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Genes associated with
transportion
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Mitochondrial DNA mutations

1
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Fig.1 Causes of mitochondrial encephalomyepathy
Mitochondrial encephalomyopathies are caused by mutations in nuclear genes and mitochondrial DNA. The latter
include depletion, deletion/duplication and point mutation and these mutations result in defect in respiratory
chain enzymes. Among nuclear gene mutations, those in enzyme complexes (subunit genes and assembly genes)
and those in translocation into mitochondria directly affect respiratory chain enzyme activities. Mutations in the
other genes associated with replication, transcription and translation of mtDNA cause multiple deletion and/or de-
pletion of mtDNA resulting in enzyme deficiencies. The numbers below the complexes indicate the numbers encod-

ed in nuclear DNA and mitochondrial DNA.
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Table 1 Mutations in nuclear-encoded genes

GENES PHENOTYPES
Complex I subunits

NDUFV1 Encephalomyoapthy
NDUFS4 Leigh encephalopathy
NDUFS7 Leigh encephalopathy
NDUFS8 Leigh encephalopathy with cardiomyopathy
NDUFS2 Encephalopathy with cardiomyopathy
NDUFS1 Encephalopathy, Leigh encephalopathy

Complex I subunits

SDHA. Leigh encephalopathy, Optic nerve atrophy and ataxia
SDHB Familial pheochromocytome, Hereditary paragamglioma
SDHC, SDHD Hereditary paragamglioma

Gene associated with complex 1T

BCS1L

GRACILE syndrome
Tubulopathy, encephalepathy and liver failure

Genes associated with complex VI assembly

SURF-1

Leigh encephalopathy

SCO2 Encephalopathy with cardiomyopathy
SCO1 Encephalopathy with liver failure
COX10 Encephalopathy
COX15 Encephalopathy with cardiomyopathy
Others
Thymidine phosphorylase Mitochondrial neurogastrointestinal encephalomyopathy
ANT-1 Chronic progressive external ophthalmoplegia
Twinkle Chronic progressive external ophthalmaoplegia

Mitochondrial polymerase ¥

Chronie progressive external ophthalmoplegia

Thymidine kinase-2

Mitochondrial DNA depletion syndrome

Deoxyguanosine kinase

Mitochondrial DNA depletion syndrome
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Fig.2 Taurine modification and its defect
The 3243 and 3271 mutations for MELAS are located in mitochondrial tRNA-Leu (UUR) and the 8344 mutation
for MERRF in tRNA-Lys, respectively (a). The anticodons in both tRNAs are specifically modified to be able to re-
spond the restricted codons (b). It has been proved that the modification is taurine addition and is defective in the

case of 3243, 3271 and 8344 mutations (c).
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The Prospects for Pathogenesis and New Therapy of
Mitochondrial Encephalomyopathy

Yu-ichi Goto

National Institute of Neuroscience, National Center of Neurology and Psychiatry

Recent advances in research on mitochondrial
encephalomyopathy are described based on eti-
ology, pathomechanism and therapy. First, nu-
clear pathogenic genes have been identified
such as structural genes for complex I and II,
assemble factors for complex III and IV, and
several factors associating with mtDNA replica-
tion. Second, the pathogenesis of the disease
has been extensively studied using culture cells

528  HHEHAST Vol.21 No.5 (2004)

and mouse models. Inter-mitochondrial com-
pensation of the mtDNA genome having differ-
ent pathogenic point mutations, wobble modifi-
cation defect of 3243 and 8344 mutations, and
the newly established mouse with large-scale
deletion of mtDNA are reviewed. Third, topics
of the therapeutic research, such as dichroloace-
tate and L~arginine as new drugs are also de-
scribed in this review.
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Abstract

Objectives: Ankyrin-repeated protein with PEST and a
proline-rich region (ARPP) is a recently identified protein
with 4 ankyrin-repeated motifs in its central portion.
Type 1 myofibers of skeletal muscle express high levels
of ARPP. Recently, we have found that ARPP expression
was induced in mouse denervated skeletal muscle. This
led us to hypothesize that ARPP expression might be
induced in skeletal muscle under some pathological con-
ditions. Methods: In this study, we performed immuno-
histochemical analysis of ARPP expression in biopsy
specimens of muscle tissue from 15 patients with mus-
cular dystrophies (MDs), 13 with congenital myopathies

and 11 with spinal muscular atrophies (SMAs). Results:

The ARPP expression levels of all the specimens from
MD patients appeared to be lower than control muscle
levels. In contrast, the specimens from the 13 patients
with congenital myopathies were all ARPP positive. We

also found increased numbers of ARPP-positive myofi-

bers in patients with congenital myopathies, and these
myofibers co-expressed the slow myosin heavy chain.
Indeed, it has heen reported that type 1 myofibers are
predominant in patients with congenital myopathies,
suggesting that increased numbers' of ARPP-positive
myofibers in such patients may be associated with
increased numbers of type 1 fibers. In patients with
SMAs, we found that ARPP-positive myofibers tended to
be distributed in groups. As grouped myofibers have
been reported to result from the process of denervation,
innervation and subsequent denervation of re-inner-
vated myofibers, the grouped ARPP-positive myofibers
in SMA patients may result from denervation of the
motor units. Conclusions: These findings suggest that
evaluation of ARPP may be helpful for the histological
diagnosis of muscle diseases.
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Introduction

Recently, we have identified a novel human protein,
ankyrin-repeated protein with PEST and a proline-rich
region (ARPP) [1, 2]. This protein has also been designat-
ed Ankrd2 {3, 4]. ARPP is characterized structurally by
the presence of 4 ankyrin-repeated domains in its central
portion [1, 2]. The amino acid sequence of ARPP is highly
homologous with that of cardiac restricted ankyrin-
repeated protein (CARP; 52%) [5] and diabetes-related
ankyrin-repeated protein (DARP; 37%) [6], which sug-
gests that ARPP, CARP and DARP may be members of
the same family.

CARP expression was reported to be confined to the
heart but barely detectable in skeletal muscle [5, 7-9]. In
contrast, we observed high expression levels of ARPP in
skeletal muscle and the heart [1, 10]. The molecular basis
for the muscle-specific expression of ARPP is unknown at
this stage. However, we have recently reported that the
promoter region of the ARPP gene contains a2 multiple E
box which is rich in muscle-specific gene [4, 11], suggest-
ing that muscle-specific expression of the ARPP gene may
be regulated at a transcriptional level. ARPP was selec-
tively expressed in type 1 myofibers of skeletal muscle [2],
and, therefore, ARPP-positive myofibers were arranged
in a checkerboard-like pattern [4, 10]). Recently, we have
found that ARPP expression was up-regulated in experi-
mentally denervated skeletal muscle [2], which led us to
speculate that ARPP expression might be induced in
some pathological conditions.

In this study, based on a hypothesis that ARPP expres-
sion might be induced in patients with muscle diseases,

we performed an immunchistochemical analysis of

ARPP expression in myofibers of 15 patients with muscu-
lar dystrophies (MDs), 13 with congenital myopathies
and 11 with spinal muscular atrophies (SMAs). We found
that ARPP expression tended to be down-regulated in
patients with MDs but was frequently up-regulated in
those with congenital myopathies. In SMA patients, the
ARPP-positive myofibers were not distributed in a check-
erboard-like pattern but were arranged in groups and
expressed ARPP at comparable levels to normal skeletal
muscle specimens, These findings raise the possibility
that evaluation of ARPP could be useful for monitoring
diseased muscles.

44 Pathobiclogy 2004;71:43-51

Materials and Methods

Tissues

Thirty-nine specimens of unfixed, frozen biceps muscle tissue
taken for diagnostic purposes from patients with MDs, congenital
myopathies and SMAs were used. The patients with MDs included 7
with Duchenne MD {DMD), 1 with Becker MD (BMD), 2 with limb
girdle MD (LGMD), 1 with facioscapulohumeral MD (FSHMD) and
4 with congenital MDs (CMDs). The latter 4 comprised 3 patients
with Fukuyama type congenital MD and 1 with laminin-o,-deficient
MD. The 13 patients with congenital myopathies comprised 4 with
nemaline myopathy, 3 with myotubular myopathy, 3 with central
core disease and 3 with congenital fiber type disproportion {CFTD).
The 11 patients with SMAs included 4 with SMA1, 3 with SMA2 and
4 with SMA3. The use of these tissue samples for the study was
approved by the Institutional Review Board of Tottori University
(permission No. 186).

Antibodies

The anti-ARPP antibody [a-ARPP(FL) Ab] against the 329 ami-
no acids of the human ARPP protein (5-333) was raised in our labo-
ratory. The characteristics of this Ab are described in detail elsewhere
[1]. The commercially available anti-slow-myosin-heavy-chain (slow
MHC) monoclonal Ab (YLEM, Rome, Italy) was also used for the
double-labeled immunohistochemistry.

