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Abstract

a-Dystroglycan is a cell surface peripheral membrane protein which binds to the extracellular matrix (ECM), while B-dystroglycan is a
type I integral membrane protein which anchors a-dystroglycan to the cell membrane via the N-terminal extracellular domain. The complex
composed of a-and B-dystroglycan is called the dystroglycan complex. We reported previously a matrix metalloproteinase (MMP) activity
that disrupts the dystroglycan complex by cleaving the extracellular domain of B-dystroglycan. This MMP creates a characteristic 30 kDa
fragment of B-dystroglycan that is detected by the monoclonal antibody 43DAG/8DS5 directed against the C-terminus of B-dystroglycan. We
also reported that the 30 kDa fragment of B-dystroglycan was increased in the skeletal and cardiac muscles of cardiomyopathic hamsters, the
model animals of sarcoglycanopathy, and that this resulted in the disruption of the link between the ECM and cell membrane via the
dystroglycan complex. In this study, we investigated the proteolysis of B-dystroglycan in the biopsied skeletal muscles of various human
muscular diseases, including sarcoglycanopathy, Duchenne muscular dystrophy (DMD), Becker muscular dystrophy, Fukuyama congenital
muscular dystrophy, Miyoshi myopathy, LGMD2A, facioscapulohumeral muscular dystrophy, myotonic dystrophy and dermatomyositis/
polymyositis. We show that the 30 kDa fragment of B-dystroglycan is increased significantly in sarcoglycanopathy and DMD, but not in the
other diseases. We propose that the proteolysis of B-dystroglycan may contribute to skeletal muscle degeneration by disrupting the link
between the ECM and cell membrane in sarcoglycanopathy and DMD.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Dystroglycan; Sarcoglyan; Dystrophin; Laminin; Extracellular matrix; Matrix metalloproteinase; Sarcoglycanopathy; Duchenne muscular
dystrophy

1. Introduction a-dystroglycan to the cell membrane via the N-terminus

of the extracellular domain and binds to the cytoskeletal

The dystroglycan complex is a cell membrane-spanning
complex composed of a-and B-dystroglycan, which are
encoded by a single gene Dagl and cleaved into two
proteins by posttranslational processing [1]. a-Dystroglycan
is a cell surface peripheral membrane protein which binds to
laminin in the basement membrane, while B-dystroglycan
is a type I integral membrane protein which anchors

* Corresponding author. Tel.: +81 3 3964 1211x1915; fax: +81 3 3964
6394.
E-mail address: k-matsu@med.teikyo-u.ac.jp (K. Matsumura).
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protein dystrophin via the C-terminal cytoplasmic domain
[1-5]. Thus, the dystroglycan complex provides a tight link
between the extracellular matrix (ECM) and intracellular
cytoskeleton. Recently, we reported a matrix metallopro-
teinase (MMP) activity that disrupts the dystroglycan
complex by cleaving the extracellular domain of B-dystro-
dystroglycan specifically [6]. This MMP creates a charac-
teristic 30 kDa fragment of B-dystroglycan (B-DGsg) that is
detected by the monoclonal antibody 43DAG/8DS directed
against the C-terminus of B-dystroglycan [6].

In the previous study, we showed that B-DGs, was
increased in the skeletal and cardiac muscles of cardiomyo-
pathic hamsters [7], the model animals of sarcoglycanopathy
(SGCP) [8,9], and that this resulted in the disruption of the link

-15-
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between the ECM and cell membrane via the dystroglycan
complex in these tissues [7]. In the present study, we
investigated the proteolysis of B-dystroglycan in the biopsied
skeletal muscles of various human muscular diseases. We
show that B-DGasq is increased significantly in SGCP and
Duchenne muscular dystrophy (DMD), but not in the other
diseases.

2. Materials and methods

2.1. Patients

Tables 1 and 2 summarize the patients investigated in
this study. The skeletal muscle specimens were obtained by
diagnostic biopsy. The diseases include SGCP, DMD,

Table 1
Summary of the patients and results of immunoblot analysis of B-
dystroglycan in the skeletal muscle biopsy specimens

Diagnosis  No. Age Sex B-DGay/ Average = SE
B-DGrun
Normal i 13 M 0.0358 0.0538 £:0.0165
control
2 14 M 0.0496
3 15 M 0.0411
4 15 M 0.0127
5 16 M 0.0823
6 40 M 0.0228
7 41 M 0.0253
8 43 F 0.0125
9 59 M 0.0687
10 62 M 0.1869
SGCP 1 10M F 2.1467 0.6801+0.2299
2 7 F 0.3227
3 8 M 0.2978
4 13 F 0.6819
5 15 F 1.0325
6 17 F 0.2721
7 18 F 0.2500
8 31 F 0.4374
DMD 1 4M M 0.3729 0.45401+0.0944
2 1 M 0.4553
3 1 M 0.4368
4 3 M 0.6436
5 3 M 0.3541
6 4 M 0.4800
7 4Y10M M 0.3303
8 5 M 0.3762
9 5 M 0.5457
10 6 M 0.5272
i1 7YIM M 0.5011
12 8YOM M 0.3745
BMD 1 3 M 0.0309 0.1030£0.0253
2 3Y10M M 0.1340
3 4Y7M M 0.0585
4 5 M 0.1236
5 13 M 0.1681
FCMD 1 ™ F 0.0218 0.0336 £0.0069
2 8M F 0.0213
3 oM M 0.0599

Table 1 (continued)

Diagnosis  No. Age Sex B-DGay/ Average £ SE
B-DGpun
4 SM M 0.0421
5 M M 0.0204
6 1Y F 0.0166
7 1Y5sM F 0.0658
8 3Y F 0.0209
MM 1 25 F 0.0991 0.07794:0.0164
2 27 M 0.0652
3 30 M 0.1313
4 38 M 0.0504
5 39 M 0.0436
LGMD2A | 7Y3M F 0.0752 0.0646£0.0148
2 11 F 0.079%4
3 20 M 0.0206
4 26 F 0.0832
FSHD 1 8 M 0.1307 0.1048+0.0234
2 19 F 0.0966
3 25 M 0.1363
4 41 M 0.0170
5 48 M 0.1437
DM 1 14 M 0.0652 0.0722£0.0226
2 28 M 0.0701
3 37 F 0.1541
4 50 F 0.0557
5 60 M 0.0161
DM/PM 1 2Y5m M 0.0762 0.0589+£0.0135
2 3 F 0.0951
3 4 F 0.0602
4 4 M 0.0000
5 10 F 0.1340
6 23 M 0.0168
7 30 F 0.0114
8 33 F 0.0477
9 46 M 0.0512
10 51 F 0.0957

The skeletal muscle biopsy specimens were analyzed by immunoblotting
using the monoclonal antibody 43DAG/8DS5 and the B-DG3y/B-DGyy ratio
was obtained for each patient as described in Materials and Methods. SE,
standard error.

Becker muscular dystrophy (BMD), Fukuyama congenital
muscular dystrophy (FCMD), Miyoshi myopathy (MM),
LGMD?2A, facioscapulohumeral muscular dystrophy
(FSHD), myotonic dystrophy (DM) and dermatomyositis/

Table 2
Genetic analysis of SGCP patients

Patient no Genetic analysis

B-SG, 325 C to T (R109X), homozygous

B-SG, 325 Cto T (R109X), homozygous

@-SG, 229 C to T (R77C), homozygous

¥-SG, 630-702 base deletion, homozygous

Not done

«-SG, 229 C to T (R77C), homozygous

«-8G, 220 C to T (R74W), homozygous

«-SG, 410 A to G (E137G)/409-423 bases insertion

00~ AN B DN

Patient 5 was diagnosed as SGCP, based on the clinical profile and the
specific deficiency of the components of the sarcoglycan complex in the
biopsied skeletal muscle as revealed by immunohistochemical analysis (not
shown).
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polymyositis (DM/PM). The diagnoses were made based on
the clinical features, histochemical and immunohistochem-
ical analyses of skeletal muscle biopsy specimens. Genetic
diagnoses were also made in some cases. The patients with
no obvious pathological changes in the skeletal muscle
specimens were included as normal controls.

