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ABSTRACT: The human ECHS1 gene encodes the short-
chain enoyl coenzyme A hydratase, the enzyme that cat-
alyzes the second step of B-oxidation of fatty acids in the
mitochondrial matrix. We report on a boy with ECHS1
deficiency who was diagnosed with Leigh syndrome at
21 months of age. The patient presented with hypoto-
nia, metabolic acidosis, and developmental delay. A com-
bined respiratory chain deficiency was also observed. Tar-
geted exome sequencing of 776 mitochondria-associated
genes encoded by nuclear DNA identified compound het-
erozygous mutations in ECHS1. ECHS1 protein expres-
sion was severely depleted in the patient’s skeletal mus-
cle and patient-derived myoblasts; a marked decrease in
enzyme activity was also evident in patient-derived my-
oblasts. Immortalized patient-derived myoblasts that ex-
pressed exogenous wild-type ECHS1 exhibited the recov-
ery of the ECHS1 activity, indicating that the gene defect
was pathogenic. Mitochondrial respiratory complex ac-
tivity was also mostly restored in these cells, suggesting
that there was an unidentified link between deficiency of
ECHSI1 and respiratory chain. Here, we describe the pa-
tient with ECHS1 deficiency; these findings will advance
our understanding not only the pathology of mitochondrial
fatty acid B-oxidation disorders, but also the regulation of
mitochondrial metabolism.
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Introduction

Mitochondrial fatty acid S-oxidation provides carbon substrates
for gluconeogenesis during the fasting state and contributes elec-
trons to the respiratory chain for energy production. Once a fatty
acid is activated to the acyl-coenzyme A (CoA) form and enters
the mitochondrial fatty acid S-oxidation pathway, it undergoes the
four following enzymatically catalyzed reaction steps during each
B-oxidation cycle (Supp. Table S1): (1) dehydrogenation, (2) hy-
dration, (3) a second dehydrogenation step, and finally (4) a thi-
olytic cleavage that generates one acetyl-CoA or, in certain cases,
one propionyl-CoA and an acyl-CoA that is two carbons shorter
than the acyl-CoA precursor. Each individual step involves spe-
cific enzymes encoded by different genes with different substrate
preferences (Supp. Table S1). The first dehydrogenation reaction is
catalyzed mainly by four enzymes—short-, medium-, long-, and
very long chain acyl-CoA dehydrogenases (SCAD, MCAD, LCAD,
and VLCAD)—with substrate optima of C4, C8, C12, and Cl16
acyl-CoA esters, respectively, still each dehydrogenase can utilize
other suboptimal substrates [Ikeda et al., 1983, 1985a, 1985b; Ense-
nauer et al., 2005]. The short-chain enoyl-CoA hydratase (ECHS1)
catalyzes the next step and has substrate optima of C4 2-trans-enoyl-
CoA, also called crotonyl-CoA. Although ECHS1 also catalyzes hy-
dration of medium chain substrates, longer acyl chains (e.g., C16-
intermediates) are hydrated by mitochondrial trifunctional protein
(MTP) [Uchida et al., 1992; Kamijo et al., 1993]. MTP consists of
an alpha-subunit with long-chain enoyl-CoA hydratase and long-
chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD) activities and a
beta-subunit with long-chain 3-ketothiolase activity.

Mitochondrial fatty acid S-oxidation disorders generally cause
impaired energy production and accumulation of partially oxidized
fatty acid metabolites. They are clinically characterized by hypo-
glycemic seizures, hypotonia, cardiomyopathy, metabolic acidosis,
and liver dysfunction [Kompare and Rizzo, 2008]. The most com-
mon genetic defect in MTP is LCHAD deficiency [MIM #609016];
deficiency involving reduced activity of all three MTP enzymes
[MIM #609015] is reported much less frequently and is often asso-
ciated with infantile mortality secondary to severe cardiomyopathy
[Spiekerkoetter et al., 2004]. Deficiency of SCAD [MIM #201470],
which catalyzes the first dehydrogenation reaction and has simi-
lar substrate optima with regard to carbon chain as ECHS1, have
been studied for years, and the range of associated phenotypes in-
cludes failure to thrive, metabolic acidosis, ketotic hypoglycemia,
developmental delay, seizures, and neuromuscular symptoms such
as myopathy and hypotonia [Jethva et al., 2008].

© 2014 WILEY PERIODICALS, INC.



Here, we describe a patient with ECHS1 deficiency who presented
with Leigh syndrome [MIM #256000] accompanied by hypotonia,
metabolic acidosis, and developmental delay. Additionally, the pa-
tient presented with combined respiratory chain deficiency, which is
not commonly described in most clinical reports of mitochondrial
fatty acid B-oxidation disorders. Finally, we discuss the pathology
of ECHSI deficiency and possible interactions between mitochon-
drial fatty acid B-oxidation and the respiratory chain, which are two
important pathways in mitochondrial energy metabolism.

