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A Congenital Muscular Dystrophy with
Mitochondrial Structural Abnormalities Caused by
Defective De Novo Phosphatidylcholine Biosynthesis

Satomi Mitsuhashi,? Aya Ohkuma,! Beril Talim,? Minako Karahashi,3 Tomoko Koumura,3
Chieko Aoyama,* Mana Kurihara,> Ros Quinlivan,67 Caroline Sewry,68 Hiroaki Mitsuhashi,!
Kanako Goto,! Burcu Koksal,2 Gulsev Kale,2 Kazutaka Ikeda,® Ryo Taguchi,® Satoru Noguchi,!
Yukiko K. Hayashi,! Ikuya Nonaka,! Roger B. Sher, 10 Hiroyuki Sugimoto,* Yasuhito Nakagawa,3
Gregory A. Cox,10 Haluk Topaloglu,'! and Ichizo Nishino!.*

Congenital muscular dystrophy is a heterogeneous group of inherited muscle diseases characterized clinically by muscle weakness and
hypotonia in early infancy. A number of genes harboring causative mutations have been identified, but several cases of congenital
muscular dystrophy remain molecularly unresolved. We examined 15 individuals with a congenital muscular dystrophy characterized
by early-onset muscle wasting, mental retardation, and peculiar enlarged mitochondria that are prevalent toward the periphery of the
fibers but are sparse in the center on muscle biopsy, and we have identified homozygous or compound heterozygous mutations in the
gene encoding choline kinase beta (CHKB). This is the first enzymatic step in a biosynthetic pathway for phosphatidylcholine, the most
abundant phospholipid in eukaryotes. In muscle of three affected individuals with nonsense mutations, choline kinase activities were
undetectable, and phosphatidylcholine levels were decreased. We identified the human disease caused by disruption of a phospholipid

de novo biosynthetic pathway, demonstrating the pivotal role of phosphatidylcholine in muscle and brain.

A spontaneous mutant mouse with a neonatal-onset auto-
somal-recessive rostral-to-caudal muscular dystrophy (rmd
mouse) due to a loss-of-function mutation in choline
kinase beta (Chkb) was identified in 2006." Interestingly,
rmd mice exhibit a unique mitochondrial morphology in
muscle fibers, which show enlarged mitochondria at the
periphery of the fiber but none at the center (Figure S1).
These features are similar to those seen in a congenital
muscular dystrophy (CMD) that we previously reported
in four Japanese individuals.? We therefore screened 15
genetically undiagnosed cases of CMD with fairly homog-
enous clinicl features (Table 1) for mutations in choline
kinase beta (CHKB); we included the four cases from in
our previous study in these 15 cases. Features included
peculiar mitochondrial changes in muscle as well as motor
delay followed by the appearance of severe mental retarda-
tion and microcephaly without structural brain abnormal-
ities (Figurel and Table 1).

All clinica materials used in this study were obtained for
diagnostic purposes with written informed consent. The
study was approved by the Ethical Committee of the
National Center of Neurology and Psychiatry. All mouse
protocols were approved by the Ethical Review Committee
on the Careand Use of Rodents in the National Institute of
Neurosciente, National Center of Neurology and Psychi-

atry. For muscle pathology, samples of skeletal muscle
were obtained from biceps brachii or quadriceps femoris
in humans and from quadriceps femoris muscle in
8-week-old rmd mice. Muscles were frozen and sectioned
at a thickness of 10 um according to standard procedures,
and a battery of routine histochemical stains, including
hematoxylin and eosin (H&E), modified Gomori tri-
chrome (mGT), NADH-tetrazolium reductase (NADH-TR),
succinate dehydrogenase (SDH), cytochrome c oxidase
(COX), and Oil Red O, were analyzed. For electron micro-
scopic analysis, muscles were fixed as previously
described,® and ultra-thin sections were observed at
120kV or 80kV. All affected individuals exhibited nonspe-
cific dystrophic features (Figure 1A). However, in mGT,
NADH-TR, SDH, and COX staining, prominent mitochon-
dria at the periphery as well as central areas devoid of
mitochondria were seen (Figures 1B and 1C). Oil Red O
staining was unremarkable (data not shown). Electron
microscopy confirmed enlarged mitochondria (Figure 1D).

We directly sequenced all exons and their flanking
intronic regions in CHKB (MIM 612395, NM_005198.4,
GenBank Gene ID 1120) in genomic DNA extracted from
individuals’ peripheral lymphocytes. All 15 individuals in
three different populations (Japanese, Turkish, and British)
had homozygous or compound heterozygous mutations in
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Table 1. Summary of Clinical and Laboratory Features

Phenotypic Findings Muscle Pathology Mutations
Serum Mitochon-
Creatine Head Mental Age at Regener- Endo-  drial Literature

Indivi- Age at Last Floppy Walk Kinase Circumference Retar- Cardiomyo- Skin Muscle Necrotic ative mysial Enlarge- ref. on
dual  Sex Origin Follow-Up at Birth Alone (lU/liter) (percentile) dation Seizure pathy Change Biopsy Fiber Fiber Fibrosis ment Status cDNA Consequence Exon phenotype
1 F Japanese died at + 2yr6mo 370 ND + - + - 7yr3mo  + + + + homo c.810T>A p-Tyr270X 7 2

13 yr
2 M Japanese died at + lyr9mo 190-2676 25-50 -+ + + - lyr2mo + + + + homo ¢.810T>A p.Tyr270X 7 2

23 yr
3 F Japanese 28yr + lyr6mo 502 ND + + + - 8yr + + + + het ¢.116C>A p-Ser39X 1 2

het ¢.458dup p.Leul53PhefsX57 3 2
4 M Japanese 22yr + 2yr6mo 230 3-10 + + - - 4yrilmo + + + + het c.116C>A p-Ser39X 1
het c.458dup p.Leul53PhefsX57 3

N M Turkish 7 yr - 2yr6mo 843 <3 + - - + 6 yr B + + + homo ¢.611_612insC p.Thr205AsnfsX5 N
6" M Turkish died at + no 258 <3 + - + - lyr3mo = * + + homo ¢.922C>T p.GIn308X 8

2yr6mo
7 F Turkish 2yr - no 368 3-10 + - L - 9 mo - + + + homo ¢.847G>A p.Glu283Lys 8
8 M Turkish 13 yr ND 2yr 1122 ND + - - - 12 yr * * + + homo ¢.1130 G>T p.Arg377Leu 11

10 mo

9 F Turkish 17 yr + 3yr 2669 <3 + - ND - 17 yr * * + + homo ¢.554_562del  p.Pro185_Trp187del 4
10 F  Turkish 16 yr + 3yr 1103 <3 + - € + 3yr - * + + homo ¢.677+1G>A ND 5
11 F o Turkish 3yr3mo + no 497 10-25 + - ND - 3yr + - + + homo ¢.677+1G>A ND S
12 F Turkish 5yr - 3yré6mo 467 25-50 + - & + 4yr6mo = + + + homo ¢.677+1G>A ND 5
13 M Turkish 3 yr 6 mo + no 428 <3 + - + + 3yr + + + + homo ¢1031+1G>A aberrant splicing 9
14 F Turkish 6yr4mo - 1yr3mo 1606 3-10 + - + - 4yr + + + -+ homo ¢.1031+1G>A ND 9
15 M British  died at - 3yr4mo 607-1715 <3 + - + + 2yr2mo  + - + + homo ¢.852_859del  p.Trp284X 8

