the NF-kB pathway leads to chronic inflammation

[50]. Indeed, when genetic modifications were made to restrain the activity of a

stretch-activated ion channel, transient receptor potential vanilloid 2 (TRPV2), in

mdx mice, a reduction in muscle tissue inflammation was reported [51]. In contrast,

in healthy mice expressing dystrophin, overexpression of another stretch-activated

ion channel, transient receptor potential canonical 6 (TRPC6), reproduced the patho-

logy of muscular dystrophy [52].

On the suspicion that this excess in intracellular Ca2+ flow triggers the DMD

pathology, we undertook recapitulating the pathology in DMD patient-derived iPS

cells (DMD-iPSCs). Using electrical stimuli, we contracted these differentiated skel-

etal muscle cells, and, using Ca2+ imaging and a fluorescent probe, we measured the

Ca2+ concentrations during the contraction [53]. DMD-iPSC derived myocytes dem-

onstrated higher Ca2+ influx than control iPS-derived myocytes [53]. Furthermore,

when dystrophin expression was restored by exon-skipping in DMD-iPSCs, excess

Ca2+ influx was attenuated [53]. Based on these results, we successfully demonstrated

that excessive Ca2+ influx is one of the earliest events to occur in dystrophin-deficient

muscle during contraction [53]. We have been investigating to apply our DMD

modeling system as a screening method for drugs that target the excess Ca2+ flow.

9.3.2.3 Modeling Facial Scapular Humeral Muscular Dystrophy

(FSHD)

Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant mus-

cular dystrophy that inflicts 1 in 20,000 people and, as its name suggests, is

characterized by progressive and often asymmetric weakness and atrophy of facial,

shoulder girdle, and upper arm muscles [54]. The most common form of FSHD,

FSHD1, is caused by the deletion of a subset of D4Z4 macrosatellite repeat units in

the subtelomeric region of chromosome 4q35 [55]. The general healthy population

normally has 11–100 D4Z4 repeat units, whereas the FSHD1 patient population has

1–10 repeat units [54]. The only 4q35-localized protein-coding gene found to be

dysregulated in FSHD is DUX4, a retrogene located within each D4Z4 repeat unit

[56]. Because the contracted D4Z4 repeat units induce mRNA stabilization by a

polyadenylation signal, the FSHD-specific full-length mRNA of the DUX4 gene

(DUX4-fl) is transcribed [56]. No animal models for investigating the FSHD

pathogenesis caused by DUX4 have been designed, because DUX4 is not coded

in rodents, dogs, or pigs. Snider et al., however, showed that DUX4-fl is expressed

in undifferentiated human iPS cells and the testis of healthy individuals [57]. They

further demonstrated that DUX4-fl expression in human iPS cells derived from

healthy individuals using the embryoid body method disappears upon differenti-

ation into the three embryonic germ layers, but that the expression continues in

FSHD patient-derived iPS cells even after the induction of differentiation [57]. This

disease model may elucidate the mechanism of the dysregulated splicing of the
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DUX4 gene that causes aberrant expression of full-length DUX4 in skeletal muscle.

Additionally, human iPS cells have an advantage that they provide a large amount

of human early embryonic cells in which DUX4-fl is normally expressed.

9.3.2.4 Modeling Myotonic Dystrophy Type 1 (DM1)

Myotonic dystrophy is an autosomal dominant muscular dystrophy and the most

common form of adult onset-muscular dystrophy. While skeletal muscle deterior-

ation and delayed relaxation after contraction (myotonia) are the most obvious

characteristics of the disease, other multisystemic dysfunctions include cardiac

conduction defects, insulin resistance, cataracts, smooth muscle dysfunction, and

neuropsychiatric disturbances [58]. The most common form of myotonic dystrophy

is type 1 (DM1), which is caused by expanded CTG triplet repeats in the 30 UTR of

the DMPK1 gene [59, 60]. DM1 patients may have between 50 and 5,000 CTG

repeats in their pathogenic allele, while normal alleles have between 6 and 34 repeats

[61]. Toxic gain-of-function CUG RNA produced by the expanded CTG repeats

interferes with the function of RNA-binding proteins to cause impaired RNA

splicing and abnormal expression of a large number of genes [62, 63]. It was

found that the number of CTG repeats expands in myotonic dystrophy type

1 (DM1) in progeny [64], with children of patients having more serious complica-

tions than their parents. Using DM1 patient-derived iPS cells, Du et al. reported that

CTG repeats in the causative gene, DMPK1, expanded with each subculture,

suggesting that, for this model, it is possible to use patient-derived undifferentiated

human iPS cells to analyze the mechanism of the CTG repeat expansion [65].

9.4 Prospective

9.4.1 Prospective for Cell Therapy

Human iPS cells show tremendous promise as curative cell transplant therapies for

muscular dystrophy. Already, they have been differentiated into satellite cells that

successfully engrafted and regenerated muscle in animal experiments. However,

since in vitro cultivation and proliferation methods that maintain the stem cell

properties of the satellite cells are not yet established, it is difficult to analyze at

present whether human iPS cell-derived satellite cells in vivo indeed have the same

capacity as intrinsic satellite cells. Therefore, further research must be done not

only on satellite cells differentiated from human iPS cells, but also on the character-

istics of adult human satellite cells.

Even if the iPS cell-generated satellite cells adequately recapitulate endogenous

satellite cell properties, iPS cells have other concerns. One is their carcinogenic

effect. To minimize this risk, scientists are selecting appropriate iPS cell clones that
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show no resistance to differentiation. Financially, it is not feasible to perform gene

modifications in patient-derived iPS cells and then select safe iPS cells that also

have high capacity for differentiation based on animal experiments. Therefore, the

transplantation of iPS cells from donors after HLA-type matching is being investi-

gated. At the Center for iPS Cell Research and Application at Kyoto University,

research into the construction of high common HLA homozygous donor-derived

iPS cell stocks for clinical use has already begun. By producing iPS cells from

homozygous donors with HLA types that are common in the Japanese population

and evaluating their quality before use, it is expected that iPS cell clones will be

available for clinical use.

9.4.2 Prospective for Drug Screening with Patient-Derived
iPS Cells

Human iPS cells are expected to become beneficial tools for new curative treatments.

We have established a reliable, highly efficient method for inducing their differenti-

ation into skeletal muscle, including iPS cells derived from patients with muscular

dystrophy [39]. Using this same method, we recapitulated the pathology by inducing

the patient-derived iPS cells to differentiate into skeletal muscle cells and applied

suitable stress that initiated the disease pathogenesis. As a pathology model for

muscular dystrophy, these cells can be used for detailed pathologic analysis and are

expected to play a fundamental role in drug development by providing an abundant

source of cells for drug screening. In fact, even if the detailed mechanism of the

pathology is not understood, iPS cell-based models can screen for compounds by

visualizing the disease phenotype. For example, if a pathologic model is achieved

whereby the cells of a healthy individual are nonfluorescent, but the cells of a patient

are, then screening for compounds that result in a loss of fluorescence could suggest

positive drug candidates, and subsequent analysis of the functions of the individual

compounds could further elucidate the mechanism of the pathology.
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Chapter 10

Clinical Aspects of GNE Myopathy

and Translational Medicine

Madoka Mori-Yoshimura

Abstract Prior to recent advances in therapeutics, various aspects of rare diseases,

such as their etiology, natural history, and evaluation items, were not well under-

stood. Yet, in reality, only a few studies have been conducted on rare diseases,

given the difficulty of obtaining a sufficient patient sample size for data collection.

In this study, we performed questionnaire and retrospective medical record surveys,

as well as a prospective natural history study of patients with UDP-N-acetylglu-

cosamine-2-epimerase/N-acetylmannosamine kinase gene (GNE) myopathy,

which is also referred to as distal myopathy with rimmed vacuoles (DMRV). This

study aimed to identify evaluation tools for use in upcoming clinical trials and to

clarify the natural history of GNE myopathy and life-threatening risk factors related

to disease progression in a historical control. Moreover, in order to inform patients

with GNE myopathy, physicians, researchers, and companies of progress in clinical

research, we established a patient registry system. Our efforts are aimed not only at

preparing for upcoming clinical trials, but also to provide information regarding the

nature of the disease and advice on preferable patient care. International coopera-

tion will improve the understanding of GNE myopathy and promote clinical

progress by providing access to a larger cohort.

Keywords GNE myopathy • Natural history • Translational medicine • Patient

registry

10.1 Introduction

Clinical progress can present challenges to physicians, who need to adapt and

accurately diagnose and evaluate diseases in view of new developments. To date,

many clinical trials have been conducted to evaluate the natural history of muscle

disorders.
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GNEmyopathy, also known as distal myopathy with rimmed vacuoles (DMRV),

is an early adult-onset myopathy with slow progression that preferentially affects

the tibialis anterior muscle and commonly spares the quadriceps femoris muscles

[1, 2]. The disease is caused by a mutation in the GNE gene, which encodes a

bifunctional enzyme [uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc)

2-epimerase (GNE) and N-acetylmannosamine kinase (NMK)] that catalyzes two

rate-limiting reactions in cytosolic sialic acid synthesis [3–7]. Oral sialic acid

metabolite treatment prevents muscle atrophy and weakness in a mouse GNE

myopathy model [8]. A recent phase I clinical trial with oral sialic acid was

conducted in Japan (ClinicalTrials.gov; identifier, NCT01236898), and a phase II

study is currently underway in the United States and Israel (ClinicalTrials.gov;

identifier, NCT01517880).

To prepare for global phase III clinical trials, we believe it is necessary to gain a

better understanding of the natural history of GNE, as well as its progression. To

this end, we first conducted questionnaire and medical record surveys among

patients with GNE to obtain a rough understanding of the natural history of the

disease. Second, we performed a prospective study on the natural history of patients

with confirmed GNE myopathy in order to identify evaluation items that can be

used to monitor disease progression. Finally, we generated a patient registry of

Japanese patients with GNE myopathy with the aim of recruiting patients to clinical

trials and as an information tool on healthcare and research progress for patients,

physicians, researchers, and companies. Through these efforts, we provide a view

of the clinical progress in GNE myopathy and discuss the significance of rare-

disease translational research for physicians.