Materials and Methods

This study was approved by the ethical committee of National
Center of Neurology and Psychiatry. All the samples in this study
were taken and used with informed consent from the family.

Whole-mtDNA Genome Sequence Analysis

Long and accurate PCR amplification of mtDNA followed by
direct sequencing was performed according to the previous publi-
cation with a slight modification [Matsunaga et al., 2005].

Targeted Exome Sequencing

Almost all exonic regions of 776 nuclear genes (Supp. Table S2),
in total 7,368 regions, were sequenced using the Target Enrich-
ment System for next-generation sequencing (HaloPlex; Agilent
Technologies, Santa Clara, California, USA) and MiSeq platform
(Ilumina, San Diego, California, USA). Sequence read alignment
was performed with a Burrows—Wheeler Aligner (version 0.6.1) to
the human reference genome (version hgl9). Realignment and re-
calibration of base quality scores was performed with the Genome
Analysis Toolkit (version 1.6.13). Variants were detected and anno-
tated against dbSNP 135 and 1000 Genomes data (February 2012
release) by Quickannotator.

Sanger Sequencing

Sanger sequencing of candidate genes was performed with the
BigDye Terminators v1.1 Cycle Sequencing kit (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA) as per manufacturer’s pro-
tocol. Details of primers and conditions are available upon request.
DNA sequences from the patients were compared against the RefSeq
sequence and the sequences of a healthy control or parents those
were sequenced in parallel.

Cell Culture

The patient-derived primary myoblasts were established from
the biopsy of patient’s skeletal muscle and cultured in DMEM/F-
12 (Thermo Fisher Scientific) supplemented with 20% (v/v) heat-
inactivated fetal bovine serum (FBS, Thermo Fisher Scientific).
DLD-1 (human colon carcinoma) cells were provided by Taiho
pharmaceutical company (Tokyo, Japan) and cells were cultured
in RPMI-1640 (Thermo Fisher Scientific) supplemented with 10%
(v/v) heat-inactivated FBS (Thermo Fisher Scientific). All cells were
cultured in 5% CO, at 37°C.

Preparation of Mitochondrial Fraction

Mitochondrial fractions from patient’s skeletal muscle and
patient-derived myoblasts were prepared according to the literature
with a slight modification [Frezza et al., 2007].

Immunoblotting

Mitochondrial fraction and protein lysates were prepared from
patient’s skeletal muscle and patient-derived Myoblasts. Thirty mi-
crograms of protein of mitochondrial fraction or 50 micrograms
of protein lysate was separated on 4%-12% Bis-Tris gradient gels
(Thermo Fisher Scientific) and transferred to polyvinylidene flu-
oride membranes. Primary antibodies used were against ECHS1
(Sigma-Aldrich, St. Louis, Missouri, USA), complex II 70 kDa sub-
unit (Abcam, Cambridge, England), B-actin (Santa Cruz, Biotech-
nology, Dallas, Texas, USA), HA (Wako, Tokyo, Japan), and AcGFP
(Thermo Fisher Scientific).

Enzyme Assays

Enzyme activities of mitochondrial respiratory complexes [-V
and citrate synthase (CS) were measured in mitochondrial frac-
tion prepared from patient’s specimens. The assays for complexes
I-IV and CS were performed as described previously [Shimazaki
etal., 2012]. The assay for complex V was carried out following the
method by Morava and his colleagues with modifications [Morava
et al., 2006]. The enoyl-CoA hydratase activity was assayed by the
hydration of crotonyl-CoA by a slight modification of the proce-
dure described earlier [Steinman and Hill, 1975]. Five micrograms
of protein of the mitochondrial fraction prepared from patient-
derived myoblasts was added to 0.3 M Tris~HC1, pH 7.4, containing
5 mM EDTA (Ethylenediaminetetraacetic acid). The reaction was
started by the addition of 200 uM crotonyl-CoA and the decrease
in absorbance at 280 nm was monitored at 30°C.

Construction of the Immortalized Patient-Derived
Myoblasts

The patient-derived myoblasts and control myoblasts were trans-
fected with pEF321-T vector (A kind gift from Dr. Sumio Sugano,
University of Tokyo) and the cells were cultured serially for more
than ten population doublings until the morphological alteration
was observed [Kim et al., 1990].

Expression Vector Preparation and Transfection

For construction of a mammalian expression vector, full-length
ECHSI (GenBank accession number NM_004092.3) was amplified
from a cDNA prepared from control subject using PrimeSTAR GXL
DNA polymerase (TaKaRa, Tokyo, Japan). The PCR product was
cloned into pEBMulti-Pur (Wako) and the clone was verified by
Sanger sequencing. The empty expression vector or an ECHSI ex-
pression vector was transfected into immortalized patient-derived
myoblasts using Lipofectamine LTX Reagent (Thermo Fisher Sci-
entific). Each of the two missense variants, ¢.2T>G; p.M1R and
¢.5C>T; p.A2V, was independently introduced into the clone by
PCR-based site-directed mutagenesis. Each insert with C-terminal
HA tag was cloned into pIRES2-AcGFP1 (Clontech Laboratories,
Mountain View, California, USA) and the clones were verified
by Sanger sequencing. WT and mutant ECHS1 expression vector
were transfected into DLD-1 cells using Lipofectamine LTX Reagent
(Thermo Fisher Scientific). Twenty-four hours later, the cell lysate
was subjected to immunoblotting.