8yr

Detailed clinical information for individual 1 to 4 was previously described (2). Eleven CHKB mutations were identified in 15 affected individuals. All exhibited generalized muscle hypotonia and weakness from early infancy.
Ambulation was delayed, and gait in those who achieved walking was limited. In addition, all displayed marked mental retardation, and most never acquired meaningful language. Microcephaly with head circumferences at
or below the 3" to 10th percentile was observed in most cases. Cranial magnetic resonance imaging showed no developmental brain defects. Six individuals had dilated cardiomyopathy, and two had cardiac anomaly.
Individuals 1, 2, 6, and 15 died from cardiomyopathy at ages 13 yr, 23 yr, 2 yr 6 mo, and 8 yr, respectively. No one had respiratory insufficiency. Ichthyosiform skin changes were frequent. All showed mildly to moderately
elevated serum creatine kinase (CK) levels. Individuals 7 and 9 also had homozygous single-nucleotide substitutions, c.902C>T (p.Thr301lle) and c.983A>G (p-GIn328Arg), respectively. CHK activities of recombinant CHK-
B proteins with p.Thr307lle and p.GIn328Arg were only mildly decreased (Figure $2), suggesting these are likely to be neutral polymorphisms or only mildly hypomorphic mutations. Individuals 10, 11, and 12, who have
same ¢.677+1G>A mutation, and individuals 13 and 14, who have same c.1031+1G>A mutation, are not siblings. Abbreviations are as follows: ND, not determined; p, percentile; F, female; and M, male.

? An affected sibling had ichthyosis and died at age 6 years with cardiomyopathy.
® Patent ductus arteriosus.

¢ Atrial septal defect.

4 Mitral valve prolapse.
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B Cytochrome c oxidase  pgiiont

C NADH-TR Patient
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D Electron microscopy Patient

CHKB (Table 1). Among a total of 11 mutations identified,
six were nonsense, two were missense, one was a 3 amino
acid deletion, and two were splice-site mutations. The six
nonsense mutations, ¢.116C>A (p.Ser39X), c.458dup
(p.Leul53PhefsX57), c.611_612insC (p.Thr205AsnfsX5),
¢.810T>A (p.Tyr270X), ¢.852_859del (p.Trp284X), and
c.922C>T (p.GIn308X), were predicted to truncate the
protein and eliminate highly conserved domains of
CHK.*® Individuals 1 and 2 (unrelated, Japanese) had the
same homozygous nonsense mutation of c.810T>A
(p.Tyr270X). Individual 2’s mother, who was healthy,
had the heterozygous c¢.810T>A (p.Tyr270X) mutation.
Unfortunately, a DNA sample from the father of individual
2 was not available. DNA samples from other family

Figure 1.
Individuals
Cross-sections of muscle fiber from a human
control and individual 4.

(A) On H&E staining, nonspecific dystrophic
features with necrotic and regenerating fibers,
internalized nuclei, and endomysial fibrosis are
seen. The scale bar represents 25 pm.

(B) On cytochrome ¢ oxidase staining, enlarged
mitochondria at the periphery and central areas
devoid of mitochondria were seen. The scale bar
represents 20 um.

(C) On NADH-TR staining, the intermyofibrillar
network was preserved even in the central areas
that are devoid of mitochondria, suggesting the
presence of myofibrils and only absence of mito-
chondria. The scale bar represents 20 um.

(D) Electron microscopy confirmed enlarged
mitochondria. The scale bar represents 1 pm.

Muscle Pathology of the Affected

Control

members of individual 1 and 2 were not
available. Individuals 3 and 4 (siblings,
Japanese) had the same compound hetero-
zygous mutation c.116C>A (p.Ser39X)
and c.458dup (p.LeulS3PhefsX57). Both
parents were healthy, and the father was
heterozygous for mutation c.116C>A
(p-Ser39X), whereas the mother was hetero-
zygous for mutation c¢. 458dup (p.Leul53-
PhefsX57), thus confirming a recessive
inheritance pattern. These mutations cose-
gregated with the disease phenotype in all
family members tested.

We therefore measured CHK activity in bi-
opsied muscle. For all biochemical analyses,
because of the limiting amounts of remain-
ing tissue, biopsied muscle samples were
available only from individuals 2, 3, and 4.
Biopsied muscle samples from these three
individuals were homogenized in 3 volumes
of 20 mM Tris-HCI (pH 7.5), 154 mM KCl,
and 1 mM phenylmethanesulfonyl fluoride
with a sonicator (MISONIX), and superna-
tant fractions (105,000 x g, 60 min) were
prepared and analyzed for CHK activity as
previously described.® Similar to muscles of rmd mice,'
muscles from individuals 2, 3, and 4, who carried homozy-
gous or compound heterozygous nonsense mutations, did
not have any detectable CHK activity (Figure 2A). Individ-
uals 7, 8, and 9 had homozygous missense mutations
¢.847G>A (p.Glu283Lys) and ¢.1130 G>T (p.Arg377Leu)
and a homozygous 3 amino acid deletion, ¢.554_562 del
(p-Prol185_Trp187del), respectively.We screened 210 con-
trol chromosomes for the identified missense mutations
and small in-frame deletion by direct sequencing or
single-strand conformation polymorphism (SSCP) analysis.
SSCPwas performed with Gene Gel Excel (GE Healthcare) as
previously described.” These missense mutations and this
small in-frame deletion were not identified in control

Control

Control
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Figure 2. Choline Kinase Activity and Phospholipid Analyses

(A) In muscle tissue from individuals 2, 3, and 4, CHK activity cannot be detected (n = 3). Data represent the mean of three individuals.
(B) PC and PE content in frozen biopsied muscle tissues from individuals 2, 3, and 4 and hindlimb muscles from 8-week-old rmd mice
(n = 4) and control littermates (n = 5) were analyzed by thin-layer chromatography followed by phosphorus analysis. PC and the PC/PE
ratio are significantly decreased in affected individuals and rmd mice (n = 3 for humans, n = 4 for rmd mice, n = 5 for littermates).
(C) Fatty acid composition of PC molecular species in muscles and isolated mitochondria from hindlimb muscles of r#71d mice are deter-
mined by electrospray ionization mass spectrometry (ESI-MS). We observed that 34:1-PC (16:0-18:1), 36:4-PC (16:0-20:4), and 38:6-PC
(16:0-22:6) species are significantly decreased, whereas 36:2-PC (18:0-18:2) is increased in rmd muscle. Similarly, in isolated mitochon-
dria from hindlimb muscle, 36:4-PC (16:0-20:4) and 38:6-PC (16:0-22:6) species are decreased, whereas 36:2-PC (18:0-18:2) is increased.

