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Figure 3 Models for a modifier(s) and effects of the duplication size. In models A-C, the yellow bars show chromosome 17, and the light
green bars indicate other chromosomes. The two red dots represent the duplication at 17p13.3, and the blue dots indicate a putative modifier(s).
Black painted diamonds represent limb malformation positive patients, dot-associated and gray painted diamonds indicate clinically normal carriers
with the duplications and the modifier(s) respectively, and white painted diamonds denote clinically normal subjects without both the duplications
and the modifier(s). A. This model assumes that co-existence of the duplication and a cis-acting modifier(s) causes limb malformation. If co-existence
of the duplication and the cis-acting modifier(s) is associated with incomplete penetrance, this can explain all the transmission patterns observed to
date, including the patient-to-carrier transmission and the presence of 2 2 affected children. B. This model postulates that the presence of a cis-acting
modifier(s) on the normal chromosome 17 leads to limb malformation by enhancing the expression of the single BHLHAY, together with duplicated
BHLHA9 on the homologous chromosome. C. This model postulates that co-existence of the duplication at 17p13.3 and a modifier(s) on other
chromosome causes limb malformation. In models D-E, the red bars represent BHLHAS, the blue circles indicate a physiological cis-regulatory
element for BHLHAS, and the green circles indicate a non-physiological modifier(s) for BHLHAS. D. The physiological cis-regulatory element may be
duplicated or non-duplicated, depending on its position relative to the size of the duplications. BHLHAS expression can be higher in small duplications
than large duplications. E. The non-physiological modifier(s) can be transferred to various' positions of the duplication positive chromosome 17,

irrespective of the position of the modifier(s).

depending on the recombination places (see Model A). BHLHA9 expression can be higher in small duplications than large duplications

small duplications were ascertained primarily due to devel-
opmental retardation and limb malformation, respectively
[8]. It is likely that a physiological cis-regulatory element
for BHLHASY (e.g., an enhancer) can frequently but not in-
variably work on both of the duplicated BHLHA9 when
the duplication size is small but is usually incapable of
working on duplicated BHLHA9 when the duplication size
is large, probably because of the difference in the chroma-
tin structure (see Model D in Figure 3). Similar findings
have also been reported in other genes. For example, small

(~150 kb) and relatively small (600-800 kb) duplications
involving a putative testis-specific enhancer(s) for SOX9
have caused 46,XX testicular and ovotesticular disorders
of sex development respectively, whereas large duplica-
tions (~2 Mb) involving the enhancer(s) have permitted
normal ovarian development in 46,XX individuals [30].
Thus, a plausible explanation may be that a range of
limb malformations emerge when the effects of BHLHA9
overdosage exceed the threshold for the development of
SHFM, SHFLD, or GWC, depending on the conditions of
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other genetic and environmental factors including the size
of duplications/triplications as an important but not
definitive factor. One may argue that this notion is
inconsistent with the apparent anticipation phenomenon
that is suggested by the rare patient-to-carrier transmis-
sion and the frequent carrier-to-patient transmission of
the duplications/triplications, because no specific factor(s)
exaggerating the development of limb malformations is
postulated in the next generation. However, the skewed
transmission pattern would primarily be ascribed to ascer-
tainment bias rather than anticipation [31]. Indeed, while
clinically normal parents of disease positive children
would frequently be examined for the underlying genetic
factor(s) of the children, clinically normal children born to
disease positive parents would not usually be studied for
such factor(s), as exemplified in this study. Similarly, the
frequent patient-to-patient transmission of the duplica-
tions/triplications would also be ascribed to ascertainment
bias, because molecular studies would preferentially be
performed in such families. Nevertheless, the apparently
autosomal dominant inheritance pattern of limb malfor-
mations in several families may still suggest the relevance
of a non-physiological cis-acting modifier(s) (see Models
A and E in Figure 3). It is possible that such a modifier(s),
once transferred onto the duplication/triplication positive
chromosome 17, is usually co-transmitted with the dupli-
cations/triplications, leading to a specific condition in
which the effects of BHLHA9 overdosage frequently but
not invariably exceed the threshold for the development
of limb malformations in offsprings with the duplications/
triplications.

Remarks

Several matters should be pointed out in the present
study. First, in contrast to diverse duplication sizes in
non-Japanese populations [5-9], the size of the genomic
segment subjected to duplications/triplications was iden-
tical in this study. Since families 1-27 were derived from
various places of Japan, there is no selection bias in
terms of a geographic distribution. Rather, since the
small duplications/triplications identified in this study
were not associated with developmental retardation, it is
likely that they spread throughout Japan primarily via
carriers with normal fitness and were found via patients
with limb malformations. Obviously, this notion does
not exclude the possible presence of other types of du-
plications/triplications at 17p13.3 in Japan. Second, ex-
cept for the duplications/triplications at 17pl13.3, we
could reveal a homozygous WNTI0B mutation (SHFEM6)
only in a single SHFM family and chromosome 10q24
duplications (SHFM3) only in three SHFM families.
Thus, underlying factors are still unknown in the
remaining 20 families, although tiny deletions and/or
duplications affecting the known SHFM loci might have
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been overlooked because of the low resolution of the
array. In addition, although all the probands had a nor-
mal karyotype, there might be cryptic translocations
and/or inversions involving the known SHFM loci.
Third, no deletion of BHLHA9 was identified in the 51
probands and in the 200 control subjects. This argues
against the relevance of BHLHAY haploinsufficiency to
limb malformations, and coincides with the Japanese
founder duplication being produced by a replication-
mediated mechanism rather than an interchromatid/
interchromosomal (but not an intrachromatid) NAHR
that can lead to both deletions and duplications as a mir-
ror image [17]. Furthermore, it remains to be determined
(i) whether gain-of-function mutations (and possibly loss-
of-function mutations as well) of BHLHAS are identified
in patients with limb malformations, (ii) whether duplica-
tions/triplications involving BHLHA9 underlie limb mal-
formations other than SHFM, SHFLD, and GWC, and (iii)
whether BHLHA9-containing duplications/triplications are
also the most frequent underlying factors for limb malfor-
mations in non-Japanese populations.

Conclusions

The results imply that (i) duplications/triplications in-
volving BHLHA9 at chromosome 17pl13.3 constitute a
strong susceptibility factor for the development of a
range of limb malformations including SHFM, SHFLD,
and GWC; (ii) the Japanese founder duplication was
generated by a replication-based mechanism and spread
with subsequent triplication and haplotype modification
through recombination-based mechanisms; and (iii) clin-
ical variability appears to be due to multiple factors in-
cluding the size of duplications/triplications. Thus, the
present study provides useful information on the devel-
opment of limb malformations.
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Introduction

Parkinson’s disease (PD) is a multifactorial disease char-
acterized by selective cell death of dopaminergic neurons.
Oxidative stress is well known to be one of the major
causes of PD development.! On the other hand, uric acid
(UA), which has an antioxidant effect on the central ner-
vous system (CNS), may play a protective role in onset
and development of PD.>* Gout, a consequence of hyper-
uricemia, is also associated with a lower risk of PD.*

Uric acid (urate) has been suggested to play a protective role in Parkinson’s
disease onset through its antioxidant activity. Dysfunction of ABCG2, a high-
capacity urate exporter, is a major cause for early-onset gout based on hyper-
uricemia. In this study, the effects of a dysfunctional ABCG2 variant (Q141K,
1s2231142) were analyzed on the ages at onset of gout patients (N = 507) and
Parkinson’s disease patients (N = 1015). The Q141K variant hastened the gout
onset (P = 0.0027), but significantly associated with later Parkinson’s disease
onset (P = 0.025). Our findings will be helpful for development of more effec-
tive prevention of Parkinson’s disease.