Results

The patient reported here was a boy born to unrelated, healthy
parents after a 40-week pregnancy (weight 3,300 g, length 52 cm,
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Figure 1. T2-weighted magnetic resonance scan image and enzyme activities of mitochondrial respiratory complexes. A: T2-weighted magnetic
resonance scan image (MRI) shows bilaterally symmetrical hyperintensities in the putamen (arrows in the image); these are characteristic of
Leigh syndrome. B: Enzymatic activities of five mitochondrial respiratory complexes (I, Il, Ill, IV, and V) were measured in mitochondrial fractions
prepared from the patient’s skeletal muscle. Respiratory complexes activities were normalized to citrate synthase activity. Black bars show patient
values and white bars show control values. Control values were mean values obtained from five healthy individuals. Patient activity values for
complexes I, I, and IV were 39%, 34%, and 64% of the control values, respectively. Error bars represent standard deviations.

Table 1. Urinary Organic Acid Profiling
Patient RPA (%) Controls RPA (%)
TCA cycle intermediates
a-Ketoglutarate 4.52 3.00-102.90
Aconitate 20.37 15.10-86.10
Isocitrate 8.98 8.30-29.00
Other metabolites
Lactate 11.83* <4.70
Pyruvate 3.18 <24.10
3-Hydroxyisobutyric acid 1.95 <9.00
Methylcitric acid 0.14* Less than trace amount
p-Hydroxy-phenyllactic acid 40.05° <7.00
Glyoxylate 37.71* <6.10

*Values outside the normal range.
RPA(%), relative peak area to the area of internal standard (heptadecanoic acid, HDA).

occipitofrontal circumference (OFC) 34.5 cm). Auditory screen-
ing test at 2 months of age revealed hearing impairment, and he
began to use a hearing aid at 6 months of age. Psychomotor de-
velopmental delay was noted at 5 months of age; he could not sit
alone, or speak a meaningful word as of 4 years of age. Nystagmus
was noted at 10 months of age. Muscle hypotonia, spasticity, and
athetotic trunk movement became prominent after 1 year of age. His
plasma (20.2 mg/dl) and a cerebrospinal fluid lactate were elevated
(25.3 mg/dl, control below 15 mg/dl). Urinary organic acid profil-
ing reveals significantly elevated excretion of glyoxylate (Table 1).
Analysis of blood acylcarnitines showed no abnormalities. Brain
magnetic resonance scan image showed bilateral T2 hyperintensity
of the putamen, typical for Leigh syndrome (Fig. 1A). Because Leigh
syndrome is generally caused by defects in the mitochondrial respi-
ratory chain or the pyruvate dehydrogenase complex, we performed
a muscle biopsy to measure enzyme activities of mitochondrial res-
piratory complexes in the patient. Mitochondrial fractions prepared
from patient or control specimens were used for all activity measure-
ments. Activity of each respiratory complex was normalized relative
to CS activity; normalized values for complexes I, III, and IV activity
were decreased to 39%, 34%, and 64% of control values, respectively
(Fig. 1B). Moreover, we performed blue native PAGE (BN-PAGE)
to examine if the assembly of respiratory complexes were altered in
the patient. As a result, there were no clear difference between the
patient and the control (Supp. Fig. S1).
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Mitochondrial respiratory chain defects can be due to pathogenic
mutations in mitochondrial DNA (mtDNA) or nuclear DNA
(nDNA) coding for mitochondrial components. Initially, long and
accurate PCR amplification of mtDNA followed by direct sequenc-
ing was performed and no mutations known to be associated with
Leigh syndrome were identified, but previously reported polymor-
phisms were found (Supp. Table S3). Therefore, to identify the re-
sponsible mutations in nDNA, targeted exome sequencing was per-
formed. Coverage was at least 10x for 86.2% of the target regions,
and 30x or more for 73.4%. In all, 5,640 potential variants were
identified; these included 811 splice-site or nonsynonymous vari-
ants. Among those 811 variants, 562 were on the mismapping reads
that contained multiple apparent mismatches to the reference DNA
sequence. Of the remaining 249 variants, nine that were on target re-
gions with less than 10x coverage were eliminated because data reli-
ability was low. Filtering against dbSNP 135 and 1000 Genomes data,
this number was reduced to 13 including compound heterozygous
variants in the ECHSI [MIM #602292] and 11 heterozygous vari-
ants in 11 separate genes (Supp. Table S4). Those variants have been
submitted to dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). Because
most mitochondrial diseases caused by known nDNA mutations
are inherited in an autosomal recessive manner, we focused on the
compound heterozygous variants in ECHSI—c.2T>G; p.MIR and
¢.5C>T; p.A2V—as primary candidates.

