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mitochondrial disorders.

Two novel mitochondrial DNA base changes were identified at both sides of the 3243A > G mutation, the
most common mutation associated with mitochondrial myopathy, encephalopathy, lactic acidosis, and
stroke-like episodes (MELAS). One was a 3244G > A transition in a girl with MELAS. The other was a
3242G > A transition in a girl with a mitochondrial disorder without a MELAS phenotype. Although the
two base changes were adjacent to the 3243A > G mutation, they had different effects on the clinical phe-
notype, muscle pathology, and respiratory chain enzyme activity. Investigations of the different effects of
the 3244G > A and 3242G > A base changes may provide a better understanding of tRNA dysfunction in

© 2009 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Mutations in mitochondrial tRNA genes are the most common
molecular causes of mitochondrial encephalomyopathies. In par-
ticular, many mutations have been reported in the mitochondrial
tRNAUUUR) gene indicating that the region is a hot spot for
mutations (MITOMAP: a Human Mitochondrial Genome Data-
base, http://www.mitomap.org/). Among them, an A-to-G muta-
tion at nucleotide position (np) 3243 was the first reported in
the mitochondrial tRNA™UUR) gene (Goto et al., 1990) and is
the most prevalent mutation in all ethnicities. This mutation
demonstrates defects at several levels. At the molecular level,
it causes decreased protein synthesis (Chomyn et al., 1992), tran-
scription termination impairment (Hess et al., 1991), and an
anticodon modification abnormality (Yasukawa et al., 2000;
Suzuki et al, 2002). At the cellular level, it is associated with
heteroplasmy and typical mitochondrial morphological findings,
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such as ragged-red fibers and strong SDH-reactive blood vessels
(Goto et al., 1990; Sakuta and Nonaka, 1989). At the organ level,
the mutation is strongly associated with mitochondrial myopa-
thy, encephalopathy, lactic acidosis, and stroke-like episodes
(MELAS) (Goto et al., 1990, 1992).

Mutations in the mitochondrial tRNAY%YUUR) gene demon-
strate marked phenotypic variability, ranging from pure myop-
athy (Campos et al, 2001; Hadjigeorgiou et al, .1999) to
MELAS; however, the pathogenicity of only a few mutations
including 3243A > G has been confirmed. As new cases of tRNA
mutations accurmnulate and are analyzed, we will develop an
understanding of their pathogenesis and the genotype-pheno-
type relationship.

Here, we report two new cases harboring novel base
changes at both sides of the 3243A > G mutation. One was a
3244G > A transition and the other was a 3242G > A transition.
We studied these patients clinically, pathologically, biochemi-
cally, and genetically to determine the different effects of these
novel base changes that are adjacent to the common 3243A>G
mutation.

1567-7249/3 - see front matter © 2009 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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2. Materials and methods
2.1. Clinical investigations

2.1.1. Patient 1

Patient 1 was a 6-year-old girl born to nonconsanguinous par-
ents after an uncomplicated pregnancy and birth. Her family his-
tory was unremarkable, including that of her mother and sister.
At 4 years of age, she had an attack with vomiting followed by loss
of consciousness, and clonic convulsions of the right arm. After the
first attack, she had recurrent seizures with episodic vomiting and
gradually developed psychomotor deterioration. She was unable to
run by the age of 6. At that time, she could converse, but often
counted incorrectly. Her limbs were atrophic, and her muscle tone
and power were reduced. The patient had no cerebellar signs,
myoclonus, or abnormalities of the cranial nerves. A laboratory
examination revealed elevated lactate and pyruvate levels in the
blood (lactate, 4.81 mmol/l; pyruvate, 0.117 mmol/l; normal,
0.44-1.33 and 0.045-0.113, respectively) and in the cerebrospinal
fluid (lactate, 13.3 mmol/l; pyruvate, 0.451 mmol/l). Computed
tomography (CT) of the brain revealed calcifications of the basal
ganglia and diffuse cerebral atrophy (Fig. 1A). Magnetic resonance
imaging (MRI) images of the brain showed diffuse abnormal high
T2-weighted signals in the cerebral white matter, especially
around the lateral ventricles, and multiple patchy T2-weighted sig-
nals in the cerebral cortex.

2.1.2. Patient 2

Patient 2 was a female born to nonconsanguinous parents. Her
mother was healthy without any neurological symptoms. Her elder
sister had a short stature due to Turner’s syndrome with a typical
45X karyotype, but had no other symptoms of mitochondrial disor-
ders. A birth weight of 1985 g at 37 weeks of gestation indicated
intrauterine growth retardation. At birth, she had difficulty in
sucking and became tachypneic and anemic, but she gradually im-
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proved and was discharged from the hospital. At 5 months of age,
she was admitted to a hospital due to muscle floppiness and failure
to thrive. She showed generalized hypotonia with absence of head
control. She developed respiratory failure, heart failure, renal fail-
ure due to tubular dysfunction, and lactic acidosis, and therefore,
she needed artificial ventilation. An echocardiogram indicated
hypertrophic and dilatated cardiomyopathy. A laboratory exami-
nation revealed elevated lactate and pyruvate levels in the blood
(lactate, 11.0 mmol/l; pyruvate, 0.31 mmol/l) and in the cerebro-
spinal fluid (lactate, 13.0 mmol/l; pyruvate, 0.44 mmol/l). She also
had a significantly elevated creatine kinase (616 [U/l; normal, 43-
170). CT and MRI images of the brain revealed nonspecific diffuse
cerebral atrophy (Fig. 1A). After discharge from the hospital, she re-
ceived artificial ventilation four times because of severe acidosis
due to infection. However, after the age of 2 years, manifestations
including acidosis, renal function, cardiac function, and muscle to-
nus slowly improved and she showed gradual psychomotor devel-
opment without any deterioration.

Written informed consent was obtained from the parents of
these patients to perform a muscle biopsy, molecular analysis,
and biochemical studies.

2.2. Histopathological study

A biopsy from the biceps brachii muscle was frozen in isopen-
tane chilled with liquid nitrogen, and serial frozen sections were
stained with hematoxylin-eosin, modified Gomori trichrome
(mGT), succinate dehydrogenase (SDH), cytochrome c oxidase
(COX) by several histochemical methods.

2.3. Molecular genetic studies
DNA extraction, polymerase chain reaction (PCR), and total

mitochondrial DNA (mtDNA) sequencing were performed, as de-
scribed elsewhere (Akanuma et al, 2000). We applied the long

Fig. 1. Computed tomography and histochemical analysis. (A) Computed tomography of the brain of patient 1 (a) revealed calcifications of the basal ganglia and diffuse
cerebral atrophy, and of patient 2 (b) revealed mild cerebral atrophy. Morphological analysis of the skeletal muscle of patient 1 (B) and patient 2 (C). In patient 1, ragged-red
fibers (RRFs) {arrows) depicted by modified Gomori trichrome (a) and succinate dehydrogenase (SDH) stains. {(b) Cytochrome ¢ oxidase (COX) stain (c) revealed a focal COX
deficiency, but most of the RRFs reflected intact COX activity (arrows). A strongly SDH-reactive blood vessel (SSV) was detected on the SDH stain (arrowhead). (d) In patient 2,
hematoxylin-eosin (a) and modified Gomori trichrome (b) stain revealed moderate fiber size variation without RRFs, SDH, (c) and COX statin (d) showed subsarcolemmal

accumulation of mitochondria (arrows) without COX-negative fibers.
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PCR-based sequencing method to avoid any adverse results
associated with similar sequences in the nuclear DNA. The se-
quence data were compared with the Human DNA Revised
Cambridge Reference Sequence (MITOMAP: a Human Mitochon-
drial Genome Database; http://www.mitomap.org/mitomap/
mitoseq.html).

We devised a real-time PCR amplification method based on a
previously described approach (Komaki et al., 2003) to accurately
quantify the frequency of the 3244G > A mutation. The target se-
quence (np 3211-3322) was amplified using a pair of primers
and two fluorogenic TagMan™ probes (PE Applied Biosystems; Fos-
ter City, CA, USA) designed for the wild-type and mutant sequences
(Table 1). The copy number of mtDNA containing each mutant or
wild-type sequence was determined based on a standard curve
created by the reaction of a known amount of plasmid containing
the mtDNA fragment (np 3171-3350) with each wild-type or mu-
tant sequence,

To identify the 3242G > A transition, we amplified the 126-bp
PCR fragment with the forward and mismatched primers and di-
gested the fragment by Sacl. If the fragment did not have the
3242G > A base change, then 108- and 18-bp cleaved fragments
would be obtained. Each fragment was detected in a 4% agarose
gel (Nusieve 3:1 agarose; Bio-Whittaker Molecular Applications:
Rockland, ME, USA) stained with ethidium bromide.

2.4. Biochemical studies of primary cultures and transmitochondrial
cell lines

Primary skin fibroblasts were obtained from patients 1 and 2,
and myoblasts could be obtained only from patient 2. The fibro-
blasts and myoblasts were grown in DMEM/F-12 medium with
20% fetal bovine serum (Invitrogen Corp. Carlsbad, CA, USA).