848 The American Journal of Human Genetics 88, 845-851, June 10, 2011
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chromosomes. To elucidate the pathogenesis of these
substitutions, we measured CHK activity in recombinant
proteins with mutations. We cloned the open reading frame
of CHKB into pGEM-T easy (Promega), then subcloned it
into pET15b (Novagen) to make His-tagged CHK-B.® Each
mutation was induced by site-directed mutagenesis.” Plas-
mids were transformed into Escherichia coli strain BL21
(DE3) and inoculated at 20°C to an ODggo 0f approximately
0.5, and the addition of 0.4 mM isopropyl-B-D-thiogalacto-
pyranoside induced expression. The His-tagged CHK-
B proteins were subjected to affinity purification on a nickel
column (GE Healthcare) and eluted with 20 mM Tris-HCl
(pH 7.4), 0.5 M NacCl, 300 mM imidazol, and 1 mM phenyl-
methanesulfonyl fluoride, and 25 ng protein was analyzed
for CHK activity. CHK activity of recombinant proteins
with these mutations decreased to less than 30% of wild-
type CHK activity, suggesting that these mutations are caus-
ative in these individuals (Figure S2). For individual 13, who
had a mutation at the splice site of the exon-intron border
after exon 9 (c.1031+1G>A), we also analyzed cDNA
sequences. Exons 4 through 10 were amplified from the
first-strand cDNAs, and direct sequencing followed. cDNA
analysis of CHKB in skeletal muscle from individual 13
showed four splicing variants, all of which remove
consensus domains for CHKB (Figure S3). This suggests the
same loss-of-function mechanism in humans and rmd mice.

Because phosphorylation of choline by CHK is the first
enzymatic step for phosphatidylcholine (PC) biosyn-
thesis,” we anticipated that PC content should be altered
in affected individuals’ muscles. Phosphatidylcholine
(PC), phosphatidylethanolamine (PE), and total phospho-
lipid amounts were measured in biopsied muscles
from individuals 2, 3, and 4 and in leg muscles from
8-week-old rmmd mice by either one-dimensional or
two-dimensional thin-layer chromatography (TLC) fol-
lowed by phosphorus analysis.'>*! As expected, PC levels
decreased in affected individuals’ skeletal muscle
(Figure 2B), as they did in rmd mice (Figure 2B and Sher
et al.}), suggesting that the CMDs due to CHKB mutations
in humans and rmd mice are not only pathologically but
also pathomechanistically similar.

PC is present in all tissues and accounts for around 50%
of phospholipids in biological membranes in eukaryotes.
Selective tissue involvement can be explained by the
different tissue distribution of CHK isoforms. There are
two CHK isoforms: CHK-o and CHK-B, encoded by distinct
genes, CHKA (MIM 118491) and CHKB, respectively. They

are known to form both homodimers and heterodimers,
with differential tissue distribution.’® In mice, disruption
of Chka causes embryonic lethality,® suggesting the
importance of CHK-a in embryonic development. In skel-
etal muscles from rmd mice, CHK activity is absent, and PC
levels are decreased.! In other tissues, however, CHK
activity is only mildly decreased, PC levels are not altered,
and no obvious pathological change is seen.* CHK activity
in skeletal muscle from individuals 2, 3, and 4 is barely
detectable, and PC levels are significantly decreased, sug-
gesting that CHK-B is the major isoform in human skeletal
muscle. In support of this notion, CHK-« was not detected
in human muscle (Figure S4). These results suggest that
muscular dystrophy in affected individuals and rmd mice
is caused by a defect in muscle PC biosynthesis. In addi-
tion, in rmd mice, hindlimb muscles are more significantly
affected than forelimb muscles." This is most likely ex-
plained by the fact that CHK activity is detected, though
decreased, in forelimb muscles in rmd mice as a result of
the continued post-natal expression of Chka.'* This indi-
cates that the severity of muscle involvement is deter-
mined by the degree of deficiency of CHK activity.
Generally, phospholipids have saturated or monounsat-
urated fatty acids at the sn-1 position and polyunsaturated
fatty acids at the sn-2 position of glycerol backbone.® Tt
has been shown that phospholipids have tissue-specific
fatty acid composition.'®> For example, heart PC and
muscle PC mainly contain docosahexaenoic acid (22:6)
(Nakanishi et al.'® and Figure 2C), but liver PC includes
various fatty acids.™® NanoESI-MS analyses of PC molecular
species in muscle and isolated mitochondria were per-
formed with a 4000Q TRAP (AB SCIEX, Foster City, CA,
USA) and a chip-based ionization source, TriVersa Nano-
Mate (Advion BioSystems, Ithaca, NY, USA e Quadriceps
femoris (hindlimb) and Triceps (forelimb) muscle from
affected rmd mice and littermate controls were frozen
with liquid nitrogen, and total lipid was extracted by the
Bligh and Dyer method.'° The ion spray voltage was set
at —1.25kV, gas pressure at 0.3 pound per square inch
(psi), and flow rates at 200 nl/min. The scan range was
set at m/z 400~1200, declustering potential at —100V, colli-
sion energies at —35~—45V, and resolutions at Q1 and Q3
“unit.” The mobile phase composition was chloroform:
methanol (1/2) containing 5 mM ammonium formate
and was normalized to the muscle weight. The total lipids
were directly subjected by flow injection, and selectivity
was analyzed by neutral loss scanning of the polar head

In muscle and isolated mitochondria, the 38:6-PC molecular species is profoundly decreased (n = 6 for muscle, n = 5 for isolated mito-

chondria).

Mitochondria from skeletal muscles of whole hindlimbs of rmd mice were isolated by the differential centrifugation method. Fresh
muscle was minced and homogenized with a motor-driven Teflon pestle homogenizer with ice-cold mitochondrial isolation buffer
(10 mM Tris-HCI [pH 7.2], 320 mM sucrose, ImM EDTA, 1mM DTT, 1 mM PMSE 1 mg/ml BSA, and protease inhibitor cocktail [Roche])
and centrifuged at 1,500 x g for 5 min. The supernatant fraction was centrifuged at 15,000 x g for 20 min, the pellet was resuspended in
mitochondrial isolation buffer, and the centrifugation/resuspension was repeated twice more.

All data are presented as means + standard deviation (SD). Means were compared by analysis with a two-tailed t test via R software

version 2.11.0.
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group for PC in negative-ion mode.?” Interestingly, there
was a 10-fold decrease (9.8%) in the 16:0-22:6-PC levels
versus the control in rmd hindlimb muscle and also in
muscle mitochondria (Figure 2C), indicating the impor-
tance of the PC de novo synthesis pathway for maintain-
ing not only PC levels but also fatty acid composition of
PC molecular species. Similarly, in forelimb muscle 16:0-
22:6 PC levels were also decreased in comparison to the
control, but to a milder extent (18.2%), suggesting an asso-
ciation between severity of muscle damage and fatty acid
composition alteration of PC (data not shown). In rmd
mice, it has been shown that muscle PC can be delivered
from plasma lipoprotein,’® suggesting that non-decreased
PC molecular species might be derived from the plasma,
whereas 16:0-22:6 PC might be synthesized only in muscle
(and possibly in brain). However, confirmation of this
requires further studies.