Previously, common dysfunctional variants of ATP-bind-
ing cassette transporter, sub-family G, member 2 (ABCG2,
also known as BCRP), a urate transporter gene,’r”6 have
been revealed to be a major cause of early-onset gout.”
The common variant (Q141K, rs2231142) of ABCG2 is
proven to be a dysfunctional variant by in vitro func-
tional studies.>®

This study aimed to evaluate whether the Q141K vari-
ant of ABCG2 could delay the age at onset (AAO) of PD

in a relatively large population of Japanese patients.

302 © 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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Patients and Methods

Study participants

This study was approved by the institutional ethical commit-
tees, and all procedures involved in this study were per-
formed in accordance with the Declaration of Helsinki.
Informed consent in writing was obtained from each subject
participating in this study. A total of 1015 PD patients (464
male and 548 female) and 507 gout male patients was col-
lected and then genetically analyzed. PD patients were
collected in Juntendo University (Tokyo, Japan) and Kobe
University (Kobe, Japan). Diagnosis of PD was made by
board-certified neurologists of the Japanese Society of Neu-
rology, based on the presence of at least two cardinal features
of PD with no secondary cause, no levodopa unresponsive-
ness, or no early signs of more extensive nervous system
involvement.” Clinically defined gout cases were collected in
the Kyoto Industrial Health Association (Kyoto, Japan).

Genetic analysis

Genomic DNA was extracted from whole peripheral
blood cells.” For PD patients, genotyping of Q141K
(rs2231142) in ABCG2 gene was performed by direct
sequencing using the following primers: forward, 5'-AT-
GGAGTTAACTGTCATTTGC-3', and reverse, 5 -CAC-
GTTCATATTATGTAACAAGCC-3'.  DNA  sequencing
analysis was performed with a 3130xl Genetic Analyzer'®
(Life Technologies Corporation, Carlsbad, CA). The geno-
typing data of PD patients collected in Kobe University
were obtained from the result of previous GWAS'' using
the MMumina Infinium HumanHap550 array ([lumina,
Inc., San Diego, CA). For gout patients, genotyping of
Q141K in ABCG2 gene was performed by TagMan assay
(Life Technologies Corporation) with a LightCycler 480
(Roche Diagnostics, Mannheim, Germany).'>"?

Statistical analysis

In the statistical analysis, SPSS v.17.0] (IBM Japan Inc,
Tokyo, Japan) was used for all calculations. Regression
analysis was used for the association analysis.

Later PD Onset by a Common Variant of ABCG2 Gene

Results

The results of genotyping of gout and PD patients are
shown in Table 1. Figure 1 shows the AAO of gout and
PD participants of each genotype of ABCG2 Q141K. The
AAO  (mean =+ standard error) of gout were 40.4 +
1.1 years old, 42.0 & 0.7 years old, and 45.0 & 1.1 years
old for patients with Q141K homozygous (A/A), hetero-
zygous (C/A) mutation, and without Q141K mutation
(C/C), respectively. On the other hand, the AAO of PD
were 58.5 &+ 1.1 years old, 58.2 &+ 0.5 years old, and
56.6 = 0.5 years for patients with Q141K homozygous,
heterozygous mutation, and without mutation, respec-
tively. The AAO of gout with homozygous mutation was
4.6 years younger than those without Q141K mutation,
while the AAO of PD with homozygous mutation was
1.6 years older than those without Q141K mutation.

The Q141K mutation of ABCG2 hastened the onset of
gout significantly (P = 0.0027; see Fig. 1A); on the con-
trary, this variant significantly delayed the PD onset
(P = 0.025; see Fig. 1B).

Discussion

This study revealed for the first time that a common dys-
functional variant of ABCG2 (Q141K, rs2231142) has sur-
prisingly differential effects on two common diseases,
significantly delaying the AAO of PD, while hastening
that of gout. ABCG2 encodes ATP-dependent transporter
for urate excretion both in gut'*® and kidney.'® Molecu-
lar functional studies revealed that ABCG2 dysfunction
elevates serum UA levels.>® As UA is the strong antioxi-
dant, ABCG2 dysfunction might have a neuroprotective
effect. In fact, our study showed that the dysfunctional
variant of this UA-related gene, ABCG2, could have a
protective effect against PD, which is wholly consistent
with the previous studies suggesting that the higher levels
of serum UA are negatively correlated with the risk of
PD'7 and its rate of progression.'®

So far, only a few genetic analyses have been performed
about the association between PD onset and UA-related
genes.'®?® However, there is no report demonstrating that

Table 1. Genotype of ABCG2 variant Q141K (rs2231142) for gout and PD patients.

N (%)
Q141K (rs2231142") c/C C/A AA Total MAF
Gout cases 131 (25.8) 257 (50.7) 119 (23.5) 507 (100.0) 0.49
PD cases 509 (50.1) 425 (41.9) 81 (8.0 1015 (100.0) 0.29
PD, Parkinson’s disease; MAF, minor allele frequency.
‘For alleles of 52231142 (C for cytosine; A for adenine), allele A is the minor allele.
® 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 303
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a single variant of ABCG2 could significantly affect the
AAO of PD.

Together with the antioxidant effect of UA, our results
strongly support the hypothesis that UA should reduce
the risk of PD as an antioxidant, because oxidative stress
is involved in the pathogenesis of PD. In addition to its
expression in gut and kidney, ABCG2 highly expresses in
the blood brain barrier (BBB).>' Therefore, we propose a
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physiological model that ABCG2 exports urate from the
brain side to the blood side at BBB (see Fig. 2). Since
ABCG2 dysfunction decreases urate excretion via gut'®!®
and kidney,'® which results in serum UA elevation,>®%'6
it therefore has a pathogenic effect on earlier onset of
gout. Elevated serum UA also should result in elevated
UA levels in CNS. In addition, ABCG2 dysfunction
could decrease urate excretion via BBB that enhances the
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Figure 1. ABCG2 dysfunctional variant (Q141K) and the age at onset (AAO) of gout/PD. The AAO of gout was significantly hastened as the
number of minor alleles of Q141K increased (P = 0.0027); on the contrary, the AAQ of PD was significantly delayed as the number of minor
alleles of Q141K increased (P = 0.025). The AAQ of gout with homozygous mutation (A/A) was 4.6 years younger than those without Q141K
mutation (C/C). And the AAO of PD with homozygous mutation was 1.6 years older than those without Q141K mutation. Each bar represents
the mean with standard error.
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Figure 2. Contrary effects of ABCG2 dysfunction on PD and gout. ABCG2 is expressed in gut, kidney, and blood brain barrier (8BB) and exports
urate. ABCG2 dysfunction in gut and kidney elevates the serum uric acid (UA) levels and subsequently causes gout. In this proposed model,
ABCG2 dysfunction in BBB plays an important role on increasing UA levels in central nervous system (CNS), together with increased serum UA by
ABCG2 dysfunction in gut and kidney.
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elevation of UA levels in CNS as shown in our proposed
model (see Fig. 2). In this model, ABCG2 dysfunction
coordinately increases UA levels in CNS by the combined
two differential mechanisms shown in Figure 2, although
other UA-related gene variants have not been reported to
have such differential mechanisms to elevate UA levels in
CNS. Thus, the dysfunction of ABCG2 both in gut/kidney
and BBB could cooperatively contribute to the elevated
UA levels in CNS. These proposed differential mecha-
nisms are consistent with our present result, which
showed the differential effects on AAO of two common
diseases, gout and PD. By these two differential mecha-
nisms, therefore, ABCG2 dysfunction could have a signifi-
cant neuroprotective effect for later onset of PD through
increased UA, the strong antioxidant (see Fig. 2). That is
why ABCG2 dysfunction could have significant effects on
PD and be important in PD pathogenesis. Furthermore,
the regulation of UA levels in serum and CNS could be
applicable for prevention and therapy of PD.*
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Fukutin is prerequisite to ameliorate
muscular dystrophic phenotype by
myofiber-selective LARGE expression
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Kazuhiro Kobayashi', Takashi Okada?, Shin’ichi Takeda? & Tatsushi Toda!’