Transmitochondrial cel} lines (cybrids) were obtained by poly-
ethylene glycol fusing of enucleated fibroblasts from both patients
with human osteosarcoma 143B/TK- cells lacking mtDNA (King
and Attardi, 1989). Twenty clones derived from patient 2 were se-
lected from a uridine-lacking medium and employed to measure
ATP synthesis and enzymatic activity of individual mitochondrial
respiratory complexes. The DNA was extracted from each clone
for the quantification of the proportions of the 3244G > A muta-
tion. Cybrid cells derived from patient 2 were used to measure
enzymatic activity of individual mitochondrial respiratory com-
plexes and for blue native polyacrylamide gel electrophoresis
(BN-PAGE).

The methods to measure ATP synthesis in digitonin-permeabili-
zed fibroblasts, myoblasts, or cybrids is described elsewhere
(Komaki et al., 2003), along with several modifications of a method
reported by Robinson (Robinson, 1996).

Enzymatic activity of individual mitochondrial respiratory com-
plexes was performed on isolated mitochondria obtained from cul-
tured 5 x 10° cybrid and 143B/TK-cells according to Trounce et al.
with modifications (Trounce et al., 1996). The activities of com-
plexes I, IV, and citrate synthase were measured by spectrophoto-
metric assays as described. All samples were measured at least in
duplicate and averaged.

Table 1
Fluoroeenie probes mid amplification primers for real-time PCR.

Fluorogenic probes sequence Primer sequence

Wild 5" {FAM)-TGGCAGA GCCCGGT- Forward 5~

(MGB) p3’ CCACCCAAGAACAGGGTTTG-3'
Mutant 5 (VIC)}-TGGCAGAACCCGGT- Reverse 5'-

(MGB) p3’ GGTTGGCCATGGGTATGTTIG-3

The underlined positions corresponded te np 3244. MGB: minor groove binder.
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2.5. BN-PAGE and Western blot for immunodetection

Mitochondrial proteins were isolated from cultured 143B/TK-
cells and cybrids derived from patient 2 (3-6 x 10°% cells)
(Nijtmans et al., 2002). The mitochondrial proteins (100 pg) were
solubilized in sample buffer (Invitrogen) containing 0.5% (w/v) n-
dodecyl-B-d-maltoside (DDM). Electrophoresis was performed on
3-12% polyacrylamide gels (Invitrogen) (Nijtmans et al., 2002;
D'Aurelio et al., 2006). Following BN-PAGE, the gels were soaked
in a transfer buffer (Invitrogen) and blotted onto polyvinylidene
fluoride (PVDF) membranes using the iBlot transfer system (Invit-
rogen) according to the manufacturer’s instructions (20 V, 7 min).
Subunit-specific mouse monoclonal antibodies (Molecular Probes)
were used to immunodetect protein complexes. The cocktail of pri-
mary antibodies included the 39kDa (complex I, 0.5 pg/mL),
70kDa (complex I, 0.5 pg/mL), core Il (complex III, 0.5 pg/mL),
subunit I (complex 1V, 2.5 pg/mL), and subunit B (complex V,
0.5 pg/mL). After removing the cocktail of primary antibodies,
the alkaline phosphatase-conjugated anti-mouse secondary anti-
body was reacted, and nitroblue tetrazolium chloride (NBT)-de-
rived chromogenic detection was performed. We determined the
appropriate conditions to solubilize the mitochondrial membranes
while preserving the intact respiratory chain complexes.

3. Results
3.1. Histopathological study

The histopathological study of the skeletal muscle from patient
1, at the age of 6 years, revealed the presence of numerous ragged-
red fibers (RRFs), i.e., =15% of the total fibers and some strongly
succinate dehydrogenase-reactive blood vessels (SSVs). The COX
stain revealed diffuse COX-negative fibers, whereas most of the
RRFs were reactive (Fig. 1B). In patient 2, at the age of 9 months,
there was increased subsarcolemmal accumulation of mitochon-
dria in many fibers, which suggested mitochondrial abnormalities,
but typical RRF, SSV, and COX-negative fibers were not detected
(Fig. 1C).

3.2. Molecular genetic studies

No large-scale mtDNA rearrangements were detected by the
long PCR method in either patient. Total mtDNA sequencing of
the muscle from patient 1 revealed 38 base changes compared
with the revised standard sequence (Table 2). According to the
MITOMAP database, 37 changes have been previously reported
as normal polymorphisms. One of the observed changes was a
G-to-A mutation at np 3244 in the mitochondrial tRNA < (UUR)
gene, and this change appeared to be heteroplasmic (i.e., both
the mutant and the wild-type genome were present) on electro-
pherograms (Fig. 2A). Real-time PCR amplification confirmed that
the percentage of mutant mtDNA in the patient’s muscle and
fibroblasts was 94% and 90%, respectively. In patient 2, total
mtDNA sequencing of muscle revealed 41 base changes compared
with the standard sequence (Table 3). According to the MITOMAP
database, 39 changes have been previously reported as normal
polymorphisms. We identified a 6481T > C base change that had
not been reported previously to the MITOMAP database; however,
we detected this base change in her healthy mother. We also de-
tected a G-to-A base change at np 3242 (Fig. 2B). This change was
confirmed by restriction fragment polymorphism and was re-
vealed to be homoplasmic (i.e,, only the mutant genome was
present) in the patient’s tissues, including blood, but was absent
in the blood of her healthy mother (Fig. 2C). Total mtDNA
sequencing of blood from the proband's mother revealed the
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Table 2
MIDNA sequence variants in patient 1.

Gene product . S ap Base-change . Amino acid change MitoMap database
D-loop . 73 Ato 6 : Reported po]ykmorphism
D-loop o 152 TtoC ‘Reported polymorphism
D-loop L 263 AteG . Reported polymorphism
Bileop - o 351 Insertion C Reported polymorphism
Dilogp - ; : 489 TtoC Reported polymorphism
12SFRNA L 750 AG Reported polymorphism
I6STRNA S o908 AG Reported polymorphism
}SS'rRN‘AV;; o 3010 GtoA Reported polymorphism
165 IRNA - 3206 CtoT Reported polymorphism
ERNA—Leu(UUR} : 3244 " GtoA o _Unreported
NADH dehydrogenase 2 | 4763 AtoG Synonymous Reported polymorphism
NADH dehydrogenase 2~ 4883 CwoT Synonymous Reported polymorphism
NADH dehydrogenase 2 5178 CtoA LtoM Reported polymorphism
Cytochrome c oxydased 7028 CtoT. Synornymous Reported polymorphism
ATP synthasea - 8414 - CtoT LtoF Reported polymorphism
ATP synthase a 8473 L Tie G Synonymous Reported polymorphism
ATP synthase 0 : 8701 i 3 AtoG ToA ‘Reported polymorphism
ATP synthase 0 8860 At G TtoA Reported polymorphism
Cytochrome ¢ oxydase 3 9540 TteC Synonymous Reported polymorphism
Cyfochr‘ome c oxydase 3 - 9524 Tto€ Synonymnious Reported polymorphism
NADH dehydrogenase 3 10308 AtoG TtoA Reported polymorphism
NADH dehydrogenase 3 . 10400 CtoT Synonymous Reported polymorphism
tRNA»Arg - L 10410 TtoC . Reported polymorphism
NADH dehydrogenase 4 o 10873 TtoC ‘Synonymous Reported polymarphism
‘NA‘DH dehydrogenase 4 11710 GtoA Synonymous Reported polym orphism
NADH dehydrogenase 5 = 12706 CtoT ~ Synonymous ‘Reported polymorphism
NADH dehydrogenase 6 - 140868 CtoT - Synonymous Reported polymorphism
Cyrochrome b - 14766 CtoT ltoT : Reported polymorphism
Cytochrome b 14783 : T?:a C Synonymaus ‘Reported polymorphism
Cytochrome b 14070 Twc ItoT Reported palymorphism
;Cyrochrqme b 15043 - GioA Synorlymous " Reported polymorphism
Cytochrome b 15301 . GtoA Synonymous 7 . _Reported polymorphism
Cytochrome b 15314 GtoA AT o - Reported polymorphism
Cyrochrome b 15326 AtG TwA Reported polymorphism
D-loop 16085 CtoT : Reported polymorphism
D-loop 161200 . GroA " Reported polymorphism
D-loope 10223 L CtoT ~Reported polymorphism
D-loop 110223 Tto€C Reported polymorphism
D-loop 10500 ToC Reported polymorphism

same polymorphisms except for the 3242G > A base change (data
not shown).

3.3. Biochemical studies

In patient 1, fibroblast ATP synthesis was significantly low
when pyruvate/malate or glutamate/malate were used as the
substrate (Fig. 2D), but the rate of synthesis was normal when
succinate or TMPD/ascorbate were added to the cells. These find-
ings revealed that fibroblasts derived from this patient had a
complex | deficiency. To confirm that the 3244 mutation was
pathogenic, we performed functional analysis of cybrids. We ob-
tained 20 clones with a different percentage of the heteroplas-
mic np 3244 mutation and performed ATP synthesis assays
using each clone. ATP synthesis was within the normal range
when the percentage of mutant DNA remained under 90%.
Clones carrying mutant mtDNA in high proportions, i.e. those
exceeding the threshold level of approximately 95%, lost their
ability to synthesize ATP when glutamate/malate or TMPD/ascor-
bate were used as the substrate (Fig. 2E,F). Moreover, analysis of
enzymatic activity for individual mitochondrial respiratory com-
plexes revealed that the activities of complexes I and Il were
apparently low in the cybrid cells carrying a high proportion of
mutant mtDNA, although they were normal in cybrid cells carry-
ing a low proportion of mutant mtDNA (Fig. 2G). These findings
indicated that extremely high levels of the mutation led not only
to a complex I deficiency, but also to complex IV andfor V
deficiencies.