2.2. hmmunoblot analysis of B-dystroglycan in the biopsied
skeletal muscles

The skeletal muscle specimens were extracted quickly by
homogenizing and boiling in a buffer containing 80 mM
Tris-HC], pH 6.8, 10% SDS, 1% B-mercaptoethanol and
115 mM sucrose, in the presence of protease inhibitors,
including 0.6 mg/ml pepstatin A, 0.5 mg/ml aprotinin,
0.5 mg/ml leupeptin, 1 mM benzamidine, 1 mM PMSF,
| mM EDTA, 1 mM EGTA and 20 mg/m! N-Biphenyl-
sulfonyl-phenylalanine hydroxamic acid (a kind gift from
Shionogi & Co. Ltd), as described previously [6,7,10].
3-15% SDS-polyacrylamide gel electrophoresis and immu-
noblotting were performed as described previously [6,7,10].
The proteolysis of B-dystroglycan was detected by the
monoclonal antibody 43DAG/8D5 against the C-terminus
of B-dystroglycan (a kind gift from Dr L. V. B. Anderson of
Newcastle General Hospital) [6,7,11]. Immunoblot devel-
opment was done by enhanced chemiluminescence (Pierce)
and visualized by Image Station 440 system (Eastman
Kodak Company, New Haven, CT). The band intensity of
B-DGa4 and the full-size 43 kDa B-dystroglycan (B-DGun)

was measured using 1D image analyzing software and the
ratio of B-DGsg against B-DGgy (B-DG1o/B-DGyy ratio)
was calculated for each patient. The average value of the
B-DG3o/B-DGyy ratio was obtained for normal control and
various muscular diseases. The statistical difference among
the groups was first tested using one factor ANOVA and
then the difference between normal control and each disease
group was evaluated by Dunnett’s analysis.

3. Results

The results are summarized in Table 1 and Fig. I. The
actual immunoblots of some of the patients are shown in
Fig. 2. Although there was some variation among patients, a
30 kDa band corresponding to B-DGsq was clearly observed
in all the patients with SGCP and DMD (Table 1 and Fig. 2).
Statistical analysis demonstrated significant increase of the
B-DG3¢/B-DGgyy ratio in SGCP and DMD, compared to
normal control (Table | and Fig. 1). On the other hand,
statistical analysis did not demonstrate significant increase
of the B-DGyo/B-DGyyy ratio in BMD, FCMD, MM,
LGMD2A, FSHD, DM and DM/PM, compared to normal
control (Table 1 and Fig. 1), although mild proteolysis was
detectable in some individuals (Table 1 and Fig. 2).

We performed the histochemical analysis of skeletal
muscle biopsy specimens in order to see if pathological
changes were correlated with the increase of proteolysis of
B-dystroglycan. The severity of the pathological changes

P< 0.001

1.0 4 —]

0.8 -

0.6 -

3-DGao / B-DGw ratio

— 1 i
Q

S o O o o

Fig. 1. The ratio of B-DGa against B-DGyy, in various muscular diseases.The average value of the 3-DGs¢/B-DGy,y ratio was obtained for normal control and
various muscular diseases. The statistical difference among the groups was first tested using one factor ANOVA and then the difference between normal control
and each disease group was evaluated by Dunnett’s analysis. The B-DG3y/B-DGy,, ratio was significantly increased in SGCP (P <0.001) and DMD (P <0.05),
compared to normal control. There was no significant difference between other disease groups and normal control. Error bar indicates standard error.
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(a)

(b)

4B-DGw
<

4 B-DGu

| @ B-DGu
4

4 B-DGso

Fig. 2. Immunoblot analysis of B-dystroglycan in the skeletal muscle biopsy specimens of various muscular diseases.The skeletal muscle biopsy specimens
were analyzed by immunoblotting using the monoclonal antibody 43DAG/8D5. SGCP and DMD are shown in (a) and BMD, FCMD, MM, LGMD?2A,
FSHD, DM and DM/PM are shown in (b). Except DMD, equal amount of proteins were loaded for each lane, using myosin heavy chain as internal standard
as described previously [10}. For DMD, approximately three times volume of normal control was loaded to visualize B-dystroglycan which is severely
reduced in this disease [17]. The band indicated by the small a nrrowhead corresponds to what we reported previously as the intermediate proteolytic

fragment of B-DG, [6.7].

was variable not only among the different disease groups but
also among the patients with the same disease (Fig. 3).
Overall, however, necrotic muscle fibers were observed
most frequently in DM/PM, and less frequently in DMD,
SGCP and MM (Fig. 3). Hypercontracted muscle fibers
were observed most frequently in DMD and SGCP, and less
frequently in BMD, DM/PM and FCMD (Fig. 3). Necrotic
and hypercontracted muscle fibers were observed infre-
quently in the other diseases (Fig. 3). Interstitial fibrosis and
infiltration of inflammatory cells were mostprominent in
FCMD and DM/PM, respectively (Fig. 3).

4. Discussion

Disruption of the tight linkage between the ECM and cell
membrane provided by the dystroglycan complex is
presumed to have a deleterious effect on the stability of
sarcolemma and viability of muscle cells [2,3,6]. Several
mechanisms are conceivable that disrupt this linkage. One is
the defective glycosylation of B-dystrogiycan, which has

been demonstrated in several forms of severe congenital
muscular dystrophies [for review, see 12-15]. In these
diseases, primary defects of the genes encoding the putative
glycosyltransferases disturb the glycosylation of B-dystro-
glycan crucial for the binding of laminin [16] and result in
the disruption of the ECM-cell membrane linkage via the
dystroglycan complex [12-15]. Recent evidence indicates
that the interaction of a glycosyltransferase LARGE with
the N-terminal domain of B-dystroglycan is necessary to
initiate the posttranslational glycosylation within the mucin
domain of B-dystroglycan [17]. The MMP activity that
cleaves the extracellular domain of B-dystroglycan is
another mechanism that can disrupt this linkage [6]. In the
previous study, we showed that this MMP activity was
activated in the skeletal and cardiac muscles of cardiomyo-
pathic hamsters, the model animals of SGCP, resulting in
the disruption of the dystroglycan complex [7]. Importantly,
we showed that this phenomenon was not an in vitro artifact
but rather occurred in vivo [7].

In this smdy, we investigated the proteolysis of
B-dystroglycan in the biopsied skeletal muscles of various
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Fig. 3. Histochemical analysis of the skeletal muscle biopsy specimens.The skeletal muscle biopsy specimens were analyzed by staining with hematoxylin and
eosin. The severity of the pathological changes was variable not only among the different disease groups but also among the patients with the same disease.
Overall, necrotic muscle fibers were observed most frequently in DM/PM, and less frequently in DMD, SGCP and MM. Hypercontracted muscle fibers were
observed most frequently in DMD and SGCP, and less frequently in BMD, DM/PM and FCMD. Necrotic and hypercontracted muscle fibers were infrequently
observed in the other diseases. Interstitial fibrosis and infiltration of inflammatory cells were most prominent in FCMD and DM/PM, respectively. Bar, 50 pm.

human muscular diseases. We found that the proteolysis
of B-dystroglycan was increased significantly in SGCP
and DMD. The present results confirm the previous
observation by Anderson and Davison, who referred to a
similar phenomenon in the biopsied skeletal muscles of
SGCP patients [11]. However, they attributed this to the
artificial degradation and did not present the results in
details [11]. Together with the aforementioned results in
cardiomyopathic hamsters [7], we propose that the
proteolysis of B-dystroglycan in SGCP is not an in vitro
artifact but rather occurs in vivo. On the other hand, this
study is the first to report the increased proteolysis of
B-dystroglycan in DMD.