'Division of Neurology/Molecular Brain Science, Kobe University Graduate School of Medicine, Kobe, 650-0017, Japan,
2Department of Molecular Therapy, National Institute of Neuroscience, National Center of Neurology and Psychiatry, Kodaira,
187-8502, Japan.

a-Dystroglycanopathy (a-DGP) is a group of muscular dystrophy characterized by abnormal glycosylation
of a-dystroglycan (a-DG), including Fukuyama congenital muscular dystrophy (FCMD), muscle-eye-brain
disease, Walker-Warburg syndrome, and congenital muscular dystrophy type 1D (MDC1D), etc. LARGE,
the causative gene for MDCI1D, encodes a glycosyltransferase to form [-3Xyl-a1,3GlcAB1-] polymer in the
terminal end of the post-phosphoryl moiety, which is essential for a-DG function. It has been proposed that
LARGE possesses the great potential to rescue glycosylation defects in a-DGPs regardless of causative genes.
However, the in vivo therapeutic benefit of using LARGE activity is controversial. To explore the conditions
needed for successful LARGE gene therapy, here we used Large-deficient and fukutin-deficient mouse
models for MDC1D and FCMD, respectively. Myofibre-selective LARGE expression via systemic
adeno-associated viral gene transfer ameliorated dystrophic pathology of Large-deficient mice even when
intervention occurred after disease manifestation. However, the same strategy failed to ameliorate the
dystrophic phenotype of fukutin-conditional knockout mice. Furthermore, forced expression of Large in
fukutin-deficient embryonic stem cells also failed to recover a-DG glycosylation, however coexpression with
fukutin strongly enhanced a-DG glycosylation. Together, our data demonstrated that fukutin is required for
LARGE-dependent rescue of a-DG glycosylation, and thus suggesting new directions for LARGE-utilizing
therapy targeted to myofibres.

-Dystroglycanopathy (o-DGP) is a genetically and clinically heterogeneous group of muscular
dystrophy™? for which more than 15 causative genes have been identified®*: POMTI, POMT2,
POMGnTI, fukutin, FKRP, LARGE, ISPD, GTDC2 (POMGnT2), DAGI, TMEMS5, B3GALNT2,
SGK196 (POMK), B3GNT1 (B4GAT1), GMPPB, DOLK, DPM1, DPM2 and DPM3. Regardless of the causative
gene, o-DGP is characterized by abnormal glycosylation of a-DG, indicating that the disease is associated with
defects in the glycosylation pathway for a-DG. o-DG is a cell surface receptor for matrix and synaptic proteins
such as laminins, agrin, perlecan, neurexin, and pikachurin®?*. A unique O-mannosyl glycosylation is required
for the ligand-binding activity of a-DG, and abnormal glycosylation leads to reduced ligand-binding activity**?,
a-DG also interacts with a transmembrane $-DG, which in turn binds to intracellular dystrophin®. Thus, proper
glycosylation of a-DG is necessary for the connection between the basement membrane and cytoskeleton.
Disruption of this linkage is thought to cause myofibre membrane weakness, leading to disease-predisposing
muscle cell necrosis®. Although myofibres can regenerate after necrosis, it has been shown that muscle regen-
eration activity is impaired in o-DGP?. Thus, a-DG glycosylation is important for maintenance of skeletal muscle
viability and defects in this process underlie the pathogenesis of «-DGP.

o-DGP includes Fukuyama congenital muscular dystrophy (FCMD), muscle-eye-brain disease (MEB),
Walker-Warburg syndrome (WWS), and several types of congenital muscular dystrophies (MDCs) and limb-
girdle muscular dystrophies (LGMDs)"? The clinical spectrum of o-DGP is wide; the most severe cases exhibit
congenital muscular dystrophy with structural abnormalities in the brain and eyes, whereas the mildest form
presents as adult-onset LGMD with no central nervous system involvement®. In addition, there is no clear
genotype-phenotype correlation. Thus, it has been proposed that a-DGPs can be classified into three broad
phenotypic groups, MDDG (muscular dystrophy dystroglycanopathy) type A, B and C**: MDC with brain/eye
abnormalities (A), MDC with milder brain structural abnormalities (B), and LGMD (C). FCMD is the first
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identified o-DGP?' and the second most common childhood mus-
cular dystrophy in Japan®***. The causative gene for FCMD is fuku-
tin®. LARGE was identified as the gene responsible for MDC1D®,
Fukutin and LARGE are involved in a novel phosphodiester-linked
modification, namely, post-phosphoryl modification, of O-man-
nnose on o-DG**. Although the exact function of fukutin is
unknown, LARGE was recently shown to be a glycosyltransferase
that catalyses the formation of a repeating [-3Xyl-01,3GlcAB1-]
polymer, which is modified on the distal end of the post-phosphoryl
moiety®. These repeating units likely serve as the ligand-binding
domain of a-DG*. Interestingly, overexpression of LARGE causes
hyperglycosylation of o-DG with increased ligand-binding activity
not only in wild-type and Large-deficient muscle cells, but also in
cells from WWS, MEB, FCMD patients and mouse models®. This
finding inspired a novel therapeutic strategy based on the unique
activity of LARGE—modulation of LARGE activity can be a versatile
treatment for a-DGP, regardless of the causative gene.

After this breakthrough finding, several reports showed that over-
expression of LARGE in mice induced hyperglycosylation of a-DG
in skeletal muscle of a-DGP mouse models such as POMGnT1- and
FKRP-deficient®®*. However, LARGE overexpression in cells lacking
GTDC2 expression or POMT1 activity did not induce hyperglyco-
sylation of a-DG>®. Moreover, some studies have shown the
beneficial effects of LARGE overexpression in POMGnTI- or
FKRP-mutant mice®*, but others showed a deterioration in
FKRP- or fukutin-mutant mice crossed with LARGE-overexpressing
transgenic mice***. Thus, it remains unclear whether LARGE could
be a target molecule for o-DGP treatment. We hypothesized that the
conditions for LARGE expression such as way of gene delivery, tim-
ing of intervention, and target cells may affect a-DG glycosylation
and therapeutic consequences. Here, we examined therapeutic ben-
efits of myofibre-selective Large gene expression after disease mani-
festation in Large- or fukutin-deficient a-DGP mouse models. Our
data also showed that fukutin is a prerequisite for LARGE-dependent
rescue of o-DG glycosylation.