In contrast, the fibroblasts and myoblasts of patient 2 showed
normal ATP synthesis (data not shown); however, her cybrid cells
had low levels of complex 1V activity (Fig. 2G).

3.4. Studies on assembly of respiratory chain enzymes

To understand the consequences of the 3242G > A mutation on
the composition of the respiratory chain, BN-PAGE analysis was
performed using the subunit-specific monoclonal antibodies on
equal amounts of mitochondrial proteins extracted from the same
number of mutant cybrids and human osteosarcoma 143B/TK-
cells. Also, the amount of assembled respiratory chain complexes
in cybrid clones carrying the 3242G > A mutation was estimated.
Compared with 143B/TK-, cybrids showed a reduced level of the
complex I-lI-IV supercomplex and an increase in the amount of
the complex I-1II supercomplex. The levels of the complex Il
homodimer and complex I were assessed as a loading control
(Fig. 2H).

4. Discussion

MELAS is a maternally inherited disorder typically character-
ized by onset before the age 15 years, lactic acidosis, episodic vom-
iting, seizures, migraine-like headaches, and recurrent cerebral
insults resembling strokes {Goto, 1995; Hirano and Pravlakis,
1994). The symptoms of patient 1, including the onset age, recur-
rent episodic vomiting, headache, hemiconvulsions, and severe lac-
tic acidosis, were consistent with the clinical spectrum associated
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Fig. 2. Molecular and biochemical analysis. (A) An electropherogram based on mtDNA sequencing from muscle specimens revealed a heteroplasmic G-to-A substitution at
nucleotide position 3244 (arrow) in the tRNAXY(VUR) gene of patient 1, and a (B) G-to-A substitution at nucleotide position 3242 (arrow) in patient 2. (C) Sacl digestion of the
mutant 3242G > A mtDNA is indicated by a 126-bp band. Wild-type mtDNA is indicated by the presence of a 108-bp band. M, molecular weight markers; lane 1, patient’s
muscle; lane 2, myoblast; lane 3, fibroblast; lane 4, blood; lane 5, mother’s blood; lane 6, wild-type control. (D) ATP synthesis in a digitonin-treated primary culture of
fibroblasts with 90% mutants. ATP synthesis was measured using the following combinations of substrates and specific inhibitors: a, none; b, pyruvate/malate; ¢, glutamate/
malate; d, succinate/rotenone; e, ascorbate/TMPD/antimycin. The results of this assay are expressed as nanomoles ATP per hour per milligram of cell protein. The control
values are presented as the mean 1 SD. ATP synthesis in 143B/TK- derived cybrid clones with various percentages of the 3244G > A mutation (open circles) and 143B/TK-
cells (closed circles). (E) Glutamate + malate was used as the substrate. (F) Ascorbate and TMPD were used as the substrates, and antimycin was used as an inhibitor. (G)
Activities of the respiratory chain complexes relative to citrate synthase in 143B/TK- cells and cybrid clones carrying the 3242G > A mutation (100% mutant) and the
3244G > A mutation (3% and 99% mutant). The figure to the right shows the activity of citrate synthase in these clones. CI, complex I; CIV, complex IV; CS, citrate synthase. (H)
Cl/ClII;/CIV supercomplex level decreases and Cl/Cll; supercomplex level increases in cybrid clones carrying the 3242G > A mutation (lane 2), compared to 143B/TK-cells
(lane 1). CI{CHI;/CIV, complex I-I11-1V supercomplex; Cl/Cill;, complex 1111 supercomplex; Clll;, complex il homodimer; Cll, monomeric complex I1.

with MELAS. Morphological analysis of the muscle biopsy also opathy, renal tubular dysfunction, cerebral atrophy, generalized
showed typical findings of MELAS. We detected diffuse COX-nega- hypotonia in infancy, and increased subsarcolemmal accumulation
tive fibers and numerous RRFs, some of which stained positive for of mitochondria in the muscle biopsy, which strongly suggested
COX activity, as has previously been reported in MELAS patients that she had a mitochondrial disease. However, the clinical picture
but not in those with other mitochondrial myopathies (Goto and pathological findings were apparently different from MELAS.

et al., 1992). We also observed SSVs, which is an important finding The underlying molecular defects involved in these cases were
in MELAS patients (Hasegawa et al,, 1991). Patient 2 showed multi- distinct from the common causes of mitochondrial disorders
ple tissue involvement including severe lactic acidosis, cardiomy- including MELAS. Here, none of the previously reported pathogenic
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Table 3
MIDNA sequence variants m patient 2.
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MitoMa pkf database

Gene product np- Base change Amino acid change

D-laop 73 Ao G Reported polymorphism
D-loop 152 TtoC Reported polymorphism
D-loop 263 AtoG - Reported polymorphism
D-loop 303 insertion C Reported polymorphism
D-loop 311 Insertion € Reported polymorphism
D-loop 480 Tl Reported polymorphism
125 rRNA 750 AtoG Reported polymorphism
125 rRNA 1438 AtoG Reported polymorphism
165 rRNA 2706 AtOG Reported polymorphism
165 TRNA 3010 GtoA Reported polymorphism
165 TRNA 3208 CtoT Reported polymorphism
tRNA-Letu{UUR) 3242 GtoA Unreported: :
NADH dehydrogenase 2 4760 Ato G Synonymous * Reported polymorphism
NADH dehydrogenase 2 4883 CtoT. Synonymous Reported polymorphism
NADH dehydrogenase 2 5173 CtoA LtoM Reported polymorphism
NADH dehydrogenase 2 5201 GoA AtoT Reported polymorphism
Cytochrome ¢ oxydase [ 6481 TtoC VoA Unreported .
Cytochrome ¢ oxydase | 7028 CroT Synonymous Reported polymorphism
ATP synthase 8 8414 CtoT LtoF Reported polymorphism
ATP synthase § 8473 TtoC Synonymous Reported polymorphism
ATP synthase 6 3701 AteG TtoA Reported polymorphism
ATP synthdse 6 8860 AtoG TtoA Reported polymorphism
Cytochrome ¢ oxydase 3 8540 TtoC Synonymous Reported polymerphism
NADH dehydrogenase 3 10,308 AtoG TtoA Reported polymorphism
NADH dehydrogenase 3 10400 CtoT Synonymous _ Reported polymorphism
tRNA-Arg 4 10410 TtoC gE e Reported polymorphism
NADH dehydrogenase 4 10873 TtoC Synonymous. Reported polymorphism
NADH dehydrogenase 4 11,710 GioA Synonymous Reported polymorphism
NADH dehydrogenase 5 12,706 CtoT Synonymous Reported polymorphism
NADH dehydrogenase 6 14,068 CtoT Synonymous Reported polymorphism
Cytochromeb = 14,766 CroT ltoT " Reported polymorphism
Cytochrome b 14,783 TtoC Synonymous Reported polymorphism
Cytochrome b 14870 TtoC ftoT Reported polymorphism
Cytochrome b 15,043 GwoA Synonymous: Reported polymorphism
Cytochrome b 15,301 GtoA Synonymous Reported polymorphism
Cytochrome b 15314 GtoA AtoT . Reported polymorphism
Cytochrome b 15,320 AtoG TtoA Reported polymorphism
D-loop g 16,120 GroA : Reported polymorphism
D-loop 16,223 CtoT Reported polymorphism

The T6451C base change was observed in a healthy mother of patient 2.

mutations of mtDNA were found, but we did identify base changes
adjacent to the 3243A > G mutation, which is the most common
mutation in MELAS patients, including a 3244G > A transition in
patient 1 and a 3242G > A transition in patient 2 (Fig. 3A). The
3244G > A and 3242G > A base changes have not been reported
clinically, but as a somatic mutation in gastric carcinoma (Habano
et al., 2000) and in the bone marrow of a patient with myelodys-
plastic syndrome (Gattermann et al.,, 2004), respectively.

Several lines of evidence support a causal association between
the 3244G > A base change mutation and MELAS. First, this base
change was not observed in over 200 normal individuals. Second,
the 3244G > A transition disrupted a highly conserved nucleotide
in the tRNA structure (Fig. 3B). Third, most mutations in typical
cases of MELAS were located in the same tRNA gene, including
the 3271T>C (Goto et al.,, 1991), 3291T > C (Goto et al., 1994),
3252A > G (Morten et al., 1993), and 3260A > G mutations (Nishino
et al., 1996). Moreover, the 3244G > A base change was located
adjacent to the most common mutation in MELAS patients,
namely, the 3243A > G mutation (Fig. 3A). Fourth, this mutation
existed under heteroplasmic conditions, which is a common fea-
ture of pathogenic mtDNA mutations. Finally, a functional analysis
of cybrids revealed a significant decrease in the respiratory chain
function, which was observed in cells with a relatively high per-
centage of mutant mtDNA. The results of these assays indicated
deficiencies of complexes I and IV and a threshold effect of mutant
load on respiratory chain enzyme activity, which has often been
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observed in MELAS patients carrying the 3243A>G mutation
(Goto, 1995; Koga et al., 1995).

