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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 AVSF 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 sarcolemimal 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 aduit-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 (DMRYV), 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 (§), 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 adulis), 18 patients with DMRV/HIBM, and 20
patients with SIBM. 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-pm 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 immunofiuorescence staining on
5-um serial cryosections of muscle according to previously
described methods (14). These sections were incubated at
37°C for 2 hours 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, Rab5,
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 rhodamine-labeled anti-rabbit IgG (Leinco). We also have
stained serial sections with Alexa 488 conjugated a.-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 IgG (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-pum 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 uranyl 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,

© 2005 American Association of Neuropathologists, Inc.
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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 - - + - +++
Acid P - - + to ++ ++ +-+
Immunohistochemistry

AChE Chemicon, Temecula, CA 1:2000 +++ - —
AChR Molecular Probe, Eugene, OR 1:300 - - -
C-terminus of Dystrophin Novocastra, Newcastle Upon Tyne, UK 1:100 +++ —to + —to +
Rod domain of Dystrophin ~ Novocastra 1:50 +++ - to + —to +
N-terminus of Dystrophin Novocastra 1:20 +++ —to + —to +
a-Sarcoglycan Novocastra 1:100 +++ - to + - to +
B-Sarcoglycan Novocastra 1:100 +++ —to + - to +
y-Sarcoglycan Novocastra 1:200 ++ ~to + - to +
3-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, KY 1:100 ++ —to + —to +
B-Spectrin Novocastira 1:100 ++ - to + ~to +
Laminin o2 Chemicon, 1:5000 ++ - to + —to +
Integrin p1 Genex, Helsinki, Finland 1:100 +4+ -~ 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 * - to &
Collagen IV Novocastra 1:1000 —to + —to = —to*
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 monocional antibodies. AChR was evaluated by binding to a-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,

© 2005 American Association of Neuropathologists, Inc.

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 scattered throughout the cytoplasm rather than
clustered in the subsarcolemmal region. On serial transverse
5-pm 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 AVSF, 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

515



Sugie et al

] Neuropathol Exp Neurol  Volume 64, Number 6, june 2005

TABLE 2. Summary of Lysosomal and Endosomal Proteins for Immunohistochemistry in Danon Disease and Related AVMs

Antigen Manufacturer Dilution Expression in the Muscle Fibers

Lysosomal protein

LAMP-1 Developmental Studies Hybridoma Bank (DSHB), Iowa City, IA 1:100 ++

LAMP-2 DSHB 1:100 -

LIMP-1 DSHB 1:100 +++

LIMP-2 A generous gift from Dr. Tanaka (10) 1:200 +
Cathepsin L Abcam, Cambridge, UK 1:100 +
Endosomal protein

Rab5 BD Bioscience, Franklin Lakes, NJ 1:50 +

LDL-R Progen Biotechnik, Heidelberg, Germany 1:100 +

VAMP-7 A generous gift from Dr. Galli (29) 1:200 ++

Transferrin R Lab Vision, Fremont, CA 1:100 +

Antibody against LIMP-2 was rabbit polyclonal and antibody against LDL-R was chicken polyclonal. All the other antibodies were mouse monoclonal.

throughout the fibers in a distribution identical to that of the
small basophilic granules on H&E-stained sections (Fig. 2;
Table 2), indicating that most autophagic vacuoles in Danon
disease are autolysosomes. These autolysosomal accumulations
were surrounded by dystrophin-positive membranes in some
fibers but not in others (Fig, 2). LAMP-1 and LIMP-2 showed
slightly increased expression in fibers with LIMP-1-positive
granules (data not shown). Muscle fibers with dystrophin-
positive vacuoles accounted for 0.5% to 14.3%, increasing in
proportion with age (y = 0.016 + 0.40x, r = 0.94; Fig. 3). Muscle
fibers with autolysosomal accumulations, both with and without
dystrophin-positive vacuolar membranes, accounted for 23.7%
to 28.7%, showing a slight tendency to decrease with age (y =
28.6 - 0.15%, r = 0.71; Fig. 3).