Results

Myofibre-selective expression of Large after disease onset restores
a-DG glycosylation and ameliorates dystrophic pathology of
Large™? mice. We performed systemic Large gene delivery after
disease manifestation and myofibre-selective Large gene expression
in o-DGP mouse models. For this purpose, we constructed
recombinant adeno-associated virus (AAV) 9 vectors containing
the Large cDNA under the myofibre-selective muscle creatine
kinase (MCK) promoter (AAV9-MCK-Large). We first examined
the therapeutic benefits of muscle-selective LARGE expression in
Large-deficient Large™? mice. New-born Large™? mice (1 week
old) showed no signs of muscle pathology (Fig. 1a), but at 4 weeks
of age, the Large™? skeletal muscles showed signs of muscular
dystrophy such as necrotic and regenerating fibres (Fig. 1a). After
4 months, Large™? mice showed severe dystrophic pathology in the
hind-limb muscles (Fig. 1a). The dystrophic changes include the
presence of myofibres with loss of polygonal contour, high
population of regenerating fibres with centrally located nuclei, and
infiltrations of macrophages and connective tissues. Therefore, we
administered intravenous AAV9-MCK-Large via the tail vein to 5-
week-old Large™* mice exhibiting dystrophic symptoms, and then
analysed a-DG glycosylation status and therapeutic effects after 5
months. Glycosylation status was evaluated by assessing the
reactivity of the monoclonal IIH6 antibody, which recognizes
properly glycosylated a-DG>.

Western blot analysis confirmed LARGE was overexpressed in
AAV-treated Large™ mice; consequently, the reactivity of ITH6 anti-
body exceeded even the baseline levels observed in untreated hetero-
zygous animals (Fig. 1b). Immunofluorescence analysis also
confirmed increased IIH6-reactivity in the treated Large™" skeletal

muscles (Fig. 1c). Haematoxylin and eosin (H&E) staining of skeletal
muscles indicated decreases in the number of necrotic fibres and
recovery of the polygonal contour of myofibres in AAV-treated
Large™? versus untreated Large™“ mice (Fig. 1d). The number of
muscle fibres with centrally located nuclei as well as infiltration of
connective tissues and macrophages were significantly reduced in
comparison to the findings obtained for untreated Large™? mice
(Fig. 2a-c). After the AAV-injection, we tracked changes in grip
strength, body weight, and serum creatine kinase (CK). Our results
showed significant improvements of these parameters even 4 weeks
after the injection (Fig. 2d-f). These results demonstrated that myo-
fibre-selective LARGE expression in Large™? mice via systemic
administration ameliorates the dystrophic pathology even if the ini-
tial intervention occurs after onset.

Large gene therapy failed to restore glycosylation and ameliorate
muscle pathology of fukutin-deficient a-DGP models. LARGE
overexpression increases glycosylation and ligand-binding activity
of 0-DG in fukutin-deficient cells from FCMD patients”. We
examined whether the muscular dystrophic phenotype of fukutin-
deficient mice can be improved by LARGE overexpression in vivo.
We used muscle precursor cell (MPC)-selective fukutin-deficient
conditional knock-out (¢KO) mice as a fukutin-deficient model
(Myf5-fukutin-cKO mice)”. Myf5-fukutin-cKO mice showed loss
of IIH6-positive glycosylation of a-DG in the skeletal muscles at
birth”. The dystrophic pathology begins around 4 weeks of age
and becomes severe at 12 weeks”. We administered intravenous
AAV9-MCK-Large into 4-week-old Myf5-fukutin-cKO mice via
the tail vein, and then analysed the glycosylation status of o-DG
and therapeutic efficacy after 2 months. Interestingly, although we
observed expression of LARGE protein in the AAV-treated Myf5-
Sfukutin-cKO skeletal muscles, IIH6-positive 0-DG was hardly
produced in AAV-treated Myf5-fukutin cKO mice (Fig. 3a).
Immunofluorescence staining also confirmed failure to restore
ITH6-positive glycosylation of a-DG by AAV-treatment in Myf5-
Sfukutin-cKO mice (Fig. 3b). H&E staining of skeletal muscles and
quantitative muscle pathology showed no significant improvement
with AAV treatment (Fig. 3c and Fig. Sla—c). In addition, we found
no evidence to support improvements in grip strength, body weight,
and serum CK activity after AAV treatment (Fig. S1d-f). These data
indicate that the failure to restore a-DG glycosylation in Myf5-
Sfukutin-cKO mice is associated with failure of LARGE therapeutic
efficacy.

The amount of LARGE protein expressed in the AAV-treated
Myf5-fukutin-cKO mice was comparable to that in AAV-treated
Large™? (Fig. 3a). a-DG glycosylation was recovered in Large™
skeletal muscle after AAV9-MCK-Large treatment, suggesting some-
thing other than protein expression levels is responsible for the fail-
ure of glycosylation recovery in Myf5-fukutin-cKO mice. We
hypothesized that complete loss of fukutin caused failure to build
the part of post-phosphoryl moiety, which may be required for
LARGE-dependent glycosylation; therefore, even excess LARGE
protein could not form the [-3Xyl-01,3GlcAB1-] polymer on o-
DG. To test this hypothesis, we expressed LARGE in fukutin-null
embryonic stem (ES) cells. Transfection of the fukutin cDNA
restored ITH6 reactivity in fukutin-null ES cells, but transfection of
the Large cDNA failed to restore a-DG glycosylation, although
LARGE expression in wild-type ES cells produced strong ITH6-
reactivity (Fig. 4). When the fukutin and Large cDNAs were co-
transfected into fukutin-null ES cells, we observed increases in
ITH6-reactivity in comparison to fukutin singly transfected cells
although expression levels of both fukutin and LARGE were much
lower than they were in each single transfection (Fig. 4, lanes 6-8).
These data show that fukutin-dependent modification is a prerequis-
ite for LARGE-dependent formation of [-3Xyl-a1,3GlIcAB1-] repeat-
ing units.
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Figure 1| Systemic gene transfer of Large into Large™ mice after onset. (a) Histopathological analysis (H&E staining) of the skeletal muscle of Large™"
(homo) and heterozygous (het) mice at 1, 4, and 24 weeks of age. Bar = 50 pm. (b—d) AAV9-MCK-Large was administered to 5-week-old Large™*
mice via the tail vein; after 5 months, the skeletal muscles were harvested and analysed for 9-DG glycosylation (b, ¢) and histology (d). LARGE was
detected by western blotting of total lysates (b). B-DG was used as a loading control. DG proteins enriched with WGA-beads were analysed by western
blotting to assess 0-DG glycosylation (b). The full-length blots with 0-DG (IIH6), o-DG (core), LARGE, and B-DG are presented in Supplementary
Figure S2a—d, respectively. Immunofluorescence analysis with IIH6 antibody confirmed the increase in a-DG glycosylation (¢). H&E staining of the
tibialis anterior muscle indicated amelioration of the muscular dystrophic phenotype after treatment with AAV9-MCK-Large (d). Het, Large™"
heterozygous controls; homo, untreated Large™* homozygous mice; and homo + Large, Large™“ homozygous mice with AAV9-MCK-Large treatment.

