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Abstract Over the past few years, many studies have
been done on the apoptotic involvement in muscle fiber
degeneration in various myopathies, but the occurrence of
apoptosis in muscles of mitochondrial encephalomy-
opathies is still controversial. To confirm whether apop-
totic processes are truly related to muscle fiber degenera-
tion in mitochondrial encephalomyopathies, we per-
formed the TUNEL method not only at the light micro-
scopic (LM) but also at the electron microscopic (EM)
level for muscles of five MELAS, five CPEO and five
MERRF patients and five control muscles. Immunohisto-
chemical studies of Bcl-2, Bax, cytochrome ¢, Apaf-1,
activated caspase-3 and human inhibitor of apoptosis
protein XTAP, and immunoblotting of Apaf-1 and XTAP
were also carried out. In LM-TUNEL, MELAS, CPEO
and MERRF patients had only very small numbers of
TUNEL-positive myonuclei: 0.13+£0.10%, 0.1510.14%
and 0.04+0.09%, respectively. Almost all of them were
seen in ragged-red fibers (RRFs). EM-TUNEL showed no
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significant increase of DNA fragmentation in RRFs de-
spite mild peripheral chromatin condensation. However,
Bax and Apaf-1 expression and cytochrome ¢ release from
mitochondria were seen in RRFs. Caspase-3 activation
was confirmed in 9.043.7%, 12.0+4.4% and 12.443.8%
of RRFs in MELAS, CPEQ and MERRF, respectively, but
not in control muscles. Almost all RRFs showed sar-
coplasmic expression of XIAP. Thus, there is a possibility
that, although apoptotic reactions started in muscles of
mitochondrial encephalomyopathies, their execution is
rarely completed. Sarcoplasmic expression of XIAP prob-
ably leads to the suspension of the apoptotic process in
mitochondrial encephalomyopathies.

Keywords Apoptosis - Mitochondria - X-linked
inhibitor of apoptosis protein - Ragged-red fiber -
Mitochondrial encephalomyopathy

Introduction

Mitochondrial encephalomyopathy is a group of heteroge-
neous disorders caused by mitochondrial abnormalities
leading to a decrease in ATP synthesis [31]. There are three
major forms of mitochondrial encephalomyopathy: mito-
chondrial myopathy, encephalopathy, lactic acidosis and
stroke-like episode (MELAS) [34], myoclonus epilepsy
associated with ragged-red fibers (MERRF) [12] and
chronic progressive external ophthalmoplegia (CPEQ) [21].

" These three diseases are caused by mitochondrial DNA

(mtDNA) mutations [13, 14, 38, 44]. In muscle pathology,
myopathic changes of varying degrees are seen, and the
presence of ragged-red fibers (RRFs) is the morphological
hallmark [33].

Apoptosis is a process of active cell death under the
strict control of genes. It is involved in the pathogenesis
of many diseases: cancer, autoimmune diseases and nen-
rodegenerative diseases [17]. Many signaling pathways
leading to apoptosis have been identified so far. Two ma-
jor pathways, through Fas stimulation [1] and through cy-
tochrome ¢ release from mitochondria [5, 40], have been
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Fig.1 Apoptosis signaling pathways. Two major apoptotic signal-
ing pathways have been extensively studied so far: the pathway
through Fas stimulation (I) and that through cytochrome c release
from mitochondria (2). XIAP can inhibit the activation of caspase-9
in the latter pathway and the proteolytic activity of activated cas-
pase-3 in both pathways (XJAP X-linked inhibitor of apoptosis
protein)

extensively studied (Fig.1). There is a great possibility
that apoptesis, as well as abnormal energy metabolism, is
related to the pathomechanism of mitochondrial ence-
phalomyopathies [19].

During the past few years, several studies have been
made of apoptotic involvement in mitochondrial ence-
phalomyopathies [29, 37]. However, the occurrence of
apoptotic muscle fiber degeneration in them is still con-
troversial. Moreover, there are no reports dealing with the
apoptotic signaling pathways in muscles of mitochondrial
encephalomyopathies. There are some reports that skele-
tal muscle cells are refractory to apoptotic processes, es-
pecially those through cytochrome c release: in normal
human skeletal muscles, Apaf-1 (apoptotic protease-acti-
vating factor-1), which activates caspase-9 together with
cytochrome ¢ from mitochondria is not expressed [4]. In
muscle biopsy specimens of polymyositis and inclusion
body myositis, X-linked inhibitor of apoptosis protein
(XIAP) was reported to inhibit apoptotic cell death [24].

To determine whether apoptotic processes actually take
place in muscles of mitochondrial encephalomyopathies,

and if so, which signaling pathways are utilized, we per-
formed the terminal deoxynucleotidyl transferase medi-
ated dUTP mediated nick end-labeling (TUNEL) method
not only at the light microscopic (L M) but also at the elec-
tron microscopic (EM) level. Immunohistochemical stud-
ies of the apoptosis-related proteins Bcl-2, Bax, cyto-
chrome ¢, Apaf-1, activated caspase-3 and XTAP were also .
carried out.