In patient 2, 6481T > C and 3242G > A base changes were de-
tected; these polymorphisms were not reported previously. The
65481T > C change resulted in the replacement of valine with ala-
nine; however, we detected this base change in her healthy
mother. Therefore, it is reasonable to conclude that this base
change is not pathogenic. In patient 2, the 3242G > A base change
existed in all tissues in a homoplasmic condition, which is different
than the 3244G>A or the more common 3243A>G mutation
(Fig. 2C), thus making its pathogenicity difficult to confirm. How-
ever, there is evidence, including the biochemical defects in cybrid
cells, to support the pathogenicity of this base change (Chinnery
et al., 1999; McFarland et al., 2004). First, this transition was seg-
regated with the disease; it was not detected in more than 200 nor-
mal individuals. Moreover, it was not detected in the blood of her
healthy mother, although the base change was present in blood of
the proband (Fig. 2C). Second, the 3242G > A transition affected a
highly conserved position in the tRNAL"(VUR) gene (Fig. 3B). Third,
pathogenic mutations of several mitochondrial diseases have in-
volved the dihydrouridine (DHU) stem of this tRNA (Kawarai
et al, 1997; Nishigaki et al., 2003; Hao and Moraes, 1996). It is
important to note that the DHU stem appears to be a rather weak
structure and might thus be more prone to alterations leading to
structural disturbances. The 3242G > A transition can alter the sec-
ondary and possibly the tertiary structure of the DHU-stem due to
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A B
5 A:f Acc-stem D-stem D-loop D-stem

Patent 1 GTTAAGA TG GCAG ABICCGGTAA TCGC
Patient 2 GTTAAGA TG GCAA] AGCCCGGTAA TCGC
Homo sapiens GTTAAGA TG GCAG AGCCCGGTAA TCGC
Balaenoptera musculus GTTAAGA TG GCAG AGCCCGGTAA TCGC
Bos taurus GTTAAGG TG GCAG AGCCCGGTAA TTGC
Didelphus virginiana ATTAAGG TG GCAG AGAAGGTAA TCGC
Equus caballus GTTAAGG TG GCAG AGCCCGGAAA TTGC
Gonlla gonilla GTTAAGA TG GCAG AGCCCGGTAA TCGC
Hylobates lar GTTAAGA TG GCAG AGCCCGGCAA TTGC
I Mus musculus ATTAGGG TG GCAG AGCCAGGAAA TTGC
Yo Oryctolagus cunkulus GTTAAGG TG GCAG AGCCLGTAA  TTGC
Pan troglodytes GTTAAGA TG GCAG AGCCCGGTAA TTGC
DHU-stem A—T Pongo pygmaeus GTTAAGA TG GCAG AGCCCGGTAA TTGC
e Rattus norvegicus ATTAGGG TG GCAG AGCCAAGTAA TTGC
C A Xeno laevis GCTAGCG TG GCAG  AGCCTGGTAA TGCG

T A

TAA

Fig. 3. (A) Secondary structure of the human mitochondrial tRNA"“"® gene and positions of the 3242G > A, 3243A> G, and 3244G > A mutations. (B) Comparison of
mitochondrial tRNAM"YR) among several species. 3242G > A and 3244G > A mutations are boxed.

“strengthening” of the stem by the formation of an additional A-U
pairing instead of the well-conserved C-U pair (Helm et al., 2000)
(Fig. 3A). Fourth, a somatic mutation of the 3242G > A was recently
detected in CD34+ bone marrow cells, but not in peripheral blood
cells (Gattermann et al., 2004). The authors supported the pathoge-
nicity of this mutation, which they thought was associated with a
maturation defect, and that the dysfunction of the mitochondria
carrying the mutation contributed to ineffective hematopoiesis in
their patient. Finally, we found that the cybrid cells carrying the
3242G > A mutation derived from patient 2, which excluded any
influence of nuclear genes, revealed the functional defect of the
mutation; the enzymatic activity of complex IV was apparently
low in cybrid cells and the BN-PAGE analysis of the cybrid cells
showed a reduced level of the complex I-1II-IV supercomplex
and an increase in the complex I-1ll supercomplex. Recently, an
abnormal respiratory supercomplex was reported in a human dis-
ease (McKenzie et al., 2006). They proposed that unstable respira-
tory chain supercomplexes affect respiratory activities and
subsequent pathology. In our case, the above findings suggest that
the destabilization of the supercomplex due to the dissociation of
complex IV is related to the activity of complex IV.

Point mutations at many of the 75 nucleotides in the tRNA
LeulUUR) gene have been associated with several distinct mitochon-
drial diseases with variable phenotypes ranging from pure myopa-
thy to multisystemic disorders such as MELAS (Campos et al.,
2001; Hadjigeorgiou et al., 1999; Goto et al., 1990; Sevidei, 2002;
Moraes et al., 1992; Seneca et al., 2001; Jaksch et al., 2001). How-
ever, the reasons for the differences between the genotypes and
phenotypes are not clear. The novel 3244G > A mutation empha-
sizes the crucial role of tRNA"UUUR) dysfunction in the pathogene-
sis of MELAS. Because its biochemical effects were similar to those
of the 3243A > G mutation, this portion of the tRNA gene is likely to
be very important for the maintenance of tRNA function. However,
the effects of the 3242G > A base change in the DHU stem on the
clinical phenotype, pathological findings, and biochemical func-
tions are different from those of the 3243A > G mutation. Because
both novel base changes are adjacent to the common 3243A> G
mutation, these different effects may be a key to clarify the molec-
ular pathogenesis of mitochondrial disorders including MELAS.

Regarding the pathogenesis of the tRNA*UUR) gene mutations
including the 3243A > G mutation, several groups have pointed out
the possibility of an abnormality at the transcription level, because
these mutations occur in a control region responsible for the termi-
nation of transcription at the end of rRNA genes (Hess et al., 1991;
King et al., 1992). Other groups have demonstrated that this type of
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mutant tRNA may be functionally deficient {Yasukawa et al., 2000:
Chomyn et al., 2000). One of the groups revealed a specific correla-
tion between the modification deficiency in mutant tRNA and the
clinical features of mitochondrial disorders (Kirino et al., 2005).
They reported that mitochondrial tRNA™*®(UUR) harhoring muta-
tions, such as the 3244G > A transition, detected in tissues from
patients with symptoms of MELAS lacked the normal taurine-con-
taining modification at the anticodon wobble position. In contrast,
mitochondrial tRNA 'MUR with mutations, including the
3242G > A transition, detected in patients that have mitochondrial
diseases but do not show the MELAS symptoms had the normal
modifications. Further investigations of the different effects of
the np 3244 and np 3242 base changes on the phenotypes and
the similarities shared by the np 3243 and 3244 base changes
may provide clues for elucidating the actual impact of tRNA
Leu(UUR) gene mutations on the phenotypic expression of MELAS.
The present results can contribute to a better understanding of
tRNA function and provide insight into the complicated issues sur-
rounding the association between genotype and phenotype in
mitochondrial disorders.
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Autophagy is an evolutionarily conserved intracellular mecha-
nism for the degradation of organelles and proteins. Here
we demonstrate the presence of perinuclear autophagosomes/
autolysosomes containing nuclear components in nuclear envel-
opathies caused by mutations in the genes encoding A-type
lamins (LMNA) and emerin (EMD). These autophagosomes/
autolysosomes were sometimes bigger than a nucleus. The
autophagic nature is further supported by upregulation of
LC3-1I in Lmnat?222P/H222P fhioblasts. In addition, inhibition
of autophagy led to the accumulation of nuclear abnormalities
and reduced cell viability, strongly suggesting a beneficial role of
autophagy, at least in these cells. Similar giant autophagosomes/
autolysosomes were seen even in wild-type cells, albeit rarely,
implying that this “nucleophagy” is not confined to the diseased
condition, but may be seen even in physiologic conditions to
clean up nuclear wastes produced by nuclear damage.

Introduction

Nuclear envelopathies refer to disorders caused by mutations
in the genes encoding nuclear envelope proteins, such as A-type
lamins (LMNA) and emerin (EMD). LMNA mutations are
known to cause a heterogencous group of disorders collectively

called as laminopathies, which encompass autosomal dominant
and recessive forms of Emery-Dreifuss muscular dystrophy (AD
and AR-EDMD), limb girdle muscular dystrophy type 1B
(LGMD1B), cardiomyopathy with conduction defects, partial
lipodystrophy, Charcot-Marie-Tooth disease type 2, and premature
aging syndrome.'? EMD mutations are causative for emerinopa-

thies, a group of disorders that include X-linked EDMD, LGMD,
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cardiomyopathy with conduction defects, and familial atrial
fibrillation.10-13

Because lamins form a protein meshwork of nuclear lamina at
the nucleoplasmic side of inner nuclear membrane and have an
important role in the maintenance of nuclear architecture, muta-
tons in LMNA are thought to cause nuclear membrane fragilicy.
This phenomenon is expected especially in skeletal and cardiac
muscle cells which are constantly subjected to repeated mechanical
stress. Loss of A-type lamins has been implicated to impair nuclear
mechanics and increase nuclear fragilicy.!%!> Loss of emerin, an
inner nuclear membrane protein, could also lead to structural
instability of nuclear membrane; emerin binds to several structural
proteins in nucleus such as lamins, nesprins and nuclear actin, and
can promote actin polymerization in vitro.!6-19

In skeletal and cardiac muscles from patients with laminop-
athy and emerinopathy, various nuclear abnormalities have been
observed, which are mainly composed of alteration in nuclear
shape and emphasizing the role of lamins in the maintenance
of nuclear integrity.?%4 We recently demonstrated the presence
of unique perinuclear vacuolar structures in the skeletal and/or
cardiac muscles from laminopathy patients and emerin-null mice
under electron microscopy,?"?> but neither the nature of these
structures nor their role in disease pathomechanism have ever been
clarified. As most of these vacuolar structures contained amorphous
and electron-dense materials resembling myelinated materials, we
suspected that these are actually autophagic in nacure.