At present, the mechanism by which the proteolysis of (3-
dystroglycan is increased in SGCP and DMD remains
obscure. In this respect, it should be noted that hypercon-
tracted muscle fibers were observed frequently in the
patients with SGCP and DMD, raising a possibility that
the proteolysis of B-dystroglycan may reflect the active
degeneration process of muscle fibers. However, the
proteolysis of B-dystroglycan was not severe in the patients
with BMD and DM/PM who had numerous hypercontracted
muscle fibers (for instance, BMD1 and DM/PM4 of Fig. 3).
These results suggest that other or additional mechanisms
may be present that contribute to the proteolysis of
B-dystroglycan. For instance, it is possible that the
deficiency of the sarcoglycan complex may render B-
dystroglycan susceptible to proteolysis, because it is well
established that the sarcoglycan complex is specifically and
drastically reduced in these two diseases [18]. In any case,
the resulting proteolysis of B-dystroglycan will disrupt the
link between the ECM and cell membrane via the
dystroglycan complex and render muscle fibers susceptible
to further degeneration.

The proteolysis of B-dystroglycan was not significantly
increased in BMD, FCMD, MM, LGMD2A, FSHD, DM
and DM/PM, although mild proteolysis was detectable in
some individuals. When we initiated this study, we were
particularly interested if the proteolysis of B-dystroglycan
by MMP was activated in FCMD. In FCMD skeletal
muscle, the glycosylation of B-dystroglycan crucial for the
binding of laminin is disturbed, resulting in the disruption of
the ECM-cell membrane linkage via the dystroglycan
complex [19]. We wondered if this might render B-
dystroglycan susceptible to proteolysis but have found that
this is not the case in this study. We also wondered if the
proteolysis of f-dystroglycan was increased in DM/PM,
because various MMPs are reported activated in inflamma-
tory myopathies [20-22]. However, this did not turn out to
be the case in this study. Our results suggest that the MMP
that cleaves the extracellular domain of B-dystroglycan may
be distinct from those reported activated in inflammatory
myopathies.
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Abstract

Glycosylation defects of a-dystroglycan (a-DG) cause various muscular dystrophies. We performed clinical, pathological and genetic
analyses of 62 Japanese patients with congenital muscular dystrophy, whose skeletal muscle showed deficiency of glycosylated form of a-
DG. We found, the first Japanese patient with congenital muscular dystrophy 1C with a novel compound heterozygous mutation in the
fukutin-related protein gene. Fukuyama-type congenital muscular dystrophy was genetically confirmed in 54 of 62 patients. Two patients
with muscle—eye—brain disease and one Walker-Warburg syndrome were also genetically confirmed. Four patients had no mutation in any
known genes associated with glycosylation of a-DG. Interestingly, the molecular mass of «-DG in the skeletal muscle was similar and was
reduced to ~90 kDa among these patients, even though the causative gene and the clinico-pathological severity were different. This result
suggests that other factors can madify clinical features of the patients with glycosylation defects of «-DG.
© 2005 Elsevier B.V. All rights reserved.

Keywords: o-dystroglycan (¢-DG); Fukuyama-type congenital muscular dystrophy (FCMD); Congenital muscular dystrophy 1C (MDC1C); Muscle-eye-brain
disease (MEB); Walker-Warburg syndrome (WWS); Glycosylation; Fukutin; FKRP; POMGnT1: POMT!. LARGE

1. Introduction forms are associated with neuronal migration disorder in

brain and ocular abnormalities, and others with-normal brain
and eyes. Characteristically, they all show abnormally
glycosylated «-DG with preserved core structure in the
muscle sarcolemma [9]. From this result, the responsible
gene products of these diseases are thought to have a role in
the glycosylation process of ¢-DG. In fact, mutations in the
glycosyltransferase genes of protein O-mannose B 1,2-N-
acetylglucosaminyltransferase | (POMGnTI) and protein
O-mannosyltransferase 1 (POMTI) have been identified in
patients with MEB and WWS, respectively [3,4]. In addition,
other responsible gene products of fukutin, fukutin-related
protein (FKRP), and LARGE are also predicted to have
structural similarity to glycosyltransferases [10].

Recent advances demonstrated that glycosylation defects
of cell surface membrane protein, a-dystroglycan (a-DG)
cause a group of muscular dystrophy, including Fukuyama-
type congenital muscular dystrophy (FCMD), muscle-eye~
brain disease (MEB), Walker-Warburg syndrome (WWS),
congenital muscular dystrophy |C (MDCIC) and its allelic
limb-girdle muscular dystrophy (LGMD) 21, and congenital
muscular dystrophy 1D (MDCID) [1-8]. Some of these

* Corresponding author. Tel.: +81 42 341 2712; fax: +81 42 346 1742,
E-mail address: hayasi_y @nenp.go.jp (Y.K. Hayashi).
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In Japan, FCMD is the most common form of congenital
muscular dystrophy (CMD) [11], whereas merosin-deficient
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CMD (MDC1A), which is common in European countries,
MEB, and WWS were rarely scen [12,13]. Patients with
MDCI1C and MDCID have not been identified yet in Japan.
To know more about the CMD patients with glycosylation
defects of «-DG in Japan, we performed detailed genetic
and clinico-pathological analyses on 62 patients.

2. Materials and Methods
2.1. Clinical materials

All clinical materials were obtained for diagnostic
purposes with informed consent. We analyzed a total of
62 patients whose limb-muscle specimens showed altered
glycosylation of «-DG. The clinical diagnoses of the 62
patients are shown in Table {. The muscle samples were
flash-frozen in isopentane chilled with liquid nitrogen.

2.2. Immunohistochemistry, immunoblotting, and laminin
overlay assay

The following antibodies were used for immunohisto-
chemical and immunoblotting analyses: monoclonal anti-a-
DG (VIA4-1, Upstate Biotechnology), polyclonal goat anti-
a-DG (GT20ADG) [9], monoclonal anti-laminin a2 chain
(5H2, Chemicon), polyclonal anti-laminin-1 (Sigma), and
monoclonal anti-B-DG (43DAG1/8D5, Novocastra Labora-
tories). The detailed techniques of the immunohistochem-
istry, immunoblotting and laminin overlay assay have been
described previously [1,9].

2.3, Genetic analyses of fukutin, FKRP, POMGnTI,
POMT], and LARGE

DNA was isolated from skeletal muscle or peripheral
lymphocytes using a standard technique.

To detect the 3-kb retroransposal insertion in fitkutin, the
genomic PCR was performed using two primer sets; one is
designed to amplify a 375 bp product containing a part of
retrotransposal insertion and the other is designed to amplify
a normal 157 bp fragment (the primers were designed by
Dr Toda, Osaka University). All exons and their flanking
intronic regions of fukutin [14] were directly sequenced in

Table |
Clinical and genetic diagnosis of 62 patients

Genetic diagnosis Clinical diagnosis

FCMD 54 FCMD 33
MEB 1
MEB 2 FCMD 1
CMD 1
WWS 1 WWS§ 1
MDCIC 1 FCMD 1
Unknown 4 MEB 1
WWS 3

patients without homozygous retrotransposal insertion using
an ABI PRISM 3100 automated sequencer (PE Applied
Biosystems).