The results suggest that the apoptotic reaction had
started but rarely completed, probably due to strong sar-
coplasmic expression of XIAP in RRFs in the muscle
biopsy specimens of mitochondrial encephalomyopathies.
‘We discuss what the findings mean in the pathogenesis o
the diseases. )

Materials and methods
Patients

We selected five cases of MELAS, five of CPEQO and five of
MERRF whose muscle biopsy specimens contained more than 5%
RRFs (Table 1). All MELAS patients had the most common A-to-G
point mutation at nucleoside position (np) 3,243; all MERRF had
an A-to-G mutation at np 8,344, In CPEQ, all patients had mtDNA
deletions that had confirmed the diagnosis. All patients examined
in this study showed muscle weakness and atrophy. Controls con-
sisted of five muscle biopsy samples with nondiagnostic find-
ings. .

TUNEL methods

For the TUNEL method at the light microscopic level (LM-TUNEL),
we used an in situ apoptosis detection kit (Takara Shuzo, JTapan)
according to the manufacturer’s instructions on frozen muscle
biopsies. We examined at least 2,000 muscle fibers in each muscle
biopsy sample.

For the TUNEL method at the electron microscopic leve]
(EM-TUNEL}, we used an Apop Tag kit (Intergen, N.Y.). Ultra-
thin sections taken from the same epoxy resin-embedded blocks
used for conventional EM observation were mounted on nickel
grids, and the surface was etched lightly with saturated sodium
metaperiodate for 3 min. Subsequently, these ultrathin sections on
the grids were incubated with working buffer containing terminal
deoxynucleotidyl transferase (TdT), digoxigenin-dideoxyuridine
triphosphate (dig-ddUTP) and dideoxyadenosine triphosphate
(ddATP) at 37°C for 1 b, and then incubated with a blocking buffer
(300 mM sodium chloride-30 mM sodium citrate) at 37°C for
30 min. Subsequently, these sections were incubated with sheep
anti-digoxigenin antibody conjugated to 10-nm colloidal gold
(British BioCell, UK) at room temperature for 1 h (16, 28)]. Fi-
nally, these sections were lightly stained with uranyl acetate and
then examined with an H-7000 transmission EM (Hitachi, Japan).
We examined at least 20 myonuclei in each muscle of mitochondr-
ial encephalomyopathy patients and control muscles,

We used prednisolone-treated rat thymuses as positive controls
for apoptotic cells: a Wistar rat at 4 weeks of age was injected with
prednisolone (S mg/kg) intraperitoneally and killed 4 h later [10].

Immunochistochemistry

For immunohistochemical analyses, we utilized the immunoperox-
idase technique: an avidin-biotin complex method using antibodies
against Bcl-2 (1:40, monoclonal, Dako, Denmark), Bax (1:30,
pelyclonal, Calbiochem, Cambridge, UK), Apaf-1 (1:800, poly-
clonal, Imgenex, San Diego, Calif.), activated caspase-3 (1:50,
pelyclonal, PharMingen, Tokyo, Japan) and XIAP (1:250, Trans-
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Table 1 Summary of patients (RRFs ragged-red fibers, CC cytochrome ¢, Co control)

Patient Agefsex  Total RRFs* TUNEL-positive Bax? CC* (%) Apaf-1f Activated XIAPH
fibers* (%) myonuclei® (%) (%) (%) caspase-38(%) (%)
MELAS 1 4/F 2,600 20 0.2(1.0) >90 08 30 13 >90
2 9M 2,700 12 0.25(2.1) >90 22 25 11 >90
3 41/F 2,500 10 0(0) >90 0.8 25 5 >90
4 26/F 3,200 8 0.1(1.3) >80 2.5 20 11 >90
5 18/M 2,200 12 00) >90 0 20 5 =90
Mean + SD! 0.1310.10 1.26£1.05 25.043.6 9.043.7
(0.88+1.00)
CPEQ 1 41/M 3,200 15 0.25(1.7) >90 1.0 30 12 >90
2 54/F 3,000 20 0.3(1.5) >90 0.5 30 i0 >90
3 39 2,600 15 ()} >90 0 20 7 >00
4 4/F 2,100 1G 0.2(1.5) >80 23 25 12 >90
5 22/F 3,800 12 [(3)] =90 1.0 25 19 >90
Mean + SDf 0.1540.14 0.9610.77 26.0+8.0 12.0+4.4
(1.02+0.94)
MERRF 1 6/F 2,400 5 1{1)] >90 1.7 25 14 >90
2 13/F 3,700 5 1](0)} >90 L1 30 18 >90
3 12/F 2,200 10 0(0) >90 0 20 10 >90
4 25/M 3,200 8 0.2(1.2) >90 0.4 15 8 =50
5 22/F 2,900 10 o >90 0 20 12 >90
Mean % SDi 0.04+0.05 0.64+0.67 22.0+5.7 12.443.8
(0.24+0.54)
Co 1 6/F 2,000 o 0(0)
2 15 2,100 0 l(v))
3 35M 3,200 0 0(0)
4 S50/F 2,500 ] V(1))
5 64/M 2,400 0 0(0)
Mean + SDt 010
(0+0)

*Total number of muscle fibers examined

5% of RRFs among all muscle fibers

“% of muscle fibers with light microscopic TUNEL-positive myo-
nuclei among all muscle fibers (among all RRFs)

9% of RRFs with Bax expression among all RRFs

*% of RRFs showing diffuse staining of cytochrome ¢ among all RRFs

duction Laboratories, Lexington, Ky.) and the immunofiuores-
cence technique using an antibody against cytochrome ¢ (1:250,
monoclonal, PharMingen), on serial 6-pm cryostat sections of
muscle biopsy specimens. In addition, we used nonimmune mouse
IgG or rabbit serum in place of these primary antibodies as nega-
tive controls.