Macroautophagy is a well-conserved molecular mechanism
for the bulk degradation of organelles and proteins.?®28 During
autophagic process a double-membraned structure, the so-called
phagophore or preautophagosome, randomly engulfs cytosolic
components and cellular organelles. It is enclosed to form the
so-called autophagosome, which is then fused with lysosome
enabling intra-autophagosomal components to be degraded by
lysosomal hydrolases.?

Recently it has been alluded to that the autophagic process
is also responsible for selective degradation of specific cellular
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components; for instance, pexophagy works to
decrease the number of peroxisome adapting to
environmental changes in yeast, while mitophagy
and ER-phagy have been suggested to degrade
damaged mitochondria and overstressed endo-
plasmic reticulum, respectively.2-3!

In this study, we show that the perinuclear
vacuolar structures are actually giant autophago-
somes/autolysosomes involved in the degradation
of damaged nuclear components, extending the
concept of macroautophagy in various cellular
organelles to include the nucleus.

Results

Perinuclear vacuolar structures observed in
skeletal and cardiac muscles of human and
mouse nuclear envelopathy. Electron micro-
scopic observation of skeletal muscles from
patients with laminopathy revealed perinuclear
vacuolar structures in ~10% of myonuclei.?!
Most of these structures were consistently found
in close proximity to the irregularly-shaped
nuclei which also contained disorganized chro-
matin structures. These vacuolar structures
varied in size from 1.5 to 5 m in diameter, and
were observed to contain either diffuse granular,
honeycomb-like or dense amorphous materials
within multiple layered and folded membranes
(Fig. 1A and B). Similar structures were also
observed near the nuclei of nonmuscle cells from
muscle specimens (Fig. 1C).

Perinuclear vacuolar structures were also
detected in skeletal and cardiac muscles from
different mouse models of nuclear envelopathies
including emerin lacking Emd - (89 weeks of
age),?® A-type lamin-deficient Lmna’- (10 weeks),
and homozygous knock-in LmnatT222P/H222P (94
weeks) mouse models (Fig. S1), and also in skin
fibroblasts from 10-week-old Lmnat1222P/H2220
mouse (Fig. 1D).

Electron microscopic observation of Lmnat1222P/H222P \EF,

For further characterization of nuclear changes, we used mouse
embryonic fibroblasts (MEF) obtained from Lmnat1222P/H222P
mice. In these cells, nuclei had markedly irregular shape, and in
addition small particles with similar electron density to nucleus
were seen (Fig. 2A, arrow). In some areas, there was blurring of the
nuclear membrane, probably suggesting the disruption of nuclear
membrane, where small circular structures were accumulated (Fig.
2A, arrowheads). Vacuolar structures from 3 to 7 Wm in diameter
were frequently found in the cytoplasm, especially near the blurred
nuclear membrane, and appeared to fuse with one another (Fig.
2B). These vacuolar structures were mostly single- or double-
membraned although in some cases it was difficult to recognize
clear membranous structures (Fig. 2B and C). Smaller electron-
dense vesicles were also much increased over the cytoplasm but
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Figure 1. Electron microscopic observation of perinuclear vacuolar structures in skeletal
muscles from patients [A-C) and skin from Lmnat222P/H222P ymoyse (D). (A-C) Perinuclear vacu-
olar structures of variable diameter usually contain myelinated (arrows) and dense amorphous
materials {arrowhead) in muscle (A and B) and nonmuscle cells in skeletal muscle specimens
(C) of patients with AD-EDMD/LGMD1B. (D] In the skin obtained from 10-week-old Lmna222F/
H222P moyse, similar perinuclear vacuolar structures are observed. Bars, 0.5 um.

more highlighted around large vacuolar structures (Fig. 2C and
D). The contents of vacuolar structures were variable from gran-
ular substances to pieces of amorphous materials, but a few were
empty (Fig. 2E-H).

Nuclear shape of cultured Lmna222P/H222P MEE. To char-
acterize perinuclear vacuolar structures by in vitro analysis, we
performed immunocytochemistry on Lmna!T222PIH222P \[EF using
antibodies against nuclear envelope proteins (e.g., lamins A, C and
B, emerin and LAP2). The nuclei had markedly irregular shape
and, in addition, single or multiple blebs and nuclear herniation
were seen in 21 + 1.8% of Lmna'???PH222P cells (Fig. S2), similar
to previous reports on fibroblasts from patients with LMNA muta-
tions.3>3% Nuclear envelope proteins were intensely stained at bleb
sites (Fig. S2, arrowheads). Moreover, various-sized DAPI positive
particles were often identified in the cytoplasm around nuclei
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Figure 2. Electron microscopic findings of perinuclear
vacuolar structures in Lmnafi222P/H222P MEF. (A)] A
particle with similar electron density to the nucleus is
detected near the nucleus (arrow). A part of nuclear
membrane is blurred suggesting the disruption of
nuclear membrane, where small circular structures are
present (arrowheads). Vacuolar structures are identi-
fied near the nucleus, especially around the ruptured
nuclear membrane. (B-D) Some cells contained mul-
tiple double- or single-membraned vacuolar structures
together with electron dense smaller vesicles. {E-H)
The contents of vacuolar structures are variable show-
ing granular substances that fills the whole vacuole,
or pieces of amorphous particles. A few are empty.
Bars, 0.5 um.

(Fig. S2, arrows). On the other hand, most of
the wild-type cells displayed clearly round shape
of nuclei; small blebs were identified only in less
than 1% of the cells, and DAPI-positive particles
were rarely seen outside nuclei.

Round-shaped LC3-positive signals close
to the nuclei in Lmnat222P/H222P NMEE As we
have insinuated thart the vacuolar structures near
the nuclei observed under electron microscope
could be autophagic in nature, we performed
immunocytochemical analysis of microtubule-
associated protein 1/light chain 3 (LC3) in
Lmnat222PIH222P fioblasts. LC3 is a homo-
logue of yeast Atg8 and is commonly used as a
marker of autophagy because it decorates inner
and outer membranes of autophagosome.34 In
about 10% of Lmna!1222P/H222P

istically round LC3-positive signals were detected

cells, character-

near or attached to the nucleus. The part of
nuclear membrane interfacing with LC3-staining
was sometimes strongly stained with lamins and
emerin (Fig. 3A, arrow). Similar findings were
also observed in Lmna™ fibroblasts.

Large-sized, round-shaped GFP staining
close to nuclei in Lmna™??2PH222P/QEP_1C3
MEE To further characterize the autophagic
nature of these perinuclear structures, we
produced Lmna???PIH222P/GEP-[C3 transgenic
mice. Green fluorescent protein-tagged-LC3
(GFP-LC3) transgenic mouse model has been
developed for in vivo analysis of autophagy.?> On
immunocytochemistry, MEF from Limna2?2F
H222P/GFP-LC3 mice showed similar frequency
of abnormally-shaped nuclei to Lmna222P/H222P
cells. In addition, perinuclear round GFP-positive
staining, sometimes bigger than the nuclei, were
detected in about 10% of observed cells whereas
it was rarely seen in wild-type/ GFP-LC3 cells
under similar standard culture condition. In
addition, these GFP-positive perinuclear signals
were almost completely colocalized with LC3 in
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Lmna222PIH222P)GEP-[C3 cells (Fig. 3B), being diffusely distrib-
uted over or outlining GFP signal.

As the activation of autophagy is induced by the upregulation
of certain molecules, we examined the expression of other known
autophagy-related proteins in Lmnat222PIH222P[0EP_[C3 fibro-
blasts to know whether similar machinery to macroautophagy is
working in these cells. In a considerable number of cells, the peri-
nuclear GFP-positive signals colocalized with Atg5 and Atgl6L
(Fig. 4A), which are known to participate in the initiation of
phagophore (or preautophagosome) formation in mammalian
cells.3® Along the border of the perinuclear GFP-positive signals,
we observed positive immunoreaction to Atg9 (Fig. 4B), which
is associated with phagophore expansien.37 The GFP signals also
colocalized with Rab7 (Fig. 4C), which is known as a small GTPase
protein associated with autophagosome maturation.’® We also
checked the involvement of lysosomes, and found that LAMP2,
a lysosomal membrane protein, was identified around and inside
GFP-positive staining (Fig. 4D); this finding was confirmed by
the colocalization of GFP signals with Lyso-Tracker® which marks
lysosmes (Fig. 4E). With these findings, we can consider that the
large perinuclear GFP signals are giant autophagosomes/autolyso-
somes.