Immunohistochemistry

Frozen tissue sections were prepared as follows. The biopsy sam-
ples of biceps muscle were snap-frozen in isopentane cooled in liquid
nitrogen and then tissue sections were prepared with a cryostat. After
fixation in acetone at —20°C for 1 h, these sections were washed with
1 % phosphate-buffered saline (PBS), treated with 3% (v/v) H,O; for
5 min at room temperature (RT) and blocked with 10% (v/v) goat
serum (Nichirei) for 30 min at RT. Then, immunohistochemical
staining with the a-ARPP(FL) Ab was performed as follows, The tis-
sue sections were incubated with the e-ARPP(FL) Ab diluted 1:2,000
with diluting selution (Dako, Carpenteria, Calif., USA) for 18 h at
4°C, washed with 1 x PBS and incubated for 30 min with biotiny-
lated goat antirabbit IgG (Nichirei). After being washed with 1 x
PBS, they were incubated with a solution of avidin-conjugated horse-
radish peroxidase (Vectastain Elite ABC kit; Vector Laboratories
Inc., Burlingame, Calif., USA) for 15 min, according to the manufac-
turer’s recommendations, then washed again with 1 x PBS for
5 min. Peroxidase activity was detected with HoQ»/diaminobenzid-
ine substrate solution, and the sections were counterstained with
hematoxylin before dehydration and mounting.

Double-Labeled Immunohistochemistry

Frozen tissue sections were fixed in acetone at ~20°C for 1 h,
blocked with 10% (v/v) normal goat serum (Nichirei Co.) for 30 min
at RT and then incubated for 18 h at 4°C with a mixture of the
w-ARPP(FL) Ab diluted with 1 x PBS at 1:1,000 and the a-slow-
MHC Ab diluted at 1:40, After being washed with 1 x PBS, they
were incubated for 2 h at RT with a mixture of Alexa fluor-488-
conjugated poat antirabbit Ab diluted to 1:200 and Alexa fluor-546-
conjugated goat antimouse Ab (Molecular Probes) diluted to 1:200
with 1 % PBS. They were then washed with 1 x PBS, mounted with
gel/mount (Biomeda Corp.), observed with a fluerescence micro-
scope (Eclipse E800; Nikon) and the images were processed by the
MRC-1024 corfocal system (Bio-Rad).
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Fig. 1. Down-regulation of ARPP expres-
sion in patients with MDs. Frozen skeletal
muscle tissue sections from MD patients
[DMD {C and D), laminin-,-deficient MD
{(LDMD; E and F}, LGMD (G and H) and
FSHMD (1 and J)] and a sample of normal
control muscle were subjected to immuno-
histochemical staining with the a-ARPP(FL)
Ab{B, D, F, H and J} and hematoxylin-eosin
(HE) staining (A, C, E, G and 1). Original
magnification X 100, ARPP-positive fibers
were arranged in a checkerboard-like pattern
in normal muscle (B), whereas no such pat-
tern was observed in muscle from MD pa-
tients and their weakly positive fibers were
distributed uniformly (D, F, H and J). The
intensities of ARPP immunoreactivity were
classified as strongly positive (++), weakly
positive (+), borderline () or negative ().

Altered Expression of ARPP in Muscle
Diseases

LGMD LDMD DMD Normal

FSHMD
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Tabte 1. Expression of ARPP protein in X
Case No. Histology

Positive  Intensities of

n
o
b

Age

congenital myopathies . .
rates immunoreactivity

1 nemaline (S) 4 months M ++ +
2 nemaline (B) 9 years M ++ +
3 nemaline (B) 7 months M + +
4 nemaline (S} 11 months M +++ ++
5 myotubular (8) 3 months M +4+ ++
6 myotubular (S) 1years M ++ ++
7 myotubular (S) 8 months M ++ ++
8 central core (B) 6 years M +++ +
9 central core (B) 34 years M + +

10 central core (B) 8 months M +++ +

11 CFTD (B) 2 years M +++ +

12 CFTP (B) 28 years M ++ +

13 CFTD (B) 10 months F ++ +

S = Severe infantile form; B = benign congenital form. Positive rates were classified based
on the proportions of the positive fibers: +++ =>90%; ++ = 90-50%; + = 50-5%; - = 5-0%.
Intensities of immunoreactivity were classified into threc groups: +++ = strong; ++ = wezk;

%+ = borderline.

Semi-Quantitative Analysis of ARPP-Positive Myoftbers

Intensities of immunoreactivities of ARPP-positive myofibers
were classified into 4 groups. As shown in figure 1B, strongly positive
(++), moderately positive (+), weakly positive (+) and negative (-)
myofibers were diagnosed according to their intensities.