Immuncblotting

Muscle cryesections were boiled for 5 min in a buffer containing
10% sodium dedecyl sulfate (SDS), 70 mM TRIS-HCI (pH 6.7),
10 mM EDTA and 5% 2-mercaptocthanol. After centrifugation,
the protein content of the supernatanis was estimated using the
Bio-Rad protein assay system. The muscle extracts were then sep-
arated by SDS-polyacrylamide gel electrophoresis (5-10% gradi-
ent gel) and electrotransferred te a nitrocellulose membrane. Anti-
Apai-1 (1:1,000) and XIAP (1:500) antibodies were applied. These
antibodies were revealed by horseradish peroxidase-linked sheep
anti-rabbit immunoglobulin and enhanced by chemiluminescence
(Amersham, T11.). Whole cell Iysate of human embryontic kidney
293 cells and HelL.a cells, positive controls for Apaf-1 and XIAP,
Tespectively [24, 25], were also examined in the same manner,

1% of RRFs with Apaf-1 expression among all RRFs

£% of RRFs with activaied caspase-3 expression among all RRFs
1% of RRFs showing cytoplasmic expression of XIAP among all
RRFs

These data were analyzed by Student’s r-test.

Results
TUNEL methods

At the LM level, two MELAS, two CPEO and four MERRF
cases plus all control muscles showed no TUNEL-posi-
tive myonucleus. The remaining three MELAS, three
CPEOQ and one MERRF cases had TUNEL-positive myo-
nuclei. The average incidences were 0.1310.10% in
MELAS, 0.15£0.14% in CPEO and 0.04+0.09% in MERRF
(Table 1). Almost all of them were seen in RRFs except
for MERRF patient 4 (Fig.2). At the EM level, control
muscle showed a small number of immunogold particles
linked to DNA fragments, as previously reported (Fig. 3C,
D} [22]. On the other hand, many DNA fragments were
demonstrated in the lymphocytes with condensed chro-
matin and shrunken cytoplasm in the thymuses treated
with prednisolone (Fig.3A, B). About half of the myonu-
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Fig.2A,B LM-TUNEL method. A TUNEL-positive myonucleus
(arrow) in an RRF of CPEQ patient 1. All fibers with TUNEL-
positive myonuclej are RRFs except those of MERRF patient 4
(not shown here). A Modified Gomori trichrome; B lightly coun-
terstained with hematoxylin (LM light mocroscopic, RRF ragged-
red fiber, CPEO chronic progressive external ophthalmoplegia,
MERRF myoclonus epilepsy associated with ragged-red fibers).
A, B Serial sections, bar B (also for A) 50 pm

clei in RRFs showed mild peripheral condensation of
chromatin and hypertrophied nucleoli compared to those
in control muscles and non-RRFs in mitochondrial en-
cephalomyopathies. However, the number of DNA frag-
ments even in myonuclei of RRFs was not significantly
increased in comparison with control muscles (Fig. 3E, F).
In addition, we found no DNA fragments in mitochendria
of any case.

Immunchistochemistry
Bcl-2

In the mitochondrial encephalomyopathies, there was
weak expression of Bel-2 in the sarcoplasm of all type 2
non-RRFs and all RRFs regardless of fiber type. In con-
trol muscles, all type 2 fibers showed weak expression.

Bax

In contrast to Bel-2, Bax was strongly expressed in the
sarcoplasm of almost all RRFs but not in control muscles
at all (Fig.4B).

Cytochrome ¢

Cytochrome c stain showed a granular appearance in type
1 fibers of control muscles (Fig. 5A, C). This appeared to
reflect its localization in mitochondria. On the other hand,
there were several RRFs with diffuse cytochrome ¢ stain-
ing in all patients, showing probable cytochrome ¢ leak-
age from mitochondra to sarcoplasm (Fig.5B, D} [3].
These fibers also showed positive Apaf-1 expression.

In mitochondrial encephalomyopathies, 25.0+3.6%, 26.0+
8.0% and 22.0£5.7% of RRFs in MELAS, CPEO and
MERRF muscles, respectively, were positively stained
(Fig.4C). Non-RRFs were occasicnally stained. In control
muscles, no fiber was stained.

Activated caspase-3

In mitochondrial encephalomyopathies, 9.0+3.7%, 12.0+
4.4% and 12.413.8% of RRFs in MELAS, CPEQ and
MERRE, respectively, showed caspase-3 activation in their
sarcoplasm (Fig.4D). Non-RRFs did not show activation
of caspase-3, except for MERRF patient 4, who had a few
non-RRFs with TUNEL-positive myonuclei and showed
caspase-3 activation in several non-RRFs, In control mus-
cles, caspase-3 activation was not seen. Almost all RRFs
with activated caspase-3 showed Apaf-1 expression.