Individuals with CHKB mutations have severe mental
retardation in addition to the muscular dystrophy. Inter-
estingly, polymorphisms near the CHKB locus and
decreased CHKB expression have been associated with
narcolepsy with cataplexy, suggesting a link between
CHK-B activity and the maintenance of normal brain func-
tion in humans.'® Furthermore, brain damage in pneumo-
coccal infection has been attributed to the inhibition of de
novo PC synthesis, suggesting the importance of PC
synthesis for the brain.?® Our data provide evidence that
altered phospholipid biosynthesis is a causative agent for
a human congenital muscular dystrophy, and further
studies will elucidate the detailed molecular mechanisms
of the disease in both muscle and brain.

Supplemental Data

Supplemental Data include four figures and can be found with this
article online at http://www.cell.com/AJHG/.
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Muscle choline kinase beta defect causes
mitochondrial dysfunction and increased
mitophagy
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Choline kinase is the first step enzyme for phosphatidylcholine (PC) de novo biosynthesis. Loss of choline
kinase activity in muscle causes rostrocaudal muscular dystrophy (rmd) in mouse and congenital muscular
dystrophy in human, characterized by distinct mitochondrial morphological abnormalities. We performed
biochemical and pathological analyses on skeletal muscle mitochondria from rmd mice. No mitochondria
were found in the center of muscie fibers, while those located at the periphery of the fibers were significantly
enlarged. Muscle mitochondria in rmd mice exhibited significantly decreased PC levels, impaired respiratory
chain enzyme activities, decreased mitochondrial ATP synthesis, decreased coenzyme Q and increased
superoxide production. Electron microscopy showed the selective autophagic elimination of mitochondria
in rmd muscle. Molecular markers of mitophagy, including Parkin, PINK1, LC3, polyubiquitin and p62, were
localized to mitochondria of rmd muscle. Quantitative analysis shows that the number of mitochondria in
muscle fibers and mitochondrial DNA copy number were decreased. We demonstrated that the genetic
defect in choline kinase in muscle results in mitochondrial dysfunction and subsequent mitochondrial
loss through enhanced activation of mitophagy. These findings provide a first evidence for a pathomechanis-
tic link between de novo PC biosynthesis and mitochondrial abnormality.

INTRODUCTION

Phosphatidylcholine (PC) is the major phospholipid in
eukaryotic cell membranes. Disruption of PC synthesis by
loss-of-function mutations in CHKB (GenBank Gene ID
1120), which encodes the primary choline kinase isoform in
muscle, causes autosomal recessive congenital muscular dys-
trophy with mitochondrial structural abnormalities in human
(1). Loss-of-function mutation in the murine ortholog, Chkb,
is reported to cause rostrocaudal muscular dystrophy (rmd)
in the laboratory mouse (2). Rmd is so-named because of a
gradient of severity of muscle damage—hindlimbs (caudal)

are affected more severely than forelimbs (rostral). The
most outstanding feature of the muscle pathology in both
human patients and rmd mice is a peculiar mitochondrial
abnormality—mitochondria are greatly enlarged at the periph-
ery of the fiber and absent from the center.

Mitochondria have a variety of cellular functions from
energy production to triggering apoptotic cell death (3,4).
Inhibition of mitochondrial respiration [chemically or by
mitochondrial DNA (mDNA) mutations], disruption of inner
membrane potential, senescence and enhanced reactive
oxygen species (ROS) production are all known to cause mito-
chondrial morphological abnormalities (5—-8). Conversely,
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Figure 1. Muscle histopathology. H&E staining of triceps or quadriceps femoris muscles in 8-week-old homozygous rmd mutant mice and unaffected (+/#md or
-/+) littermate controls (A—D) shows dystrophic changes including variation in fiber size, necrosis and regeneration of individual fibers and interstitial fibrosis.
NADH-TR staining (E~H), immunostaining of mitochondrial outer membrane protein Tom20 and EM (M—-P) show abnormal mitochondria. Mitochondria in
rmd muscle fibers are enlarged and prominent at the periphery, but sparse in the center (I-L). z, Z line; m, M line; i, I band.

primary mitochondrial morphological changes can sub-
sequently cause mitochondrial and cellular dysfunction. Mito-
chondria are dynamic organelles, which continuously fuse and
divide. Disequilibrium of mitochondrial fusion and fission can
cause alterations of mitochondrial morphology with mitochon-
drial dysfunction (9,10). Thus, mitochondrial function and
morphology are tightly linked.

It has been reported that mitochondria in rmd show
decreased membrane potential (11). However, there have
been no further studies about mitochondrial functional
abnormalities in rmd, although its morphology is the most dis-
tinct feature compared with other myopathies. In addition,
there has been no study about mitochondrial function when
PC synthesis is blocked in vivo, although mitochondrial respir-
atory enzyme activities are dependent on membrane phospho-
lipids (12). We hypothesized that the mitochondrial
morphological abnormality in rmd muscle indicates the pres-
ence of a bioenergetic dysfunction caused by mitochondrial
membrane phospholipid alteration.

In this study, we demonstrate that mitochondria in rmd
mouse muscle show reduced PC level, bioenergetic dysfunc-
tion and increased ROS production are ubiquitinated and
eliminated via mitophagy, leading to the peculiar mitochon-
drial loss in the skeletal muscle. These findings provide
further evidence that mitochondrial dysfunction is related to
phospholipid metabolism and may play a role in the pathogen-
esis of muscle disease.

RESULTS

Light microscopic examination of H&E-stained samples from
8-week-old homozygous rmd mutant mice and littermate

controls confirmed dystrophic muscle pathology, especially in
hindlimb muscles, as previously described (2) (Fig. lA-D).
NADH-TR and immunohistochemistry for mitochondrial
outer membrane protein Tom20 also showed that mitochondria
were sparse in the muscle fiber both in forelimb and hindlimb
muscles of rmd mice, while the remaining mitochondria were
prominent (Fig. 1E—L). More striking is the mitochondrial
enlargement observed by EM (Fig. IM—P). Mitochondria
were rounder and massively enlarged compared with littermate
controls. Normally, two mitochondria are present in almost all
intermyofibrillar spaces and extend alongside the region
between Z band and I bands. In muscles of rmd mice, mitochon-
dria were larger than the size of the Z-I length itself, and often
exceeded the size of a single sarcomere. In addition, mitochon-
dria were seen only in some intermyofibrillar spaces leaving
many regions devoid of mitochondria.