LDL-R, TiR, and Rab5 showed mild upregulation
mainly in fibers with autolysosomal accumulations in Danon
disease and related AVMs (Table 2). Cathepsin L was expressed
weakly, mainly in fibers with autolysosomal accumulations.
Only VAMP-7 was strongly expressed, mainly in the non-
vacuolated fibers without autolysosomal accumulations.

There were occasional intracytoplasmic vacuoles with
sarcolemmal proteins in muscles from patients with other
AVMs (i.e. DMRV/HIBM, SIBM, and AMD) but their
presence was less consistent than in Danon disease and
related AVMs. In addition, they never showed AChE or NSE
activity. In DMRV/HIBM and SIBM, fibers with sarcolemmal
protein-associated vacuoles accounted for approximately 5%
to 15% of fibers with rimmed vacuoles (Fig. 4; Table 1). In
AMD, sarcolemmal and extracellular matrix proteins were
present in some vacuolar membranes. The frequency of fibers
with sarcolemmal proteins-associated vacuoles was less than
5% of vacuolated fibers in infantile AMD, and 10% to 15% of
vacuolated fibers in childhood and adult-onset AMD.

Electron Microscopy and
Immunoelectron Microscopy

In Danon disease and related AVMs, electron micros-
copy revealed scattered clusters of autophagic vacuoles contain-
ing cytoplasmic debris, electron dense materials, and myeloid
bodies. Some of these autophagic vacuoles had basal lamina
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on the luminal side, while other clusters were not limited by
a membrane (Fig. 5).

Immunoelectron microscopy showed many autophagic
vacuoles; however technical limitations posed by preparing
samples from frozen tissue without prefixation prevented us
from clearly defining vacuolar membranes. At higher magnifi-
cation, dystrophin signals were detected on the cytoplasmic side
of the vacuolar membrane and along the periphery of the
vacuoles (Fig. 5). In contrast, the LIMP-1 antibody signals
were associated with autophagic materials including glycogen
particles and cytoplasmic debris within the vacuoles, sug-
gesting that the vacuoles are limited by membranes with sarco-
lemmal features and contain multiple small autophagic
vacuoles derived from autolysosomes.

Muscle Pathology in Mice

Muscles from LAMP-2-deficient mice at both 4 and 18
months of age showed features of AVSFs at both light and
electron microscopic levels. There were slight variations in
fiber size and small vacuoles with basophilic granules by
H&E. The granules contained acid phosphatase-positive
material. These AVSFs had AChE and NSE activities similarly
to those in Danon disease. The frequency of muscle fibers with
the AVSFs decorated by NSE and AChE activities was 0.4% at
4 months and 8% at 16 months (data not shown). On immuno-
histochemistry, the vacuolar membranes were stained with
antibodies against dystrophin and other sarcolemmal proteins
as well as extracellular matrix proteins, whereas LAMP-2
was completely absent in the muscle. On electron microscopy,
there were scattered intracytoplasmic autophagic vacuoles
with glycogen particles and cytoplasmic debris (data not
shown).

DISCUSSION

In muscle from patients with Danon disease and related
AVMs, the membranes of AVSF showed immunoreactivity for
all of the sarcolemmal and extracellular matrix proteins tested.
Dystrophin and dystrobrevin are cytoskeletal proteins local-
ized along the cytoplasmic side of the sarcolemma (15).
Sarcoglycans and 3-dystroglycan are transmembranous pro-
teins and are components of “dystrophin bolts” (16). Utrophin

© 2005 American Association of Neuropathologists, Inc.
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FIGURE 1. Histochemistry and immunohistochemistry. Transverse sections of skeletal muscle biopsies from Danon disease patients.
Several fibers contain scattered tiny basophilic intracytoplasmic vacuoles (A): H&E. The vacuolar membrane has high nonspecific
esterase (B) and acetylcholinesterase (C) activities. None of the vacuoles bind to a-bungarotoxin (D). Sections were stained with
antibody against the C-terminus of dystrophin (E), the rod domain of dystrophin (F), the N-terminus of dystrophin (G), laminin a2
(H), a-sarcoglycan (1), B-sarcoglycan (J), y-sarcoglycan (K), §-sarcoglycan (L), dystrobrevin (M), a-dystroglycan (N), utrophin
(0), dysferlin (P), B-dystroglycan (Q), perlecan (R), caveolin-3 (8), collagen IV (T), fibronectin (U), collagen VI (V), integrin g1
(W), and agrin (X). The vacuolar membranes were immuno-positive with most of the primary antibodies, although reactivity of
these proteins was variable. The results are summarized in Table 1. Transverse 5-um serial sections (Y1-Y5) and longitudinal
section (Z) of muscle from Danon disease patient showing immunoreaction for dystrophin. Vacuolar membrane in muscle fiber (*)
is not connected to the sarcolemma but is closed. Longitudinal section shows that the vacuoles are spherical or oval. (D-W, Y1-Y5,
Z): FITC-labeled staining; (X): DAB staining. (C-S, U, V, Y1-Y5): serial sections. Scale bars: (A-W, Y1-Y5) = 20 um; (Z) = 30 pm.