To confirm the targeted exome sequencing results, we performed
Sanger sequencing of genomic ECHSI DNA and ECHSI cDNA from
the patient and his parents. We identified both variants, c.2T>G and
¢.5C>T, and the respective normal alleles in genomic DNA and
cDNA from the patient (Fig. 2A and B) and no other ECHSI vari-
ants were detected except for common SNPs in the open reading
frame. Analysis of genomic DNA from the patient’s parents showed
that patient’s father was heterozygous for only one variant, c.2T>G,
and the patient’s mother for only the other variant, c.5C>T (Fig. 2A).
These results indicated that the patient inherited each variant sep-
arately and that both mutant alleles were expressed in the patient
(Fig. 2B). Each variant was nonsynonymous and in the region en-
coding the mitochondrial transit peptide (1-27 amino acids) of
ECHSI1 [Hochstrasser et al., 1992]; moreover, ¢.2T>G; p.M1R was a
start codon variant (Fig. 2C).

Next, immunoblotting with primary antibodies against ECHS1
was performed to assess protein expression. Mitochondrial
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fractions prepared from patient and control skeletal muscle were
used; whole-cell lysates or mitochondrial fractions prepared from
patient-derived or control myoblasts were also used. All experiments
using these specimens showed that the expression level of ECHSI
protein of the patient was too low to detect by immunoblotting
even though the expression level of SDHA was almost the same as
controls (Fig. 3A—C). These findings indicated that ¢.2T>G; p.M1R
and ¢.5C>T; p.A2V mutations caused a remarkable reduction in
ECHSI1 protein expression. Notably, patient-derived and control
myoblasts were similar with regard to ECHSI mRNA expression
(Fig. 3D), indicating that the mutations apparently affected ECHS1
protein expression directly. Next, we measured ECHS1 enzyme ac-
tivity in mitochondrial fractions prepared from patient-derived and
control myoblasts. ECHSI activity was normalized to CS activity,
and activity in patient-derived myoblasts was 13% of that in con-
trol myoblasts (Fig. 3E). Therefore, the mutations caused a severe
depletion of ECHSI protein expression thereby decreasing ECHS1
enzyme activity.

To examine the stability of each mutated protein, we constructed
three pIRES2-AcGFP1 expression plasmids, each expressed a dif-
ferent HA-tagged protein: wild-type, MIR-mutant, or A2V-mutant
ECHSI. The expression of AcGFP was used as a transfection control.
After the transfection into DLD-1 cells, immunoblotting of whole-
cell lysate with anti-HA and GFP antibodies showed markedly
higher expression of wild-type ECHS1 than of either mutant pro-
tein; all ECHS1 expression was normalized to AcGFP expression
(Fig. 4, Supp. Fig. S2). This result indicated that ECHSI1 protein
expression was significantly reduced in the patient because of each
mutation.

To confirm that the patient had ECHSI deficiency, we performed
a cellular complementation experiment. Patient-derived myoblasts
had to be immortalized for these experiments because nonimmor-
talized cells exhibited poor growth and finite proliferation. The
patient-derived myoblasts and control myoblasts were transfected
with pEF321-T vector (a kind gift from Dr. Sumio Sugano, Uni-

versity of Tokyo). We then ascertained that ECHS1 protein expres-
sion and activity were lower in immortalized patient-derived my-
oblasts than in controls (Fig. 5A and B). We then transduced an
empty expression vector, pEBMulti-Pur (Wako), or a pEBMulti-Pur
construct containing a full-length, wild-type ECHSI cDNA into
the immortalized patient-derived myoblasts; cells with the vector
only or the ECHS1-expression construct are hereafter called vector-
only and rescued myoblasts, respectively. ECHS1 protein expres-
sion level and enzyme activity were analyzed in mitochondrial frac-
tions prepared from rescued myoblasts. Relative expression level
of ECHSI in rescued myoblasts was 11 times higher than that
in vector-only myoblasts (Fig. 5A), and ECHS1 activity normal-
ized to CS activity in rescued myoblasts was 49 times higher than
that in vector-only myoblasts (Fig. 5B). From these cellular com-
plementation experiments, we concluded the patient had ECHS1
deficiency.