XIAP

Almost all RRFs showed sarcoplasmic expression of XIAP
(Fig. 6). Non-RRFs in mitochondrial encephalomyopathies
and fibers in control muscles showed sarcolemmal and
occasional sarcoplasmic expression, regardless of the fiber

type.

Fig.3A-F EM-TUNEL method. A A typical apoptotic thymic p
lymphocyte of a rat treated with prednisolone. B Higher magnifi-
cation of the portion indicated by the arrow in A. Gold particles
linked to fragmented DNA are accumulated in condensed chro-
matin. C A normal myonucleus in a control muscle. D At higher
magnification only a small number of gold particles are seen
mainly in the area of heterochromatin. E A representative myonu-
cleus in an RRF showing peripheral condensation of chromatin
and enlarged nucleolus. MELAS patient 1. F Gold particles are
seen in peripherally condensed chromatin area. However, the num-
ber of particles is not significantly increased as compared to D.
Photographs B, D, F are less exposed than A, C, E, respectively,
to meke gold particles clearer (EM electron microscopic, MELAS
mitochondrial myopathy, encephalopathy, lactic acidesis and
stroke-like episode). Bars E (also for A, C) 1 pm, F (also for B, D)
200 nm
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Fig.4 Immunohistochemical detection of apoptosis-related pro-
teins Bax, Apaf-1 and activated caspase-3 in an RRF of CPEO pa-
tient 2, A A typical RRF. B, C Bax (B) and Apaf-1 (C) are ex-
pressed in the sarcoplasm of this RRF. D Activation of caspase-3
is also seen in the sarcoplasm of this RRF. A Modified Gomori
trichrome; B-D diaminobenzidine, lightly counterstained with
hematoxylin. A-D Serial sections; bar D {also for A-C) 30 pm

Immunoblotting
Apaf-1

Apaf-1 was positively expressed in all mitochondrial en-
cephalomyopathy muscles examined in this study, al-
though its expression was weak compared to that in hu-
man embryonic kidney 293 cells used as a positive control
of Apaf-1. In control muscles, no expression was seen
(Fig. 7). The results confirmed increased Apaf-1 expres-
sion in RRFs as found immunohistochemically.

XIAP

XIAP was strongly expressed in both mitochondrial en-
cephalomyopathy and control muscles (Fig. 8). No signif-
icant differences of the area and density of bands were
found among them.

Discussion

In this study, we demonstrated that Bax and Apaf-1 are
expressed and cytochrome ¢ is released from mitochon-
dria, resulting in caspase-3 activation, especially in RRFs.
However, the ratios of TUNEL-positive myonuclei are
much lower than that of the fibers showing caspase-3 ac-
tivation. In other words, it is possible that apoptosis in
muscles biopsy specimens of mitochondrial encephalo-
myopathies is suspended or rarely compleied at least in some
fibers. In addition, sarcoplasmic expression of XIAF, an
inhibitor of caspases, is found in RRFs in mitochondrial
encephalomyopathies. '

Many studies have been undertaken to clarify whether
the apoptotic process is involved in the pathophysiology
of various myopathies [3, 4, 15, 20, 24, 27, 29, 30, 32, 36,
37, 43]. Among these, it was reported that Apaf-1 was not
expressed in human skeletal muscle cells at either the pro-
tein and mRNA levels and that therefore the occurrence of
mitochondria-mediated apoptosis would be unlikely [4].
In the present study, we demonstrated Apaf-1 expression
int muscles of mitochondrial encephalomyopathies by im-
munohistochemistry and immunoblotting. Moreover, cas-
pase-9 activation, which is activated by Apaf-1 and cyto-
chrome ¢ from mitochondria, was demonstrated in muscle
fibers of laminin o2-deficient mice [32] and of a patient
with an unusual congenital myopathy [20]. The apoptotic
process through cytochrome c release from mitochondria,
which is required for Apaf-1 expression, was also re-
ported in muscles of limb-girdle muscular dystrophy type
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Fig.5A-D Immunostaining of cytochrome c. A Type 1 fibers are
weakly stained in all control muscles at this lower magnification.
B RRFs in mitochondrial encephalomyopathy muscles show
coarse granular appearance (arrowhead) to diffuse staining (ar-
rows). C In control muscles, type 1 fibers showed more granular
staining than type 2 fibers (asterisk). This seems to reflect the mi-

Fig.6A.B Immunostaining of XIAP. A RRFs in a mitochondrial
encephalomyopathy case, MELAS patient 1, B XIAP is expressed
in the sarcoplasm of almost all RRFs of mitochondrial en-
cephalomyopathies, A, B Serial sections; bar B (also for A) 50 um

2A (LGMD2A) [3). Taken together, there is little doubt
that the apoptotic process due to cytochrome c release
from mitochondria and including Apaf-1 expression and

tochondrial location of cytochrome ¢, P In mitochondrial en-
cephalomyopathy muscles, RRFs show coarser granular appear-
ance {arrowhead) than non-RRFs. The cytochrome ¢ release from
mitochondria is inferred from this diffusely stained RRF (arrow).
A-D Immunofluorescence with FITC, B, D MELAS patient 2;
bars B (also for A) 50 pm, D (also for C} 30 ym
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subsequent caspase-9 and -3 activation takes place in cer-
tain myopathies including mitochondrial encephalomy-
opathies,