Mutation analysis of FKRP was performed using the
primers reported elsewhere [15].

Mutation analysis of POMGnTI, POMTI, and LARGE
was performed by directly sequencing all exons and their
flanking introns. The information on primer sequence and
PCR conditions is available upon request. To detect the
mutation in exon 11 of POMGnT] in patient 2, primers F
(5'-CATTCACCTCTGTGGGTAAGC) and R (5'-AGGCC
TTCACATTTCACAGC) were used.

2.4. Single-strand conformation polymorphism (SSCP)
analysis of FKRP

To exclude the possibility of polymorphism, we
performed SSCP analysis for the missense mutation
identified in FKRP in patient 1, using Gene Gel Excel
(Pharmacia Biotech). The amplified genomic DNA frag-
ments using a set of primers (4-2F and 4-2R {13]) including
the site of the missense mutation was electrophoresed for
600 mA at 10°C in a Gene Phor Electrophoresis Unit
(Pharmacia Biotech). One hundred chromosomes from
healthy individuals were analyzed as control.

3. Results

We found the first patient with MDCI1C (patient 1) in the
oriental countries. Fukutin mutations were found in 87% of
the patients examined, and two MEB (patients 2 and 3) and
one WWS (patient 4) were genetically confirmed. Four
patients had no mutation in the known genes associated with
glycosylation defects of o-DG (Table 1).

3.1. Clinical features of the patients

Patient 1 (MDC1C) was a Japanese girl and first admitted
to a hospital at 12-months old. She was the first child of
nonconsanguineous healthy Japanese parents. From at birth,
left eye strabismus was seen, and the floppiness and delayed
motor milestones became apparent in growing. She was able
to sit at 7 months, but unable to crawl or stand up at 12 months
of age. She spoke some meaningful words, and no mental
retardation was observed. Serum creatine kinase (CK) level
was 6429 IU/1. Muscle biopsy was performed at 12 months of
age and showed dystrophic changes with marked variation in
fiber size, active necrotic and regenerating process, and dense
interstitial fibrosis (Fig. 1A). She was diagnosed to have
FCMD. At 6-years-old, generalized muscular atrophy was
marked, but she could move by herself using her wheelchair.
Facial and calf muscles were mildly hypertrophic and high-
arched palate was seen. Tongue hypertrophy was not
apparent. Cardiac dysfunction was not detected from the
chest radiograph or electrocardiogram. Joint contractures
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Fig. 1. Hematoxylin and eosin staining of skeletal muscles. Patient 1 (MDCIC; A), patient 3 (MEB; C), and patient 4 (WWS; D) show severe dystrophic
changes with marked variation in fiber size, necrotic and regenerating fibers, and dense fibrosis in endomysium, whereas the pathological changes in patient 2
(MEB; B) is very mild, showing only mild caliber changes of muscle fibers. Bar =350 pun.

were seen in elbows, knees, and ankles. Brain magnetic Patient 2 (MEB-1) was a child of nonconsanguineous
resonance image (MRI) at age 5 years showed some Japanese parents, and he had healthy sister and brother. He
cerebellar cysts and disorganized formation of cerebellar was delivered after uneventful pregnancy, and he was noted
folia, but no structural abnormality was found in the to be floppy at 4 months. At 6 months he was not able to
cerecbrum and the brain stem (Fig. 2A and B). Her control his head, and serum CK level was elevated to
intelligence was normal at age of 6. 6900 1U/l. Computed tomography of the brain showed

Fig. 2. Brain MRI of patient 1 (A and B) and patient 2 (C and D). T1 weighed images of patient 1 show multiple cerebellar cysts and dysmorphic cortical
structures in bilateral cerebellar hemisphere (A). No abnormal findings are seen in cerebrum and brain stem (B). T1 weighed images of patient 2 show multiple
cerebellar cysts (C), atrophic brain stem and markedly dilated lateral and third ventricles (D). Typical type IT lissencephaly was seen in cerebrum (data not
shown).
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Table 2
Clinical summary of the four patients with MDCIC, MEB, and WWS§
Patient no. 1 (MDCIC) 2 (MEB-1) 3 (MEB-2)" 4 (WWS)°
Age at biopsy 1 ylo 6 mo/o 1y/o 3ylo
Sex F M F M
Gene mutation FKRP POMGnT! POMGnT] POMTI
266C> G, 1106insT 900G > A, 1077insG 1260_1262del CCT
1169-1170delGC

Mental retardation - DQ 110 + + +
Speech Sentences No words No words No words
Hydrocephalus - - ~ +
Type 11 lissencephaly - + + +
Cerebellar cysts + + + +
Brain stem hypoplasia - + + +
Eye symptoms Strabismus Cataract, retinal dysplasia Myopia, retinal dysplasia Corneal clonding
Maximum motor function Sitting, move on buttocks Sitting, roll over Bed ridden Bed ridden
CK (Iu/) 6429 6900 8019 600-31,000
Muscle pathology

Necrosis Occasional Few Occasional Occasional

Fibrosis Marked Very mild Marked Marked

* Previously reported as SI [12].
b Previously reported [13].

dilated lateral ventricles and diffuse periventricular lucency
of white matter. Brain MRI at age 10 years showed
markedly dilated ventricles, type II lissencephaly, cerebellar
cysts, and flat brain stem (Fig. 2C and D). Examination of
eyes showed bilateral retinal degeneration. His eye
problems had been progressive, and at age 10 years he
received operation for bilateral cataracts. Bilateral optic
nerve atrophy and detachment of retina of right eye were
also found. A muscle biopsy taken at 6 months of age
showed only mild dystrophic changes with a few necrotic
and regenerating fibers. No marked fibrous tissue involve-
ment was seen {Fig. 1B). He was suggested to have CMD.
He was able to turn over at 22 months, but further motor
development was not obtained. At age 11, he was wheel
chair bound, and could move by rolling over on the floor.
Contractures were seen in bilateral knee and ankle joints. In
comparison with his motor function, mental retardation was
severe. He could not speak any meaningful words, and could
only express his pleasure or sad feelings by facial expression
in response to his parents’ voice.

The clinical and genetic description of patient 3 (MEB-2)
was previously reported (patient SI (12]), and they are
summarized in Table 2.

We recently reported the clinical features and the result
of genetic analysis of Patient 4 (WWS) [13], and they are
summarized in Table 2.

3.2. Parients with unknown cause

No mutation was identified in four of 62 patients who
were clinically diagnosed to have MEB or WWS (Table 1).
All four patients showed severe mental retardation,
hypotonia from early infancy, and eye involvements.
Brain MRI displayed type Il lissencephaly, enlarged lateral
ventricles, and hypoplastic brainstem and cerebellum.

In the skeletal muscles, three patients who were clinically
diagnosed as WWS showed severe dystrophic changes with
marked fibrous tissue involvement. However, one patient
who was clinically diagnosed as MEB showed only mild
myopathic changes in his muscle.

3.3. Genetic analyses for fukutin, FKRP, POMGnTI,
POMTI, and LARGE

Among 62 patients served for genetic analyses, 54 patients
(87%) had 3-kb retrotransposal insertion homozygously or
heterozygously (Table 3). Twelve patients had this insertion
heterozygously, and we performed sequence analysis of all
exons and their flanking region of fukutin. We identified point
mutations in fitkutin in seven patients, including one novel
mutation (Table 3), but no mutation was found in the
remaining five patients with 3-kb insertion in one allele.