is a submembranous protein structurally similar to dystrophin ~ Dysferlin and caveolin-3 are also sarcolemmal proteins and are
and is widely expressed, albeit at low levels, in the sarcolemma  responsible for limb-girdle muscular dystrophy (LGMD) 2B
(17). Integrin Bl and a7 are transmembranous proteins and and LGMD 1C, respectively (19, 20). Extracellular proteins,
form a complex with each other in the sarcolemma (18). collagen IV, perlecan, fibronectin, agrin, and laminin, are the

© 2005 American Association of Neuropathologists, Inc. 517
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FIGURE 2. Indirect immunohisto-
chemistry. Transverse sections of skel-
etal muscle stained with DAB for
dystrophin (A) and LIMP-1 (B, Q).
(A, B) Danon disease patient; (C):
Normal control. In Danon disease
some muscle fibers express both
LIMP-1 and dystrophin (arrowheads),
whereas some muscle fibers show
overexpression of LIMP-1 with ab-
sence of dystrophin (arrows). Normal
control showed almost no expression
of LIMP-1 (C) in muscle fibers. Scale
bar = 40 wm. Double immunohisto-
chemistry. Transverse sections of skel-
etal muscle from Danon disease
patient, stained for dystrophin and
LIMP-1. LIMP-1 is strongly accumu-
lated inside the muscle fibers (D, G).
In some muscle fibers, LIMP-1-positive
accumulations are clearly surrounded
by dystrophin immunopositive mem-
brane (D-F). These vacuoles are the
AVSF. In other muscle fibers, LIMP-1-
positive accumulations are not sur-
rounded by dystrophin (G-1). (D, G):
dystrophin; (E, H): LIMP-T; (F, I): G
merged. Scale bar = 30 um.

main components of the basal lamina. Collagen VI is present
in the interstitium but is associated directly with collagen IV
(21). We observed very little staining of only collagens IV and
VI in vacuolar membranes, indicating that the membranes
hardly contain these collagens. Based on our findings, we
deduce that the vacuolar membrane of AVSFs in Danon disease
and related AVMs have most of the sarcolemmal proteins
ranging from cytoplasmic dystrophin to the extracellular
laminin.

The vacuolar membranes of AVSF have abundant activ-
ities of AChE similar to neuromuscular junctions. Nevertheless,
they are distinct from motor endplates because the membranes
lacked AChRs. In the early stages of formation of the neuro-
muscular junction, AChE and AChRs are localized diffusely
throughout the sarcolemma. When axon terminals make contact
with muscle cells, postjunctional folds are quickly formed. In
this process, AChE and AChRs accumulate at junctions and
disappear from the extra-junctional sarcolemma (22, 23).
These facts support our hypothesis that the vacuoles are intra-
cellular enclosed spaces, because, if AVSF were derived from
sarcolemma, then AChE-expressing vacuoles should be
located near neuromuscular junctions rather than scattered
in the cytoplasm. Furthermore, the presence of AChE without

518

AChRs clearly indicates that the vacuolar membranes are
distinct from either junctional or extra-junctional sarcolemma
and suggests that they are formed through a unique process.