Since the patient showed the combined mitochondrial respira-
tory chain deficiency in the skeletal muscle as mentioned above, we
used a cellular complementation experiment to determine whether
wild-type ECHSI rescued the respiratory chain defect in patient-
derived myoblasts. First, we measured enzyme activities of each
mitochondrial respiratory complex in mitochondrial fractions pre-
pared from immortalized patient-derived myoblasts. CS activity
normalized values for complexes I, IV, and V activity in immor-
talized patient-derived myoblasts were decreased to 17%, 39%, and
43% of the mean values of immortalized control myoblasts (Fig. 5C).
Then, we measured enzyme activity in mitochondrial fractions pre-
pared from rescued myoblasts and found that each activity of com-
plexes I, IV, and V was mostly restored relative to that in vector-only
myoblasts. In rescued myoblasts, CS activity normalized values of
complexes I, IV, and V were 3.5, 1.3, and 2.2 times higher than those
in vector-only myoblasts (Fig. 5C). Mitochondrial respiratory com-
plex activity was mostly restored in rescued myoblasts, suggesting
that there was an unidentified link between deficiency of ECHS1
and respiratory chain.
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in DLD-1 cells showed ¢.2T>G; p.M1R and ¢.5C>T; p.A2V muta-

Here, we described a patient harboring compound heterozygous  tjons affected ECHS1 protein expression. Cellular complementation
mutations in ECHSI. Immunoblotting analysis revealed that ECHS1 experiment verified the patient had ECHS1 deficiency.

protein was undetectable in patient-derived myoblasts; moreover, The ¢.2T>G; p.M1R mutation affected the start codon and there-

these cells showed significantly lower ECHS1 enzyme activity than  fore was predicted to impair the protein synthesis from canonical
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myoblasts were used to measure enzyme activities of mitochondrial respiratory complexes. Activity values were normalized to CS activity. Activities
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(**P < 0.005, * P < 0.05 Student's t-test).

initiation site. In the reference ECHSI sequence, the next in-frame
start codon is located in amino acids 97 (Fig. 2C). Even if transla-
tion could occur from this second start codon, the resulting product
would lack the whole transit peptide and part of the enoyl-CoA
hydratase/isomerase family domain (Fig. 2C). The ¢.5C>T; p.A2V
mutation was located in the mitochondrial transit peptide and the
mutation may affect the mitochondrial translocation of ECHS1. Sur-
prisingly, the MitoProt-predicted mitochondrial targeting scores for
the wild-type and A2V-mutant proteins were 0.988 and 0.991, re-
spectively [MitoProt II; http://ihg.gsf.de/ihg/mitoprot.html; Claros
and Vincens, 1996] and not markedly different from each other.
Nevertheless, mislocalized mutant protein may have been degraded
outside of the mitochondria. Consistent with this speculation was
the finding that immunoblotting of lysate from patient-derived my-
oblasts (Fig. 3B) or from transfected cells that overexpressed the
recombinant p.A2V-mutant ECHS1 (Fig. 4B, Supp. Fig. S2) did not
show upper shifted ECHSI bands that indicated ECHS1 with the
transit peptide. Another possible explanation is that the mutation
affected the translation efficiency because it was very close to the
canonical start codon. It can change secondary structure of ECHS1
mRNA or alter the recognition by the translation initiation fac-
tors. As stated above, even if there was a translation product from
the second in-frame start codon, that product would probably not
function.

This patient presented with symptoms that are indicative of
fatty acid oxidation disorders (e.g., hypotonia and metabolic aci-
dosis), but he also presented with neurologic manifestations, in-

cluding developmental delay and Leigh syndrome, that are not
normally associated with fatty acid B-oxidation disorders. Inter-
estingly, developmental delay is also found in cases of SCAD defi-
ciency [Jethva et al., 2008]. In the absence of SCAD, the byprod-
ucts of butyryl-CoA—including butyrylcarnitine, butyrylglycine,
ethylmalonic acid (EMA), and methylsuccinic acid—accumulate in
blood, urine, and cells. These byproducts may cause the neurologi-
cal pathology associated with SCAD deficiency [Jethva et al., 2008].
EMA significantly inhibits creatine kinase activity in the cerebral
cortex of Wistar rats but does not affect levels in skeletal or heart
muscle [Corydon et al., 1996]. Elevated levels of butyric acid mod-
ulated gene expression because excess butyric acid can enhance hi-
stone deacetylase activity [Chen et al., 2003]. Moreover, the highly
volatile nature of butyric acid as a free acid may also add to its
neurotoxic effects [Jethva et al., 2008].