Bar = 50 um.

Discussion
It has been widely recognized that LARGE possesses the great poten-
tial to rescue glycosylation defects of o-DG regardless of causative
genes for o-DGP, however, therapeutic benefits of using LARGE
activity is controversial. To assess the feasibility of LARGE-utilizing
therapy, in this study we explored the conditions needed for success-
ful Large gene therapy. We demonstrated for the first time that
AAV-mediated Large gene expression targeted to myofibres is thera-
peutically beneficial in a Large-deficient a-DGP model even when
the intervention is performed after disease manifestation. On the
other hand, the same strategy failed to restore a-DG glycosylation
in fukutin-deficient skeletal muscles and ES cells, suggesting that
fukutin is required for LARGE-utilizing therapeutic strategy.
Several reports have shown that AAV-mediated LARGE express-
ion, which was driven by the chicken B-actin (CB) promoter,
restored glycosylation of «-DG in Large™? mice®®*. However,
expression of exogenous genes by non-selective promoter such as
the CB promoter in various non-muscle cells may be detrimental. For
example, because glycosylation levels of a-DG and the expression
levels of LARGE change during muscle differentiation and regenera-

tion®, excess glycosylation may disturb cellular homeostasis and
tissue regeneration. In fact, LARGE overexpression in C2C12 myo-
blasts impairs differentiation®. Furthermore, there may be situations
or cells in which glycosylation is physiologically unnecessary even in
wild-type tissues®. Although AAV-mediated Large gene transfer
using the CB promoter rescued the muscular dystrophic phenotype
in Large™? mice®*, this study was designed to introduce viral vec-
tors into new-born pups; thus, it is likely that ¢-DG restores proper
glycosylation before disease manifestation, preventing disease-caus-
ing myofibre necrosis. However, in humans, clinical and genetic
diagnoses of a-DGP are made after disease manifestation, making
gene delivery in new-borns unfeasible. We demonstrated that myo-
fibre-selective expression of LARGE ameliorated the dystrophic
phenotype of Large™ mice, and the intervention even after disease
manifestation was effective by using systemic AAV-mediated gene
delivery. The effect continues at least for 5 months after the inter-
vention, the longest period observed in gene therapy studies of o-
DGP mouse models. Myofibre-selective rescues of fukutin or LARGE
expression by AAV gene transfer or crossing with transgenic mice
improved the dystrophic phenotypes of Myf5-fukutin-cKO or
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Figure 2 | Quantitative analysis of the therapeutic effects of AAV9-MCK-
Large treatment in Large™ mice. Amelioration of dystrophic histology
after AAV9-MCK-Large treatment was evaluated by quantifying muscle
fibres with centrally located nuclei (a; P = 0.007), measuring infiltration of
connective tissue by collagen I-immunofluorescence staining (b; P =
0.007) and infiltration of macrophages by F4/80-immunofluorescence
staining (c; P = 0.011). Therapeutic efficacy over time was evaluated by
grip strength (d; P = 0.007, 0.006, 0.008, and 0.014 for 8, 12, 16, and 24
weeks), body weight (e; P = 0.019, 0.019, 0.024, 0.017, and 0.032 for 6, 8,
10, 12, and 14 weeks), and serum CK activity (f; P = 0.021,0.008, and 0.011
for 8,12, and 24 weeks). Data shown are mean * s.e.m. for each group (#is
indicated in the graph). *P = 0.05 vs. non-treated Large"” homozygous
mice (Mann-Whitney U test). Het, Large™" heterozygous controls; homo,
untreated Large"™ homozygous mice; and homo + Large, Large™
homozygous mice with AAV9-MCK- Large treatment.

Large™? mice®**, supporting the validity of myofibre-selective gene
rescue for treatment of o-DGP. We propose that myofibre-targeting
rescue/reinforcement of glycosylation is an effective treatment for a-
DGP.

We also examined the potential of LARGE as a therapeutic target
for fukutin-deficient o-DGP; however, our data showed that LARGE
expression failed to restore a-DG glycosylation in fukutin-null myo-
fibres and ES cells. LARGE synthesises [-3Xyl-a1,3GlcA1-] repeat-
ing units in the terminal end of the post-phosphoryl moiety, which is
modified on phospho-mannose in the Core M3 structure, GalNAc-
GlcNAc-Man(P)-0***>%, The activities of POMT and GTDC2 are
required for Core M3 synthesis and fukutin mediates formation of
the post-phosphoryl modification®?**. In cells lacking POMT activ-
ity or GTDC2 expression, LARGE overexpression failed to induce

hyperglycosylation or restore glycosylation of a-DG>*. Thus, even
when overexpressed, LARGE requires the Core M3 structure and
fukutin-dependent modification in order to form the [-3Xyl-
a1,3GlcAP1-] repeating units. However, several reports have shown
LARGE-dependent glycosylation recovery in genetically distinct o-
DGP models®*??, which seems contradictory but can be explained by
the presence of residual glycosylation of o-DG. Presumably, o-DG is
hypoglycosylated in such cells, but there might be a small amount of
normally glycosylated 0.-DG species produced by residual activity of
the mutant gene products. In fact, the fukutin-knock-in and
POMGnTI-KO mice showed slight reactivity against IIH6 antibody,
indicating the presence of normally glycosylated o-DG**®. In such
cases, LARGE can reinforce [-3Xyl-o1,3GlcAB1-] repeats on the
small amount of residual Core M3 structure. Importantly, many mild
cases of FCMD patients show the presence of a small fraction of
normally glycosylated o-DG*. Thus, the concept of LARGE modu-
lation therapy remains attractive for a wide range of mild cases of o
DGP such as MDDG type C.

An important issue when considering therapeutic applications is
that a-DGP is accompanied by central nervous system abnormalities
including severe defects in structural development and mental
retardation®®*. Although the AAV9 vector delivers genes to central
nervous tissues”, there are many obstacles to treatment for devel-
oping central nervous tissues. For example, the structural abnormal-
ities in the central nervous system occur during fetal developing
stage®®*®, and such abnormalities are thought to be irreversible after
birth. Moreover, fetal therapy also contains many concerns such as
ethical, legal, technical, and clinical safety issues. However, improve-
ment of muscle functions via muscle-targeting strategies will
improve patients’ activities of daily living and caregivers’ burdens,
and may have an impact on patient mental development. We pro-
pose that gene therapy is an effective approach to a-DGP even after
disease progression, and that LARGE therapy may be applied to mild
cases of a-DGP. Our study will provide a new direction for thera-
peutic approached to o-DGP.