10.1.1 Retrospective Questionnaire and Medical Record
Surveys

10.1.1.1 Aims

To date, no natural history study has been conducted on the genetics of the GNE

gene. Indeed, some studies to date have denied significant genotype–phenotype

correlations in GNE myopathy [7]. However, we suspected that disease severity

might be related to the genotype of the GNE gene, given the existence of severely

affected, early onset patients, as well as mildly affected, late onset patients. Some

patients also exhibit respiratory dysfunction, although there have been no reports on

the involvement of respiratory dysfunction in GNE myopathy. Against this back-

drop, we assessed (1) disease onset, ambulatory status, and respiratory dysfunction

and (2) genotype–phenotype correlations. This study was approved by the Medical

Ethics Committee of the National Center of Neurology and Psychiatry (NCNP).
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10.1.1.2 Study Design

We first performed a questionnaire survey of patients with confirmed GNE myop-

athy. The questionnaire was provided to patients by physicians at eight hospitals

specializing in neuromuscular diseases, including the NCNP. This study was a

retrospective and cross-sectional analysis and involved 71 patients with genetically

confirmed GNE myopathy. Clinical information was collected from patients using

the questionnaire, and genetic information was acquired from available medical

records. We then conducted a medical record survey of NCNP patients in order to

obtain their clinical characteristics. The presence or absence of respiratory failure

was of particular interest in this aspect of the study.

10.1.1.3 Results

Mean age at symptom onset was 25.2� 9.2 years (range, 12–58 years; median,

24.5 years), 52.0 % (n¼ 37/71) were ambulant (41.3� 12.8 years), 15.5 % (n¼ 11/

71, 40.0� 13.6 years) could walk without assistance, and 35.2 % required assis-

tance (n¼ 25/71, 41.8� 12.7 years). The median age at which assistance was

required for walking was 30.0� 1.4 years, the median age of wheelchair users

was 36.0� 2.7 years, and the median age at loss of ambulation was 45.0� 4.2 years.

Durations from disease onset to walking with assistance, wheelchair use, and loss of

ambulation were 7.0� 0.4 years, 11.5� 1.2 years, and 17.0� 2.1 years, respec-

tively. We also identified potential genotype–phenotype correlations. V572L

homozygotes (i.e., mutation in the NMK domain), the most frequent mutation in

Japan, had more severe phenotypes than V572L/D176V (i.e., mutations in both

GNK/MNK domains) compound heterozygotes, the most frequent type of com-

pound heterozygote in Japan. It was unclear whether each individual mutation

contributed to these differences or whether the combination of mutations was

important; GNK/MNK mutations tended to be more severely affected. The medical

record survey revealed that some patients had respiratory dysfunction which cor-

related with disease severity. Some reports have suggested that patients with

advanced disease may require respiratory support [8, 9]. Differences in disease

severity between V572L homozygotes and D176V/V572L compound heterozy-

gotes were also found in a study using the NCNP muscle bank [10].

Unresolved questions include genotype–phenotype correlations in patients with

mutations other than V572L and D176V/V572L, as well as genotype–phenotype

relationships with respect to cardiac impairment observed in the mouse GNE

model [11].
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10.1.2 Prospective Natural History Study

10.1.2.1 Aims

This study aimed to identify evaluation tools for use in upcoming clinical trials. As

mentioned above, a phase II study is currently underway in the United States and

Israel. We believe that further insight into the natural history of the disease will be

beneficial for preparing for phase III clinical trials. Thus, we aimed to identify

evaluation items that can be used to detect disease progression within a year, with

respect to observation duration of clinical trials.

10.1.2.2 Patients and Methods

A total of 24 Japanese patients (9 men and 15 women) participated in this study.

Two women were siblings and the rest were unrelated. Mean age at the time of data

collection was 43.0� 12.9 years (mean� SD), and mean age at disease onset was

25.9� 10.3 years (range, 15–58 years; median, 24 years). Of the 24 patients,

9 (36.0 %) were ambulant, 8 completed the 6-min walk test (6MWT) without

assistance, 1 required assistance (e.g., cane and/or ankle brace) and could not

complete the 6MWT, and 15 (64.0 %) had lost ambulation.

All patients rested for more than 2 h before each muscle strength test. Measure-

ments using a handheld dynamometer for knee extension in the sitting position, grip

power, and pinch power were repeated three times on both the right and left sides,

and all six measurements were averaged for data analysis. Muscle strength tests,

including manual muscle testing (MMT) and gross motor function measure

(GMFM, Japanese version; range, 0–100 [%]), were performed to examine 17 mus-

cle groups (neck flexion, truncal flexion, shoulder abduction, shoulder adduction,

shoulder flexion, shoulder extension, elbow flexion, elbow extension, wrist flexion,

wrist extension, hip flexion, thigh adduction, thigh abduction, knee extension, knee

flexion, ankle dorsiflexion, and plantar flexion). Results of right and left MMTs

were averaged, except for those corresponding to neck and truncal flexion. The

summed MMT value (range, 0–85) was obtained from the sum of the 17 muscle

groups. The 6MWT was performed among patients who were able to walk without

assistance.

10.1.2.3 Results

At baseline, eight, eight, and six patients were too weak to complete measurements

for HHD, grip power, and pinch power, respectively. In two patients, noninvasive

positive pressure ventilation (NPPV) for respiratory failure was started at night due

to newly diagnosed respiratory dysfunction and hypoxemia during hospitalization
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for baseline evaluation. None of the patients presented with disease-specific cardiac

dysfunction.

A significant reduction in summed MMT (p< 0.01), grip power (p¼ 0.034), and

the percentage of forced vital capacity (%FVC) (p¼ 0.030) and a nonsignificant

reduction in 6MWT (p¼ 0.061) scores, GMFM (p¼ 0.089), and CK (p¼ 0.087)

were observed (Fig. 10.1). Among all muscles examined, shoulder extension

(p¼ 0.017) and abduction (p¼ 0.029) and knee flexion (p¼ 0.010) showed signif-

icant annual decreases. Seven of eight ambulant patients showed deteriorations in

6 MW distance within 1 year (Fig. 10.1a). Changes in %FVC (p¼ 0.034) were

greater in nonambulant patients than in ambulant patients [12].

10.1.2.4 Limitations and Conclusions

Summed MMT, grip power, and %FVC significantly changed over the course of a

year. Although results of the 6MWT were not significant, which likely reflects the

small number of ambulant patients, a larger cohort may clearly detect the deterio-

ration. The 6MWT and summed MMT are important end-point item candidates for

clinical trials because they can be used to determine annual changes in disease

progression. Our study showed reductions in respiratory function, especially among

nonambulant patients, suggesting that %FVC is a useful outcome measure for

nonambulant patients. Our data suggest that GNE myopathy does not involve

cardiomyopathy, although cardiac involvement was previously implicated in a

mouse model [11].

Limitations include the small number of patients and short study period. In rare

diseases such as GNE myopathy, large-scale studies tend to be difficult.

In conclusion, 6MWT, summed MMT, GMFM, grip power tests, and %FVC

may be good clinical evaluation tools for clinical trials and to correlate with disease

progression, although %FVC and grip power should be used according to ambula-

tion status.

10.1.3 Patient Registry Development

10.1.3.1 Aims

Our previous studies made clear the limitations of natural history studies, which

involved small sample populations. In order to gain further insight into GNE

myopathy for the purpose of improving therapy and care, more patient data are

required. To this end, we aimed to develop a nationwide patient registry for GNE

myopathy in order to facilitate the planning of clinical trials and recruitment of

candidates and to disseminate standard care and current information to patients,

physicians, and researchers.
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Fig. 10.1 Annual changes in motor function. Right column, ambulant patients; left column,
nonambulant patients. a 6MWT; b, c summed MMT; d, e grip power; and f, g%FVC. All patients,

with the exception of one (*), showed deterioration in 6MWT. (a) Only one patient with improved

6MWT succeeded in weight control and had more opportunities to walk relative to baseline. Both

ambulant (b) and nonambulant (c) patients showed deterioration in summed MMT. The decrease

in grip power was greater in ambulant patients (d, e), whereas the decrease in %FVC was greater in

nonambulant patients
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10.1.3.2 Study Design

Medical records of genetically confirmed patients with GNE myopathy at the

NCNP were retrospectively reviewed in order to obtain data reflecting the severity

and progression of the disease. Items selected for the registration sheet included

age, sex, age at onset, past history and complications, family history, body weight

and height, pathological findings from muscle biopsy, grip power, walking ability,

respiratory function, cardiac function, willingness to join upcoming clinical trials,

and participation in patient associations. A copy of the original genetic analysis

report was required of each patient.

10.1.3.3 Institution, Organization, Registration Method, Data

Collection, and Ethical Approval

In 2009, we developed a national registry for neuromuscular diseases (Registry of

Muscular Dystrophy, Remudy; http://www.Remudy.jp/, see also Chap. 11) in Japan

in collaboration with the TREAT-NMD Alliance in order to aid in the recruitment

of eligible patients for clinical trials, provide information regarding the natural

history and epidemiology of diseases, and serve as a source of information on

current clinical care [13]. Remudy is supported by Intramural Research Grants

(23-4/26-7) for Neurological and Psychiatric Disorders from the NCNP. Registry

information was provided to interested individuals and their informed consent was

obtained. Individuals whose data were included were informed that inclusion in the

database confers no obligation to the patient and that they will be removed from the

registry immediately upon request. They were also told that refusal to participate

would not affect subsequent medical care. Study objectives, design, risks, and

benefits of participation were explained to all patients, and their written informed

consent was obtained prior to enrollment.

10.1.3.4 Results

As of the end of October 2013, a total of 121 Japanese patients with GNE myopathy

(55 men and 66 women) had registered. Mean ages at data collection and disease

onset were 44.9� 13.2 years (median, 43 years; range, 21–85 years) and

27.9� 9.6 years (median, 26 years; range, 12–61 years), respectively. The registry

included patients from throughout Japan (38/47 prefectures) who were recruited

through a collaboration with 92 attending physicians from 73 institutes (Fig. 10.2).

Three patients had a past history of idiopathic thrombocytopenia (ITP).

Thirty-nine of 121 patients (32.3 %) harbored a homozygous mutation in GNE,
and 78 of 121 (64.5 %) had a compound heterozygous mutation. Only one hetero-

zygous mutation was found in four (3.3 %) patients. Among those with a homozy-

gous mutation, 82 % (32/39), 8 % (3/39), and 5 % (2/39) harbored p. V572L,
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p. C13S, and p. M172T mutations, respectively. A homozygous mutation of

p. D176V was identified in only one patient. Of those carrying two heterozygous

mutations, 31 % (24/78) had p. D176V/p. V572L mutations, while the remaining

patients had other combinations of mutations.