On the other hand, it is very rare for fatty acid -oxidation disor-
ders causing Leigh syndrome. Therefore, the most noteworthy man-
ifestation in this patient was Leigh syndrome. Leigh syndrome is a
neuropathological entity characterized by symmetrical necrotic le-
sions along the brainstem, diencephalon, and basal ganglion [Leigh,
1951]. It is caused by abnormalities of mitochondrial energy gen-
eration and exhibits considerable clinical and genetic heterogeneity
[Choletal., 2003]. Commonly, defects in the mitochondrial respira-
tory chain or the pyruvate dehydrogenase complex are responsible
for this disease. This patient’s skeletal muscle samples exhibited
a combined respiratory chain deficiency, and this deficiency may
be the reason that he presented with Leigh syndrome. Although it
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remained unclear what caused the respiratory chain defect, cellular
complementation experiments showed almost complete restora-
tion, indicating there was an unidentified link between ECHS1 and
respiratory chain. One of the possible causes of respiratory chain de-
fect is the secondary effect of accumulation of toxic metabolites. For
example, an elevated urine glyoxylate was observed in this patient.
Although the mechanism of this abnormal accumulation is not clear
at the moment, it was shown that glyoxylate inhibited oxidative
phosphorylation or pyruvate dehydrogenase complex by in vitro
systems [Whitehouse et al., 1974; Lucas and Pons, 1975]. There-
fore, we speculate that in our patient, ECHS1 deficiency induced
metabolism abnormality including glyoxylate accumulation, and
glyoxylate played a role in decreased enzyme activities of respiratory
chain complexes. Interestingly, a recent paper describing patients
with Leigh syndrome and ECHS1 deficiency showed decreased ac-
tivity of pyruvate dehydrogenase complex in fibroblasts [Peters et al.,
2014], (Supp. Table S5). BN-PAGE showed the assembly of respi-
ratory complex components in the patient was not clearly different
from the control (Supp. Fig. S1). This result suggests that the res-
piratory chain defect in the patient is more likely because of the
secondary effect of accumulation of toxic metabolites. On the other
hand, many findings indicate interplays between mitochondrial fatty
acid B-oxidation and the respiratory chain. For example, Enns et al.
[2000] mentioned the possibility of the physical association between
these two energy-generating pathways from overlapping clinical
phenotypes in genetic deficiency states. More recently, Wang and his
colleagues actually showed physical association between mitochon-
drial fatty acid B-oxidation enzymes and respiratory chain com-
plexes (Wang et al., 2010). Similarly, Narayan et al. demonstrated
interactions between short-chain 3-hydroxyacyl-CoA dehydroge-
nase (SCHAD) and several components of the respiratory chain
complexes including the catalytic subunits of complexes I, II, III,
and IV via pull-down assays involving several mouse tissues. Con-
sidering the role of SCHAD as a NADH-generating enzyme, this
interaction was suggested to demonstrate the logical physical asso-
ciation with the regeneration of NAD through the respiratory chain
[Narayan et al., 2012]. Still more recently, mitochondrial protein
acetylation was found to be driven by acetyl-CoA produced from
mitochondrial fatty acid 8-oxidation [Pougovkina et al., 2014]. Be-
cause the activities of respiratory chain enzymes are regulated by
protein acetylation [Zhang et al., 2012], this finding indicated that
B-oxidation regulates the mitochondrial respiratory chain. Remark-
ably, acyl-CoA dehydrogenase 9 (ACAD9), which participates in the
oxidation of unsaturated fatty acid, was recently identified as a fac-
tor involved in complex I biogenesis [Haack et al., 2010; Heide et al.,
2012]. Cellular complementation experiments that involve overex-
pression of wild-type ACAD9 in patient-derived fibroblast cell lines
showed restoration of complex I assembly and activity [Haack et al.,
2010]. Accumulating evidence indicates that there are complex reg-
ulatory interactions between mitochondrial fatty acid 8-oxidation
and the respiratory chain.

ECHSI has been shown to interact with several molecules outside
the mitochondrial fatty acid S-oxidation pathway [Chang et al.,
2013; Xiao et al., 2013] and the loss of this interaction can affect
respiratory chain function in a patient. Further functional analysis
of ECHS1 will advance our understanding of the complex regulation
of mitochondrial metabolism.
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Pyruvate therapy is a promising approach for the treatment of mitochondrial diseases. To identify novel bio-
markers for diagnosis and to evaluate therapeutic efficacy, we performed microarray analysis of 2SD cybrid
cells harboring a MELAS-causing mutation and control cells treated with either lactate or pyruvate. We found
that expression and secretion of growth differentiation factor 15 (GDF15) were increased in 2SD cells treated

with lactate and that serum GDF15 levels were significantly higher in patients with mitochondrial diseases
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than in those with other diseases, suggesting that GDF15 could be a useful marker for diagnosis and evaluating
the therapeutic efficacy of pyruvate.

© 2014 Elsevier B.V. and Mitochondria Research Society.

1. Introduction

Mitochondrial diseases are caused by mitochondrial or nuclear ge-
nome mutations that affect the functions of mitochondria. The symptoms
are caused by impaired energy metabolism due to mitochondrial dysfunc-
tion and manifest mostly in tissues with a high energy demand such as
brain, heart, and muscle. Mitochondrial myopathy, encephalopathy, lactic
acidosis, and stroke-like episodes (MELAS) is one of the most common of
the mitochondrial diseases (Pavlakis et al., 1984). The A-to-G transition at
the 3243 position of the mitochondrial DNA (m.3243A > G) located in the
mitochondrial tRNA™" (VUR) gene is a MELAS-causing mutation, and it is
detected in approximately 80% of patients with MELAS (Goto et al.,
1990, 1992; Kirino et al., 2004; Yasukawa et al., 2000).