We performed mutation screening in FKRP, POMGnTI,
POMTI, and LARGE on eight patients who had no
retrotransposal insertion in fukutin. We found a patient
(patient 1) with a novel compound heterozygous mutation in
FKRP (266C>G transversion which generate P89R, and
1169_1170 del GC which causes premature termination)

Table 3
Results of mutation analysis of fukutin

3-kb insertion Fukutin mutation

(amino acid change)

No. of patients

Homozygote 42

Heterozygote 12
250C>T (R47X)
626A>G (HI72R)
859T> G (C250G)
1025G> A (W305X)"
1169T> A (1.353X)

_——— — W

* A novel mutation,
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Fig. 3. Electropherograms of the sequence analysis of FKRF and POMGnT1.
A novel compound heterozygous mutation in FKRP was identified in patient
1 with heterozygous 266C>G (A) and 1169_1170 del GC (B). Patient 2
shows homozygous 1106 ins T in POMGnT] (C, Patient 2).

(Fig. 3A and B). The SSCP analysis of FKRP showed that
only this patient but not 50 healthy individuals had a
mobility shift (data not shown). Two patients had mutations
in POMGnTI. A homozygous 1106 ins T in exon 11, which
generates D338(s (Fig. 3C) was seen in patient 2. Mutations
of POMGnTI in patient 3 and POMT]! in patient 4 were
reported previously [12,13]. The remaining four patients
had no mutation in the all genes examined including
LARGE.

Control

Patient 1

3.4, Immunostaining and immunoblotting analyses

In all muscles from FCMD patients, marked reduced
membrane staining was seen using «-DG (VIA4-1)
antibody, which recognize glycosylated form of «-DG,
while B-DG immunoreaction was well preserved as
previously described {1]. Immunostaining with anti-
GT20ADG antibody that recognize the core region of a-
DG showed positive membrane staining [9]. All eight CMD
patients other than FCMD showed similar immunoreactions
to those of FCMD muscles, including patient 1 with FKRP
mutations (Fig. 4). Immunoreaction of laminin ¢2 chain in
patient 1 show very mild reduction (Fig.4C). Reduced
staining of laminin «2 chain was marked in FCMD and
WWS patients [13], however, in the two MEB patients,
nearly normal immunoreaction was seen (Fig. 4C) [12}. On
immunoblotting analysis, barely detectable level of glyco-
sylated form of «-DG was seen using VIA4-1 antibody in all
the patients (Fig. 5A), whereas the GT20ADG antibody
recognized more migrating bands in ~ 90 kDa in all patients
we examined independent on the causative gene (Fig. 5B).
Laminin overlay assay revealed no detectable binding

Patient 2

Fig. 4. Immunohistochemical analysis. Skeletal muscles from control, patient | (MDCIC), and patient 2 (MEB) are immunostained with antibodies against c.-
DG (VIA4-1; A), $-DG (B). laminin a2 chain (C), and core antibody against «-DG (GT20ADG; D). Immunoreaction for VIA4-1 is markedly reduced in
patient 1 and patient 2, while $-DG is normally expressed in the sarcolemma. «-DG core protein is preserved by GT20ADG in both patients. Bar=50 pm.
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1 2

3 4 5

Fig. S. Immunoblotting analysis. Skeletal muscle homogenates from
control (lane 1), patient 1 (MDCIC; ltane 2), FCMD (lane 3), control (lane
4), and patient 2 (MEB; lane 5) were blotted with VIA4-1 (A), GT20ADG
(B), and B-DG (C) antibodies. FCMD, patient 1, and patient 2 showed
barely detectable glycosylated form of «-DG by VIA4-1, whereas
decreased sized bands (~ 90 kDa) were detected by GT20ADG.

product in the muscles with glycosylation defects of «-DG
(data not shown).

4, Discussion

In this study, 86% of the patients with glycosylation
defects of «-DG were genetically confirmed as FCMD,
reflecting the most common form of CMD in Japan. The
FCMD patients show severe muscular dystrophy with central
nervous system involvements, but relative broad spectrum of
clinical symptoms is known. A small number of FCMD
patients can walk at some point and speak meaningful
sentences, while some patients show severely affected brain
and eye malformations mimicking to Walker-Warburg
phenotypes [11,14]. One FCMD patient in our series with a
compound heterozygous mutation (a 3-kb insertion and a
Argd7stop) showed severe muscular dystrophy, hydrocepha-
lus and retinal degeneration, and clinically diagnosed as

MEB/WWS. Despite of the different clinical severity, the
positive muscle fibers of glycosylated form of ¢-DG (V1A4-
1) was very few in all FCMD patients. The molecular mass of
a-DG detected by the antibody for core region (GT20ADG)
were also equally reduced to ~ 90 kDa in all FCMD patients
examined (data not shown). These results imply additional
factor(s) to determine the clinical severity of FCMD.

Here, we report the first patient with MDCI1C in the
oriental countries. Patients with FKRP mutations are known
to show wide variety of clinical spectrums from LGMD?2],
MDCI1C to severe MEB/WWS phenotypes. Recently
genotype—phenotype correlations in FKRP mutations were
reported [15]. Patients with MDCI1C phenotype have a
compound heterozygous mutation between a null and a
missense mutation or carried two missense mutations, while
common Leu276Ileu mutation was constitutionally seen in
LGMD2I. Our patient had novel mutations in a combination
of frameshift and missense mutations. Clinically, the patient
showed severe muscle weakness from early infancy, marked
elevation of serum CK level, calf hypertrophy, and normal
intelligence; and those are consistent with MDC1C. Further,
the structural abnormality in the cerebellum was scen on
brain MRI including disorganized folia and multiple cysts,
those are commonly observed in FCMD/MEB. Unlike the
other forms of CMD with glycosylation defects of a-DG,
central nervous system involvements are rare in the patients
with FKRP mutations (4,5]. Only a few patients with mental
retardation and cerebellar cysts were reported from Turkey
and Tunisia [16,17]. More recently, two patients with MEB
and WWS phenotypes caused by FKRP mutations were
reported [18]. Although the brain involvement in MDCIC is
quite rare, these reports suggest the possibility that FKRP
may play some roles in normal development of the brain,
especially in the cerebellum.

Skeletal muscles from patients with FKRP mutations
show variable levels of reduction of «-DG, from nearly
normal in LGMD2I to almost absent in MDCI1C by using
anti-a-DG (VIA4-1) antibody [15]. Our MDCIC patient
displayed almost absent glycosylated form of «-DG
recognized by VIA4-1, which is similar to the other severe
forms of CMD with glycosylation defects of «.-DG. Further,
we found the preserved core peptide of «-DG in the skeletal
muscle. Surprisingly, molecular mass of «-DG recognized
by the core antibody was quite similar to the other related
diseases including FCMD, MEB, and WWS, although brain
involvement was limited. From this result, the functions of
FKRP on the glycosylation process of «-DG seems to be
similar in the skeletal muscle to the other related gene
products for glycosylation defects of «-DG.

The broader clinical spectrum of MEB was reported
recently, though MEB pedigree in Finland shows uniform
clinical features {12,19]. Two genetically confirmed MEB
patients identified in this study (patients 2 and 3) showed
similar brain and eye involvements, but interestingly,
histological findings of skeletal muscles were quite
different. Patient 2 showed only mild dystrophic changes,
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while patient 3 showed active necrotic and regenerating
process with severe endomysial fibrosis. No difference was
seen in the expression patterns and the molecular mass of
@-DG detected by the core antibody. Both patients showed
nearly normal expression of laminin «2 chain around
muscle fibers. The homozygous insertion mutation ident-
ified in patient 2 was located in the catalytic domain, while
the mutations in patient 3 was a missense mutation in the
stem domain and one base pair insertion in the catalytic
domain. Previous report showed that all mutant POMGnT1s
unitormly lost their enzyme activities [20]. These results
imply that additional factor(s) other than enzyme activity of
POMGnTI may play a role in determining disease severity
in both brain and skeletal muscle.