Intriguingly, GFP-positive autophagosomes/autolysosomes
contained extranuclear DAPI with variable staining intensity from
intense to blurred or faint (Figs. 3-5). These DAPI signals were
colocalized with histone H1 (Fig. 5A), but were rarely co-stained
with nuclear envelope proteins such as lamin A and B (Fig. 5B
and C), indicating that these are actually extranuclear and may
indicate damaged DNA. We therefore immunostained with anti-
YH2AX, a marker of DNA double-strand breaks caused by various
insults which is known to have certain roles in the recognition
and repair of damaged DNA.?? Some of the extranuclear DAPI
signal was colocalized with YH2AX and contained in GFP-positive
autophagosomes/autolysosomes (Fig. 5D, arrowhead). YH2AX was
detected also in intranuclear portions, mainly in bleb sites (data not
shown). These results suggest that extranuclear damaged DNA is
destined for autophagic degradation. On the other hand, we could
not find any overlap staining of LC3 and DAPI in rarely observed
markedly fragmented nuclei with YH2AX staining, although LC3
positive signals can be seen in the cytoplasm (Fig. 5E).
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Figure 3. Perinuclear LC3 staining in
LmngH222P/H222P o1 d [ mpaH222P/H222P/

GFP-LC3 MEFs. (A} In Lmnat222P/H222P
MEF, a large-sized and round-shaped LC3-
positive vacuolar structure is seen with stron-
ger marginal dotlike staining. DAPl-positive
materials are included within. Emerin is
more strongly stained in the part of nuclear

membrane interfacing with the LC3-positive
structures (arrow). (B} In LmnaHi222P/H222P /

GFP-LC3 MEF, LC3 signal is defected with
the GFP.

Notably, in wild-type/ GFP-LC3 cells, similar autophagosomes/
autolysosomes containing extranuclear DAPI signals were likewise
observed, but with rare frequency of less than 0.1%.

Both LC3-II protein amount and transcriptional level of
Maplc3b were increased in Lmna/¥222P/H222P MEE. On immu-
noblotting analysis, the protein amount of LC3-II, which is a
lipidated form of LC3 and a marker of autophagosome forma-
tion, was significantly increased in Lmnal™??P/H222P compared
with wild-type cells (Fig. 6A). Because an increased amount of
LC3-1I could be interpreted either as increased autophagy influx or

40 we quantified the amount

blocked autophagosome maturation,
of LC3-1I with or without lysosomal protease inhibitors (pepstatin
A and E64d). LC3-11 in Lmna'222P/H222P |5 was much increased
with lysosomal inhibitors (Fig. 6A), implying that the increased
LC3-1I amount is due to enhanced autophagy influx and not due
to impedance of autophagosome maturation.

This increase in LC3-1I protein might be also due to transcrip-
tional upregulation of Maple3b encoding a major form of LC3.
By quantitative real-time PCR of Maplc36, we observed that the
transcriptional level of LC3 was significantly higher in Lmna!™22"
H2z22p compared with wild-type MEF (Fig. 6B, p = 0.0141);
relative copy number of LC3 mRNA in Lmna?22P/H222P NEFR
was 1.36 times when standardized by G3PDH transcriptional
level.

Inhibition of autophagy increased the frequency of nuclear
abnormalities and decreased cell viability in Lmnal1222P/H222P
MEE To elucidate the role of autophagy in Lmna!1222P/H222P
we inhibited autophagy by using 3-methyladenine (3-MA) and
wortmannin. Autophagy was efficiently inhibited as the amount of
LC3-11 was notably decreased both in wild-type and Lmnal?222/
H222P el (Fig. 7A).

The number of LC3-positive autophagosomes was significantly
decreased in the treated Lmna222P/H222P cells compared with the
untreated cells (Fig. 7B, p < 0.0001). Moreover, LC3 staining was
virtually absent in the treated cells, even in nuclei with markedly
irregular shape and with extranuclear DAPI signals, whereas it was
often presented in untreated cells (Fig. 7C, upper). In addition,
the number of cells with markedly irregular nuclei and/or extra-
nuclear DAPI, as represented in Figure 7C, was much increased

when autophagy was inhibited: the percentage of cells with nuclear

cells,
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Lyso-Tracker

Figure 4. Involvement of autophagy-related proteins and LAMP2, and Lyso-Tracker® probe staining in LmngM222P/H222F /GFPIC3 MEF. Atg5 (A), Aig9
(B}, Rab7 (C) and LAMP2 (D} are all remarkably stained in/around the GFP-positive structures. (E) Llyso-Tracker® is highlighted and localized with the

GFP-positive structures near nucleus.

deformation was 6.7 + 1.2 and 9.8 + 1.6 (mean = SD), and cells
with single or multiple extranuclear DAPI was 8.3 + 0.9 and 14.9
+ 1.5 in untreated and treated cells, respectively (Fig. 7D). The
difference between the two groups was statistically significant (p =
0.0008) after treatment.

We also checked mean survival rate by staining viable and
dead cells in untreated wild-type (0.88), treated wild-type (0.83),
untreated Lmna222P/H222P (0 87) and treated Lmnal222F/H222P
(0.72) cells (Fig. 7E). When autophagy was inhibited, the survival
rate of LmnatP222PIH222P cells was significant decreased (p =
0.0029) as compared to wild-type cells. This result implies that

autophagy could have a beneficial effect on cell survival.

www.landeshioscience.com
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Discussion

Here we provide evidence that a part of the nucleus is degraded
by autophagy when nuclei are damaged and/or partially extruded
into the cytoplasm as frequently observed in nuclear envelopathy.

In Lmnat?222P/H222P)0EP [ 03 MEF, GFP-positive signals were
presented near nuclei, which were proved to be identical to
LC3-positive autophagosomes. The difference in staining pattern
between GFP and LC3 despite their essential identity is probably
due to the accumulation of GFP that is resistant to lysosomal
hydrolase. Further immunostaining of other autophagy-related
proteins (i.e., Atg5, 16L, 9 and Rab7) and LAMP2 confirmed
that the GFP-positive signals are ultimately autophagosomes and
autolysosomes. Our findings indicate that the autophagosomes

Autophagy 799
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Figure 5. Characterization of nuclear components contained in the GFP-positive autophagosomes on immunocytochemistry. [A-C) GFP-positive autopha-
gosomes with variable sized are seen close fo the nuclei, and most of which are partially colocalized with DAP! signals outside of nucleus. Extranuclear
DAPI signals in the GFP-positive autophagosomes are positive for histone H1 (A}, but not for nuclear envelope proteins such as lamin A and B (B and
C). (D) Extranuclear DAPI signals with GFP staining are positive for YH2AX (arrowhead). (E] Nuclear fragments with scattered yH2AX staining are nega-

tive for LC3.

appear to degrade the extruded nuclear components since most of
them contained extranuclear DAPI and major histone protein H1
within. Irregularly blurred or faint DAPI or H1 signals inside the
autophagosomes/autolysosomes substantiate that nuclear compo-
nents are being degraded by autophagic process. The target of
autophagy is probably the damaged portions of nuclei as demon-
strated by YH2AX immunostaining.

Electron microscopic observations of Lmna
demonstrated that autophagosomes were clustered and lysosomes
fused to form giant autophagosomes, which were sometimes
bigger than nuclei. Giant autophagosomes are quite unusual and
are rarely seen in starvation-induced autophagy, where the size is

H222P/H222P ]|

800 Autophagy

about 1 wm.? Similar large-sized (5 to 10 Um) autophagosomes
has been reported to encircle bacteria in Hela cells under group
A streptococcus infection although the mechanism to form such
glant autophagosomes was not clarified.4! From our findings it
can be suggested that the formation of giant autophagosomes may
be required for the degradation of large molecules, such as a part
of nucleus.

We propose that Lmnal™222P/H222P
lamina structure and frequently subjected to mechanical stress,
subsequently become damaged and would apparently require
(giant) autophagosome for degradation by lysosomal enzymes.
Thus, it seems that this nuclear autophagy is consistent with

nuclei, having incomplete
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Figure 6. Immunoblotting analysis of LC3 and quantitative
realtime PCR of Maplc3b. {A) The amount of LC31 is high-
ly increased in Lmnat222P/H222P cells, and which gets more
increased with the treatment of lysosomal protease inhibi-
tors (pepstatin A and E64d), suggesting that autophagy is
markedly activated in the diseased cells. (B) By quantitative
realtime PCR of Maplc3b, the transcriptional level of LC3
is represented to be significantly increased in Lmnat222P/
H222P MEF compared with wildtype (p = 0.0141). WT-UT,

untreated wildtype; WT-T, treated wild-ype; H-UT, untreat-
ed LmngM222P/H222P. HT treated LmnaH222P/H222P glfs.

macroautophagy in terms of its morphology and
machinery used. On the other hand, piecemeal
microautophagy of nucleus (PMN) has been recently
reported in S. cerevisiae, which is induced by nutri-
tional depletion or rapamycin stimulation. During
PMN velcro-like patches are formed by the interac-
tion between vacuolar membrane and outer nuclear
membrane at nonessential portions of nuclei.*2 PMN
is morphologically categorized as microautophagy
because nuclear components are directly engulfed
forma-

by vacuoles without

A

LC3-
LC3-l

Actin =

WT-UT H-UT WTT H-T

LUC3-HtActin Ratio
-
o
§

tion of vesicular intermediates,

ie., autophagosome.43’44 This
concept was further supported
by a recent investigation that
elucidated the core machinery on
PMN.# Because derailed under-
lying molecular mechanism is still

Ho. of vacuole (%)

Autophagic Vacuoles

Figure 7. Changes in nuclear
abnormalities  and  cell  survival
rate after autophagy inhibition.