In the intracellular degradative process called autophagy,
“isolation membranes” initially sequesters portions of cyto-
plasm to be degraded and forms “autophagosomes,” which
then fuse with lysosomes and become “autolysosomes.” The
cytoplasm sequestered in autolysosomes is then digested by
proteolytic enzymes provided by the lysosomes. Most autophagic
vacuoles in Danon disease are autolysosomes rather than
autophagosomes, which lack enzymatic activity. These are
indicated by the demonstration of many LIMP-1-positive
accumulations scattered throughout the fibers (24, 25) and the
autophagic nature of the vacuoles on electron microscopy.
Actually, small basophilic granules on hematoxylin and eosin
are most likely these autolysosomal accumulations as sug-
gested by their pattern of distribution and the fact that lyso-
somes are basophilic on H&E. Moreover, some clusters of
autolysosomes are surrounded by membranes with sarco-
lemmal features but others are not. In support of this no-
tion, ultrastructural studies identified 2 types of autophagic
vacuoles: 1) clusters of autophagic vacuoles not surrounded by
membranes or basal lamina, and 2) vacuoles containing various

© 2005 American Association of Neuropathologists, Inc.
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A Muscle fibers with LIMP-1-positive accumulations
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FIGURE 3. Relationship between age of the patients with Danon
disease and number of muscle fibers with vacuoles highlighted
with dystrophin or LIMP-1 on immunohistochemistry. The open
circles show the only patient who had 2 muscle biopsies. The
muscle fibers (circles) with intracytoplasmic vacuoles sur-
rounded by dystrophin immuno-positive membrane (AVSFs)
increased with age (r = 0.936). The muscle fibers (triangles) with
overexpression of LIMP-1 showed a slight decrease with age (r=
0.353). r, Pearson’s linear correlation coefficient.

autophagic materials encircled by membranes with basal lamina
along the luminal side.

The proportion of muscle fibers with AVSFs increased
with age in Danon disease and LAMP-2-deficient mice. In
contrast, muscle fibers with LIMP-1-positive autolysosomal
accumulations existed even in young patients and decreased
slightly with age. It is most likely that the formation of these
autolysosomal accumulations, which are clusters of autopha-
gic vacuoles seen on electron microscopy, is a primary change
in muscle fibers of Danon disease and related AVMSs. The
formation of peculiar membranes with sarcolemmal features
around the autophagic vacuoles is hence a secondary phenom-
enon. Since muscle symptoms progress slowly in Danon disease,
the development of muscle symptoms might be associated more
closely with the formation of the unusual autophagic vacuoles
rather than directly with the deficiency of LAMP-2.

LAMP-1 is the autosomal paralogous counterpart of
LAMP-2 and both are thought to protect lysosomal membrane
and cytoplasm from proteolytic enzymes within the lysosomes.
LAMP-2 is tissue-specific but unlike LAMP 1, which is ubig-
uitously expressed, its expression is likely to be specifically
regulated (26). Inhibition of LAMP-1 function results in failure
of fusion of lysosomal and plasma membranes and therefore
impaired exocytosis (27), a process usually by which cyt-
oplasmic debris in the autophagosomes are extruded out from
the cell through the sarcolemma (28). We therefore assume
that LAMP-2 deficiency might likewise be related to dys-
regulation of exocytosis, leading to the development of the

FIGURE 4. Transverse serial sections of muscle of patient with DMRV/HIBM (A-C) and with childhood AMD (D-F). Only a few

rimmed vacuoles in DMRV/HIBM showed presence of dystrophin. In AMD, dystrophin is present on some vacuolar materials.
However, no vacuolar membranes have AChE activity in DMRV/HIBM and AMD. (A, D): Gomori-trichrome stain; (B, E): AChE
stain; (C, F): immunohistochemistry against dystrophin with DAB. Scale bar = 30 um.

© 2005 American Association of Neuropathologists, Inc.
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FIGURE 5. Electron micrograph in muscle from

Danon disease patient. Scattered in the muscle fibers were clusters

o

of autophagic

vacuoles (A) containing cytoplasmic debris, electron dense material, and myeloid bodies. Some of these clusters were encircled by
a membrane with basal lamina (paired arrowheads) on its luminal side, while other clusters are not limited by a membrane (B).
Electron immunohistochemistry after single labeling with dystrophin or LIMP-1 antibody shows localization of the proteins in
autophagic vacuoles (C-E). In the clusters with membranes, that is, the AVSF (A), the immunogold particles show dystrophin (C)
along the vacuolar membrane (paired arrowheads), and the immunogold particles show LIMP-T (D) around autophagic material
inside autophagic vacuoles. In contrast, in the clusters not surrounded by membranes, immunogold particles show LIMP-1 around
autophagic materials with absence of dystrophin (E). Original magnifications: (A) 15,000%; (B) 18,000x%; (C) 20,000x; (D)

18,000; (E) 30,000X.

unusual autophagic vacuoles with unique sarcolemmal
features.