Genetic analysis revealed that no mutation was identified
in the four patients in our series, which strongly suggest that
there still remain other related genes for glycosylation
process of a-DG. Careful observation of clinical and
pathological findings should help to clarify the precise
pathomechaisms of CMD.
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Abstract

Autosomal recessive hereditary inclusion body myopathy (AR-HIBM), with sparing of the quadriceps, is characterized by adult-onset,
with weakness and atrophy of distal lower limb muscles, and typical histopathological findings in muscle biopsy. AR hIBM is associated with
mutations in the UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE) gene on chromosome 9p12-13 [1]. We report
two unrelated Tunisian families with clinical and pathological features of AR HIBM. One distinct homozygous GNE missense mutation,
M712T, previously reported in Middle Eastern Jewish patients, and a newly identified one, 1379H, were found in one patient from each
family. We conclude that AR HIBM in Tunisia shows an allelic genetic heterogeneity.

© 2005 Elsevier B.V. All rights reserved.

Keywords: AR HIBM, Myopathy; Missense mutation

1. Introduction

Hereditary inclusion body myopathy is a unique group of
neuromuscular disorders characterized by adult-onset
slowly progressive distal and proximal weakness, and a
typical muscle pathology including rimmed vacuoles and
filamentous inclusions. HIBM could be inherited as
autosomal dominant or autosomal recessive trait. The
most common form of ethnic-related autosomal recessive
HIBM was first described in Iranian Jews as ‘vacuolar
myopathy sparing the quadriceps’ [2]. Autosomal recessive
HIBM is associated with mutations in the UDP-N-
acetylglucosamine 2-epimerase/N-acetylmannosamine
kinase (GNE; MIM# 603824) gene on chromosome 9pl2-
13 [1]. The most common mutation was the M712T
homozygous missense mutation found in all Middle Eastern
families of both Jewish and non-Jewish descent. Because all
patients share a common recombinant haplotype a genetic
common founder effect has been proposed [1]. In this study,

* Corresponding author. Tel.: +216 71 564 421; fax: +216 71 565 167.
E-mail address: rim.sam@gnet.tn (R. Amouri).

0960-8966/$ - see front matter © 20035 Elsevier B.V. All rights reserved.
doi:10.1016/5.nmd.2005.01.012

we report clinical data, muscle biopsy findings, and
mutation analysis in patients from two unrelated Tunisian
families. One family has been previously reported [3].

2. Results

Nine patients belonging to two unrelated families were
selected on the presence of autosomal recessive inheritance,
muscle biopsy showing rimmed vacuoles in several fibres
and genetic linkage to AR-HIBM locus on chromosome
9p12-13. A clinical description of family 2 (five patients)
have been previously reported by our group [3]. All patients
showed a progressive adult-onset myopathy (mean age at
onset: 27 years) with symmetrical proximal and distal
weakness predominant in the lower limbs with a relative
sparing of the quadriceps. Peroneal and pelvic girdle
muscles seemed to be firstly involved resulting in steppage
and a waddling gait (Table 1). The shoulder girdle became
involved later and facial muscles remained unaffected. In
the upper limbs, muscle involvement were less severe and
involved the shoulder and less severely humeral and hand
muscles. Weakness in the legs included mainly the anterior
compartment muscles and the proximal muscles except the
quadriceps which was mildly involved. The clinical course
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Table 1
Clinical data

Patient Age  Ageat Gait CK Muscle strength upper limbs Muscle strengh lower limbs
onset values Shoulder ~Humeral Hand Pelvic Quadriceps  Peroneal
girdle muscles muscles girdle
Family 1 Ml 53 26 Bedridden 49.8 1 3 4 0 3 2
A2 48 30 Bedridden 89 1 3 4 0 3 2
H3 40 26 Waddling/steppage 840 2 3 5 2 4 3
K4 29 26 Waddling/steppage 1542 3 4 5 3 4 3

Fig. 1. Muscle biopsy pathology in patient M2 from family 1. HE (A) and Gomori stain (B) demonstrating numerous rimmed vacuoles with fiber changes and

central nuclei.

of the disease was variable between siblings. CK levels were
moderately elevated (Table 1). EMG showed mixed pattern
of ‘myogenic and neurogenic’ changes as well as myogenic
changes similar changes have been found in patients of
family 2. Motor and sensory nerve conduction velocities
were normal. Normal cerebral MRI was normal in alil
patients. Asymptomatic periventricular lencoencepahlopa-
thy suspected in patients of family 2 by cerebral CT scan
was ruled out by cerebral MRI findings [3].

Rimmed vacuoles were observed in all muscle biopsies
of patients from family 2 and only in two out of five in
family 1 (Fig. 1). No inflammatory infiitrates were found
except for two patients of family 2 where a perivascular
inflammation was reported [3].

Peripheral blood samples were obtained with informed
consent from 18 family members including the nine patients
for DNA analysis. Standard PCR was performed using
primers designed to amplify the 13 exons of GNE gene.
Sequencing reaction was carried out using an ABI Prism
Big-Dye Terminator Cycle. Sequencing kit (Applied
Biosystems). The sequence comparison was performed
using Sequencher Version 3.11 Software. DNA sample
from 100 normal alleles were screened to confirm the
mutation. '

One patient from each genetically linked family was
analyzed for a mutation search. Comparison of both
patient’s sequences and sequence of a normal conirol
individual revealed the presence of two distinct missense
mutations, a T— A transition at position 1187 of exon 7 in
family 2 and a T—C transition at position 2186 of exon
12 in family 1 (Fig. 2). The 2186T >C mutation results in

Fam2

Ly

exon 7 - 1187 T-=A

exon 12 - 2186 T--C

Fig. 2. Electropherograms profiles of mutations. Sequence chromatograms
from the control (above) and the mutated (below) individuals. The genotype
of both patients shows mutations in GNE gene. Left: shows a T—A
transition in exon 7 for family 1 converting leucine to histidine at codon 379
of the peptide sequence. Right: shows a T—C transition in exon 12 for
family 2 converting methionine to threonine at the condon 712 of the
peptide sequence.
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a methionin 712 to threonin amino acid change whereas
the 1187T > A predicts to cause a L379H substitution of the
peptide sequence.

3. Discussion

In this study, we report two GNE homozygous missense
mutations, M712T and 1.379H, in patients originating from
Tunisia with typical clinical and histological features of AR
HIBM. Rimmed vacuoles were found in deltoid muscle
biopsy in two out of five patients in one family, indicating
that patients with clinical features of inclusion body
myopathy but lacking histological confirmation may none-
theless have GNE inclusion body myopathy. Such findings
have been already reported and related to variable muscle
involvement [2].

The mutation M712T originally identified in Iranian
Jews has been found in all Middle Eastern families of both
Jewish and non-Jewish descent and recently in an Italian
family [4]. In the Tunisian family carrying this mutation
(family 2), the clinical features were similar to those
reported in Middle Eastern Jews with symmetrical proximal
and distal muscle weakness with relative sparing quad-
riceps. Interestingly, this homozygous mutation has also
been found in two unrelated Muslim families and one from
Bedouin origin [5]. A common ancestral mutation shared by
Middle Eastern hIBM patients [6] and the Tunisian family
cannot be ruled out. Founder effect with unique mutation
have been already reported in some neuromuscular
disorders in Tunisia such as LGMD 2C [7].