{A) Immunoblotting analysis of LC3
shows that LC3-l is decreased after
autophagy inhibition in wild-type and
LmngH222P/H222P clls. (B) In freated
Lmnat222P/H222P  cells,  autophagic
vacuoles are significantly decreased
compared with untreated cells (p <
0.0001). (C) On immunocytochemistry
of LC3 (red), lamin C (green) and DAPI
[blue}, the treated Lmnaf222f/H222P
cells rarely show LC3 staining where-
as unireated cells frequently display
perinuclear autophagosomes (arrows,
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upper}. With autophagy inhibition,
cells present severe deformation of
nuclei and multiple extranuclear DAPI
(lower). (D) The number of cells with
markedly irregular shaped nuclei and
extranuclear DAPI is much increased
by autophagy inhibition {p = 0.0008}
[E) Cell viability assay represents
the decreased cell survival rate in
LmnaH222F/H222P cells by autophagy
inhibition compared with wildtype
cells [*p = 0.0029). WT, wild+ype;
H, LmngH222P/H222P. JT  ynireated;
T, treated.
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unclear, we could not completely exclude the possible involvement
of microautophagy for degradation of nuclear blebs observed in
Lmn ﬂH222P/H222P cells.

The activation of autophagy in Lmna cells is
supported by the finding of increased amount of LC3-II on
immunoblotting analysis, and the transcriptional upregulation of
LC3 expression. LC3 has been previously reported to be increased
in progeroid mice lacking zinc metalloproteinase STE24 or
ZMPSTE24 (Zmpste24),% an enzyme required for the matura-
tion of lamin A. ZMPSTE24 deficiency causes accumulation of
the premature form of lamin A (prelamin A) in nuclear enve-
lope and leads to profound nuclear architecture abnormalities. 46
Increased LC3 was thought to be secondary to enhanced basal
autophagy in skeletal and cardiac muscles due to a metabolic
derangement in progeroid mice. Considering similar molecular
defects of nuclear lamina in two mouse models of Zmpste24” and

H222PIH222P e cannot totally exclude the possibility of

H222PIH222P mice although they

H222P/H222P

Lmna
increased basal autophagy in Lmna
did not show comparable alterations in glucose and lipid metabo-
lism.#7 In this study, the finding that GFP-LC3-positive vacuoles
were consistently related to the cytoplasmic nuclear components
could indicate that activated autophagy in Lmna™???PH222P cells
may at least in part be induced by the nuclear damage.

Reduced cell viability in Lmnal2?2P/H222P cells after autophagy
inhibition probably resulted from increased frequency of nuclear
abnormalities as shown in Figure 7. This result ultimately indicates
that autophagy is working for the maintenance of cellular homeo-
stasis by cleaning up nuclear wastes in Lmnal™22PH222P cells. With
autophagic degradation of nuclear components, however, a partial
loss of genetic information may be inevitable, leading to a varying
degree of molecular defects on cells. Cells with bulk loss of genetic
materials can be thought to eventually undergo apoptosis, but
clarification of this issue is beyond the scope of this paper.

In conclusion, we have demonstrated the presence of peri-
nuclear autophagosomes/autolysosomes in Lmna?22P/H222P cells,
Notably, in the area of nuclear membrane interfacing with
autophagosomes/autolysosomes, we could see accumulation of
nuclear envelope proteins. This may suggest that autophagy could
contribute to the rapid repair of the nuclear membrane, as there is
a need to rescue the cells from overdegradation or to minimize the
loss of nuclear components after nuclear membrane injury. This
would be worth exploring in future experiments.

It is also notable that similar autophagosomes/autolysosomes
containing nuclear components were found even in wild-type cells
although to a much lower frequency. This implies that autophagic
degradation of nuclear components is not confined to nuclear
envelopathy, and can occur under other conditions that cause
nuclear damage. Like other organelle-specific autophagy reported
to date, the autophagy in Lmna'222P/H222P \IEE can be proposed
to be called as ‘nucleophagy.’ Nevertheless, the precise role of
“nucleophagy” in laminopathies, and possibly in physiologic
conditions, remains perplexing and a potential interest that needs
to be elucidated.
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Materials and Methods

Mouse models for nuclear envelopathy and generation of
Lmnat?22P/H222P/GEP-IC3 transgenic mouse. We used H222P
homozygous knock-in (Lmna??2F /H222P) 47 [mna knockout
(Lmna’),%8 and emerin knockout (Emd’") mice?> as mouse
models for nuclear envelopathy in this study. The mutation of
p-H222P in LMNA is one of the mutations causing muscular
dystrophy in human, and the homozygous mouse model carrying
the mutation, Lmna???P/H222P reproduced the phenotype of
human muscular dystrophy due to LMNA mutations.” Lmna'
mice have shown postnatal lethality in addition to muscular
dystrophy and cardiomyopathy although they were normal at
birth.48 Emd’ mice demonstrated altered motor coordination and
delayed atrioventricular conduction time in electrocardiogram, but
overall they showed normal growth rate and were without obvious
muscle weakness.?>

Limna'PP22PIH222P mice were crossed with GFP-LC3 transgenic
mice® (kindly provided by Dr. Mizushima in Tokyo Medical and
Dental University) to generate Lmna'™2?2PH222P/GEP-[C3 trans-
genic mice.

Electron microscopic observation. Soleus muscles and skin
of abdomen obtained from Lmna2?2PH222F mjce and wild-type
littermates were obtained for electron microscopic observation.
Tissues were fixed with 2% glutaraldehyde in 0.1 M cacodylate
buffer. After shaking with a mixture of 4% osmium tetroxide,
1.5% lanthanum nitrate and 0.2 M s-collidine for 2 hours, samples
were embedded in epoxy resin.

Lmnat222PIH222P MEE were cultured and grown on Lab-Tek™
chambered coverglass (Nunc, Tokyo, Japan). They were fixed with
1.2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C
for one hour. After osmification of cells with 1% OsO4 in 0.1 M
phosphate buffer at 4°C, they were embedded in epoxy resin.

Ultrathin sections (50 nm thickness) were stained with uranyl
acetate and lead citrate, and then examined under H-600 transmis-
sion electron microscope (Hitachi, Japan) at 75 kV.

Cell culture and immunocytochemistry. Mouse embryonic
fibroblasts (MEF) were obtained from Lmnal7222P/H222P | [ 304
- LmnaP222PIH222P):pp 1 3 transgenic mice and wild-type
littermates. They were harvested in 100-mm collagen I-coated
dishes with Dulbecco’s modified Eagle medium (DMEM, Wako,
Osaka, Japan) containing 10% fetal bovine serum (FBS) and 1%
of antibiotics, and incubated at 37°C in humidified chamber with
5% CO,,.

Cultured cells were plated on collagen I-coated glass coverslips
and fixed with 4% paraformaldehyde in PBS for 15 min at 4°C,
permeabilized on ice with 0.25% Triton X-100/PBS for 20 min,
blocked with 2% casein/PBS for 15 min at 37°C, and then immu-
nostained with primary antibodies diluted in 2% casein/PBS for 2
hrs at 37°C. Primary antibodies used in this study are as follows:
anti-lamin A (Abcam, Tokyo, Japan), lamin C,16 lamin B (Santa
Cruz Biotechnology Inc., CA), emerin (Novocastra Laboratories,
Newcastle upon Tyne, UK), lamin-associated protein 20t (LAP200),
nesprin 10t (Abcam, Tokyo, Japan), LC3 (provided by Dr.
Ueno, Juntendo university), Atg5 (Sigma-Aldrich, Tokyo, Japan),
Atg9 (Biosensis, Thebarton, South Australia), AtglG6L, Rab7
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(Sigma-Aldrich), LAMP2 (Developmental Studies Hybridoma
Bank), histone H1 (Santa Cruz Biotechnology Inc.,), H2AX
(Abcam). Cells were then incubated with fluorescendy labeled
secondary antibodies (Alexa488 or Alexa568) at room temperature
for 45 min. Coverslips were mounted together with 4',6-diamidino-
2-phenylindole (DAPI, Invitrogen, CA) for nuclear localization,
and then visualized under epifluorescence using Axiophoto II (Carl
Zeiss).

To detect lysosomal localization, cells were incubated with PBS
containing 100 nM of Lyso-Tracker® (Invitrogen) at 37°C for 1
hour. After rinsing with PBS, cells were fixed with 4% paraformal-
dehyde at 37°C for 20 min.

Immunoblotting analysis of LC3. Lmna
type MEF were grown on 100 mm-collagen I coated dishes. At 80%
confluent state, cells were treated with lysosomal protease inhibi-
tors consisting of pepstatin A (20 pg/mL, Peptide Institute, Osaka,
Japan) and E64d (20 pg/mL, Peptide Institute), or with dimeth-
ylsulfoxide (DMSO) as a negative control for 4 hours. Whole cell
lysates was extracted with lysis buffer (1% NP-40 cell lysis buffer
supplemented with protease inhibitor). Immunoblotting analysis
of LC3 was performed according to the standard method. Twenty
micrograms of protein of each sample were loaded on 12.5%
sodium dodecyl sulfate-polyacrylamide gel. After electrophoresis,
the gel was transferred to polyvinylidene (PVDF) membrane and
immunostained with anti-LC3 antibody. Data was analyzed by
using LAS-1000 chemiluminescence imaging system (Fujifilm,
Tokyo, Japan).