TiR and LDL-R are found in the membranes of recycling
endosomes. In contrast, Rab5 and VAMP-7 are present in the
membranes of early and late endosomes (29). We revealed the
presence of all of these proteins in the fibers with autophagic
vacuoles, indicating that in addition to the lysosomal system,
the endosomal system is activated in Danon disease and related
AVMs. Interestingly, VAMP-7 was increased in nonvacuolated
fibers without autolysosomal accumulations, suggesting that
maturation to late endosomes could prevent the formation of
the unique vacuolar membranes.

Most of the vacuolar membranes were closed and were
not connected to the sarcolemma in Danon disease. The auto-
lysosomes containing cytoplasmic debris are therefore seen to
be entrapped within the lumen of the vacuoles, and as such can
be possibly considered to be extracellular space. Together with
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the observations that most AVSF did not accumulate in the
subsarcolemmal region but were scattered in the cytoplasm,
our findings suggest that the unique vacuolar membranes may
be formed in situ in cytoplasm by a mechanism other than
indentation of sarcolemma. One hypothesis is that the vacuolar
membrane with basal lamina might be produced around
clusters of autolysosomes (Fig. 6). The membranes surround-
ing the autophagic vacuoles might have originated from the
lysosomal membrane or the isolation membrane that elongates
and develops into the membrane of autophagosome (30), or is
formed in situ and entirely de novo. If the vacuolar membranes
are formed within the muscle fibers, it is compatible with the
observation that the vacuolar membranes lack collagens IV
and VI because collagens are thought to be produced mainly
in the interstitium. Further studies are still necessary to
understand the mechanism of the formation of these peculiar
vacuolar membranes,

© 2005 American Association of Neuropathologists, Inc.
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FIGURE 6. Schematic diagram of autophagic vacuoles in
muscle fiber of patients with Danon disease. The membranes of
the AVSFs were closed and were not connected to the
sarcolemma. We suggest that the unique vacuolar membranes
may be formed in situ in cytoplasm by a mechanism. One
hypothesis is that the vacuolar membrane with basal lamina
might be produced around clusters of autolysosomes, as
illustrated.

In XMEA, vacuolar membranes have not been reported
to have AChE activity (6). However, the strong similarity of
the pathologic characteristics to Danon disease naturally raised
the question of whether AChE activity is present in the vacuolar
membranes in XMEA. Indeed, our Japanese patient with probable
XMEA showed AChE activity in the vacuolar membranes.
Therefore, Danon disease, XMEA, infantile AVM, and adult-
onset AVM with multiorgan involvement share a common
pathologic feature, namely, AVSF with AChE activity in the
vacuolar membranes. Nevertheless, XMEA, infantile AVM,
and adult-onset AVM are genetically different from Danon
disease, as indicated by the presence of LAMP-2, which is
absent in Danon disease. The observation that some features
are not seen in Danon disease, like the presence of multilayered
basal lamina and the deposition of C5b-9 over the surface of the
muscle fiber, raise a possibility that some of these diseases
might be allelic to XMEA, albeit different clinical phenotypes.