We hypothesized that the abnormal mitochondrial mor-
phology in rmd skeletal muscles reflects altered PC content
in mitochondrial membranes, as these mitochondria lack the
PC biosynthetic pathway. We therefore measured PC, PE
and CL in isolated mitochondria (Fig. 2). PE is the second
most abundant phospholipid in mitochondria and CL is a
mitochondria-specific phospholipid. PC was significantly
decreased to 72% in forelimb and to 61% in hindlimb
muscles compared with healthy littermates, while PE levels
were unchanged. The PC/PE ratio was decreased, reflecting
the PC reduction. This reduction is well correlated with the
phospholipid compositional alteration in muscle tissue as pre-
viously described (1,2). CL showed only a slight decrease and
only in the more severely affected hindlimb muscles.

We speculated that mitochondrial function in rmd is altered,
and therefore measured respiratory enzyme activity and ATP
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Figure 2. The PC level is decreased in rmd muscle mitochondria. The PE level is not altered. The PC/PE ratio is significantly decreased in rmd. The CL level is
slightly decreased in rmd hindlimb. Data are expressed as the mean & SD of eight experiments. *P < 0.01, **P < 0.0001.

synthesis in isolated mitochondria in 7md muscle. Compared
with healthy littermates, only mitochondrial respiratory
Complex III activity was significantly decreased in mitochon-
dria from rmd forelimb muscles, while Complex I, III and IV
activities were significantly decreased in 7md hindlimb
muscles (Fig. 3A). Mitochondrial ATP synthesis was severely
decreased, especially in hindlimb muscles (Fig. 3B), and coen-
zyme Q9 was moderately decreased in rmd compared with lit-
termates (Fig. 3C).

In-gel activity staining on native PAGE showed decreased
Complex III activity, especially in hindlimb (Fig. 4A),
although normal protein levels of the Complex III were
detected by western blot followed by Native PAGE
(Fig. 4B). There was no difference in mobility of Complex
II in rmd and littermate. Furthermore, respiratory chain super-
complex formation, which is important for effective electron
transport (24), was not altered in rmd (Supplementary
Material, Fig. S1).

Mitochondria are a major site of ROS production under
normal circumstances and the production of ROS is enhanced
when respiration is blocked. To determine whether the
identified respiratory defects lead to elevated ROS, we
measured superoxide levels from isolated mitochondria. Super-
oxide production was significantly increased in rmd muscle
mitochondria, especially in those isolated from the hindlimbs
(Fig. 5A). Moreover, the MDA level (Fig. 5B) and 4-
hydroxynonenal adducts (Fig. 5C) were increased in rmd
muscles indicating that oxidative stress is increased in rmd
muscle.
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Interestingly, examination of muscle sections by EM
revealed autophagosomes selectively engulfing an entire mito-
chondrion, without cytoplasm, suggesting that mitophagy is
activated in rmd skeletal muscles (Fig. 6A). Western blots of
isolated mitochondria from muscle showed significantly
increased levels of the autophagosome marker LC3 in rmd
(Fig. 6B). In addition, polyubiquitinated proteins and p62/
SQSTM1, which connects ubiquitination and autophagic
machineries, were also increased in isolated mitochondria
(Fig. 6B). These data suggest that mitochondria are polyubi-
quitinated and p62 is recruited to mitochondria. We also ana-
lyzed PINK1 and the E3 ubiquitin ligase Parkin, which are
known to contribute to ubiquitination and mitophagy of
damaged mitochondria (25,26). PINKI1 and Parkin levels
were increased in 7md isolated muscle mitochondria
(Fig. 6B), suggesting that they were recruited to mitochondria
to promote mitophagy. Immunohistochemical analyses
demonstrated the colocalization of p62, polyubiquitin and
LC3 with mitochondria (Fig. 6C).

We quantified mitochondrial numbers in muscle fibers,
mitochondria occupying-area relative to muscle cross-sectional
area and mean mitochondrial area in cross-section by mor-
phometric analysis in EM. In rmd, the average number of mito-
chondria per fiber was profoundly decreased (Fig. 7A).
However, the average area occupied by mitochondria in each
muscle fiber was comparable with littermates (Fig. 7A). This
was due to increased mean mitochondrial area in rmd (Fig. 7A).

We quantified mtDNA copy number relative to nuclear
DNA. In rmd, mtDNA was decreased both in forelimb and
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Figure 3. Mitochondrial energetic function is altered and CoQ level is decreased in rmd. (A) Mitochondrial respiratory chain enzyme activities in rmd were
compared with healthy littermates. C1, Complex I ; C2, Complex II ; C3, Complex IIl ; C4, Complex IV (n=4). (B) The rate of ATP synthesis
measured by luminometry method (n = 4). (C) Total CoQ9 level (littermate forelimb, n = 13; littermate hindlimb, n = 12; rmd forelimb, n = 11; rmd hindlimb,
n = 13). Data are expressed as the mean + SD of experiment number shown as n. *P < 0.05, **P < 0.005, ***P < 0.001.

hindlimb muscles compared with littermate controls (Fig. 7B),
which was in agreement with the number of mitochondria
decrease. The mtDNA copy number in liver is preserved in
rmd, and reduction in muscle is progressive in age.

DISCUSSION

In the rmd mouse, we observed greater superoxide production
and more significant Complex III and ATP synthesis
deficiencies in hindlimb than in forelimb muscles, correlating
with the more severe caudal phenotype. PC was decreased in
isolated 7md muscle mitochondria as a consequence of disrup-
tion of muscle PC biosynthesis because PC cannot be syn-
thesized in mitochondria. This suggests that muscle damage
in the rmd mouse is primarily due to mitochondrial dysfunc-
tion possibly caused by the impaired PC biosynthesis.

Why then are mitochondrial functions altered when PC is
decreased? Mitochondria produce energy mainly via oxidative
phosphorylation, which transfers electrons by a series of redox
reactions through four enzyme complexes, and pumps protons
across the mitochondrial inner membrane, producing an elec-
trochemical proton gradient that enables ATP synthesis (3).
Here, we demonstrate for the first time a Complex III activity
decrease without the loss of the enzyme protein complex in
rmd muscle mitochondria, suggesting a link between
decreased PC content and Complex III activity. One possible
explanation is that mitochondrial PC alterations may directly
impair Complex III function by affecting lipid—protein

interactions (27). PC is a component of the yeast respiratory
enzyme complex, as revealed by X-ray crystallography, and
thus may regulate enzyme function (28). Alteration of fatty
acid composition in PC has been shown to change enzymatic
activity in Complexes [, IIT and IV in a mouse model (29). In
this model, Complex III activity is profoundly increased when
n-3 fatty acid is increased. In rmd, it is reported that docosa-
hexiaenoic acid containing PC, the major n-3 fatty acid in
muscle PC, is profoundly decreased in muscle and in isolated
mitochondria (1). This suggests a possible association between
phospholipid composition alterations and respiratory chain
enzymatic activities due to the choline kinase defect in rmd
muscle.