Mirabella et al. reported apoptotic involvement in mus-
cles of various mitochondrial encephalomyopathies [29].
They described 22 mitochondrial encephalomyopathy pa-
tients including 1 MERRF, 2 MELAS and 5 CPEO who
showed more than 25% TUNEL-positive myonuclei. How-
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Fig.7 Immunoblotting using an antibody against Apaf-1, Extrac-
tion lysates of muscles from control muscles and mitochondrial en-
cephalomyopathy muscles were loaded with 5 g proteinflane.
Whole cell lysate of human embryonic kidney 293 cells was also
loaded as a positive control. All mitochondrial encephalomyopa-
thy muscles show weak expression of Apaf-1, while all control
muscles show no expression. Lane I 293 cells; lane 2 MELAS pa-
tient 1; lane 3 CPEQ patient 2; lanes 4, 5 control muscles; lanes 6,
7 MERRF patients 3, 4, respectively

1 2 3 4 5 6 7

Fig.8 Immunoblotting using an antibody against XIAP. Im-
munoblotting of XIAP was performed by a method similar to
Apaf-1, but we used HeLa cell lysates as a positive control. All
control and mitochondrial encephalomyopathy muscles examined
show XIAP expression. Lane I Hel.a cells; lanes 2—4 control mus-
cles; lane 5 MELAS patient 1; lane 6 CPEO patient 2; lane 7
MERREF patient 4

ever, in our study, the ratios of TUNEL-positive myonu-
clei were much lower (0.131£0.10% in MELAS, 0.15%
0.14% in CPEO and 0.04+0.09% in MERRF) than those
they reported. Since mitochondrial encephalomyopathies
progress slowly over many years, the ratios of TUNEL-
positive myonuclei at the time of biopsy shown by Mira-
bella et al. seem to be too high. In fact, the ratio of
TUNEL-positive myonuclei was 0.40£0.16% in muscles
of LGMD2A [3] and that of apoptotic neurons was
0.02-0.09% in Alzheimer’s disease brain [39). LGMD2ZA
and Alzheimer’s diseass are both long-standing degenera-
tive diseases similar to mitochondrial encephalomy-
opathies. Further, Mirabella et al. did not reveal caspase-3
activation in muscle fibers but its expression. Because it
was reported that caspase-3 is expressed even in normal
muscle fibers [23], the finding of caspase-3 expression
was hardly supportive of the high ratio of TUNEL-posi-
tive myonuclei.

Recently, Sciacco et al, claimed an absence of apopto-
sis in muscles of mitochondrial encephalomyopathies
[37). They reported that neither TUNEL-positive myonu-
clei nor Bcl-2 and Fas expression occurred in them. How-
ever, other molecules related to apoptotic signaling path-
ways, for example caspase-3, Apaf-1 and Bax, were not
examined.

We found that XTAP expression in sarcoplasm of RRFs
is dissimilar to that in control muscles [24]. It is possible
that this difference in XIAP distribution contributes to the
much lower ratio of TUNEL-positive myonuclei com-

pared to that of caspase-3 activation in mitochondrial en-
cephalomyopathies. XIAP inhibits caspase-9 activation
(Figure 1) [6]. Nevertheless, we detected activated cas-
pase-3, which is activated by activated caspase-9 in the
apoptotic process through cytochrome ¢ release from mi-
tochondria. Activated caspase-3 activates caspase-acti-
vated DNase (CAD) [9] and apoptotic chromatin conden-
sation inducer in the nucleus (Acinus) [35). XIAP also in-
hibits the effect of activated caspase-3 [6]. Accordingly,
DNA fragmentation and chromatin condensation hardly
take place in muscles of mitochondrial encephalomy-
opathies.

There are three possible explanations for the “leaky”
caspase-3 activation shown in this study. First, a different
apoptotic signaling pathway other than mitochondria may
be utilized. Caspase-3 is also activated by cleavage by ac-
tivated caspase-8 without involving caspase-9 (Fig.1).
Caspase-8 is activated when the death receptors, one of
which is Fas, are stimulated [1]. Therefore, the caspase-3
activation shown in this study may be due to the apoptotic
pathway through Fas stimulation. In fact, Fas expression
has been confirmed in muscles of mitochondrial ence-
phalomyopathies [29]. Moreover, Asoh et al. (2] reported
that mitochondrial dysfunction leads to up-regulation of
Fas expression. Second, inhibitors of XIAP may play a
role. Recently, two XTAP inhibitors, XIAP-associated fac-
tor 1 (XAF1) [26] and second mitochondria-denved acti-
vator of caspases/direct IAP binding protein with low pI
(Smac/DIABLO) [7, 42] have been identified. These pro-
teins can inhibit XTAP action and may lead to caspase-9
activation and the subseguent caspase-3 activation in
muscles of mitochondrial encephalomyopathies. Third,
XIAP itself may be gradually cleaved by other non-inhib-
ited caspases or proteases [6]. The ability of XIAP to in-
hibit the activation of caspase-9 may then be reduced, and
finally caspase-3 activation can take place.