The second mutation reported here, 1.379H appeared to
be a novel one. L379H is located on the amino acid position
right next to the D378Y mutation previously reported [S].
This mutation occurred in the epimerase domain of the GNE
gene in a Tunisian family with particular pathological

features such as the inflammatory perivascular infiltrates in
muscle biopsy and reported as inclusion body myosistis [3].
A case of HIBM combined with muscle inflammation has
been recently reported supporting that muscle inflammation
is not sufficient to exclude the diagnosis of HIBM [8]. The
presence of a second mutation in this rare disorder is not in
favor of a founder effect and could be explained by de novo
mutations revealed by the high rate of conmsanguineous
marriages in Tunisia.
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Abstract

Among the autophagic vacuolar myopathies (AVMs), a subgroup

is characterized pathologically by unusual autophagic vacuoles with
sarcolemmal features (AVSF) and includes Danon disease and X-
linked myopathy with excessive autophagy. The diagnostic impor-
tance and detailed morphologic features of AVSE in different AVMs
have not been well established, and the mechanism of AVSF formation is
not known. To address these issues, we have performed detailed
histologic studies of myopathies with AVSF and other AVMs. In
Danon disease and related AVMs, at the light microscopic level,
autophagic vacuoles appeared to be accumulations of lysosomes, which,
by electron microscopy consisted of clusters of autophagic vacuoles,
indicative of autolysosomes. Some autolysosomes were surrounded
by membranes with sarcolemmal proteins, acetylcholinesterase activity,
and basal lamina. In Danon disease, the number of fibers with AVSF
increased linearly with age while the number with autolysosomal
accumulations decreased slightly, suggesting that AVSF are produced
secondarily in response to autolysosomes. Most of the AVSF form
enclosed spaces, indicating that the vacuolar membranes may be
formed in situ rather than through sarcolemmal indentation. This
unique intracytoplasmic membrane structure was not found in other
AVMs. In conclusion, AVSF with acetylcholinesterase activity are
autolysosomes surrounded by secondarily generated intracytoplasmic
sarcolemma-like structure and delineates a subgroup of AVMs.

Key Words: Autophagic vacuole, Autophagy, Danon disease,
LAMP-2, Lysosome.
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INTRODUCTION

Danon disease, an X-linked vacuolar cardiomyopathy
and myopathy, is caused by primary deficiency of lysosome-
associated membrane protein-2 (LAMP-2), a major lysosomal
membrane protein (1-4). Muscle biopsies contain small
autophagic vacuoles with cytoplasmic debris. The membranes
of these vacuoles have structural features of sarcolemma and
biochemical activities of acetylcholinesterase (AChE) and
nonspecific esterase (NSE) (5). Although some sarcolemmal
proteins, including dystrophin, have been detected in vacuolar
membranes (3), the presence of other sarcolemmal proteins
has not been studied. In addition, the pathomechanism by
which LAMP-2 deficiency leads to the formation of these
peculiar autophagic vacuoles with sarcolemmal features
(AVSFs) is still unknown.

AVSFs are also seen in X-linked myopathy with excessive
autophagy (XMEA) (6), infantile autophagic’ vacuolar
myopathy (AVM) (7), and adult-onset AVM with multiorgan
involvement (8). XMEA is clinically characterized by a mild
pure skeletal myopathy. In contrast, infantile AVM involves
both cardiac and skeletal muscles and patients die within several
months after birth, whereas adult-onset AVM affects multiple
organs including liver, kidney, and skeletal muscles. All of
these diseases show multilayered basal lamina and the deposition
of C5b-9 over the surface of the muscle fiber; these features are
not seen in Danon disease. Nevertheless, these diseases are
likely to share a common pathomechanism since they also have
AVSF similar to those seen in Danon disease (9).

To delineate subtypes of AVMs and to gain insights into
their pathomechanisms, we have performed detailed histologic
evaluations of muscle from patients with Danon disease,
XMEA, infantile AVM, and adult-onset AVM, and from
LAMP-2 deficient mice (10, 11). Moreover, to evaluate the
specificity of the AVSF we have also characterized autophagic
vacuoles in other lysosomal myopathies, including acid maltase
deficiency (AMD), sporadic inclusion body myositis (SIBM),
and distal myopathy with rimmed vacuoles (DMRV), which
has recently been shown to be the same disease as hereditary
inclusion body myopathy (HIBM).

MATERIALS AND METHODS

Patients

We examined skeletal muscles of ten affected men from
8 families with genetically confirmed Danon disease. We also
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confirmed this diagnosis by immunohistochemistry to dem-
onstrate absence of LAMP-2 in skeletal muscle. Age at muscle
biopsy varied from one year to 29 years, average 15 years * 9.
One patient underwent 2 biopsies from his left biceps brachii
muscle at ages one year and from his right quadriceps femoris
muscle at age 16 years (12). We also studied muscle from a
2-month-old boy with infantile AVM (7), a 41-year-old man
with adult-onset AVM with multiorgan involvement (8), and
an 18-year-old man with probable XMEA who showed typical
clinicopathologic features of the disease but without a family
history of myopathy.

Control specimens were obtained from 10 individuals
with morphologically normal muscle. In addition, we also
studied muscle from 21 patients with AMD (9 infants, 6
children, and 6 adults), 18 patients with DMRV/HIBM, and 20
patients with STBM. We confirmed that all DMRV/HIBM patients
had mutations in the gene encoding UDP-N-acetylglucosamine
2-epimerase/N-acetylmannosamine kinase (13).

Histochemistry

All biopsy specimens were taken from either the biceps
brachii or quadriceps femoris muscle. These tissue samples
were frozen in liquid nitrogen-cooled isopentane for histo-
chemistry and immunohistochemistry. Transverse serial frozen
sections of 8-wm thickness were stained with hematoxylin and
eosin (H&E), modified Gomori trichrome, and a battery of
histochemical methods, including AChE and NSE stains.

Immunohistochemistry

We performed indirect immunofluorescence staining on
S-um serial cryosections of muscle according to previously
described methods (14). These sections were incubated at
37°C for 2 houss with primary mouse monoclonal IgG antibodies
against AChE, lysosomal membranous proteins: LAMP-1,
lysosomal integral membrane protein-1 (LIMP-1), LIMP-2,
and 19 primary monoclonal or polyclonal antibodies against
various sarcolemmal proteins and extracellular matrix proteins
(Tables 1 and 2). We also used antibodies against an intralysosomal
protein, cathepsin L, and endosomal proteins, VAMP-7, Rabs,
transferrin receptor (TfR), and low-density lipoprotein re-
ceptor (LDL-R). These were subsequently incubated at room
temperature for 1 hour with a secondary antibody, fluorescein
isothiocyanate (FITC)-labeled goat F(ab’)2 anti-mouse IgG
(Leinco Technology, St. Louis, MO) or anti-rabbit IgG (H&L)
(Leinco). For double immunolabeling using mouse mono-
clonal anti-LIMP-1 and rabbit polyclonal anti-dystrophin
antibodies (a generous gift from Dr. Imamura), we used two
secondary antibodies: FITC-labeled anti-mouse IgG (Leinco)
and thodamine-labeled anti-rabbit IgG (Leinco). We also have
stained serial sections with Alexa 488 conjugated o-bungarotoxin
(Molecular Probe, Eugene, OR) and were examined by
fluorescence microscopy. Furthermore, in other sections, after
incubation with primary antibodies we stained with the avidin-
biotin-peroxidase complex method (Vector Laboratories,
Burlingame, CA) using another secondary antibody: biotiny-
lated goat anti-mouse [gG (Vector). The reaction was visualized
with 3,3’ -diaminobenzidine (DAB) as the substrate, yielding
a brown reaction product. Normal mouse IgG, diluted to the
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same concentration as the primary antibodies, was used as a
negative control.