These pathogenic mutations typically result in defective ATP synthesis
in mitochondria, and therefore ATP production depends on the glycolytic
pathway. Since lactate production is aberrantly increased by the accelera-
tion of glycolysis when energy demand is elevated, the lactate to pyruvate
(L/P) ratio in serum is often increased in patients with mitochondrial dis-
eases and has been clinically used for estimating the dysfunction of mito-
chondrial respiration. It is well known that the L/P ratio reflects the
intracellular NADH/NAD™ ratio. Since NAD ™ is indispensable for oxida-
tion of glyceraldehyde 3-phosphate (GAP) to 1,3-bisphosphoglycerate
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(BPG) by glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in the
glycolytic pathway, a shortage of NAD " interrupts this reaction, resulting
in decreased ATP biosynthesis. Tanaka et al. (2007) proposed that the ad-
dition of pyruvate would facilitate oxidation of NADH to NAD* via the lac-
tate dehydrogenase reaction, which would restore ATP production by the
glycolytic pathway even under defective respiratory conditions. Indeed,
positive effects of sodium pyruvate on clinical manifestations of mito-
chondrial diseases have been reported (Koga et al., 2012; Saito et al.,
2012). However, useful biomarkers for evaluating the therapeutic efficacy
of pyruvate remain to be developed.

Cybrid cell lines established by the fusion of enucleated myoblast
cells from a patient with a cultured cell line depleted of mtDNA have
been used to elucidate the pathogenesis and underlying molecular
mechanisms of mitochondrial diseases. We previously reported
increased expression of amino acid starvation-responsive genes in
cybrid cells with MELAS and NARP (neuropathy, ataxia, and retinitis
pigmentosa) mutations (Fujita et al., 2007). In our earlier study (Kami
et al,, 2012), we found that exposure to excessive sodium lactate signif-
icantly increases the intracellular L/P and NADH/NAD™ ratios in cybrid
cells harboring the MELAS mutation (m.3243A > G), which implies
worsening of lactic acidosis and NAD™" shortage. On the other hand,
we found that treatment with sodium pyruvate facilitates the ATP pro-
duction and improves the energy status, as indicated by a decrease in
the L/P ratio and retention of the NADH/NAD™ ratio. Taken together,
we considered that these experimental conditions would be ideal for
identifying biomarker candidate genes, whose expression levels reflect
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the intracellular energy deficiency and the effect of pyruvate on energy
metabolism.

In the present study, we performed a global gene expression analysis
of cybrid cells with the MELAS mutation (m.3243A > G: 2SD cells) and
control cybrid cells (2SA cells) treated or not with lactate or pyruvate.
We identified several biomarker candidate genes, among which we fo-
cused on growth differentiation factor 15 (GDF15). The level of GDF15
in the conditioned medium was significantly higher in 2SD cells than
in 2SA cells, which level was further increased by lactate but was not af-
fected by pyruvate in 2SD cells. We also demonstrated that the concen-
tration of GDF15 in the serum was markedly elevated in patients with
mitochondrial diseases compared with that in those with other pediat-
ric diseases. Thus, we identified GDF15 as a novel serum marker for the
diagnosis of mitochondrial diseases and possibly for monitoring the dis-
ease status and progression and for evaluating the therapeutic efficacy
of pyruvate.

2. Materials and methods
2.1. Cell culture

The 2SA and 2SD cybrid cell lines were previously established by
Chomyn et al. (1992). Briefly, 14 cybrid clones were isolated after the fu-
sion of enucleated myoblasts derived from a MELAS patient with
mtDNA-deficient p®206 cells generated from a human 143B osteosarco-
ma cell line. Among those clones, 10 clones had homoplasmic wild-type
mtDNA, and 4 clones harbored strongly predominant mutant mtDNA.
For our experiments, we chose two clones, 2SA and 2SD cybrid cell
lines carrying 100% wild-type mtDNA and 94% m.3243A > G mutant
mtDNA, respectively. The 2SD but not 2SA cybrid cells were shown to
be defective in mitochondrial protein synthesis and respiratory capacity
(Chomyn et al., 1992). Cells were cultured in high-glucose Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum, 1 mM sodium pyruvate, and 0.4 mM uridine at 37 °C under a hu-
midified atmosphere of 5% CO,.