Bax and Apaf-1 expression and caspase-3 activation
are seen mostly in RRFs. This is probably due to a higher
proportion of mutant mtDNA in RRFs than that in non-
RRFs. The increased ratio of mutant mtDNA inhibits the
respiratory chain and decreases ATP production [41].
Moreover, reactive oxygen species (ROS) generation in
mitochondria is reported to increase under the conditions
in which the respiratory chain is inhibited [11]. In fact, the
immunostaining of 8-hydroxy-2’-deoxyguanosine, a. marker
of ROS generation was positive in RRFs examined in this
study (data not shown). ROS in appropriate concentration
can induce apoptosis [18). In addition, it is reported that
mtDNA abnormalities resulting in respiratory chain dys-
function increase Fas expression [2].

The reason the ratio of TUNEL-positive myonuclei in
MERRF patients was smaller than those in MELAS and
CPEO, in spite of similar expression of XIAP, is not clear.
One explanation is that it was due to the limited mumbers
of muscles examined. Another is that the amount of ATP
generated in RRFs in MERRF muscle is too low to ac-
complish the apoptotic execution, which is ATP depen-
dent [8]. Respiratory chain complex IV (cytochrome ¢ ox-
idase) deficiency is the most prominent in MERRF pa-



tients among the three discases. Complex IV is the last
electron acceptor in the mitochondrial respiratory chain,
and its dysfunction leads to severe reduction in ATP gen-
eration.

In conclusion, it is possible that, although apoptotic re-
actions started in mmuscle biopsy specimens from mito-
chondrial encephalomyopathies, they are rarely completed
at least in some fibers. It is likely that XIAP is a candidate
for this delayed or suspended apoptotic process in mus-
cles of mitochondrial encephalomyopathies.
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A Novel D104G Mutation
in the Adenine Nucleotide
Translocator 1 Gene in
Autosomal Dominant
Progressive External
Ophthalmoplegia Patients
with Mitochondrial DNA
with Multiple Deletions

Hirofumi Komaki, MD Toshiyuki Fukazawa, MD,?
Hideki Houzen, MD,? Kazuto Yoshida, MD,*
Tkuya Nonaka, MD, ? and Yu-ichi Gorto, MD!

Autosomal deminant progressive external ophthalmople-
gia is a mitochondrial disorder characterized by multiple
large deletions of mitochondrial DNA. A recent study
showed pathogenic heterozygous missense mutations in
the heart/skeletal muscle isoform of the adenine nucleo-
tide trapslocator 1 gene in autosomal dominant progres-
sive external ophthalmoplegia patients. In one Japanese
autosomal dominant progressive external ophthalmople-
gia family, we found a novel A-to-G heterozygous muta-
tion at nucleotide 311 of the adenine nucleotide translo-
cator 1 gene, which segregated with affected individuals
and could not be detected in the genomic DNA sequence
of 120 normal controls. This mutatior converted a
highly conserved aspartic acid into a glycine at codon
104. Polymerase chain reaction analysis of single muscle
fibers showed the presence of one type of deletion in each
fiber, suggesting clonal expansion of mitochondrial DNA
with deletions. These findings support the pathogenesis
of the adenine nucleotide translocator 1 gene mutation in
human disease.
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Mitochondrial diseases comprise 2 wide spectrum of
clinical phenotypes as a result of diverse mutations.
Many pathogenic point mutations and rearrangements
(deletions and duplications) in mitochondrial DNA
{mtDNA} have been identified as the causes of the dis-
eases. The representative pattern of the inheritance of
mitDNA mutarion is maternal transmission, although
another is Mendelian inheritance, which is suggestive
of a defect in nuclear DNA affecting mtDNA.!

Autosomal dominant progressive external ophthal-
moplegia (adPEQ) is a mitochondrial disorder charac-
tetized clinically by prosis and progressive muscle
weakness, especially of the external eye muscles. The
disease onset is usually in early adulthood. The typical
histological findings are ragged-red fibers (RRFs) with
focal cytochrome ¢ oxidase deficiency in patients’ skel-
etal muscle. The patients have multiple large-scale de-
letions of mtDNA in the affected tissue. The patterns
of inheritance indicate a nuclear gene defect predispos-
ing them to secondary mtDNA deletions,>® and there
are three distinct autosomal loci for this disorder on
chromosomes 4q34-35,%° 10q24,%7 and 15¢22-26.%
Within these loei, mutations of adenine nucleotide
translocator 1 (ANT1), Cl0otf2 (encoding Twinkle),
and mtDNA polymerase +y genes have been associated
with adPEQ, respectively.

Human adenine nucleotide translocator exists as
three isoforms that exhibic tissue-specific gene expres-
sion.” Because of its prcdommant expression in heart
and skeletal muscle, ANT1 is designated as a heart/
muscle isoform.'® Its main function is a translocation
of adenosine diphosphate and adenosine triphosphate
across the inner mitochondrial membrane. Adenine
nucleotide translocator also plays a central role in apo-

. ptosis as a central structural element of the permeabil-

ity transition pore.'*

Recently, two hcterozygous missense mutations of
ANT1 gene were identified in 5§ 49-adPEQ families
and 1 sporadic patient. * We herein report 2 novel het-
erozygous mutation of the ANT1 gene in a Japanese
adPEO family.