The autophagic vacuoles in AMD and rimmed vacuoles
were reported to occasionally show presence of dystrophin.
Nevertheless, these vacuoles are distinct from the AVSF seen
in Danon disease and related AVMs, because the frequency of
the vacuoles with sarcolemmal features is much less and most
of sarcolemmal proteins are not consistently present in the
vacuolar membranes of AMD and the rimmed vacuolar myopathies.
Moreover, the activities of AChE and NSE were never found in
the vacuolar membranes of these myopathies. In addition, on
electron microscopy, the vacuolar membranes with basal lamina,
such as those seen in Danon disease and related AVMSs, were not
found in AMD, DMRV/HIBM, or SIBM. According to the
classification of De Bleecker et al, the AVSF may belong to
type 1 vacuoles as the boundaries of type 1 vacuoles reacted
for laminin, B-spectrin, and dystrophin (31). However, type 1
vacuoles were thought to be open to extracellular space and

© 2005 American Association of Neuropathologists, Inc.

arise from invagination of the sarcolemma. Moreover, the
membranes of AVSF have not only many sarcolemmal and
extracellular proteins but also AChE activity, and may be
formed in situ in cytoplasm as described above. Therefore, we
think that the AVSF are a new, highly specific subtype of type 1
vacuoles.

Although the mechanism of their production still
remains a mystery, overall, AVSF with AChE activity delineate
Danon disease, XMEA, infantile AVM, and adult-onset AVM
with multiorgan involvement from other AVMs. Most likely,
this unique pathologic finding will probably be found in more
diseases and therefore the list of AVMs in this group is likely
to expand.
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Centronuclear myopathy in mice lacking
a novel muscle-specitic protein kinase
transcriptionally regulated by MEF2
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Myocyte enhancer factor 2 (MEF2) plays essential roles in transcriptional control of muscle development.
However, signaling pathways acting downstream of MEF2 are largely unknown. Here, we performed a
microarray analysis using Mef2c-null mouse embryos and identified a novel MEF2-regulated gene encoding a
muscle-specific protein kinase, Srpk3, belonging to the serine arginine protein kinase (SRPK) family, which
phosphorylates serine/arginine repeat-containing proteins. The Srpk3 gene is specifically expressed in the
heart and skeletal muscle from embryogenesis to adulthood and is controlled by a muscle-specific enhancer
directly regulated by MEF2. Srpk3-null mice display a new entity of type 2 fiber-specific myopathy with a
marked increase in centrally placed nuclei; while transgenic mice overexpressing Srpk3 in skeletal muscle
show severe myofiber degeneration and early lethality. We conclude that normal muscle growth and

homeostasis require MEF2-dependent signaling by Srpk3.

[Keywords: Myocyte enhancer factor 2; transcriptional regulation; serine arginine protein kinase {(SRPK);

Stk23/Srpk3; centronuclear myopathy]
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Skeletal muscle differentiation is cooperatively con-
trolled by two families of transcription factors, the myo-
genic basic helix-loop-helix (bHLH]) proteins and the
myocyte enhancer factor 2 (MEF2) family of MADS do-
main proteins (Black and Olson 1998; Bailey et al. 2001;
Pownall et al. 2002; Buckingham et al. 2003; Parker et al.
2003). Myogenic bHLH proteins, such as MyoD and
myogenin, recognize a DNA sequence called an E box
[CANNTG). Myogenic bHLH proteins associate and syn-
ergistically activate transcription with MEF2 factors,
which bind to the A/T-rich DNA consensus [CTA-(A/
T),-TA-G/A). Additionally, myogenic bHLH proteins ac-
tivate their own expression and the expression of MEF2,
while MEF2 stimulates expression of myogenic bHLH
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protein genes and the Mef2c gene (Cserjesi and Olson
1991; Lassar et al. 1991; Edmondson et al. 1992; Cheng et
al. 1993; Yee and Rigby 1993; Wang et al. 2001; Teboul et
al. 2002; Dodou et al. 2003). Such auto- and cross-regu-
latory interactions establish a mutually reinforcing cir-
cuit to achieve myogenesis.

The essential role of MEF2 in muscle development
was first shown in Drosophila in which a loss-of-func-
tion mutation in the single MEF2 ortholog D-mef?2 re-
sults in a complete block to differentiation of all muscle
lineages: somatic, cardiac, and visceral {Bour et al. 1995;
Lilly et al. 1995). In mice, the existence of four Mef2
genes—Mef2a, Mef2b, Mef2c, and Mef2d—with overlap-
ping expression patterns makes it more difficult to assess
the roles of these factors individually {Black and Olson
1998). Mice homozygous for a Mef2c-null allele show
embryonic lethality around embryonic day 9.5 (E9.5)
caused by improper development of the heart (Lin et al.
1997). The mutant hearts do not undergo looping mor-
phogenesis, the future right ventricle does not form, and
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a subset of cardiac muscle genes is not expressed. MEF2
has also been implicated in maintenance of the slow fi-
ber phenotype of skeletal muscle, in the control of stri-
ated muscle energy metabolism, and in pathological re-
modeling of the adult heart in response to stress signal-
ing (Black and Olson 1998; McKinsey et al. 2002).