Methods

Animals. Large-deficient Large™ mice were from Jackson Laboratories. Generation
of muscle precursor cell (MPC)-selective fukutin conditional knock-out (cKO) mice
(Myf5-fukutin-cKO mice) was described previously””. All animal procedures were
approved by the Animal Care and Use Committee of Kobe University Graduate
School of Medicine (P120202-R2) in accordance with the guidelines of the Ministry of
Education, Culture, Sports, Science and Technology (MEXT) and the Japan Society
for the Promotion of Science (JSPS). The animals were housed in cages (2-4 mice per
cage) with wood-chip bedding in an environmentally controlled room (25°C, 12 h
light-dark cycle) and provided food and water ad libitum at the animal facility of Kobe
University Graduate School of Medicine. Well-trained and skilled researchers and
experimental technicians, who have knowledge of methods to prevent unnecessary
and excessive pain, handled the animals and performed the experiments.
Euthanisation was done by cervical dislocation. At sacrifice, the muscles were
harvested and snap-frozen in liquid nitrogen (for biochemistry) or in liquid-nitrogen-
cooled isopentane (for immunofluorescence and histology). The number and ages of
the animals used in each experiment are indicated in the Figure legends and graphs.

Adeno-associated viral gene transfer and evaluation of therapeutic efficacy. To
generate a Large-encoding AAVY vector, the complete open reading frame of the
mouse Large gene was cloned into pAAV-IRES-hrGFP*. The MCK promoter was
subcloned from AAV-MCKLacZ"'. The recombinant Large-encoding AAV9 vector
(AAV9-MCK-Large) was produced as described®. The AAV9-MCK-Large viral
vectors (5 X 10" vector genome) were injected into Large™? (n = 4) and Myf5-
fukutin cKO (n = 6) mice via tail vein at 4-5 weeks of age. Before the injection, body
weight, grip strength, and serum CK activity were measured. These clinical
parameters (body weight, grip strength, and serum CK activity) were continuously
measured until the AAV-treated mice were sacrificed for histological evaluation (the
time points of the clinical tests were shown in the figures). The H&E and
immunofluorescence images shown in the figures are representative of the AAV-
treated and non-treated mice.

Quantitative evaluation of muscle pathology was performed by assessing the
number of myofibres with centrally located nuclei at least 1,000 fibres. Macrophage
and connective tissue infiltration was quantified by analysing the immunofluores-
cence signals of F4/80-positive and collagen I-positive areas with Image ] software.
Serum CK activity was measured with the CPK kit (WAKO). Grip strength was
measured for 10 consecutive trials for each mouse using a strength meter (Ohara Ika
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Figure 3 | Systemic gene transfer of Large into Myf5-fukutin ¢KO mice after onset. AAV9-MCK-Large was administered to 4-week-old Myf5-fukutin
cKO mice via tail vein injection; after 2 months, the skeletal muscles were harvested and analysed for o-DG glycosylation (a, b) and histology

(c). Although LARGE was expressed (a), the levels of o-DG glycosylation were unchanged in AAV-treated Myf5- fukutin-cKO mice (a, b). H&E staining
for the tibialis anterior muscle did not show improvement of the muscular dystrophic phenotype of Myf5-fukutin-cKO mice (c). WT, litter control mice
(fukutin®" without cre-transgene); fukutin-cKO, untreated Myf5-fukutin-cKO mice; and fukutin cKO + Large, Myf5-fukutin-cKO mice with AAV9-
MCK-Large treatment. Bar = 50 wm. The full-length blots with #-DG (IIH6), 9-DG (core), LARGE, and B-DG are presented in Supplementary Figure

S2e-h, respectively.

Sangyo Co. Ltd., Tokyo); 20% of the top and bottom values were excluded to obtain
the mean. Statistical analysis was performed to determine means and s.e.m.; P-values
<0.05 were considered significant (Mann-Whitney U test).

Antibodies. Antibodies for western blotting and immunofluorescence were as
follows: mouse monoclonal antibody 8D5 against f-DG (Novocastra); mouse
monoclonal antibody 11H6 against o-DG (Millipore); rat monoclonal antibody
against mouse F4/80 (BioLegend); rabbit polyclonal antibody against collagen I (AbD
Serotec); mouse monoclonal antibody against FLAG tag (Sigma); and rabbit
polyclonal antibody against c-Myc tag (Santa Cruz). Rabbit polyclonal antibody
against LARGE was raised using recombinant human LARGE protein expressed in E.
coli. Antisera were purified by Melon gel 1gG purification kit (Pierce). Rat monoclonal
antibody against the o-DG core protein (3D7) was generated from a o-DG-Fc fusion
protein®.

wild-type ES  fukutin-null ES

fukutin - + - + - + - +
+ +

+ o - -

Large — -
B-DG |

fukutin
(FLAG)

LARGE [
(myc)

a-DG
(1IH6)

Figure 4| e-DG glycosylation in fukutin-null ES cells after fukutin or
LARGE expression. Fukutin (FLAG-tagged) and/or LARGE (myc-tagged)
were expressed in wild-type or fukutin-null mouse ES cells and a-DG
glycosylation status was analysed by western blotting. Exogenous LARGE
expression produced highly glycosylated o-DG in wild-type but not
fukutin-null ES cells, indicated by ITH6 staining. Co-transfection of fukutin
and Large yielded LARGE-dependent glycosylation of o-DG in fukutin-
null ES cells. Arrow and asterisk indicate LARGE protein and non-specific
signals, respectively. The full-length blots with o-DG (IIH6), LARGE
(myc), fukutin (FLAG), and B-DG are presented in Supplementary Figure
S2i-1, respectively.

Protein preparation and western blotting. DG was enriched from solubilized
skeletal muscle as described®. Briefly, skeletal muscles (TA ~30 mg, calf ~100 mg)
were solubilised in Tris-buffered saline containing 1% Triton X-100 and protease
inhibitors (Nacalai). The solubilised fraction was incubated with wheat germ
agglutinin (WGA)-agarose beads (Vector Laboratories) at 4°C for 16 h; DG was
eluted with SDS-PAGE loading buffer. To detect LARGE protein expression, total
lysates were analysed by western blotting. Proteins were separated in 4-15% linear
gradient SDS gels, then transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore). Blots were probed with antibodies and developed with horseradish
peroxidase (HRP)-enhanced chemiluminescence reagent (Supersignal West Pico,
Pierce; or ECL Prime, GE Healthcare).

Histology and immunofluorescence analysis. For H&E staining, cryosections

(7 pm) were stained for 2 min in haematoxylin, 1 min in eosin, and dehydrated with
ethanol and xylene. 11H6-immunofluorescence analysis was performed after treating
the with cold ethanol/acetic acid (1:1) for 1 min, blocking with 5% goat serum in
MOM Mouse Ig Blocking Reagent (Vector Laboratories) at room temperature for

1 h, and incubation with primary antibodies diluted in MOM Diluent (Vector
Laboratories) overnight at 4°C. For F4/80- and collagen I-immunofluorescence,
sections were blocked with 3% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) at room temperature for 1 h, and then with primary antibodies diluted in
1% BSA overnight at 4°C. The slides were washed with PBS and incubated with Alexa
Fluor 488-conjugated or Alexa Fluor 555-conjugated secondary antibodies
{(Molecular Probes) at room temperature for 30 min. Permount (Fisher Scientific)
and TISSU MOUNT (Shiraimatsu Kikai) were used for H&E staining and
immunofluorescence, respectively. Sections were observed by fluorescence
microscopy (Leica DMR, Leica Microsystems).