Mean age at disease onset was 27.7� 9.6 years (median, 27.5 years; interquartile

range, 15–61), 20 % (24/121) were ambulant without assistance, 37 % (45/121)

required assistance (e.g., canes and/or braces), and 43 % (52/121) had lost ambu-

lation. Mean age at loss of ambulation was 35.4� 11.3 years. Kaplan–Meier

analysis revealed median durations from disease onset to walking with assistance,

wheelchair use, and loss of ambulation of 8.9 years (95 % CI, 6.3–9.7), 14.0 years

(95 % CI, 11.8–16.2), and 21.0 years (95 % CI, 15.4–26.6), respectively.

Information on pulmonary and cardiac function was available for 65 % (79/121)

and 34 % (41/121) of patients, respectively. Of those examined, 33 % (26/79) had

respiratory dysfunction (%FVC< 80), and two were using nocturnal NPPV. %FVC

was significantly correlated with disease duration (ρ¼ 0.479, p< 0.01) and serum

CK levels (ρ¼ 0.573, p< 0.01). None of those who underwent ultrasound cardio-

graphic examination had cardiac dysfunction (ejection fraction, 50–82 %; fraction

shortening (FS), 25–50 %). Mean serum CK level was 459.1� 355.0 IU/L (median,

202; range, 11–3133).

The patient registry is useful in that it allows for recruiting patients and resolving

data deviation in comparison with analyses by isolated institutions. For example,

the age at disease onset in the Remudy cohort was later than that determined from

an analysis of medical records at the NCNP Hospital (26.8� 9.0 years). In a

previous questionnaire-based study of core muscle disease center patients, we

0 
1 or 2
3 or 4
≥5
≥10

Tokyo

Number of Patients

Fig. 10.2 Patient distribution. Patients were distributed throughout Japan (38/47 prefectures), and

92 physicians at 73 institutes agreed to contribute to the registry
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reported median durations from disease onset to walking with assistance, wheel-

chair use, and loss of ambulation of 7.0� 0.4 years, 11.5� 1.2 years, and

17.0� 2.1 years, respectively [8], which were all shorter than the durations deter-

mined in the present study. We speculate that this discrepancy reflects the more

advanced disease status of patients at neuromuscular disease-specialized center

hospitals. Patients with GNE myopathy were widely distributed throughout

Japan, with 1.7 patients per hospital and 1.3 patients per physician. There were

fewer patients per physician or per hospital than for dystrophinopathy (5.8 patients

per hospital and 3.6 per physician). Thus, while patients with GNE myopathy

appeared to be dispersed throughout Japan, those with dystrophinopathy were

concentrated in specialized hospitals, given the need for cardiopulmonary care.

We have been publishing bulletins every 3 months and sending them to patients

and physicians who join Remudy. The bulletin includes useful information regard-

ing clinical care, translational medicine, and clinical trials, as well as articles

introducing specialists and specialized hospitals for muscle diseases. These con-

tents are available on the Remudy home page. Patient recruitment has also started

for additional phase I clinical trials via the Remudy GNE myopathy registry home

page [14].

10.2 Discussion

Through the three studies presented herein, we revealed various new aspects of

GNE myopathy. First, unlike previous reports, we found that GNE myopathy is

associated with respiratory dysfunction. Indeed, some patients required a respirator,

indicating that respiratory dysfunction can be life threatening in this population.

Physicians should take careful note of any abnormalities in respiratory function,

which may serve as an evaluation tool for disease progression and therapeutic

effects in the late stages of the disease. Notably, respiratory failure was not

considered to be associated with GNE myopathy, despite GNE myopathy being

one of the most common muscle diseases in Japan. One reason for this is that

physicians may be of the mindset that respiratory failure does not derive from

myopathy itself, given the small number of affected patients they see. Second,

given that GNE myopathy is progressive, walk tests such as the 6MWT and other

quantitative methods, and respiratory function for nonambulant patients, may be

useful evaluation items for annual disease progression and clinical trials. Finally,

patient registries are useful for rare diseases such as GNE myopathy, as it allows for

the building of a larger cohort, which can be used to assess more accurately

etiologic aspects of the disease compared to medical record surveys from special-

ized hospitals. Such registries are also useful in that they allow for recruiting

patients and resolving data deviation in comparison with analyses by isolated

institutions.

The direct motivation to conduct these studies stemmed from the need to prepare

for upcoming clinical trials and follow the development of new therapies and
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improved care methods. Comparisons with animal disease models will also provide

insight into new symptoms, which in turn may provide insight into patient care. We

note that our patients were very cooperative, as they were aware of the importance

of these studies in driving the development of new therapies.

We recognize that a large cohort study is essential to gain a better understanding

of rare diseases, including progression and potential risk factors. Yet our data were

not sufficient to make conclusive genotype–phenotype correlations, so this will be

an important aspect for further elucidation of the disease pathogenesis. Thus,

studies similar to those described herein with a larger cohort are warranted.

Similar to our collaborations with the dystrophinopathy registry, we are cur-

rently in discussions to join the international registry of GNE myopathy of the

TREAT-NMD Alliance [ClinicalTrials.gov; identifier, NCT01784679, http://www.

treat-nmd.eu/gne/patient-registries/patient-registries/]. Our Japanese registry and

the TREAT-NMD Alliance registry work in close collaboration and will serve as

irreplaceable infrastructures that accelerate research, therapy development, and

trial readiness, in addition to increasing opportunities for collaboration and improv-

ing global patient care.
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Chapter 11

Patient Registries for International

Harmonized Clinical Development

En Kimura and Harumasa Nakamura

Abstract In this chapter, the role of patient registry and importance of the inter-

national harmonization to make a step toward progress in clinical development in

orphan diseases are discussed. Remudy, Registry of Muscular Dystrophy, operated

by the NCNP, National Center of Neurology and Psychiatry, Japan, runs two

national registries for dystrophinopathy and GNEmyopathy under the collaboration

with the TREAT-NMD alliance. The aim of Remudy is to construct clinical

research infrastructure and accelerate clinical development research for these rare

diseases in Japan. We successfully disclose data sets for the feasibility studies in

response to enquiries, send out appropriate information of clinical trials for the

candidates to gear up for recruitment, as well as present the natural history and

epidemiological data of the rare diseases with a new “registry-based” research style.

Remudy provides a prototype of the clinical research infrastructure to overcome

rare and incurable diseases.

Keywords Remudy • Patient registry • Rare disease • International

harmonization • TREAT-NMD

11.1 Introduction

“Ichi-nichi mo hayaku” means “longing for the day” by Dr. Hisanobu Kaiya,

administrative director of the Japanese Muscular Dystrophy Association, Corp.,

JMDA (http://www.jmda.or.jp), which is a slogan of the JMDA and also an official

journal title of this 51-year-old patient’s advocacy organization. To deliver curative
treatment for patients and family of the rare, orphan, and incurable diseases is a

wish of all concerned in this field. Based on the remarkable progress of basic

research in molecular biology field, researchers have successfully clarified patho-

mechanism and achieved the “proof-of-concept” of treatment using animal models

of the diseases. Following these successes, clinical applications of these results

have been expected, related especially to molecular target strategies such as
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development of read-through agents [1] and exon-skipping therapies [2, 3] as

curative treatments, which people really desire to be approved as the medication

of the rare and incurable diseases, especially for Duchenne and Becker muscular

dystrophies (DMD/BMD, dystrophinopathy). Actually, some clinical trials for new

therapeutic strategies for dystrophinopathy are currently in operation or being

planned. During the process, many challenges still exist in the planning and

conducting of a clinical trial for rare diseases, in which dystrophinopathy is

classified. The epidemiological data, the total number of patients, natural history,

and clinical outcome measures are unclear or less well understood, although an

adequate number of patients are needed to achieve significant results in clinical

trials.

11.2 Rising of Global Tides of the Clinical Research

Infrastructure Development with International

Harmonization

To solve these problems, a patient registry is considered as an important infrastruc-

ture worldwide. In 2007, TREAT-NMD (Translational Research in Europe: Assess-
ment and Treatment of Neuromuscular Diseases), as a network of excellence for

neuromuscular diseases, was established with the aim of “reshaping the research

environment” in the neuromuscular field and to support translational research [4],

by the original Sixth Framework Programme (FP6) grant from the European Union

(EU) between 2007 and 2011. The National Institutes of Health (NIH) in the United

States of America and the national institutes in Asian and Oceanian countries

participated in TREAT-NMD. From 2012, it evolved into the international

TREAT-NMD alliance with worldwide activity. TREAT-NMD developed a global

database for DMD/BMD (dystrophinopathy) [5] and spinal muscular atrophy

(SMA) patients [6] both in and out of Europe, to obtain epidemiological data,

examine the total number of patients, determine the natural history of the disease,

determine appropriate clinical outcome measures, collect adequate numbers of

patients needed to achieve significant results in clinical trials, and inform patients

of new drug development. This was achieved in part by the formation of a

harmonized set of national DMD patient registries with a common data-sharing

philosophy, comprising both new registries set up to follow the TREAT-NMD

guidelines and existing national registries who agreed to follow them. Information

collected follows a mandatory or highly encouraged set of questions agreed on by

the TREAT-NMD global database oversight committee. As a result, information

can be shared and compared between the different national registries, with the

ultimate goal of all national registries eventually linking into a centralized global

DMD registry. Actually, at the international level, the registries had been used for

feasibility and recruitment in at least ten studies, following enquiries from

researchers and industries.
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As of 2014, in addition to DMD/BMD (dystrophinopathy) and SMA, the list of

ten different disease patient registries was found on the TREAT-NMD website

(http://www.treat-nmd.eu). Internationally, myotonic dystrophy (DM), congenital

muscular dystrophies (CMD), congenital myasthenic syndrome (CMS), Charcot-

Marie-Tooth disease (CMT), facioscapulohumeral muscular dystrophy (FSHD),

hereditary inclusion body myopathy (GNE/HIBM), limb-girdle muscular dystrophy

(LGMD) including fukutin-related protein (FKRP), myotubular and centronuclear

myopathy (MTM/CNM), and dysferlinopathy are in operation.

11.3 Establishment and Operation of Japanese National

Registry for Dystrophinopaty

In Japan, muscular dystrophy research groups have a history of close to 50 years,

which were funded by the Nervous and Mental Disorders from the Ministry of

Health, Labour, and Welfare (by March 2011) and are now by Intramural Research

Grant for Neurological and Psychiatric Disorders of the National Center of Neu-

rology and Psychiatry, Japan (NCNP, from April 2011), and achieved distinguished

and world-leading researches in this field. To date, several Japanese

dystrophinopathy databases have been developed; however, these have not been

on a broad national scale. For instance, some were on a single-center basis, and

others encompassed only a small local area or several hospital sites [7–9]. Some

others were restricted to inpatients only [10]. Despite these early efforts, no national

registry has been developed with the purpose of focusing on clinical trials.