Patients and Methods

Autosomal Dominant Progressive External
Ophthalmoplegia Pedigree

All affected family members had progressive ptosis and ex-
ternal ophthalmoplegia (Fig 1a). Patient II-7 first noticed
mild bilateral progressive prosis at age 48, and at age 55 she
began to develop generalized muscle weakness. A physical ex-
amination at age 70 showed a very thin woman (weight,
28kg) with severe bilateral prosis, ophthalmoplegia, general-
ized muscle weakness, and atrophy. Routine laboratory anal-
yses, creatine kinase, lactate, pyruvate.in both blood and spi-
nal fluid, and electrocardiograms were normal. Brain
magnetic resonance imaging showed diffuse abnormal signals
in petiventricular white matter. She developed heart failure
at age 70 and died at 2ge 71,
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Fig 1. (a) Pedigree of the family with autosomal dominant
progressive external ophthalmoplegia. Solid symbols represents
affected individuals, and open symbols represent unaffected
individuals. Arrows indicate the individuals subjected to mu-
tation analysis. (b) Multiple mitochondrial DNA (mtDNA)
deletions in muscle DNA with Southern blot analysis. Tosal
DNA from a control subject (C) and Patients IL-7 and III-7
were digested by restriction enzyme Pvull to linealize the
mtDNA, and Southern blot analysis was performed with
mtDNA and 18S ribosomal DNA-specific probes.

Patient JII-7 was healthy until she started to show bilateral
ptosis at age 33. A physical examination at age 41 showed
bilazeral ptosis and ophthalmoplegia. She had no sign of
muscle weakness except for ophthalmoplegia. Routine labo-
ratory analyses, creatine kinase, lactate, pyruvate in blood
and spiral fluid, electrocardiograms, and brain computed to-
mography were normal. Histological studies on skeletal mus-
cle biopsies for both II-7 and III-7 exhibited RRFs and cy-
tochrome ¢ oxidase deficiency in a few percent of the fibers
and moderate type 2 fiber atrophy. Other affected members
did not have definite symptoms associated with muscular
and neurological diseases, including psychiatric manifesta-
tions, pigmentary retinopathy, hypogonadism, and respira-
tory insufficiency, except for ptosis and external ophthalmo-
plegia.

We also performed sequence analysis of the ANT! gene in
32 sporadic progressive external ophthalmoplegia patients
with multiple mtDNA deletions.

Molecular Studies

Total DNA was extracted by the standard phenol/chloroform
method from muscle specimens (-7 and III-7) and blood
(II-7, mI-1, TI1-3, 1II-5, I[I-7, and III-13). Southern blot
analysis was performed to detect the meDNA rearrangements
in muscle DNA. Total DNA was digested by restriction en-
zyme Pvull to linealize the circular mDNA, and genomic
blots of restriction digests of total DNA were hybridized
with mtDNA and nuclear-encoded 185 ribosomal DNA
gene probes.!>'?

The four exons of the ANT1 gene were amplified by poly-
merase chain reaction (PCR) with the following ANTI-
specific intronic primers {forward/reverse, 5’ to 3'): exonl,
TAAGGGGGAGCTGCGGGCCA and ATATAGACAC-
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CCGAACGCCG; exon 2, AAATCTAGGAAGTGCAAACC
and AGTTTATTTCAGTAGAGGAG; exon 3, CAGTG-
GCCTCTCTCCCTCCA and TAGCTTITGCACCCAG-
GCTC; and exon 4, AGTCTCTTTCCTCCAGCGTT and
AAGCGTGCATTAAGTGGTCT. Amphﬁcatlon products
were directly sequenccd as described elsewhere.'*

The A-to-G mutation at nucleotide 311 was detected with
the restriction enzyme Alw I (loss of a restriction site; Fig
2b). The Ahw I restriction fragments were separated through
4% low melting agarose gel, stained with ethidium bromide,
and phetographed.

Single-muscle-fiber PCR was performed to  detect
mtDNA with large-scale deletion in each fiber with the
previously described method."® The muscle fibers were iso-
lared from 30pm-thick cryostat cross sections stained for
succinate dehydrogenase activity to identify RRFEs. DNA
was extracted from the dissected normal and RRFs with
alkaline extraction. Aliquots of the resulting 10pl solutions
were subdivided into 10 PCR tubes, and PCR was carried
out with 10 sets of primers to detect mtDNA with dele-
tions with the previously described method (Fig 3).'¢ The
breakpoines of the deletions were detected by direct se-
quence as described previously.

Results

Southern blot analysis demonstrated full length, and
the additional multiple fragments shorter than expected
indicated that both II-7 and ITI-7 had mtDNA with

+— 409 bp
+— 320 bp

Y« 149 hp
+~ 132 bp

— @9 hp

~ 62 bp

¥ II-7 IIE-1TI7-3 III-511I-7X11-13 ¢

{
Human ANT1 NPAFRDRKYRQUFLGGVDRERKQFWRYFAGNLA
b Human ANT2 NPAFKDKYRQIFLGGVDKRTQFWRYFAGNLA
Human ANT3 NFAFRKDKYRQIFLGGVDRHTQFWRYFAGRKLA
Bovine NFAFKDRKYKQIFLGGVDRHKQFWRYFAGNLA
rabbit NFAFRDKYRQIFLGGVLRHRKQFWRYFAGNLA
House NFAFRDKYKQIFLGGVDRHROFPWRYFAGNLA
Xencpus laevis NPAFRDRKYKKIFLDNVDERTQFWRYFAGNLA
Drosophila melancgaster NPAPKDKYRQVFLGGVDENTOFWRYFAGNLA
Halocynthia roretzi NpPAFRDTYKRIFLAGVDRREQFNRYFHGNLA
Caenorhabditls elegans NpAPKDTYRNIFQRGLDRRKKDFWKPFAGNLA
Plasmodium falciparum NpppFRDYFRNIFPR-YDQNTDFSKFFCVNIL
Maize NpAFRDYFRKRLFNFKKDRD-GYWKWFAGNLA
Oryza $ativa ppg rRNYFRRLFNFRKDRD-GYWKWFGGNLA