In principle, MEF2 may regulate muscle-specific target
genes directly, or it may act indirectly by controlling the
expression of subordinate transcription factors or signal-
ing molecules that act as intermediaries to connect
MEF2 to downstream targets that themselves are not
dependent on MEF2-binding sites in their cis-regulatory
regions. Indeed, vast arrays of direct and indirect targets
of MEF2 in skeletal muscle cells in culture were recently
described (Blais et al. 2005).

In an effort to identify MEF?2 target genes that serve as
“downstream” effectors of MEF2 action during muscle
development, we performed a microarray analysis using
Mef2c-null embryos and identified a novel muscle-spe-
cific protein kinase Stk23/Srpk3, which is encoded by a
direct MEF2 target gene. Srpk3-null mice display a new
entity of centronuclear myopathy, while transgenic mice
overexpressing Srpk3 in skeletal muscle show severe
myofiber degeneration. These findings reveal an essen-
tial role for serine arginine protein kinase {SRPK|-medi-
ated signaling in muscle growth and homeostasis down-
stream of MEF2 transcription factors.
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Novel MEF2-regulated kinase and skeletal myopathy

Results
Stpk3: a novel muscle-specific protein kinase gene

In an attempt to identify novel MEF2-regulated genes,
we compared the gene expression profiles of hearts from
wild-type and Mef2¢-null mouse embryos by an RNA
microarray analysis. Because Mef2c-null embryos die
around E9.5 (Lin et al. 1997), we used hearts from wild-
type and null embryos at E9.0 prior to overt cardiac de-
mise. Among the genes that were dysregulated in the
Mef2c mutants, we found the expression of Stk23 to be
significantly decreased in the Mef2¢-null hearts. The
down-regulation of Stk23 expression in the Mef2c-null
hearts was confirmed by RT-PCR (Fig. 1a). Residual ex-
pression of Stk23 in the mutants may reflect the pres-
ence of other MEF2 factors that partially compensate for
MEF2C.

Stk23 was described in an analysis of human chromo-
somal DNA methylation as a potential protein-kinase-
encoding gene (Grunau et al. 2000), but its expression
profile and function have not been described. Structural
comparison with various protein kinases clearly indi-
cated that Stk23 possesses a bipartite kinase domain
with high sequence similarity to the SRPK family ki-
nases, Srpkl and Srpk? (Fig. 1b,c; Gui et al. 1994; Bedford
et al. 1997; Kuroyanagi et al. 1998; Wang et al. 1998). As
expected, Stk23 efficiently phosphorylated known SRPK
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Figure 1. Identification of Stk23/Srpk3 as a novel SRPK. (a) Microarray analysis was performed using the hearts of E9.0 Mef2c-null
and wild-type embryos. Down-regulation of the Stk23/Srpk3 expression in the Mef2c-null hearts was confirmed by RT-PCR. {Gapd)
Glyceraldehyde-3-phosphate dehydrogenase expression as a control. (b} Amino acid structure of mouse Stk23/Srpka3. Srpk3 is a
566-amino-acid protein that contains a bipartite kinase domain (underlined}, N terminus, and a hinge region. {c} Schematic represen-
tation of mouse SRPK family kinases. Stpk3 shows high sequence similarity to Srpkl and Stpk2 in the kinase domain, but not in the
N terminus and hinge region. The percentages in the boxes are identities of Stpkl and Srpk2. to Srpk3 at an amino acid level. Srpk3 and
Stpk2 have serine- and proline-rich sequences in the N terminus, respectively. Amino acid numbers are also shown. {d] Phosphory-
lation assays using SR domain proteins. Srpk3 phosphorylated SF2/ASF and the N-terminal region of Lamin B Receptor {LBR) in vitro.
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