In 2009, Dr. Mitsuru Kawai with his national research group and the NCNP

developed a national registry of Japanese dystrophinopathy patients, Remudy

(Registry of Muscular Dystrophy) (http://www.remudy.jp/), in collaboration with

the Japanese national muscular dystrophy research groups, 27 traditional muscular

dystrophy wards, and hospitals belonging to the National Hospital Organization

(NHO) and the NCNP, the Japanese Muscular Dystrophy Association, and finally

the TREAT-NMD [11]. This project has been funded by the Nervous and Mental

Disorders from the Ministry of Health, Labour, and Welfare (20B-12; between

2008 and 2011), and by Intramural Research Grant for Neurological and Psychiatric

Disorders of the NCNP (23-4; 2011–2014, 26-7; 2014-) and supported by helpful

cooperation with the JMDA. The development and management of the registry is

led by the principal investigator of the Japanese muscular dystrophy research group.

Steering committee members include scientists, clinicians, and representatives of

patient organizations. The registry office was set up in the NCNP. The purpose of

this registry was to effectively recruit eligible patients to new clinical trials and

provide timely information to patients about upcoming trials. The data included

clinical and molecular genetic information as well as all items required for the

TREAT-NMD global patient registry. Registry data also provides more detailed
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knowledge about the natural history and epidemiology of the disease, as well as

information about clinical care.

The database includes dystrophinopathy patients whose genetic status was

confirmed by genetic analysis throughout Japan. As the cost of sequencing analysis

of the DMD gene is not covered by the public health insurance in Japan, for patients

who intend to register but are not genetically confirmed by the multiplex ligation-

dependent probe amplification (MLPA) for dystrophin gene, Remudy provides free

service of sequencing analysis of the dystrophin gene. Information about the

registry was provided to interested individuals, who could easily access to the

“case report form” and the “informed consent form” in the Remudy website or at

the registry office. Provision of all data by patients is voluntary and is not shared

with any third party without the permission of the committee responsible for

disclosing the information. Inclusion in the database confers no obligation on the

patient, and they may be removed from the registry immediately on request. It was

stated that refusal to participate would not affect the subsequent medical care of the

patient. The National Center of Neurology and Psychiatry Ethics Committee

approved this registration system. Data obtained via the registry form included

clinical symptoms, results of biochemistry, muscle biopsy, other laboratory analy-

sis, and description of the genetic mutation. Epidemiological information provided

includes walking capability, cardiac and respiratory functions, serum creatine

kinase, history of scoliosis surgery, and steroid therapy status. All items were

confirmed by their attending physicians and, finally, by molecular and clinical

curators in Remudy (three active molecular and clinical curators each). Information

was annually updated by registrant’s self-report with their physician’s confirmation

following reminder from registration office. To decide whether a patient was

classified as DMD or BMD, first, the attending physician made a diagnosis whether

a patient was DMD or BMD by the clinical and molecular information. Then, our

clinical and genetic curators double-checked their classification by reviewing

clinical information and also data from pathological (including dystrophin

immunohistchemical staining, if applicable) and genetic analysis.

As of May 2014, 1,293 patients were registered in the Remudy dystrophinopathy

registry from all over Japan (Figs. 11.1 and 11.2). To analyze the data from July

2009 to May 2014, information of 1,173 patients were confirmed by the curators.

Data from 1,171 patients, who agreed to participate in this study, were analyzed. It

comprises of 940 DMD, 201 BMD, and 30 IMD patients, respectively (Fig. 11.3).

All the registrants in Remudy database got genetic diagnosis as dystrophinopathy

by MLPA for dystrophin gene and/or direct sequencing analysis of the dystrophin
gene which was provided by Remudy. At the end of December 2013, we have well

analyzed the dystrophin gene in 340 out of 342 cases. In case of single exon

deletion/duplication reported by the MLPA methods, the corresponding exon and

the neighbor exons were sequenced (41 %). In case of no deletion/duplication

reported by the MLPA methods, whole 79 exons were sequenced (59 %). Based

on the precise curation system, distribution of mutation in the registrants with

dystrophinopathy was shown in Table 11.1. Most frequent mutation was deletion

(60.6 % of DMD, 76.9 % of BMD, and 47.1 % of IMD). Second frequent was other
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mutations (24.3 % of DMD, 16.2 % of BMD, and 23.5 % of IMD) which included

nonsense mutations, small insertion/deletion mutations, deep intronic mutations,

and splice site mutations. Then third frequent was duplication (13.6 % of DMD,

0

200

400

600

800

1000

1200

1400

月別数 総数monthly total

1,293

Fig. 11.1 Number of registrants in Remudy national dystrophinopathy registry. As of May 2014,

1,293 patients were registered in this national registry from all over Japan. Blue bars showmonthly

registered number; red bars show total number accumulated since the start of the registry. Total

number of registrants is still increasing

368 Doctors

200 Hospitals

Fig. 11.2 Prefectural distribution of registrants in Remudy national dystrophinopathy registry.

Dystrophinopathy patients from every prefecture in Japan are registered in this registry by

cooperation of 368 doctors in 200 hospitals. Most registrants were concentrated in populated

area: Fukuoka, Osaka, Aichi, and Kanto region
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5.1 % of BMD, and 29.4 % of IMD, Fig. 11.3). Clinical features of Japanese

dystrophinopathy patients are shown in Table 11.2, which are available on the

Remudy website to all concerned, including patients, family, and doctors who care

for the dystrophinopathy patients, for download. Frequency of individual exon

deletions was shown in Fig. 11.4.

Remudy already supplied the epidemiological data for 11 feasibility studies, and

provided timely information about two independent clinical trials to registrants who

DMD
940
80%

BMD
201
17%

IMD
30
3%

DMD BMD IMD 0

50

100

150

200

250

DMD BMD IMD

Fig. 11.3 Diagnosis and age distribution of registered individuals. Data from 1,171 patients who

have agreed to participate in this study and confirmed by molecular and clinical curators were

analyzed. It comprises of 940 (80 %) DMD, 201 (17 %) BMD, and 30 (3 %) IMD patients,

respectively. Most registrants are under 20 years of age, but those over 35 years with DMD are also

registered

Table 11.1 Distribution of mutation in the registrants with DMD and BMD

DMD BMD IMD

Number % Number % Number %

Distribution of mutation

Deletion 388 60.6 90 76.9 8 47.1

Duplication 87 13.6 6 5.1 5 29.4

Othersa 163 24.3 19 16.2 4 23.5

Deletion and duplication 1 0.2 0 0.0 0 0.0

No mutation foundb 1 0.2 2 1.7 0 0.0

640 100 117 100 17 100
aOthers include nonsense mutations, small insertion/deletion mutations, deep intronic mutations,

and splice site mutations
bThe diagnosis was confirmed based on their pathological findings in muscle biopsy including a

negative immunohistochemical staining against dystrophin
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might be eligible for upcoming clinical trials, and accelerated the effective recruit-

ment of eligible patients as expected. To inform the public of the activity of

Remudy, we sent a paper version of “Remudy news,” “Remudy news letter” by

e-mail, and frequently renewed news page on Remudy website. Remudy news

volume 11 was published with 1,781 copies in June 2014, Remudy news letter

volume 50 was sent out to 648 subscribers, and the Remudy website traffic count

was 1,845 during June 2014. We also hosted local lecture meetings for medical

experts and patients all over Japan. In 2013, we sent out the questionnaires for

medical providers throughout Japan in 2013 to clarify how Remudy was well

known. We found nearly 75 % of medical providers knew about the Remudy

activity.

11.4 Importance of Clinical Research Arisen from Registry

Data Analysis

This registry data also provides more detailed knowledge about natural history,

epidemiology, and clinical care. Especially, a natural history data regarding ambu-

lation of DMD patients in 2013 was reported to solve a research question which

arose from the Japanese DMD guideline committee [12]. In this study, we evaluated

Exons of dystrophin gene

No.

No.

Fig. 11.4 Frequency of individual exon deletions. The distribution of exon deletion shows

common hot spot regions in exon 45–54 in DMD and BMD
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the long-term efficacy of prednisolone (PSL) for prolonging ambulation among

560 Japanese DMD patients who were genetically confirmed. The time of loss of

ambulation in patients with prednisolone (PSL) treatment (n¼ 245) was 11 months

longer than that of those without PSL treatment (n¼ 315) (Fig. 11.5). This is the

largest cross-sectional objective study in the world. This research spun off into

another survey research to ask the effective resume of steroid treatment for DMD,

such as dosage, intervals, starting age, and adverse side effect if any, since there was

no registry item regarding these.

In our research group, Dr. Kawai estimated the number of DMD patients in

Japan would be about 3,500 at the end of March 2013, according to the annual

numbers of boy’s birth data in Japan and the life chart data of DMD from the NHO

hospital database, which closed to the number expected from Akita prefecture’s
data on Remudy. This information is frequently asked and needed by pharmaceu-

tical companies when considering new products for DMD and also demanded by

persons in charge of neuromuscular field in the regulatory agency, Pharmaceuticals

and Medical Devices Agency, Japan.

Pr
op
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tio

n 
w

ith
 a

m
bu

la
tio

n

Age (year)

Prednisone
past and on going

N = 245
Never
N = 315

1.0

0.0
5 205101

0.8

0.6

0.4

0.2

Fig. 11.5 Long-term efficacy of prednisolone (PSL) for prolonging ambulation among geneti-

cally confirmed DMD patients in Japanese dystrophinopathy national registry (Remudy). Of the

560 patients included, 245 (43.8 %) were in PSL treatment group, and 315 (56.2 %) were without

PSL treatment. Both groups consist of ambulant patients aged 5, 10, and 15 years, and the number

breakdown by age was 242, 136, and 8 for the PSL treatment group and 311, 145, and 10 for

without-PSL group, respectively. The median age at loss of ambulation was 10.1 years for the

patients in without-PSL treatments group and 11.0 years in the PSL treatment group. Patients

treated with PSL were able to ambulate significantly 11 months longer than those without PSL
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11.5 Applications of the Registry for Other Hereditary

Neuromuscular Disorders and Establishment of Gene

Analysis System for Them in Japan

GNE myopathy (distal myopathy with rimmed vacuoles, DMRV): GNE myopathy

is one of the ultra-rare diseases. In more than 300 GNE myopathy cases, we have

analyzed the GNE gene (63 cases between January and December of 2013) and

have found 41 % of confirmed homozygote or compound heterozygote, 3 % of

single mutation on single allele, and 51 % of no mutation [13]. Some frequent

mutations in GNE gene were found. The national registry for GNE myopathy in

Japan was launched in June 2012 (http://www.remudy.jp/dmrv/index.html). As of

June 2014, 155 GNE myopathy candidate registrants were accepted. More detailed

information of this registry was described in Chap. 10.