To estimate presence of the sarcolemmal proteins in
vacuolar membrane, we scored the signal of the antibodies
from negative (—) to strong (+++) relative to their
immunoreactivity in the sarcolemma. The strong score
(+++) indicates that the reactivity level in vacuoles equals
that in the sarcolemma. Moreover, we counted the numbers of
1) muscle fibers with intracytoplasmic vacuoles highlighted with
dystrophin, and 2) muscle fibers with intracytoplasmic over-
expression of LIMP-1, in randomly selected fields of all the
patients, and calculated the average percentages of both types
of muscle fibers in each patient. Statistical analysis of the
correlation between the age of the patients and the numbers of
muscle fibers immunoreacting dystrophin or LIMP-1 was
performed using linear regression.

Electron Microscopy

For electron microscopy, biopsy specimens were fixed in
buffered 2% isotonic glutaraldehyde at pH 7.4, postfixed in
osmium tetroxide, and embedded in Epoxy resin. Ultrathin
sections were stained with uranyl acetate and lead nitrate, and
examined with an H-7000 electron microscope (Hitachi,
Tokyo, Japan).

Immunoelectron Microscopy

We performed immunoelectron microscopy by preem-
bedding labeling methods. We used muscle biopsy specimens
frozen in liquid nitrogen-cooled isopentane without paraformal-
dehyde prefixation. The specimens were cut in a cryostat into
10-pm transverse sections without thawing and fixed in chilled
4% paraformaldehyde solution in 0.1M phosphate buffer (pH
7.4) for 10 minutes. The fixed sections were washed 5 times in
phosphate-buffered saline (PBS). To eliminate nonspecific
reactions, sections were incubated for 30 minutes at room
temperature in PBS containing 10% normal goat serum and
1% bovine serum albumin (BSA) with PBS. The sections were
then incubated at 4°C overnight with one of the following
primary mouse monoclonal IgG antibodies: LIMP-1 and the
C-terminus of dystrophin. After washing for 30 minutes in
PBS, the sections were incubated at 4°C overnight with a secondary
antibody: 10-nm-gold-labeled rat anti-mouse antibody (British
Biocell International, Cardiff, UK). Subsequently, the sections
were fixed in 0.5% glutaraldehyde and postfixed in osmium,
and embedded in Epoxy resin. Ultrathin sections were counter-
stained with urany! acetate and lead nitrate.

LAMP-2-Deficient Mice and
Pathological Methods

We analyzed tibialis anterior muscle from 2 LAMP-2-
deficient mice (10, 11) at ages 4 months and 16 months and
age-matched normal mice. Muscle specimens were frozen
in liquid nitrogen-cooled isopentane for histochemistry and
immunohistochemistry or fixed with glutaraldehyde for
electron microscopy. Transverse serial frozen sections of 10-um
thickness were stained with H&E, modified Gomori trichrome,
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Autophagic Vacuolar Myopathies

TABLE 1. Summary of Histochemistry and Immunohistochemistry in Various Myopathies with Autophagic Vacuoles

Expression on Vacuolar Membrane

Danon Disease and Rimmed Vacuolar

Manufacturer of Antibody Dilution Related AVMs Myopathies AMD
Histochemistry
NSE - - +++ — -
AChE - - ++ - -
PAS - - + - bt
Acid P - - * to ++ ++ ++
Immunochistochemistry

AChE Chemicon, Temecula, CA 1:2000 + -+ - -
AChR Molecular Probe, Eugene, OR 1:300 - - —
C-terminus of Dystrophin Novocastra, Newcastle Upon Tyne, UK 1:100 +4+ —to + - to +
Rod domain of Dystrophin Novocastra 1:50 +++ - to + - to +
N-terminus of Dystrophin Novocastra 1:20 +4+ —to + - to +
a-Sarcoglycan Novocastra 1:100 +++ —to + - to +
{3-Sarcoglycan Novocastra 1:100 +4+ - to + —to +
y-Sarcoglycan Novocastra 1:200 ++ - to + —to +
§-Sarcoglycan Novocastra 1:50 +++ - to + —to +
a-Dystroglycan Upstate, Lake Placid, NY 1:100 ++ —to + —to +
B-Dystroglycan Novocastra 1:200 +++ —to + - to +
Dystrobrevin RDI, Flanders, NJ 1:100 ++ —to + —to +
Dysferlin Novocastra 1:50 ++ —to + - to *
Utrophin Novocastra 1:50 + —to & -
Caveolin-3 Transduction Labs, Lexington, K'Y 1:100 ++ —to + - to +
B-Spectrin Novocastra 1:100 ++ —to + - to +
Laminin a2 Chemicon, 1:5000 ++ - to + - to +
Integrin @1 Genex, Helsinki, Finland 1:100 +++ —to + — to +
Perlecan Chemicon 1:100 ++ - to + - to +
Agrin A generous gift from Dr. Sugiyama (32) 1:100 ++ - to + —to +
Fibronectin Biomedical Tech., Stoughton, MA 1:1000 ++ —to * —tox
Collagen IV Novocastra 1:1000 - to + - to * —to x
Collagen VI ICN, Aurora, OH 1:500 - to + — — to

Both antibodies against fibronectin and agrin were rabbit polyclonal antibodies. All the other antibodies were mouse monoclonal antibodies. AChR was evaluated by binding to c-bungarotoxin.
AMD, acid maltase deficiency; NSE, non-specific esterase; AChE, acetylcholinesterase; PAS, periodic acid Schiff; Acid P, acid phosphatase; AchR, acetylcholine receptor.

and a battery of histochemical methods, and the same
immunohistochemical methods described above.

RESULTS

Histochemistry and Immunohistochemistry

By routine histologic studies, the vacuolar membranes in
Danon disease, probable XMEA, infantile AVM and adult-
onset AVM were essentially identical (Table 1). All muscle
samples showed mild to moderate variation in fiber size. There
were no necrotic fibers except in muscle from adult-onset
AVM, which revealed a few necrotic and regenerating fibers.
There were scattered small basophilic granules rather than
vacuoles in the muscle fibers in H&E-stained sections (Fig. 1).
Histochemistry revealed AChE and NSE activities in the vacu-
olar membranes and the vacuolar structures of the granules.
Immunohistochemistry also confirmed presence of AChE in
those vacuoles. However, they did not bind to a-bungarotoxin,
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indicating the absence of acetylcholine receptors (AChRs) in the
vacuolar membranes.

By immunohistochemistry, the AVSF reacted for all the
tested sarcolemmal and extracellular matrix proteins in the
vacuolar membranes in muscle from patients with Danon
disease and related AVMs, although reactivity levels of the
proteins were variable (Table 1; Fig. 1). However, only
collagens IV and VI showed less intense reactivity in the
vacuolar membranes than that in the sarcolemma. Most of the
AVSFs were scaitered throughout the cytoplasm rather than
clustered in the subsarcolemmal region. On serial transverse
5-m sections, most of the AVSFs formed a closed space and
the vacuolar membranes were not connected to the sarcolem-
ma with only a few exceptions (Fig. 1Y). Longitudinal sections
demonstrated the oval shape of the AVSE, confirming the closed
structure of the vacuoles (Fig. 1Z). Vacuolar membranes
connected to the sarcolemma were seen in only 2 patients; both
were more than 20 years old.

In muscle from patients with Danon disease, LIMP-1,
a lysosomal membrane protein, showed accumulations scattered
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