Through the oxidative phosphorylation process, ROS are
also generated as byproducts even in normal cellular states,
but especially when respiration is inhibited (30,31). In rmd
mouse muscle, ROS production from isolated mitochondria
was increased, which may be related to the respiratory chain
defect caused by PC reduction in mitochondria. Interestingly,
selenium-deficient myopathy is associated with muscle pathol-
ogy showing similar enlarged and sparse mitochondrial mor-
phological abnormalities to the rmd mice and the human
congenital muscular dystrophy caused by CHKB mutations
(32). As selenium is a cofactor of glutathione peroxidase, sel-
enium deficiency is thought to cause oxidative stress (33,34).
Morphological similarity between choline kinase beta
deficiency and selenium deficiency suggests that ROS may
play a key role in the formation of the mitochondrial
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six samples are shown.

abnormalities in 7md myopathy. In another model, depletion of
glutathione, which provides cells with a reducing environment
and detoxifies the ROS, is reported to cause mitochondria
enlargement in muscle, also suggesting the possible link
between mitochondrial enlargement and ROS in skeletal
muscle (35).

In addition, as a major site of ROS production, mitochon-
dria themselves are prone to ROS damage (36). Recent
studies have shown that damaged mitochondria are eliminated
by selective autophagy, called mitophagy, most likely as a
quality control mechanism to protect the cells (37,38). In
addition to mitochondrial enlargement, we observed large
areas devoid of mitochondria. Mitochondrial depolarization
can trigger mitophagy in cell culture models (26). PINK1
and Parkin interactions promote ubiquitination of mitochon-
drial outer membrane proteins, and induce mitophagy. This
process is mediated by p62, an adaptor molecule, which inter-
acts directly with ubiquitin and LC3 (25,39). ROS generated
from mitochondria are also important for mitophagy (39).
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Interestingly, we found increased mitophagy in rmd,
accompanied by mitochondrial ubiquitination and recruitment
of p62 and LC3. Enhanced PINK1 and Parkin expression in
mitochondria likely reflects the process of elimination of
damaged mitochondria as a consequence of mitochondrial
dysfunction and ROS production. These findings were
similar to those in cells treated with the protonophore carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) or respiratory
chain inhibitors (25,26). In rmd, decreased membrane poten-
tial (11), as a consequence of respiratory chain insufficiency
and ROS production, may trigger mitophagy and thus
increased mitochondrial clearance, which may lead to energy
crisis and result in cell death and muscular dystrophy.

We observed progressive loss of mtDNA with age, together
with progressive loss of mitochondria. We suggest that
mtDNA depletion in this case results from increased mitophagy,
because mtDNA is known to be degraded by mitophagy in cul-
tured hepatocytes (40) and because the pathological features of
CHKB-deficient myopathy are clearly distinct from those
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Figure 5. Mitochondrial superoxide production is increased and oxidative stress is increased in muscle tissue in rmd. (A) Mitochondrial superoxide production is
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increased in muscle tissue. **P < 0.0005. Data are shown as the mean + SD (n = 4 for rmd and n =5 for littermate controls). (C) HNE4-modified proteins
are increased in rmd hindlimb muscle. Coomassie brilliant blue staining is shown as a loading control. Representative data of six samples.

observed in ‘primary’ mtDNA depletion syndromes, usually
associated with defective mtDNA synthesis, in which muscle
fiber mitochondria are increased both in number and size,
causing the ‘ragged-red fiber’ appearance (41).

In summary, we have demonstrated for the first time a
pathogenic mechanism that links PC reduction in the mito-
chondrial membranes of rmd muscle to mitochondrial mor-
phological and functional abnormalities and the induction of
mitophagy as a response to structural and functional damage
by ROS generation or impaired bioenergetics. These findings
indicate the importance of PC de novo synthesis pathway
and phospholipid composition of mitochondrial membrane in
the maintenance of mitochondria and muscle.

MATERIALS AND METHODS

Rmd mice

Eight-week-old rmd mice (2) were used for all analysis and
were compared with healthy littermates. The Ethical Review

Committee on the Care and Use of Rodents in the National
Institute of Neuroscience, National Center of Neurology and
Psychiatry approved all mouse experiments.

Histological analyses

The quadriceps femoris muscles were freeze-fixed in
liquid-nitrogen-cooled isopentane and stored at —80°C.
Serial transverse sections of 10 wm thickness were stained
with a series of histochemical methods, including hematoxylin
and eosin (H&E) and nicotine amide adenine dinucleotide-
tetrazolium reductase (NADH-TR), as previously described
(13), and were observed by light microscopy.
Immunohistochemical analyses were performed as pre-
viously described (13). Briefly, 6 wm thick frozen muscle sec-
tions were fixed in cold acetone for 5 min. After blocking with
5% normal goat serum, sections were incubated with primary
antibodies for 2h at 37°C. After rinses with phosphate-
buffered saline, sections were incubated with secondary
Alexa Fluor 488- or Alexa Fluor 568-labeled goat anti-mouse

Figure 6. Mitochondrial degeneration in rmd. (A) EM of extensor digitorum longus muscle. In rmd, mitochondria are degraded by mitophagy. Scale bar = 0.5 pm.
(B) Western blot of isolated muscle mitochondria immunodetected for Parkin, polyubiquitin, p62/SQSTM1 and LC3. TOM20, a mitochondrial outer membrane
protein is used as loading control. Hindlimb mitochondria in rmd show significantly increased expression level in these mitophagy markers. (C) p62 and
TOM20 immunohistrochemistry of hindlimb muscle section. Note that mitochondria are significantly enlarged and sparse in rmd. p62 colocalizes with the mito-
chondrial outer membrane protein TOM20. Polyubiquitin and mitochondrial protein cytochrome ¢ oxidase (COX) colocalize. LC3 and TOM20 colocalize. Poly-

ubiquitin and p62 colocalize. Scale bar = 10 pm.
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Figure 7. (A) Mitochondrial morphometrical analysis. All mitochondria are counted in cross-sections of EDL muscle by EM. Number of mitochondria per 1 pm?
of muscle fiber cross-sectional area is shown (n = 20). The percentage of area occupied by mitochondria in a cross-section of muscle fiber is not different in rmd
and littermates (n = 20). The average total mitochondrial area per muscle fiber is larger in rmd compared with littermates (2 = 20). *P < 0.005, “*P < 0.0005.
(B) mtDNA copy number is decreased in rmd compared with littermate controls. Copy number of mtDNA (ND1) was normalized by nuclear DNA (pcaml) (M;
month-old, 1 M hindlimb: rmd; n = 4, littermates; n = 4. 2 M hindlimb: rmd; n = 5, littermates; n = 6, 3 M hindlimb: rmd; n = 4, littermates; n = 6. 2 M liver:

rmd;, n =5, littermates; n = 5. 2 M forelimb: rmd; n = 6, littermates; n = 6).

or rabbit antibodies at room temperature for 45 min. Confocal
images were obtained with FLUOVIEW FV500 systems
(Olympus) using a x 100 objective.

For observation by electron microscopy (EM), muscle
samples were fixed in 2.5% glutaraldehyde in 0.1 m cacodylate
buffer. Specimens were post-fixed in 1% osmium tetroxide in
the same buffer, dehydrated with graded series of ethanol and
embedded in epon, as previously described (13). Ultrathin sec-
tions were stained with uranyl acetate and lead citrated, and
were analyzed by a FEI Tecnai Spirit at 120 kV.