Fukuyama congenital muscular dystrophy (FCMD): FCMD is the second most

prevalent form of muscular dystrophy in Japan. The FCMD registry was established

by the JMDA on October 2011 (http://www.jmda.or.jp/kiko/). By January 23, 2014,

165 candidate registrants were accepted. Every year, the questionnaires for regis-

trants were sent out, and those results were reported at the research group meeting

and JMDA website and then were reflected to the activity of the branch meeting for

FCMD patients in the JMDA.

Myotonic dystrophy and other myotonia syndromes: The arrangement meeting

for the myotonic dystrophy registry started at February 2012. We have planned the

curators training, set up the registry items, and collected and regulated experts’
opinions. We prepared the DM registry office at the Department of Neurology,

Osaka University. The application of DM registry has been reviewed by the ethical

committee in Osaka University and is currently under review at the NCNP. DM

registry will be launched in October 1, 2014. This DM registry may cover other

myotonia syndromes. The advanced gene analysis methods for Myotonic dystrophy

type 1 and 2 were also examined in the NCNP.

Spinal muscular atrophy (SMA): SMA registry was launched in August 2012

and run by the Institute of Medical Genetics, Tokyo Women’s Medical University

(Prof. Kayoko Saito, http://www.sma-rt.org). As of July 2013, more than 100 can-

didate registrants were accepted.

Oculopharyngeal muscular dystrophy (OPMD): The PABPN1 gene mutations

were detected in 99 patients (84 families), according to Dr. Narihiro Minami in the

NCNP [14]. The opposite correlation was found between GCN repeat numbers and

the age of onset. Japanese OPMD national registry is now in preparation with

nationwide collaboration.

Dysferlinopathy (Miyoshi myopathy, limb-girdle muscular dystrophy type 2B,

LGMD2B, anterior tibial myopathy): Dr. Toshiaki Takahashi in the NHO Sendai

Nishitaga National Hospital reported that 42 independent mutations among affected

91 families were determined by PCR-SSCP method and then 31 independent

mutations among affected 45 families by whole 55 exon sequencing method

[15]. Also, the next-generation sequencing for dysferlinopathy, considered as a
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useful tool as well as for other LGMD, will be ready to use in several institutes in

Japan. Dysferlinopathy national registry is also planned with Remudy research

group.

In addition, registries for congenital muscular dystrophies (CMD) [16], congen-

ital myasthenic syndrome (CMS) [17], facioscapulohumeral muscular dystrophy

(FSHD) [18], and limb-girdle muscular dystrophy (LGMD) have been planned

as well.

Preparation of the new advanced web registration system: We studied safe and

efficient way of patient self-registry and developed a new web-based registration

system under collaborations with Hitachi Solutions, Ltd. Because of high-standard

security within ethical guidelines, in addition, stability, and applicability, this

excellent system will be useful for other rare diseases as well as many common

disorders.

11.6 International and Nationwide Research

Harmonization for Rare Diseases

From 1999, the Cooperative International Neuromuscular Research Group

(CINRG) was developed as a consortium of medical and scientific investigators

from over 20 international academic and research centers. The CINRG coordinat-

ing center is located in the Children’s Research Institute of Children’s National

Medical Center in Washington, DC, USA. The goal of CINRG is to contribute to

the research and the treatment of neuromuscular diseases by studying the causes,

pathogenesis, and clinical outcomes of the diseases and also by conducting well-

controlled clinical studies that examine promising therapeutic interventions that

may improve or extend quality of life for patients. To date, CINRG has completed

six [19, 20] and is currently running four clinical studies. Both in and out of Europe,

TREAT-NMD alliance has developed a global database for dystrophinopathy

patients to promote clinical trials for new therapeutic strategies, as tools to study

the epidemiology [5], burden of the DMD [21], as well as other neuromuscular

disorders, as described above. CARE-NMD (http://en.care-nmd.eu), a European

project improving care for DMD, led by Dr. Janbernd Kirschner, Freiburg Univer-

sity, part-funded by the EU between May 2010 and April 2013, brought together

leading care centers to disseminate information about best-practice DMD care and

to implement international consensus care standards. The CARE-NMD patient

survey of care and quality of life to the national dystrophinopathy registries across

seven partner countries in EU, already collecting almost 1,100 responses, expanded

to other national registries belongs to TREAT-NMD, internationally. In 2013, the

CARE-NMD family survey in Japan was carried out under collaboration with

CARE-NMD project and the Muscular Disease Center at the NCNP directed by

Dr. Hirofumi Komaki. This survey presented the current conditions and problems

of DMD patients and families, clarified some similarities and differences among the
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countries including western and eastern European countries and Japan, and was also

useful for providing the patients information about the care and cure for DMD.

We have also discussed the role of the Remudy as a prototype among the rare

disease infrastructure for the clinical research. We participated in every related

meetings, such as the meeting for rare and intractable diseases held every other

month with the concerned persons in some pharmaceutical companies and the

preparation meetings for patient registries in January and February 2013, led by

Dr. Tomonori Tateishi (former NCNP, present PMDA). In the first international

workshop in Japan for rare disease registries in July 2013, the international key

speakers from Europe, the United States, and China were invited, and domestic

speakers working for each patient registry discussed the collaboration among the

rare disease registries, followed by a second domestic workshop for rare disease

registries in July 2014, both managed by Dr. Hiroshi Mizushima and our group

(http://www.remudy.jp). At the symposium in the 34th Annual Meeting of The

Japanese Society of Clinical Pharmacology and Therapeutics, we discussed the

roles and the recent status of patient registries in clinical research in Japan. Among

these activities, we confirmed importance of the harmonization of patients and

families, medical providers, and other stakeholders, such as pharmaceutical indus-

tries, researchers, patient advocacies, and the regulatory agency.

11.7 Discussion and Plan for Next Step

Today in the drug development field, operation of international clinical trials have

been discussed across the world. In Japan, various international trials have already

been done or are in operation. Information regarding adequate dosage, administra-

tion, efficacy, and safety of the candidate agents in Japanese people are important

for review and approval in Japan, even though clinical trials do not have to be done

as international trials. It was impossible to recruit participants who met inclusion

criteria of each study in a single country. For example, 174 nonsense mutation

DMD patients participated in an international late phase II trial for ataluren

(PTC124, Translarna™), and more than 300 DMD patients who had particular

mutation altered by exon 51 skipping therapy from 25 countries participated in

5 clinical trials to develop drisapersen. Now, it is an important strategy to plan and

operate international harmonization at the early phase of development and to

investigate racial variation of drug efficacy and safety concurrently in many

hereditary neuromuscular diseases, which are classified into rare diseases. At the

present day, some other international clinical trials for DMD patients are running,

such as phase II/III study of coenzyme Q10 and lisinopril and phase III study of

tadalafil. Domestic clinical trials for unique drug development in Japan are also

running such as phase II study of arbekacin sulfate (NPC-14) as a read-through

agent and exploratory study of NS-065/NCNP-01 as an exon 53 skip agent. In

addition, clinical development of medical devices draws an awful lot of attention at
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the moment. One major example is the currently ongoing multicenter clinical trial

of a robot suit HAL being designed as a tool for neuromuscular rehabilitation.

Recently, in June 2014, Prosensa, a leading company developing exon-skipping

agents for DMD, announced regulatory path forward for drisapersen as a potential

treatment for DMD, with a plan to submit a new drug application to the FDA in

2014. Dialogue with EMA continues with the intent to seek approval. In August

2014, PTC Therapeutics received conditional approval in the EU for Translarna™
(ataluren) for the treatment of nonsense mutation DMD.

To conclude, Remudy, the patient registry for the neuromuscular disorders, is

the first national registry for rare diseases including both clinical and molecular

information in Japan to lead to the clinical developmental studies and to enable

revealing nationwide epidemiological data. We run the Remudy successfully so far,

because of the accurate gene analysis system, cooperation of patients, families,

advocacy groups, medical providers, and carefully planned operation system

including the steering committee as well as international collaboration. We con-

tinue to run this system, to expand the target diseases, and to step forward to

develop a new system covering the whole rare and intractable diseases with other

research groups. The patient registries are now recognized as a useful tool to

accelerate clinical research of various rare diseases. Further, we will promote this

infrastructure for clinical research to complement the pitfall of the national intrac-

table disease registries now being planned as one of the effective measures to

overcome the diseases by the Ministry of Health, Labour, and Welfare, Japan,

especially prepared for deduction of patient’s medical expenses. Our proposed new

registry system will make the healthcare administration of the government more

satisfactory.
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Chapter 12

Muscular Dystrophy Clinical Trial Network

in Japan

Katsuhisa Ogata

Abstract Muscular dystrophy is a rare disease, affecting less than 0.01 % of the

population. The establishment of clinical trial networks between medical institutes

reportedly helps to improve readiness for trials on rare diseases such as muscular

dystrophy. Some networks for clinical research on neuromuscular diseases have

already been established in other parts of the world. The Muscular Dystrophy

Clinical Trial Network (MDCTN) was established in 2012 to promote and activate

clinical research on neuromuscular diseases in Japan. This network was organized

based on an existing study group for clinical myology funded by a Japanese

national research grant and is a network of national hospitals with wards specifi-

cally for patients with progressive neuromuscular disorders. As of April 2015,

33 medical institutions had joined this network. Site registry queries have revealed

that approximately 6000 patients with neuromuscular diseases visit the member

hospitals annually. The work of the MDCTN includes sharing updates in health-

care information, developing standardized means of evaluation through workshops,

supporting clinical trials with feasibility surveys and patient recruitment, and

conducting collaborative research. Working closely with patient registries is one

of the keys to the functioning of this network. The MDCTN has collaborated with

one patient registry, Remudy, to support remarkably rapid recruitment of subjects

with Duchenne muscular dystrophy who meet criteria of specific genetic mutations

and conditions for some clinical trials. The goal of MDCTN is to be a model for

developing pharmaceuticals and medical devices for rare diseases in Japan.