ES cell culture. ES cells were cultured in DMEM with 20% heat-inactivated foetal
bovine serum, 100 pM 2-mercaptoethanol, 1 mM non-essential amino acids
(Gibco), 2 mM L-glutamine (Nacalai), and 10* U/mL leukaemia inhibitory factor
(Millipore). Targeted disruptions of the fukutin gene in ES cells have been described
previously®’. Transfection was performed with Lipofectamine LTX reagents
(Invitrogen) according to manufacturer protocols. After 48 h transfection, cells were
lysed with Tris-buffered saline containing 1% Triton X-100 and protease inhibitors
(Nacalai). DG proteins were enriched with WGA-beads and analysed by western
blotting.
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FXME (rigid-spinefy) AR 1p3 RSMD1 SEPN1
SR (FOfth) AR 190133 MDC1C FKRP
HiamE AD 19913 DM SHhZVEFS—F
AD 3021 DM2 ZNFQ
EAE (=R AR 2plie-14 MM IRTTIVUY
pELAVEIL] (rimmed—vacuolezéi)’ AR 9p1-gl DMRV GNE
EUR GREEMRAGE) AR Spl1-gl HIBM GNE
IRIHEEEY AD 14911.2-13 OPMD RUAEEER 2
KREZKFEAERY AR 8g24-gter MD-EBS JUoF
FRAZ ESER AD/AR 2035 DES FAZY

BEAFOA FEOMNR TS 575, BEME
BRosnTHY, X AHRZdisease-modifying 1. B X bO7 10 —DEEFRBERERREICH

therapy D BIEBEIZREN TV S, Z 2 Tli R BE
DIy 7 RELT, BIEBRKBEBREREICH 5
IV AFy FTIEELY) - FRV-EES 1) TV« Xx%vTE

S, TEERESRISHEIRE S Cw B 57 DMDOEHEBEFTHAH YA a7 4 Vi#EIR
FEERDBEROEIRICOWTRHBMATS E E DI, F X et ARGk FXp2lL]l ICHFEET AERLE
EEOPEETLHHARACEENIEZVELESG EFThHY, 9Eozs Y 2ok %E. VX b
VAP T 4 —AHEBAREND LI E 074 YEREEOBRETEEIIL YV VEAD
T 5. REEDT0~80%, F >~ & v AR R EOB/NE
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B & ERORAINR

FaVTVRBDEBES A
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BIRIE, TV 52 RBEESADES

vy IOV

5/ 15 DNA = f?ﬁ*ﬂ?f?_‘ftfl

v, "
. K
b

ST ER

TOVY B2 BRIBULTHIED
FPRRC AL EED

IAROT 1 VIFERESTIEN

B1.

EZA-

IOV AFvEVICKD
YA POT 1 OERIFEE

I‘/

LRI/

B TFU—ICED
IOVY B BAEVIGD .

....... 49 50 o 53 54

MRNA B SI e s IC ey -
SUIROER
TOVYE1 AFvEVIILLD
EPZAG ) FHRD AL HEIE L

PPIBDYZ NOT 4 VDEREND

PIFRIABBICRDI IV I AFyEDY

B ARBEDHR Y. DuchenneBEaEh.

BABN20% EE3NTWAE FLUYAMaT 4 Vi
ZTFDORITH SIS EP 5T, DMD & Becker
Y A b T 4+ — (Becker type muscular dys-
trophy : BMD) CHAEEEIIE WD H B DML, 7
L—2a27 PANCX D EBIS NG, T4bb,
RIex 7V v OIIBIEHAS 3 DT H TH
ROBOFTARIIHER: S L (inframe/X5R), 1
AT AHLLELL koY A MR T 4 VEH
PEREINETZDEFEDBMD & 72 5D LT,
3 DR/BETRITNIEFTE AT T A4 U (out-of-
frame/REe), RIFMIFEA F ORI D IR
PO T 4 YEEPIER S NRZDEREDDMD
LB, TOT7L—AY7 FANZEDSHT, 7
I eV ABBALEMIC L Y RET SV VI
BITLIIVVERATIAV VY TOBBTATY
T EE, mRNAUVNIVTHOREE 3DOEEICL
THAMZBIEL, DMDZEE/LL X9 &5 5
DA, TV AFy TEETHS (K1),
BE, AFXFvEVrZoERNE SN TWSDIE
IV V51T, REIZKXBDMDEE DK 10%
BEENHRELDL. T2V - Ax v TRBE
TH7 I ABBLAEDE LT, EFEE
TX 7 V7 —EHEOREZRANIEBETH S 2-

2822

O-methyl oligonucleotide (20MeAS) & phos-
phorodiamidate morpholino oligomer (PMO) %%
Hw b5 T 5. Prosensa Therapeuticsth 2%
&L T\ 5PRO051 (drisapersen®) X HIH D,
¥ 7-Sareptatl ® AVI-4658 (eteplirsen®) X%
DALEWTH B, 2011 FEZ S 2FHNT DOV TER
KT 2 HOBRRIGERO R RS HE S izt ?,
WHEDLZ YV VELAFy TOFELIX b
T4 YEEBHOBESHR SN, 2%
RIREAS 2 2o 72, PRO0GL 12T F VD8 3
MERIEFBEE 1T, 2013 4E 10 BRRE&2055
BED 6 FHEBITICERZUEI D oMo
727z, BHEZ NV — T L CTH TR TH 5.
F 7=, 2012 % 9 H Sareptatlifeteplirsen®if
BRICBWT, 6 MHBATT A FOUET -5 25
F L7250 mg/kgik 58 D 4 % DDMDAER Tid
¥ 5% 48 WOWE R CHRATHRES 2l mIER L 720
W LT, 77 RTHBL 24 BE»OEER
&5 S N7 BIEBIERE Tl 36 B THATER
BEX —78 mZE CIRA L7248 ;AR TlX — 68 m
I CHIE L7228, BEIRRGEEE ORI 89 me v
I BEERDOV ERBIES R, Dk
I vy - A%y FERICHF 2RI S.
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¥/, HEATIEZZ VY53 A%y FOREMEE
HERAS 2013 MRS L7z,

2) U— KRIL—BE

BERICIXVRBIFUEL 2L, BHE
BERENTREBEREZESTS. 2HLAF v
X AERIIDMDER D 16% 2 b L Eh
TWBY, ZOBEOHBRBEEL LTI —FA
W—REPEZONS. Thbbh, EREREN
THRBECTKEBI FremaRidd (V—F
AN—) Zkicky, BEERHEzEELIE L
EWISHARTHB. 7I /7Y ay FREEY
Bk, EEMRICB VT S mRNADOFIRBERE
EET Y, BELTRBEI NV 2HRABRR S
/5 Z WML T2, DMDDOE F VBT
HEmdx< I AITRA MO T 4 VEBIZFOFUE
v AER RO, Sweeney S ldmdx< v RI25
VERATUEERSLT, YAMuT4 UEH
HBEOEEEHIOBWRITRIIL72Y. L,
TIZUay FRINEEICIIBESEE LSS
Mt 2720, BIIRE BT U BEE
BOBEIIHRSTHILIRETHS. 22T
RETY — FANV—IHEEDOENMLEW OBRFEDS
T Twb. PTC Therapeuticstt2%BE% L 7=
) — FANV—HEPTC124 (ataluren®)? 3k EHT
DMDEZE R & L/-IRBRDSFEM S Lz, 7%
B BEOHRKERICEBERELEIRD S
Nieholz0, BEZERISEH IR TWwAS.
EVRETY, BSFALEWDORZ ) —=v T
WX DHEDY — FAV—EOEREIMThNT
WwWah, BB, TI/ZYaY FRIEWET
BHEIRTIA T RERERE LT, HEEE
L= FANV—ESEESBEL-FEROBRRED
TR THE. —HT, T TICMRSABEEL
LRI ENTWE T ANRY ¥ VBB E W
V—VFANV—EEEET S LD, DMD
Wt U C HARTEM ZERRIGBRISEITHTH
5.