Isolation of skeletal muscle mitochondria

Mitochondria from skeletal muscle of whole forelimb and
hindlimbs were isolated by differential centrifugation. Fresh
muscle was minced and homogenized using a motor-driven
Teflon pestle homogenizer with ice-cold mitochondrial iso-
lation buffer [10 mm Tris—HCI pH 7.2, 320 mm sucrose,
1 mm ethylenediaminetetraacetic acid, 1 mwm dithiothreitol,
1 mg/ml bovine serum albumin (BSA)] and centrifuged at
1500g for 5 min. Supernatant fraction was centrifuged at
15 000g for 20 min, and the pellet was resuspended in mito-
chondrial isolation buffer. The centrifugation was repeated
twice. Protein concentration was determined by the Bradford
method using Bio-Rad Protein Assay (Bio-Rad Laboratories),
according to the manufacturer’s protocol.

Lipid extraction, phospholipid separation and
determination

PC, phosphatidylethanolamine (PE) and cardiolipin (CL) were
extracted from isolated mitochondria of forelimb and hindlimb
muscles, separated by one-dimensional thin layer chromato-
graphy (TLC) and amount of each phospholipid was measured
by phosphorus analysis (14,15). Briefly, total lipids in frozen
muscle biopsy samples were extracted according to the
method of Bligh and Dyer (14). Each extract was evaporated
to dryness under nitrogen, and the residues were then dis-
solved in a small amount of a 2:1 v/v mixture of chloroform
and methanol and applied to a TLC plate (Merck, Silica Gel
60). The plate was developed with a medium of chloroform:-
methanol:formic acid:acetic acid = 100:100:9:9 (v/v/v/v). The
products and standards were visualized with primulin reagent,
and the products identified by comparison with chromato-
graphic standards. PC and PE were then scraped from the
TLC plate for quantification. Phospholipids were quantified
according to the method of Rouser et al. (15). Briefly, the
lipids were digested by heating for 1 h at 200°C with 70% per-
chloric acid. After cooling, ammonium molybdate and
ascorbic acid solution were added in that order. Color was
developed after heating for 5 min in a boiling water bath.
Absorbance was determined at 820 nm by spectrophotometer.
Phospholipid levels were corrected by the total protein amount
in isolated mitochondria.
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Respiratory enzyme activity and ATP synthesis

Mitochondrial respiratory enzyme activities were measured as
previously described, using colorimetric assays in isolated mito-
chondria (16,17). Complex I (NADH-ubiquinone oxidoreduc-
tase) activity was measured by the reduction of 10 um
decylubiquinone (DB) in the presence of 2 mwm potassium
cyanide (KCN), 50 wg/ml antimycin and 50 um NADH at
272 nm. Complex II (succinate-ubiquinone oxidoreductase)
activity was measured by the reduction of 50 um
2,6-dichlorophenolindophenol in the presence of 20 mm succi-
nate, 2.5 wg/ml rotenone, 2.5 pg/ml antimycin, 2 mm KCN and
50 wM DB at 600 nm. Complex III (ubiquinol-ferricytochrome
¢ oxidoreductase) activity was measured by the reduction of
50 M cytochrome ¢ at 550 nm in the presence of 50 um
reduced DB and 2 mm KCN. Complex IV (ferrocytochrome
c-oxigen oxidoreductase) activity was measured by the oxidation
of 2.5 pm reduced cytochrome ¢ at 550 nm. The activity was cal-
culated using an extinction coefficient of 8mm ™ 'em™!,
190 mmM Pem™!, 190mv Pem™! and 19.0mv ' em™! for
Complexes I, II, I and IV, respectively. The specific activity
of the enzymes was expressed as nmol of each substrate oxidized
or reduced/min/mg of mitochondrial protein.

Mitochondrial ATP synthesis was measured by the method
of Manfredi and colleagues (18). Briefly, isolated mito-
chondria were resuspended in 0.25 M sucrose, 50 mm 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic  acid (HEPES),
2mm MgCl,, 1mm ethylene glycol tetraacetic acid
(EGTA) and 10mm KHyPO4 pH 74. Then 0.15mm
P1,P5-di(adenosine) pentaphosphate, 1 mm malate, 1 mMm pyr-
uvate, luciferin and luciferase and 0.1 mm adenosine dipho-
sphate (ADP) were added, and light emission was recorded
by luminometer. For each sample, I mm oligomycin-added
sample was used to obtain the baseline luminescence corre-
sponding to non-mitochondrial ATP production.

CoQ9 determination

Total CoQ9 contents in isolated mitochondria were analyzed
with high performance liquid chromatography (HPLC) by elec-
trochemical detection according to the standard procedure
described by Tang et al. (19). Briefly, isolated muscle mitochon-
dria pellet were lysed with 2-propanol, vortexed for 1 min and
centrifuged at 2000g for 10 min and then clear supernatant
was applied for HPLC Coul Array Detector Model 5600A
(ESA BIOSCIENCES, Inc.) with Capcell Pak C18 MG 100
column (3.2 LD x 150 mm length; ESA BIOSCIENCES,
Inc.). The mobile phase was degassed methanol containing
0.4% sodium acetate, 1.5% acetic acid, 1% 2-propanol and
8% n-hexane. Chromatographic data were analyzed with Cou-
lArray Data Station 3.00 (ESA Biosciences). Standard curves
were created with both oxidized and reduced CoQ9. Total
CoQ9 level was determined according to the standard curve
and corrected by the total protein level in isolated mitochondria
as measured by the Bradford method.

High-resolution clear native PAGE

High-resolution clear native polyacrylamide gel electrophor-
esis (PAGE) was performed by the method of Wittig e al.
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(20). Briefly, isolated mitochondria were solubilized with
Native PAGE Sample buffer (Invitrogen) containing 0.3% n--
dodecyl-B-p-maltoside (Dojindo). Twenty micrograms of
protein were applied to 3—12% NativePAGE Bis—Tris gel
(Invitrogen). Native PAGE buffer (Invitrogen) was used for
anode buffer and Native PAGE buffer containing 0.02% n--
dodecyl-B-D-maltoside and 0.05% deoxycolate was used for
cathode buffer.

For in-gel catalytic activity assays, gels were incubated in
the following solutions: Complex I, 5 mm Tris—HCI pH 7.4,
140 pm NADH and 3 mwm nitro tetrazolium blue (NTB);
Complex II, 5 mm Tris—HCI pH 7.4, 20 mM succinate, 3 mm
NTB and 200 wM phenazine methosulfate; Complex III,
50 mm sodium phosphate buffer pH 7.2 and 0.5 mg/ml diami-
nobenzidine (DAB); Complex IV, 50 mm sodium phosphate
buffer (pH 7.2), 0.5 mg/ml DAB and 5 mm cytochrome c.