Results

Down-Regulation of ARPP Expression in MD Patients

To evaluate ARPP expression in skeletal muscle of
patients with MDs, we subjected skeletal muscle biopsy
samples from 15 MD patients to immunohistochemical
analysis. Consistent with the results of our previous study
[10], the ARPP-positive and negative myofibers in con-
trol normal muscle were arranged randomly in a checker-
board-like pattern (fig. 1B and 3A1-3). The ARPP ex-
pression levels of the ARPP-positive myofibers were not
all the same. As shown in figure 1B, myofibers that were
strongly positive, weakly positive and negative for ARFPP
were admixed in normal muscle, whereas in muscle from
MD patients, the ARPP expression levels appeared to be
lower than those in normal muscle (fig. 1D, F, H and I).
Although the expression levels were low in most fibers, we
noticed that hypertrophic myofibers, which were occa-
sionally scattered among dystrophic myofibers, tended to
express ARPP at comparable levels to normal control
muscle fibers (fig. 1J).

46 Pathobiology 2004,71;:43-51

ARPP Is Highly Induced in Myofibers of Congenital

Myopathy Patients

To evaluate ARPP expression in myofibers of patients
with congenital myopathies, we subjected muscle tissues
from 13 patients with congenital myopathies, which in-
cluded 4 with nemaline myopathy, 3 with myotubular
myopathy, 3 with central core disease and 3 with CFTD
{table 1), to immunohistochemical analysis. All 13 sam-
ples were ARPP positive (table 1).

Nemaline Myopathy. Although all 4 muscle samples
were found to express ARPP, the proportions of ARPP-
positive myofibers differed among the patients (cases 1-4
in table 1). Small atrophic myofibers tended to express
ARPP (fig. 2A and B), and positive and negative myofi-
bers were randomly admixed (fig. 2B). Interestingly, anal-
ysis of serial tissue sections by Gomori trichrome staining
and immunochistochemical staining of ARPP showed that
ARPP-positive myofibers tended to contain nemaline
rods (fig. 2A and B). Conversely, ARPP-negative myofi-
bers (arrowheads in fig. 2B) rarely contained these rods.
This trend was also observed in the other 3 patients. Dou-
ble-labeled immunohistochemistry with the a-ARPP(FL)
and a-slow-MHC Abs revealed that, in patients with
nemaline myopathy, the ARPP-positive myofibers coin-
cided with the slow-MHC-positive myofibers (fig. 3B1-
3). This snggests that the increased numbers of ARPP-
positive myofibers may be associated with increased
numbers of type 1 fibers.
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Fig. 2. ARPP expression in patients with
congenital myopathies and SMAs. Frozen
skeletal muscle tissue sections from patients
with congenital myopathies and SMAs were
analyzed by immunohistochemical staining
with the a-ARPP(FL) Ab (B, D, F, H, J and
L), Gomori trichrome staining (A) and he-
matoxylin-eosin (HE) staining (C, E, G, 1
and K). Original magnification x I100. Ne-
maline rods are shown by open arrowheads
(A). ARPP-negative myofibers without ne-
maline rods are shown by solid arrowheads
{A and B).
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Fig. 3. Double-labeled immunohistochemistry of patients with ne-
maline myopathy and SMA1 and SMA2 with the «-ARPP(FL) and
a-slow-MHC Abs. To evaluate whether ARPP and slow MHC were
co-expressed in patients with nemaline myopathy and SMA1 and
SMAZ2, muscle specimens were subjected to double-labeled immuno-
histochemistry with the a-ARPP(FL) and a-slow-MHC Abs and ana-
lyzed using confocal microscopy. The secondary antibodies used

Myotubular Myopathy. All 3 specimens were ARPP
positive and exhibited characteristic morphological fea-
tures of markedly atrophic myofibers with centrally
placed nuclei. Similarly to normal control muscle, ARPP-
positive and negative myofibers were randomly admixed
(fig. 2C and D). Both the proportions of ARPP-pasitive
myofibers and the ARPP expression level of each myofi-
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were a mixture of Alexa fluor-546-conjugated goat antimouse and
Alexa fluor-488-conjugated goat antirabbit antibody. ARPP and slow
MHC are shown as green (A1, B1, C1 and D1)and red (A2, B2,C2
and D2) signals, respectively, and the merged signals are yellow (A3,
B3, C3 and D3). The arrowheads in €3 show the slow-MHC-posi-
tive atrophic myofibers that did not express ARPP. Qriginal magnifi-
cation x 200,

ber were higher than those observed with the other sub-
types of congenital myopathy (cases 5-7 in table 1).
Central Core Disease. In 1 patient (case 9; fig. 2E and
F), ARPP-positive and negative fibers were arranged ina
checkerboard-like pattern similar to that of normal mus-
cle. But, in the other 2, almost all the fibers were positively
immunostained and their expression levels were relative-
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