Keywords Muscular Dystrophy Clinical Trial Network • Rare disease •

Neuromuscular disease • Clinical trial network • Patient registry • Remudy

K. Ogata (*)

Institute of Clinical Research, National Hospital Organization Higashisaitama Hospital,

4147 Kurohama, Hasuda, Saitama 349-0196, Japan

e-mail: ogataneu@nhs.hosp.go.jp

© Springer Japan 2016

S. Takeda et al. (eds.), Translational Research in Muscular Dystrophy,
DOI 10.1007/978-4-431-55678-7_12

179

mailto:ogataneu@nhs.hosp.go.jp


12.1 The Importance of Organizing a Network of Clinical

Sites for Studies on Muscular Dystrophy

Muscular dystrophy is a rare disease, affecting less than 0.01 % of the population

[1]. The elucidation of molecular pathophysiology in many subtypes of muscular

dystrophies has enabled the introduction of various therapeutic approaches, such as

antisense oligonucleotide drugs and stop codon readthrough therapy [2]. Clinical

trials of epochal drugs for muscular dystrophy have been planned and are running

[3–5].

Rare diseases pose many challenges that are specific to their scarcity. Improve-

ment in readiness for clinical trials for muscular dystrophy is desirable to facilitate

progress in research and new drug development.

The establishment of clinical trial networks between medical institutes report-

edly helps to improve readiness for trials on rare diseases such as muscular

dystrophy for the following reasons: it facilitates recruitment of patients and

standardization of clinical backgrounds and trial procedures, improves efficiency

and effectiveness of clinical trial management, and is a step toward establishing a

global network [6].

Because it is difficult to conduct meaningful clinical studies with few subjects,

the accumulation of disease information is important in that it can inform the design

of clinical trial protocols. For this reason, collaboration between the clinical trial

network and patient registry is indispensable.

Standardization of clinical background is necessary for reliable evaluation of

safety and efficacy of new drugs. Guidelines for care and therapeutic procedures are

useful in this respect [7]. Naturally, standardized outcome measures are also needed

for effective clinical trials. Planning of good outcome measures and mastering them

are essential for good trial design and operation.

Because there are few clinics with experience in caring for patients with rare

diseases and conducting research in the field, establishing a specialized professional

network improves clinical trial readiness and facilitates cooperation with a global

network. A well-organized network enables efficient operation and management of

clinical trials.

12.2 Existing Clinical Trial Networks for Neuromuscular

Diseases

12.2.1 TREAT-NMD

Initially established in 2007, TREAT-NMD is an EU-funded network for reshaping

the research environment in the neuromuscular field [8]. Many projects have been

established within this network, including patient registries, support for molecular

diagnosis, care and trial site registries, outcome measures research and validation,
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standards of care guidelines, advisory committee for therapeutics, animal models, a

biobank, engagement with regulatory authorities, a regulatory affairs database, and

advisory support for industry.

The TREAT-NMD Care and Trial Site Registry (CTSR), an online self-

registration database of information on clinical sites, was established in 2007

[6]. As of October 2014, 320 centers for neuromuscular diseases in 48 countries

had joined this registry.

This network has developed from its European roots to become a global orga-

nization that brings together leading specialists, patient groups, and industry rep-

resentatives to ensure preparedness for trials and therapies of the future while

promoting best practice today.

12.2.2 Cooperative International Neuromuscular Research
Group (CINRG)

The CINRG was established in 1999 as a consortium of medical and academic

investigators from academic and research centers in the USA for the purpose of

contributing to improvement in therapies for neuromuscular diseases by conducting

further observational studies and well-controlled clinical trials [9]. Today, CINRG

is a global, state-of-the-art clinical research network, with 28 sites from 12 countries

worldwide.

12.2.3 Australasian Neuromuscular Network (ANN)

Established in 2010, ANN is an alliance between Australia and New Zealand for

diagnosis, research, therapy, and advocacy of patients with neuromuscular diseases;

it collaborates with TREAT-NMD and CINRG [10]. The goal of ANN is to improve

health outcomes of patients with neuromuscular diseases by providing best practice

in diagnosis, care, and treatment, ready access to standards of care, a unified

approach to ethical approvals and consent, improved communication, integrated

training programs for clinicians and researchers, assistance for setting up multidis-

ciplinary services, providing a single voice to advocate for patients, and notification

of opportunities to participate in registries, research studies, and clinical trials.
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12.3 The History of Clinical Research on Muscular

Dystrophy in Japan

From 1964, wards specifically for patients with progressive neuromuscular disor-

ders have been established in 27 national hospitals in Japan, including the National

Center of Neurology and Psychiatry (NCNP) [11]. National research grants for

muscular dystrophy from the Ministry of Health and Welfare of Japan were also

initiated in 1964. Four study groups were established with these grants: basic

myology, pathology and molecular pathophysiology, clinical myology, and

multidisciplinary care for patients. These study groups have formed an alliance

that functions as an integrated network for research on muscle and muscular

diseases.

Clinical research on muscular dystrophy in Japan has developed in collaboration

with universities and national hospitals contributing to myology, with financial

support by the government.

With the transformation of the national hospitals and NCNP into independent

administrative institutions in 2004 and reorganization of national research grants

for muscular dystrophy in 2010, establishing a clinical research network for neu-

romuscular diseases was necessary.

12.4 Muscular Dystrophy Clinical Trial Network

(MDCTN): A Clinical Trial Network

for Neuromuscular Diseases in Japan

The MDCTN was established in 2012 based on the preexisting experiences and

network of wards specifically for persons with muscular dystrophy and a clinical

myology research group [12]. It is the first clinical research network for neuromus-

cular diseases in Asia.

The four main purposes of the MDCTN are to improve patient recruitment,

develop an infrastructure for clinical trials, cooperate with and support clinical

studies, and improve communication about research among member institutes

(Fig. 12.1).
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As of April 2015, 33 clinical institutes distributed over all four main islands of

Japan have joined the MDCTN (Fig. 12.2); these comprise 17 hospitals of the

National Hospital Organization, one national center (NCNP), 12 university hospi-

tals and institutes, one prefectural hospital, one hospital of a local welfare organi-

zation, and one private hospital.

According to the data from the annual site registry as of December 2014,

approximately 6000 patients with neuromuscular diseases visit MDCTN member

hospitals annually. In decreasing order, their neuromuscular diseases are Duchenne

muscular dystrophy 29 %, myotonic dystrophy type 1 21 %, limb-girdle muscular

dystrophy 11 %, Becker muscular dystrophy 10 %, facioscapulohumeral muscular

dystrophy 6 %, Fukuyama congenital muscular dystrophy 6 %, spinal muscular

atrophy 6 %, congenital myopathy 4 %, mitochondrial disorder 4 %, congenital

・Facilitation of collaborative 
research

・Improving health outcomes of 
patients with neuromuscular 
diseases

・Site registry
- Updated annually
・Information about clinical trials for 

member institutes

Improvement in
patient accumulation

・Establishment of clinical trial 
infrastructure compliant with good 
clinical practice and guidelines

・Standardization and validation of 
outcome measures

Development of
clinical trials infrastructure

・Improvement of efficiency
- Central institutional review board
- Central management of studies
・Support for studies

- Feasibility surveys
- Patient recruitment
・Advisory support for industries

Cooperation and support
for clinical studies

Improvement in Communication
between member institutes

Fig. 12.1 Main purposes and resources of the MDCTN
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muscular dystrophy excluding Fukuyama type 3 %, and GNE myopathy 2 %

(Fig. 12.3).

Pulmonary function testing, continuous pulse oximetry, standard 12-lead elec-

trocardiography, and Holter electrocardiography are available for functional eval-

uation in all member institutes. Additionally, blood gas analysis, transthoracic

echocardiography, electromyography, muscle magnetic resonance imaging, muscle

biopsy, 6-min-walk testing, 10-m-timed walk testing, and timed up-and-go testing

are available in more than 90 % of member institutes. Institutional review boards

have been established in all member institutes.

Fig. 12.2 Locations of the member institutes of the MDCTN. As of April 2015, 33 institutes

located on all four main islands of Japan had joined the MDCTN
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12.5 The Activities of MDCTN in Japan

12.5.1 Propagation of Information and Education

The MDCTN holds annual workshops to share opinions and information regarding

updates in research and current and promising therapies, these workshops being

open to network members, pharmaceutical companies, patient advocacy groups,

members of regulatory agencies, and anyone else with an interest in MDCTN

activities. The MDCTN also has regular meetings with representatives of member

institutes for communication purposes. As a component of its working group

activities, the MDCTN also holds seminars about neuromuscular diseases and

standardized evaluation for physical therapists and clinical research coordinators.

These seminars and workshops are generally well received because they provide a

great opportunity for communication between physical therapists and clinical

research coordinators from different institutes.

Approx.
6,000

patients
in 30 sites

DMD
29%

BMD
10%

LGMD
10%

FCMD 6%

CMD 3%

CM 4%

FSHD 6%

DM1
21%

GNE myopathy 2%

SMA
6%

Mitochondrial
disorder 4%

Fig. 12.3 Composition of overall patient cohort under the auspices of the MDCTN. As of

December 2014, approximately 6000 patients with neuromuscular diseases were visiting the

30 MDCTN member hospitals annually. BMD Becker muscular dystrophy, CM congenital myop-

athy, CMD congenital muscular dystrophy excluding Fukuyama type, DMD Duchenne muscular

dystrophy, DM1 Myotonic dystrophy type 1, FCMD Fukuyama congenital muscular dystrophy,

FSHD facioscapulohumeral muscular dystrophy, LGMD limb-girdle muscular dystrophy, SMA
spinal muscular atrophy
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12.5.2 Feasibility Surveys for Clinical Trials

The MDCTN has built the capacity to eliminate the need for researchers and

pharmaceutical companies to spend their valuable time looking for cooperative

researchers and recruiting patients. Pharmaceutical companies that have asked the

secretariat office of the MDCTN to investigate the feasibility of clinical trials on

muscular dystrophy have had answers within a few weeks. This is possible because

the MDCTN has compiled appropriate forms that are sent directly to possible

principal investigators who specialize in muscular diseases and are interested in

participating in clinical trials.