Fig 2. (a) Segregation of the mutation in the family. Genomic
DNA were amplified by polymerase chain reaction (PCR)
with a set of specific intronic primers for exon 2, and the
products were digested restriction enzyme Alw 1. When the
775bp of the exon 2 PCR producrs were digested by Alw 1,
the following product sizes were generated—320, 149, 132,
89, 62, 13, and 10bp in the wild genome and 409, 149,
132, 62, 13, and 10bp in the mutant genome—and the re-
striction site was lost. (B) Sequence conservation of ANTL
D104 (arrows) is strictly conserved among species.
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Fig 3. Single-muscle-fiber polymerase chain reaction (PCR)
analysis of mitochondrial DNA (mtDNA). In the upper part
of the figure, the lines flanked by arrows illustrate the primer
pairs for PCR analysis as previously described. ™ The sequences
of the primers are numbered according to the Cambridge
mtDNA sequence. The lanes at the right and left show DNA
size markers (M1, MHind 11, EcoRI double digest marker;
M2, 100bp ladder marker). Primer pairs A and B were used
to amplify wild-type mtDNA. Primer pairs C to M were wsed
to amplify mtDNA with deletion. (¢} PCR analysis from
about 100 muscle fibers shows many amplified fragments indi-
cating multiple mrDNA deletions. (b) Single-muscle-fiber PCR
Jfrom nonragged-red fibers (nonRRFs) shows only expected nor-
mal fragments in lanes A and B. (c—e) Single-muscle-fiber
PCR from three different ragged-red fibers (RRF) shows some
fragments shorter than expected. The identification of the
breakpoints of the deletions by direct sequence of the fragments
confirmed only one deletion in each RRF (right, breakpoints
and deletion sizes).

deletions of different sizes showing multiple mtDNA
deletions (see Fig 1b). To quantify the relative amount
of mtDNA to that of nuclear DNA, we used the 185
ribosomal DNA genes as a probe.!” With the signal as
an internal control, mtDNA depletion was not de-
tected in muscles of the 2 patients.

By the sequence analysis of the ANTI1 gene, we
found a novel mutation, A-to-G heterozygote mutation
at nucleotide 311, which converted an aspartic acid
into a glycine at codon 104 in exon 2 (data not
shown). Other sequences were quite identical to nor-
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mal ones. With a PCR-restriction fragment length
polymorphism method, this mutation was detected in
4 affected family members (I1-7, III-1, III-5, and III-7)
but rot in 2 unaffected family members (I1I-3 and III-
13) or 120 normal individuals (see Fig 2a). No muta-
tions were detected in 32 sporadic progressive external
ophthalmoplegia patients.

Single-muscle-fiber PCR from nonRRFs showed
only expected fragments (see Fig 3). Single-muscle-
fiber PCR from three different RRFs showed some
fragments shorter than expected. The identification of
the breakpoints of the deletions by the direct sequence
of the fragments confirmed that there was only one
different type of deletion in each RRF. Fragments ¢
and e had direct repeats flanking the breakpoints.

Discussion
We identified a novel A-to-G heterozygous mutation
in exon 2 of the ANT1 gene in one Japanese adPEQ
family. We concluded that this mutation was poten-
tially pathogenic for the following reasons. First, af-
fected and unaffected family members demonstrated
segregation with the mutation, which was not detected
in normal individuals. Second, this mutation converted
a strictly evolutionary conserved aspartic acid into a
glycine, that is, an acidic into a nonpolar in a2 side
chain (see Fig 2b). As mentioned previously, Kaukenen
and coIlcagues5 identified an ANT! mutation, A114P,
in 5 of 41 families of adPEQ patients and V289M in
1 of 13 sporadic patients. The former mutation was
located near the mutation we found, and the surround-
ing amino acids were relatively conserved, indicating
that the region is functionally important.
Single-muscle-fiber analysis showed there was one
type of deletion, and the type of deletion varied with
each RRF. These findings suggest each mtDINA with
deletion originated in a mitochondrion and expanded
in a postmiotic cell, as discussed elsewhere.!®'7 There-
fore, it is conceivable that a deletion is a relatively rare
event. Secondary accumulations of multiple mtDNA
deletions by nuclear gene defects have been observed in
some mitochondrial diseases, including adPEO caused
by mutated ANT1,> Twinkle (probably functioning as
a mtDNA helicase),” and polymerase 48 genes and mi-
tochondrial neurogastrointestinal encephalomyopathy
caused by a mutated thymidine phosphorylase gene.’®
The pathomechanism of multiple mtDNA deletions is
far from understood because the known functions of
each defective gene vary.
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