For immunoblotting, gels were incubated for 20 min in
300 mm Tris, 100 mm acetic acid, 1% sodium dodecyl
sulfate (SDS), pH 8.6 and then electroblotted to polyvinyli-
dene fluoride (PVDF) membrane (Millipore). Complexes II
and Il were detected with monoclonal antibodies against the
70 kDa subunit (Abcam) and core 2 subunit (Invitrogen),
respectively.

Measurement of mitochondrial superoxide (O3)
production

Mitochondrial superoxide production was measured by dehy-
droethidium (DHE) (Molecular Probes), as described pre-
viously (21). Isolated mitochondria were incubated with
200 mM mannitol, 70 mm sucrose, 2 mm HEPES pH 7.4,
0.5 mm EGTA and 0.1% BSA. Reagents were added in the fol-
lowing order: 1 mm glutamate, 1 mm malate, 1 um DHE,
0.25 mm ADP and 5 mm KH,PO,. Fluoresence was measured
by Cytofluor 4000 (Applied biosystems) at excitation/
emission = 530/620 nm.

Measurement of malondialdehyde in muscle

Malondialdehyde (MDA) levels were measured in muscle
homogenates using an LPO-485 assay kit (BIOXYTEQ),
according to the manufacturer’s protocol.

Western blot analysis for muscle tissue and isolated
mitochondria

Proteins were extracted from quadriceps femoris muscles or
mitochondria isolated from forelimb and hindlimb muscles
and suspended in SDS sample buffer; 125 mm Tris—HCl pH
6.8, 5% PB-mercaptoethanol, 2% SDS and 10% glycerol.
Extracted proteins were separated on acrylamide gels, and
then transferred onto PVDF membranes (Millipore). Blocking
solution of 5% skim milk was used. ImageQuant LAS 4000
Mini Biomolecular Imager (GE Healthcare) was used for eval-
uating bands.

Quantification of mtDNA by real-time PCR

Total DNA was isolated from triceps and quadriceps femoris and
liver by proteinase K digestion and standard phenol—chloroform
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extraction. Copy number of mtDNA (ND1) was quantified by
real-time polymerase chain reaction (PCR) using SYBR Green
PCR Kit (Qiagen) with pcaml as the control for the nuclear
genome copy number. We used the following primers: NDI
forward primer, CCTATCACCCTTGCCATCAT; NDI
reverse primer, GAGGCTGTTGCTTGTGTGAC; pcaml
DNA forward primer, ATGGAAAGCCTGCCATCATG;
pcaml DNA reverse primer, TCCTTGTTGTTCAGCATCAC.

The amount of mtDNA relative to nuclear DNA was
calculated using the following formula: mtDNA /nuclear
DNA — 2~ (Ctmona=Cluaeona) swhere Ct is the threshold cycle (22).

Morphometrical analysis of mitochondria

Cross-sectional EM image of extensor digitorum longus
(EDL) muscle from rmd and littermates was analyzed by
Image J software (23). Total areas of all mitochondria in 20
muscle fibers were calculated and compared with cross-
sectional fiber areas. Total number of mitochondria per
muscle fiber was counted.

Antibodies

Primary antibodies used were: mouse anti-4-hydroxy-2-
nonenal (4-HNE) modified protein antibody (HNEJ-2,JalCA),
rabbit anti-PINK1 antibody (BC100-494, Novus Biologicals),
mouse anti-Parkin antibody (4211, Cell Signaling), rabbit
anti-p62/SQSTM1  antibody (PWS860, Biomol), rabbit
anti-LC3 antibody (NB100-2220, Novus Biologicals), mouse
anti-poly-ubiquitin  antibody  (FK1, Biomol), rabbit
anti-TOM20 antibody (FL-145, Santa Cruz), mouse
anti-COX subunit 1 antibody (Invitrogen) and mouse anti-
VDAC antibody (20B12, Santa Cruz). Second antibodies
used were: horse radish peroxidase-labeled goat anti-mouse
(Beckman Coulter) or rabbit antibodies (Cell Signaling),
Alexa Fluor 488- and Alexa Fluor 568-labeled goat anti-
mouse or rabbit antibodies (Invitrogen).

Statistical analysis

Data are presented as mean + SD. Mean differences were
compared with the analysis of r-test using R software
version 2.11.0 (http://www.r-project.org/).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at ZMG online.
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Dentatorubral-pallidoluysian atrophy is caused by polyglutamine (polyQ)
expansion in atrophin-1 (ATN1). Recent studies have shown that nuclear
accumulation of ATNI and cleaved fragments with expanded polyQ is the
pathological process underlying neurodegeneration in dentatorubral-pallid-
oluysian atrophy. However, the mechanism underlying the proteolytic pro-
cessing of ATNI1 remains unclear. In the present study, we examined the
proteolytic processing of ATNI aiming to understand the mechanisms of
ATNI1 accumulation with polyQ expansion. Using COS-7 and Neuro2a
cells that express the ATNI gene, in which ATNI] was accumulated by
increasing the number of polyQs, we identified a novel C-terminal fragment
containing a polyQ tract. The mutant C-terminal fragment with expanded
polyQ selectively accumulated in the cells, and this was also demonstrated
in the brain tissues of patients with dentatorubral-pallidoluysian atrophy.
Immunocytochemical and biochemical studies revealed that full-length
ATNI and C-terminal fragments displayed individual localization. The
mutant C-terminal fragment was preferentially found in the cytoplasmic
membrane/organelle and insoluble fractions. Accordingly, it is assumed
that the proteolytic processing of ATN1 regulates the localization of C-ter-
minal fragments. Accumulation of the C-terminal fragment was enhanced
by inhibition of caspases in the cytoplasm of COS-7 cells. Collectively,
these results suggest that the C-terminal fragment plays a principal role in
the pathological accumulation of ATNI in dentatorubral-pallidoluysian
atrophy.

introduction

The polyglutamine (polyQ) diseases are a group of
hereditary neurodegenerative disorders that include
Huntington’s disease (HD), dentatorubral-pallidoluy-
sian atrophy (DRPLA), spinal and bulbar muscular
atrophy, and several forms of spinocerebellar ataxia
[1-3]. These diseases are caused by expansion of CAG
trinucleotide repeats that encode a polyQ tract in the
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responsible genes. Aside from the CAG trinucleotide
repeat, the genes responsible for the various polyQ dis-
eases have no homology to one other. Therefore, spec-
ulation concerning the pathogenesis has been focused
on the expanded polyQ itself, which appears to cause
the gene products to undergo a conformational change
that makes them aggregate in neurones [4]. This

ALLN, N-acetyl-Leu-Leu-norleucinal; ATN1, atrophin-1; DRPLA, dentatorubral-pallidoluysian atrophy; GFP, green fluorescent protein;
HD, Huntington's disease; HRP, horseradish peroxidase; NLS, nuclear localizing signal; polyQ, polyglutamine; TPEN, N,N,N’ N’-
tetrakis(2-pyridylmethyljethylenediamine; TUNEL, terminal deoxynucleotidy! transferase-mediated dUTP nick end labelling; Z-VAD-FMK,

benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethy! ketone.
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