12.5.3 Support for Recruitment of Patients for Clinical Trials

Two investigator-initiated clinical trials on muscular dystrophy asked the MDCTN

for support in recruitment of patients with certain genetic mutations through the

patient registry, Remudy [13]. Patient recruitment for one of these studies was

completed within only 2 months. However, at the time of writing, the MDCTN was

still working on recruitment for the other study because some possible participants

were excluded by more detailed exclusion criteria or because they lived too far from

the participating site. Otherwise, participants are assigned quickly from the start.

These experiences have demonstrated that tight coordination between the patient

registry and clinical trial network greatly facilitates recruitment of patients. The

patient registry can be used to rapidly identify and hence recruit participants with

specific genotypes and physical conditions who are eligible for the proposed

clinical trials.

12.5.4 Collaborative Research

The infrastructures for clinical trials on muscular dystrophy are still inadequate.

Nationwide epidemiological information about some ultra-rare diseases is not yet

available. It is very hard to establish adequate end points for some gradually

progressive diseases, including muscular dystrophy, that lack reliable biomarkers

that would enable accurate assessment of disease status. Thus, epidemiological

surveys and development of outcome measures are important for improving clinical

research into many rare diseases.

The MDCTN’s collaborative research program currently includes some ongoing

epidemiological studies and a study aimed at developing good outcome measures

for muscular dystrophy.
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12.6 The Goal of MDCTN, as a Clinical Research Network

for Rare Diseases in Japan

The MDCTN was organized for the purpose of serving as “a model of development

of pharmaceuticals and medical devices for rare diseases in Japan” and providing

infrastructure to support multi-institutional clinical research into promising avenues

for improving health care of persons with rare diseases such as muscular dystrophy.

This network helps industry–academia collaboration and coordinates connections

between muscular disease research specialists. The MDCTN is also working on

communication between the patient registry and cooperating sites to enable smooth

execution of clinical trials, standardized means of evaluation, and clinical research

education. Sharing updates in health-care information and standardization of eval-

uation among the cooperating sites make it possible to activate quality clinical

research even though muscular dystrophy is a rare disease.

Effective use of the clinical research infrastructure provided by the patient

registry is a powerful means of recruiting patients with rare diseases and supporting

the education of such patients about ongoing clinical research, thus making it easier

to gain their consent to participate in clinical trials. This activity will facilitate

clinical research with high-quality outcomes and thus contribute to improvements

in patient care and treatment options. Moreover, the MDCTN is a useful model for

clinical research on rare diseases.
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Chapter 13

Translational Research on DMD in Japan

From Mice to Exploratory Investigator-Initiated

Clinical Trial in Human

Shin’ichi Takeda and Tetsuya Nagata

Abstract Currently, antisense oligonucleotides (AONs)-mediated exon skipping

therapy is the most promising therapy for Duchenne muscular dystrophy. We

performed preclinical studies using dystrophic mdx52 mice and CXMDJ dystrophic

dogs to obtain proof of concept of AONs-mediated exon skipping therapy. Then,

Japan participated in the worldwide clinical trials of drisapersen (Phase III).

Finally, we developed a new AON targeting exon 53 in collaboration with Nippon

Shinyaku Co., Ltd. in Japan and started an investigator-initiated clinical study at the

National Center Hospital of NCNP (Phase I). This early phase exploratory study is

the first clinical trial of an AON developed in Japan and a good example of

translational research for treatment of DMD in Japan. In this chapter, we summarize

the long development of the drug and discuss the future direction of splicing

therapy for DMD.

Keywords Duchenne muscular dystrophy • Exon 53 • Exon skipping •

Morpholino • Reading frame • Dystrophin • Splicing • Investigator-initiated

clinical trial

13.1 Mechanisms of Exon Skipping Therapy

Duchenne muscular dystrophy (DMD) is the most common X-linked genetic

disease, affecting one in 3500 newborn boys. DMD is caused by mutations in the

gene that encodes the 427-kDa cytoskeletal protein dystrophin. Dystrophin protects

the muscle cell membrane from damage during muscle contraction. DMD muscle

fibers deficient in dystrophin gradually degenerate due to repeated mechanical

stress and are lost, resulting in progressive muscle weakness [1]. Cardiomyopathy

and respiratory dysfunction are two major causes of premature death of DMD
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patients. Although prednisolone is proven to slow the deterioration of muscle

function in DMD patients to some extent [2], there is no satisfactory therapy for

this devastating disease.

Exon skipping by antisense oligonucleotides (AONs) is a strategy to restore the

reading frame of the mutated DMD gene by artificial elimination of one or two

(or more) exons from pre-mRNAs during the splicing process (not at the genome

level) and rescue dystrophin expression. Correctly exon-skipped mRNAs are trans-

lated into truncated but still functional dystrophin. The idea of exon skipping by

interference with normal splicing of DMD transcripts using AONs was first pro-

posed by Dr. Matsuo at Kobe University [3–5]. Later, Dunckley et al. demonstrated

the exon skipping approach in myotube culture of cells derived from mdx mice

using 20OMeRNA [6]. In 2001, van Deutekom reported that AONs-induced exon

skipping restores dystrophin expression in muscle cells derived from DMD patients

[7]. Exon skipping in vivo using AONs has been accomplished inmdxmice by local

injection [8] and systemic delivery [9, 10].

13.2 AON Chemistry

In current clinical studies, two types of AONs, 20-O-methyl phosphorothioate

oligonucleotides (20OMePSs) and phosphorodiamidate morpholino oligos (PMOs),

are being used. The effectiveness of exon skipping by AONs largely depends on

chemical modifications of the backbone of the AON. Therefore, new AONs with new

chemical modifications and backbones are still under development (Table 13.1).

1. 20-O-Methyl-phosphorothioate oligonucleotide (20OMePS)
Drisapersen (GSK2402968/PRO051) is a successful example of a 20OMePS-

based AONs targeting exon 51. Although statistically significant improvement

in the 6-min walking distance test (6MWT; [12]) was not evident in the Phase III

trial of drisapersen, BioMarin and Prosensa have recently announced completion

of the submission of a New Drug Application (NDA) for drisapersen to the US

Food and Drug Administration (FDA) (http://investors.bmrn.com/releasedetail.

cfm?ReleaseID¼908731). BioMarin also expressed its intention to submit a

marketing authorization application for drisapersen in the European Union in

the summer of 2015.

2. Phosphorodiamidate morpholino oligos (PMOs)
Eteplirsen (AVI-4658) (Sarepta Therapeutics, formerly AVI BioPharma, http://

www.sarepta.com) is a morpholino-based AONs targeting exon 51 of the DMD

gene. Among a variety of AONs tested for exon skipping in animal models, the

PMOs is reported to be the safest. For example, mdx mice reportedly tolerate a

3-g/kg dose [13]. In human, Sarepta employed a high dose (30 or 50 mg/kg) of

eteplirsen for a long period (48 weeks) to cause exon skipping in clinical trials

(Phase IIb) on DMD patients without severe side effects [14].

190 S. Takeda and T. Nagata

http://investors.bmrn.com/releasedetail.cfm?ReleaseID=908731
http://investors.bmrn.com/releasedetail.cfm?ReleaseID=908731
http://investors.bmrn.com/releasedetail.cfm?ReleaseID=908731
http://www.sarepta.com/
http://www.sarepta.com/


Table 13.1 Comparison of antisense oligonucleotides for clinical and preclinical use

Chemical

Chemical

characteristics Advantages Disadvantages

Negatively

charged

Good solubility – long

half-life

Nuclease and RNase H

resistant

Do not enter

the heart

Toxicity

Uncharged Relatively safe

Nuclease and RNase H

resistant

Stable

No interaction with

cellular proteins

No activation of innate

immune responses

Does not enter

the heart

Rapid renal

clearance,

Poor cellular

uptake

Cell-penetrating peptide-

conjugated PMOs (PPMOs)

Conjugation of

cell-

penetrating

peptides to

PMOs

Enhanced cellular

delivery

Effective in vivo

delivery

Enter cardiac cells

Toxicity

Vivo-morpholinos (vPMOs) Conjugation of

dendrimeric

octa-guanidine

to PMOs

Enter cardiac muscle

Effective at lower dose

Toxicity

Tricycle-DNA (tcDNA) tc-DNA devi-

ates from natu-

ral DNA by

Increased RNA affin-

ity and hydrophobicity

Nuclease resistant Do

Toxicity

(continued)
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Weaknesses of PMOs are that PMOs are poorly taken up by muscle fibers and

are excreted in urine soon after administration. In addition, the uptake of PMOs

by muscle is not uniform. It is suggested that the cellular uptake is a passive

process, probably through leaky plasma membranes of the muscle fibers. There-

fore, repeated administration of PMOs in high doses is required to sustain

therapeutic levels of dystrophin expression. In addition, morpholino AONs do

not enter cardiac cells.

Sarepta has completed Phase IIb studies and recently announced the results of

long-term outcomes through 168 weeks of a Phase IIb study of eteplirsen. The

results showed a statistically significant treatment benefit (http://phx.corporate-

ir.net/mobile.view?c¼64231&v¼200&d¼1&id¼2006709). Sarepta now plans

to submit an NDA by mid-2015 after collecting more data to meet FDA

requirements.

3. Modified PMOs
Unmodified PMOs require frequent (weekly or biweekly) high-dose injections to

maintain therapeutic levels of dystrophin protein. In addition, PMOs cannot be

delivered to cardiac muscle, which is an important therapeutic target for DMD.

To avoid frequent administration and lower the dose for long-lasting therapy for

DMD boys and hopefully target the heart, PMOs have been improved by organic

chemists.

• Cell-penetrating peptide-conjugated PMOs (PPMOs)
AVI-5038, targeting exon 50, is a PPMO developed by Sarepta. PPMOs are

actively taken up by the cells. Therefore, compared to unmodified PMOs, far

lower doses of PPMOs can restore sufficient dystrophin even in

cardiomyocytes. A disadvantage of PPMOs is that they have dose-dependent

toxicity. High doses of PPMO caused adverse effects, such as lethargy,

weight loss, and tubular degeneration in kidneys of rats [15, 16].

• Vivo-morpholinos (vPMOs)
vPMOs contain a cell-penetrating moiety, an octa-guanidine dendrimer. Due

to this modification, vPMOs are actively taken up by cells. As expected,

vPMOs are reported to lead to extensive and prolonged dystrophin expression

in the dystrophic mdx mouse, an animal model of DMD, at a relatively low

dose ([17–19]; Echigoya et al., [20]). vPMOs also effectively induced exon

skipping in dystrophic dogs in vivo [21].