3) IFAXEFUMBICLBHRIEALHEE
DIBE

IF R FVIIERHRENICHEIT 5 TGF-
B7 7 IV —5FThHE. UHHSIT— 1T v8T

_IFRED 2~3 ISR L 724 (Belgian blue,

Piedmontese) %3 (Texel) 7 ¥DFKZEHH S
NTWEds, ZTH) LREDOIF RS F V#ilx

CFERFRARTCADZ EVWSENSLLRERBERIN.

2823

E 51T, 2005 EICIXIF A F VRETFERE
HOBRIHmEIN ZoOBREHFEROE
MPOBHANLLFEELTWT, 5ICLT3kg
DY RNVEKFEEETEZLVWS., ZDXH
WIFARSFVIIERGEZIRIRICHS LT
W5 ZEFHELPIZh o TET.

mdx< 7 A2 I F R & F PP E RS L7z
EZhH, VAT 4 —REEREHIIRE
L7222 &6, 3+ Xy F VEEREIEH 2
YA T 4 —WRBEELLTERBERS XS
W27 o7z, Weythtt iz & MEFAEMYO-029 % 5
L, BeckerBIfF T A b a7 4 —, BRAIEY
Aba74— BEHEFLEAMH A a7 4 —
BEZNHRELTE2HEBREER L. £&
MEIIHER S N/zAS, =V FRA Y P THAEF
BT A P RHMRIRETHELEENFE O
lpolel b, RARSEEIN.

—7J5, bimagrumabld 7 7 F¥ D ¥ £ JII
ZERCELPARREETHY, IFTRFF R
TIZFErREYT FOBEEHEL, h
LERFPLDYTFNEERTEI LIV
FERREST 59, 2 NV F 4 AREAHFEREFEL
THY, HAEGLOM, COPD, BERE,
VAR TOEERE LTHRAEE2ED TV S,

4) RNV 2R &R D BB I A /NF — (dis-
tal myopathy with rimmed vacuoles : DMRV) @
T IVEEHTEE

DMRV T E AL ERBmEE CHRERERT
1ZGNE (UDP-N-acetylglucosamine 2-epimerase/

N-acetylmannosamine kinase, ¥ 7 VEEDE K%
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EF EERDORRIR

g BEESE O 1 D) T, TLIEGNE R 4 /%F —
&b LI s, Gl 10 MAEED S 30 AR
FATEIE T B, WAL, HFICRIIRE B AHA T
BEh, KBNEGIEIIZ W, B2
FEHHHELT L, FRED 5 12 FE THRITARR L
7 B, BAIZIX 300~400 AFEEED B DSFFE S
BEFEENL. TFLT Y AWNIEIICLY, V7
VAR TERE DA S ko TB D7,
Z OFFFERR % 2T, T 7 IVIERETERRE L,
BARTIEEE 14, KECEE 2 MRBEIfTHhN
TWab.

2. BB X AT 0 —DHTFIEA
i

1) X ATUHIINF—DFilE A HZX
Is

BLUIEERERH Y X ba 7 4 — (Fukuyama
congenital muscular dystrophy : FCMD) 121960
MR ST X Y FER I N2 E R a RS HEREE
BThsb. WHAEORNBHAHIA b7 4 —T
i¥DuchenneZI DRIZZE <, HARADHK 90 Al
1 APMREZE & S5, BARIC 1,000~2,000 AiZ
EOBBEBPHFAETHEHEES N, HEANFHD
R L EN TV, BEFEH» S OHMBEHH
RATWE, FEZEEOHIA M7 14—
EE LI, LAREEERETLEEORE
B CURERE) 25EAEL, & HICHAITER,
HARE, PUAREERIZE, HEIREHE L & DIRGEIR
BEEH SN TS, bbb, REZERERFR
BT X 0 BEG-R-Z FOICE T —REERE
Th5b.

FCMDORBEREREBETFTH S 7 7 F Vi#lA
F (fukutin, 9q31) 1% 1998 FIWCEEH SITL Y F
EEINTz FLALDOFCMDEEE, 77 F >
BIZFOXRMEAO, ZEHEZI—FL&RW3I I
FREBIC (B HEEF] THLHHITHEER
(3kb) MSVA (Sine-VNTR-Alu) Lt b5

2824

VAR Y OABRIERERDBHY. TOERE
#9100 HACHI, HARAMHIED 1 NITEL-E S
NB7z, BARAND 90 A2 1 AVHREETH 3
TTHAEIC L ASET S EE 2 5N TW5Y,

70 F VAT NEE E N HIC, FCMD
TIEFBIE LOPEH THEal A ) ro
PEGH IR 2 Bidh o BUSTEDME WV & & S &
iz, & LC, HEBEEPOMGnTL, POMT1/
2 BAFNEN, FCMDDOFEFEEE Tdh Hmuscle-
eye-brainyi, Walker WarburgfeEEE O R K #E=
FThBHIEPRAL EHLPITENTZ, b
BE OB CIIMBEE LEEL2 I CHEEH
o~V A MaZY B DO-< v ) — ARUESEE A
Siaa2-3Galbl-4GlcNAcbl-2ManiZRIBASH 0, &
DHESE % N5 B M- ZE R R &2k 3
LI eDICEEDOHYA IO T 4 —SFET S L
EZOENB IR, INSDERTZAY R b
7)) 8T — ERIR LT L WIREBEEDST
&7-("2A)?Y. 77 F VEHIIFINVIKICHIE
L, BaoEBEEs o7 3/ BRESIHERE
XYaYA rar)hy (aDG) OESHIGAHRIZEE
54 o mBBETIRRVWIEEILNTWS
S, EOREERE B DR MBS .

AT, BECEDb RS E LT,
Siaa2-3Galbl-4GleNAcbl-2ManiZ il 2., &3k, O—
<V VIOVEESRICIT Y YRR A L - HIgEE
BHy, VUBREIVEOBHD T I = VEE
WCHETHE ePREINL(”2B)Y. o
B DOERITIILARGESBIE-§% Z L% &h
TW5BAS, BEBREWS 12, FCMDEZH*ED
MR TH RAF TR TF VG N L REED
RIMLTW5. FHlREEREIImMZ, o
BT S 7 7 F v OBRBEOBHBRTNS.
F 72F 4 1%, FKRP (fukutin-related protein) <€
FIVIITATHIDFARI T AT VIESEN
L72EERRIMLTWAEZ L, ELIICEEFD
e EREBE T oV A by h o) VEE
BN L7-AISEESRIMLTBY, I

e

IV
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