Quantitative real-time PCR. Total RNA was extracted from
Limna?22P/H222P and wild-type MEF with TRIzol (Invitrogen)
following manufacturer’s protocol. Single-stranded cDNA
was synthesized from RNA using SuperScript’™ III reverse
transcriptase. Gene expression of LC3B was quantified by quanti-
tative real-time PCR in Rotor-Gene™ 6000 system (Corbett Life
Science, NSW, Australia), using the following primers: LC3b-F;
CCG AGA AGA CCT TCA AGC AG and LC3b-R; CCA TTC
ACC AGG AGG AAG AA. All the results were normalized with
respect to G3PDH expression.

Autophagy inhibition. MEF from Lmna!P?20/H222P mice and
wild-type littermates were treated with 10 mM 3-MA (Sigma-
Aldrich) and 200 nM wortmannin (Sigma-Aldrich), which are also
known as phosphatidylinositol-3 kinase inhibitors and autophagy
inhibitors, or negative control at 80% confluent state for 2 hours
as previously described.? After the treatment, the amount of LC3
was measured by immunoblotting analysis. Immunocytochemistry

H222P/H222P and wild-

of LC3 and a nuclear envelope protein (lamin C) was also
performed to check the changes in nuclear abnormalities with
autophagy inhibition. For the calculation of cell survival rate, the
cells were stained by acetoxymethyl ester of calcein (Calcein-AM,
Dojindo, MD) and propidium iodine (PI, Dojindo) for 15 min
at 37°C according to the manufacturer’s instruction. This staining
method can differentiate green-colored viable and red-colored
dead cells, respectively. Cell viability was determined as the ratio of
the number of viable cells per total number of cells in four groups
of untreated wild-type, treated wild-type, untreated Lmna’???"

H222p H222P/H222P

and treated Lmna cells.
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Statistical analyses. To get quantitative data, three to four
replicates of measurement were done for each condition. All the
data were presented as mean and standard deviation. Comparisons
among groups were done by using student-t test and analysis of
variance (ANOVA) as appropriate. Statistical significance was
considered when p value was less than 0.05.
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Human PTRF mutations cause secondary
deficiency of caveolins resulting in muscular
dystrophy with generalized lipodystrophy
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Caveolae are invaginations of the plasma membrane involved in many cellular processes, including clathrin-
independent endocytosis, cholesterol transport, and signal transduction. They are characterized by the pres-
ence of caveolin proteins. Mutations that cause deficiency in caveolin-3, which is expressed exclusively in skel-
etal and cardiac muscle, have been linked to muscular dystrophy. Polymerase I and transcript release factor
(PTRF; also known as cavin) is a caveolar-associated protein suggested to play an essential role in the formation
of caveolae and the stabilization of caveolins. Here, we identified PTRF mutations in 5 nonconsanguineous
patients who presented with both generalized lipodystrophy and muscular dystrophy. Muscle hypertrophy,
muscle mounding, mild metabolic complications, and elevated serum creatine kinase levels were observed in
these patients. Skeletal muscle biopsies revealed chronic dystrophic changes, deficiency and mislocalization
of all 3 caveolin family members, and reduction of caveolae structure. We generated expression constructs
recapitulating the human mutations; upon overexpression in myoblasts, these mutations resulted in PTRF
mislocalization and disrupted physical interaction with caveolins. Our data confirm that PTRF is essential for
formation of caveolae and proper localization of caveolins in human cells and suggest that clinical features

observed in the patients with PTRF mutations are associated with a secondary deficiency of caveolins.

Introduction
Caveolae are specific invaginations of the plasma membrane char-
acterized by the presence of the protein caveolin. To date, 3 caveolin
family members have been identified. Caveolin-1 and -2 are coex-
pressed in many cell types, such as endothelial cells, smooth muscle
cells, fibroblasts, and adipocytes, and form a hetero-oligomeric com-
plex (1). In contrast, caveolin-3 is expressed exclusively in skeletal and
cardiac muscles (2). Caveolae are involved in several important cellu-
lar processes, including clathrin-independent endocytosis, regulation
and transport of cellular cholesterol, and signal transduction (3, 4).
Polymerase I and transcript release factor (PTRF; also known as
cavin) is a highly abundant caveolae component and is suggested
to have an essential role in caveolar formation. In both mamma-
lian cells and zebrafish, knockdown of PTRF leads to a reduction
in caveolae density (5). Mice lacking PTRF do not have morpho-
logically detectable caveolae, in addition to a markedly diminished
protein expression of all 3 caveolin isoforms (6). Interestingly,
PTRF-knockout mice mimic lipodystrophy in humans, demon-
strating considerably reduced adipose tissue mass, high circulating
triglyceride levels, glucose intolerance, and hyperinsulinemia (6).
Here we report that mutations in PTRF (GenBank accession no.
284119) caused a disorder presenting as generalized lipodystro-
phy and muscular dystrophy. We demonstrate that this condition
was associated with deficiency and mislocalization of all 3 caveolin
family members and reduction of caveolae structure.

Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: J. Clin. Invest. 119:2623-2633 (2009). doi:10.1172/JCI38660.

The Journal of Clinical Investigation

hetp://www.jci.org

Resuits
Identification of PTRF mutations. Deficiency of caveolin-3 as a result
of CAV3 gene mutations is known to cause muscular dystrophy (7).
We found 5 nonconsanguineous Japanese patients whose muscle
showed caveolin-3 deficiency but without CAV3 mutation among
2,745 muscular dystrophy specimens kept in the muscle repository
of the National Center of Neurology and Psychiatry. Importantly,
all 5 patients also had congenital generalized lipodystrophy (CGL;
also known as Berardinelli-Seip syndrome). From the findings
observed in lacking cells and animal models lacking PTRF (5, 6),
we screened for PTRF mutations.

We identified 2 different frameshift mutations in all 5 patients
examined: patients 1-4 (P1-P4) had the same homozygous
€.696_697insC (p.K233fs) mutation in exon 2, and P5 harbored
a compound heterozygous murtation of the same ¢.696_697insC
and ¢.525delG (p.E176fs) in exon 2 (Figure 1A). The ¢.525delG
mutation changes the last 275 amino acids to an unrelated
98-amino acid sequence, whereas ¢.696_697insC substitutes the
last 158 amino acids with an unrelated 191-amino acid sequence
(Figure 1B). Both mutations were not identified in the chromo-
somes of 200 Japanese control subjects.

In order to determine whether the common ¢.696_697insC
mutation has the same haplotype, we examined 6 sets of single
nucleotide polymorphisms (SNPs) within PTRF: rs2062213,
158070945, rs963988, 15963987, rs963986, and rs9252. All §
patients had the same haplotype for all 6 SNPs, which occurred
homozygously (Table 1). During mutation screening, we found
a novel 9-bp insertion polymorphism in the 3’ noncoding region
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Mutations in PTRF. (A) All 5 patients had a homozygous or compound heterozygous mutation in PTRF (shown by arrows). P1-P4 had the
same homozygous insertion mutation of ¢.696_697insC (InsC) in exon 2, whereas P5 had a compound heterozygous mutation of the same
€.696_697insC insertion mutation and a deletion mutation of ¢.525delG (DelG) in exon 2. (B) Schema of the position of mutations in PTRF, puta-
tive proteins produced by mutations, and antibody recognition sites. The ¢.525delG mutant changes the last 275 amino acids to an unrelated
98-amino acid sequence, while the ¢.696_697insC mutant substitutes the last 158 amino acids with an unrelated 191—amino acid sequence.

of PTRF (c.1235_1236insTCTCGGCTC). This 9-bp insertion was
found heterozygously in 26% and homozygously in 2% of Japa-
nese control individuals. In P1-P5, none had this 9-bp insertion.
We also examined 2 microsatellite markers (STS-W93348 and
D1781185) close to PTRF and found heterozygosity in the patients
(Table 1). From these results, a founder effect may not be likely,
although we could not completely rule out the possibility.
Mutation screening of the other genes associated with lipodystroply and
muscular dystrophy. From the clinical and pathological findings,
we performed mutation screening for the genes associated with
muscular dystrophy and lipodystrophy, including CAV3, LMNA,
AGPAT2, BSCL2, CAVI, PPARG, AKT2, and ZMPSTE24. We found
a heterozygous nucleotide change of ¢.1138G>A (p.D380N) in
BSCL2 in P1. This substitution was also identified heterozygously
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in 16% of Japanese control individuals, and we believe this to be a
novel nonsynonymous SNP. For all the other genes examined, no
other mutation was identified in P1-PS.

Clinical features of the patients with PTRF mutations. Clinical informa-
tion for P1-P3 is summarized in Table 2. Common to all patients
was the presence of muscular dystrophy and generalized lipodys-
trophy. However, despite having the same mutation, the patients’
additional symptoms were variable. Generalized loss of subcutane-
ous adipose tissue in several areas, including the face, was noticed
in infancy or early childhood. Hepatosplenomegaly, acromegaloid
features, and umbilical prominence were often observed in the
patients. No patient showed intellectual deficit or acanthosis nigri-
cans. Patients presented with mild muscle weakness, but with hyper-
trophy of muscles (Figure 2A). Electrically silent percussion-induced
Number 9
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