Table 13.1 (continued)

Chemical

Chemical

characteristics Advantages Disadvantages

three addi-

tional C-atoms

between C(50)
and C(30)

not activate RNase H

Enter the heart and

cross blood–brain bar-

rier [11]
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4. Tricycle-DNA (tcDNA) oligomers
Goyenvalle et al. reported the development of tricycle-DNA (tcDNA) oligo-

mers, as a promising tool for exon skipping therapy of DMD. Mdx mice treated

with high doses of tcDNA AONs (200 mg/kg/week for 12 weeks) showed

improved cardiac function and reduced freezing response [11], which charac-

terizes the neurological defects of mdx mice [22]. The authors also reported that

tcDNA has a higher propensity to spontaneously self-assemble into

nanoparticles. The authors speculate that this property explains efficient uptake

of tcDNA by the cells and therefore efficient exon skipping in vivo.

To achieve high concentrations of AONs in the muscle, further development

of new types of AONs is in progress. Tissue-specific delivery systems for AONs

are also important to achieve efficient and safe exon skipping with low doses

of AONs.

13.3 Preclinical Studies Using Dystrophic Animal Models

13.3.1 Mdx52 Mice

Although many exon skipping studies have been performed on mdx mice, which

have a nonsense mutation in exon 23, a type of mutation that is rare in human,

therefore, we used mdx52 mice, in which exon 52 has been deleted by a gene

targeting technique [23] for preclinical study. We designed more than 10 AONs

covering exon 51 of the mouse DMD gene and injected them intramuscularly into

mdx52 mice. The highest splicing efficiency was generated by a

two-oligonucleotide cocktail targeting both the 50 and 30 splice sites of exon 51.

We systemically injected the cocktail into mdx52 mice seven times at weekly

intervals. This protocol induced 20–30 % of wild-type dystrophin expression in

all muscles and was accompanied by amelioration of the dystrophic pathology and

improvement of skeletal muscle function [24]. This study provided proof of concept

for exon 51 skipping in the DMD animal model. Then, we participated in one of the

global trials of exon 51 skipping using drisapersen (Phase III). Exon 51 skipping is

estimated to be applicable for up to 13 % of all DMD patients, representing the

largest patient population treatable by a single-exon skipping strategy.

13.3.2 CXMDJ Dogs

We established a colony of dystrophic dogs (CXMDJ) in Japan [25]. The beagle is

smaller and more widely used in pharmaceutical research than the golden retriever.

Therefore, the original golden retriever muscular dystrophy dogs (GRMD) were

crossed with beagles seven times. Using beagle-CXMDJ dystrophic dogs, which
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harbor a splice site mutation at the boundary of intron 6 and exon 7, we performed

systemic administration of a mixture of AONs simultaneously targeting both exons

6 and 8 of the canine DMD gene. In treated CXMDJ dogs, truncated dystrophin

proteins were expressed at the sarcolemma, and the performance of affected dogs

was significantly improved without serious side effects [26]. The results convinced

us that systemic delivery of PMOs for exon skipping is safe and effective, except to

cardiac muscle. We also confirmed that the AONs that were effective in the

dystrophic dogs also worked in cells from an exon 7-deleted DMD patient [27].

13.4 Phase I Investigator-Initiated Exploratory Study

in NCNP Hospital

In 2009, we started development of AONs, which allow exon 53 skipping of the

DMD gene together with Nippon Shinyaku Co., Ltd. (http://www.nippon-shinyaku.

co.jp/english/). Targeting exon 53 is applicable to DMD patients with deletions of

dystrophin exons 42–52, 45–52, 47–52, 48–52, 49–52, 50–52, and 52. In Japan,

300–400 patients are estimated to be treatable by exon 53 skipping. NS-065/NCNP-

01 is a newly developed PMO-based AON that skips exon 53 of the dystrophin

gene. After the efficacy and safety were confirmed in preclinical studies, a dose

escalation study was designed to evaluate the systemic delivery of NS-065/NCNP-

01 by intravenous infusion once per week for 12 weeks to three cohorts. The

primary endpoint of the trial was safety, and the secondary endpoints were phar-

macokinetics and dystrophin expression. Ten subjects, aged 6–14 years responsive

to exon 53 skipping, were recruited through REMUDY (Chap. 11) and randomly

allocated to one of the three cohorts. In vitro confirmation of exon 53 skipping and

dystrophin recovery in subject-derived cells [27] was one of the inclusion criteria.

At the end of 2014, administration to all subjects had been completed. The initial

analysis detected dystrophin mRNA with the amino acid reading frame restored by

exon 53 skipping in every dose group. Furthermore, the expression of dystrophin

protein that appeared to have been translated from such an mRNA was detected in

the high-dose group. In addition, no serious adverse event was observed throughout

the study, and no subject discontinued administration. Anemia and increases in

some renal parameters were observed as general adverse events. The analysis of

data from the study is still ongoing and will be published elsewhere. As the next

step, ambulatory patients should be treated with dose escalation. Using the results

of the investigator-initiated clinical trial, Nippon Shinyaku is preparing for the next

stage of clinical development with a view to launching this product in Japan

in 2018.
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13.4.1 Evaluation of the Efficacy of Exon Skipping

In our Phase I study, we assessed the safety of the drug as the primary endpoint. For

approval of the drug, how to evaluate the clinical outcomes remains controversial.

Although 6MWT, which measures the distance an individual is able to walk in

6 min on a hard, flat surface, is a well-accepted, widely used measurement of

cardiac, respiratory, circulatory, and muscular function in DMD (https://www.

thoracic.org/statements/resources/pfet/sixminute.pdf), whether 6MWT is suitable

for primary endpoint to meet for future clinical trials for DMD is under discussion.

13.5 Next Strategy for Exon Skipping Therapy

13.5.1 Delivery to Cardiac Muscle

Many DMD patients die due to cardiac dysfunction. Since unmodified PMOs or

20OMePSs do not enter cardiomyocytes, the development of new AONs that can

reach cardiac muscle has been awaited. vPMOs or PPMOs are PMOs modified to

be efficiently taken up by cardiac cells. In fact, these modified PMOs show higher

efficiency in exon skipping in the heart than unmodified PMOs and 20OMePSs.

Importantly, however, modified PMOs have been reported to be cytotoxic at higher

doses [16]. The mechanisms of the side effects of modified PMOs remain to be

determined. In addition to AON chemistry, the development of a muscle-specific

delivery system is important.

13.5.2 Targeting Minor Exons

Exon skipping is a personalized medicine in that the exon to be skipped is different

for each patient. At present, the development of AONs by pharmaceutical compa-

nies is focusing on exons that will benefit large numbers of patients, e.g., exon

51 (13 %), 45 (8.1 %), or 53 (7.7 %). For other exons, development is delayed. To

accelerate drug development for rare mutations, we should appeal to the regulatory

agency to change the rules. In fact, the FDA released “Guidance for Industry

Duchenne Muscular Dystrophy Developing Drugs for Treatment over the Spectrum

of Disease” on September 4, 2014. It seems that input from the DMD disease

community is lowering the hurdles for regulatory approval of candidate drugs to

treat DMD.
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13.5.3 Targeting Multiple Exons

Multiple exon skipping targeting exons 45–55 (11 exons), the mutation hotspot of

the DMD gene, is estimated to be capable of ameliorating the dystrophic symptoms

of as many as 63 % of all DMD patients. Several experimental studies reported

successful multiple exon skipping by using a cocktail of AONs in murine [17, 20]

and canine [21, 28] models. In the near future, multiple exon skipping by a

combination of AONs may be tested in DMD patients.

13.6 Perspective on Future Reading Frame-Restoring

Therapy for DMD

1. Genome editing in stem cells
Out-of-frame mutations can be transformed into in-frame mutations by using

genome editing techniques. Hotta’s group at the Center for iPS Cell Research

and Application, Kyoto University, showed that TALEN and CRISPR/Cas9

systems can restore the reading frame of the mutated DMD gene (from severe

DMD-type to benign Becker-type mutations) by generating small deletions or

insertions at the targeted site [29]. The gene-edited patient-derived iPS cells are

expected to be useful for stem cell transplantation therapy using autologous

cells. It was also possible to completely correct gene mutations by homologous

recombination in iPS cells [29]. Recently, to increase the number of DMD

patients who benefit from genome editing, Ousterout et al. tested multiplex

genome editing by simultaneous targeting exons 45–55. Gene-edited DMD

patient myoblasts transplanted into immune-deficient mice expressed human

spectrin at the sarcolemma of the host muscle [30].

2. Genome editing in vivo
In vivo restoration of the reading frame of the DMD gene on the level of the

genome might be an alternative to AONs-mediated exon skipping during the

splicing process. Recently, plasmid vectors [31], adeno-associated virus (AAV)

vectors [32], and lentiviral vectors [33] have been used to express Cas9 protein

and guide RNA in the target organs of adult mice. A concern of direct gene

editing in vivo is off-target mutations and unwanted chromosomal translocations

associated with off-target DNA cleavages [34]. Therefore, the safety issues

should be examined carefully for each single guide RNA. In addition to the

accuracy of gene editing, at present, the efficiency of in-frame correction in vivo

was low, and gene correction by a knock-in strategy in vivo using homologous

recombination is rather challenging.
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13.7 Translational Medicine of Muscular Dystrophies

in JAPAN

In the past, there was no functional network to promote translational medicine for

muscular dystrophies. In 2008, NCNP established a translational research center

and then started a nation-wide registry system named “REMUDY” (Registry of

Muscular Dystrophy) (http://www.remudy.jp/). In November 2014, REMUDY

installed a web-based registry system (Chap. 11), and as of April 2015, 1385

BMD/DMD patients have been registered. The success of REMUDY for

BMD/DMD stimulated registries for other neuromuscular diseases (GNE myopa-

thy, myotonic dystrophy type 1, Fukuyama-type congenital dystrophy, etc.) in

Japan. We also established a muscular dystrophy clinical trial network (MDTCN)

(Chap. 12) (http://www.mdctn.jp/). The two systems provide a good model for

translational research for other rare diseases, linking each other and cooperating

with international societies for neuromuscular disorders such as TREAT-NMD

(http://www.treat-nmd.eu/) or CINRG (http://www.cinrgresearch.org/).

In February 2015, we started an interdisciplinary scientific society, “Japan

Muscle Society” (http://www.asas.or.jp/jms/). This academic society, composed

of clinicians, scientists and researchers working in the drug industry, who have

different backgrounds, will further facilitate translation of basic research to the

bedside for muscular dystrophies/myopathies.
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