2.2. Microarray analysis

Total RNA was isolated from cells by using a miRNeasy mini kit
(Qiagen, Venlo, Netherlands). One hundred nanograms of total RNA
was labeled and amplified with a low input quick amp labeling kit
(Agilent Technologies, Santa Clara, CA, USA) used according to the
manufacturer's instructions. The labeled cRNA was hybridized to the
Agilent SurePrint G3 Human GE 8x60K Microarray in a rotating hybrid-
ization oven at 10 rpm for 20 h at 65 °C. After hybridization, the micro-
arrays were washed according to the manufacturer's instructions and
scanned on an Agilent DNA Microarray Scanner with Scan Control soft-
ware. The resulting images were processed, and raw data were collected
by using Agilent Feature Extraction software. Expression data were an-
alyzed by using GeneSpring GX 11 (Agilent Technologies). The signal in-
tensity of each probe was normalized by a percentile shift, in which each
value was divided by the 75th percentile of all values in its array. For
pairwise comparison analysis, only the probes that had expression
flags present under at least one condition were considered. The list
was analyzed with Ingenuity Pathways Analysis software (Ingenuity
Systems, Redwood, CA, USA)

2.3. Quantitative RT-PCR

Total RNA was reverse transcribed to cDNA with a High Capacity
cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA, USA)
used according to the manufacturer's protocols. Real-time PCR was per-
formed on the StepOnePlus Real-Time PCR System (Life Technologies)
using Power SYBR Green PCR Master Mix. 18S rRNA gene was used as
an internal control for normalization. The sequences of primers are
listed in Supplementary Table 1.

24. Patients

A written informed consent was obtained from all patients or their
legal guardians. Enrolled patients were diagnosed with mitochondrial
diseases by medical doctors in Kurume University Hospital over the pe-
riod of 2005-2013. Seventeen patients diagnosed at this hospital as hav-
ing mitochondrial diseases were recruited for this study. As a control
group, 13 patients diagnosed as having other pediatric diseases such
as dwarfism were also recruited. The clinical information of the patients
is listed in Supplementary Table 2. This study was approved by the Insti-
tutional Review Board (Kurume University #13099).

2.5. ELISA and multiplex suspension array

Cells were placed on 60-mm dishes 1 day before replacing the medi-
um with fresh medium. Conditioned medium cultured for 24 h was col-
lected, and the particulates were removed by centrifugation (at 500 xg
for 10 min, at 10,000 xg for 30 min). The GDF15 and INHBE concentra-
tions in the supernatants and in the sera of patients were determined in
duplicate by using a Human GDF-15 Immunoassay (R&D Systems, Min-
neapolis, MN, USA) and enzyme-linked immunosorbent assay kit for In-
hibin Beta E (Uscn Life Science, Wuhan, Hubei, PRC) according to the
manufacturer's instructions. For measuring other cytokine concentra-
tions, the sera were subjected to a multiplex suspension array, Bio-
Plex Pro Human Cytokine Grp Il Panel 21-Plex (Bio-Rad, Hercules, CA,
USA). The cytokines measured by use of this array were the following:
IL-1a, IL-2Rey, IL-3, IL-12 (p40), IL-16, IL-18, CTACK, GRO-o, HGF, IFN-
a2, LIF, MCP-3, M-CSF, MIF, MIG, 3-NGF, SCF, SCGF-3, SDF-1a, TNF-{3,
and TRAIL. We measured the FGF21 (BioVendor, Czech Republic)
concentration in duplicate samples by ELISA. Unmeasurable high-
concentration samples of FGF21 and GDF15 were diluted 10-fold prior
to measurement. The value from each assay was determined by refer-
ence to the linear portion of the standard curves for FGF21 and
GDF15. All assays were performed by a trained scientist or technical
staff.

2.6. Statistical analysis

Statistical analyses were performed by using IBM SPSS statistics
(IBM, Armonk, NY, USA). We used the nonparametric Mann-Whit-
ney U test to validate differences in cytokine levels in serum between
mitochondrial disease patients and controls. The correlation be-
tween GDF15 and FGF21 concentrations in serum was assessed by
Spearman correlation analysis. We plotted the receiver operating
characteristics (ROC) curve for GDF15, HGF, SCF, SCGF-p, and
FGF21 and calculated the area under the curve (AUC). The data for
the sensitivity and 100 minus the specificity were plotted on a con-
tinuous scale.

3. Results

3.1. Gene expression changes in response to intracellular energy deficiency
in 2SD cells

We performed microarray analysis of 2SD cybrid cells harboring
the MELAS mutation (m.3243A > G) and 2SA control cybrid cells
treated with 10 mM lactate or 10 mM pyruvate for 0, 4 or 8 h
(Fig. 1A). The numbers of gene probes whose signal intensities
were altered by 2-fold for each comparison are given in Supplemen-
tary Tables 3-6. We found remarkable changes in gene expression in
2SD cells, but not in 2SA cells, treated with lactate for 8 h. As shown
in Supplementary Fig. 1A, we then selected gene probes that were in-
creased by lactate treatment for 8 h compared with those without
treatment and concurrently up-regulated by lactate but not by pyru-
vate at 8 h after treatment and thereby identified 313 probes that
were specifically up-regulated by lactate in 2SD cells at 8 h
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Fig. 1. Microarray analysis of 2SD and 2SA cells (A) Diagram of treatment protocols. Total RNA isolated from 2SD and 2SA cells treated with 10 mM lactate or 10 mM pyruvate for 0,4, or 8 h
were subjected to microarray analysis (n = 2). (B, C) Venn diagrams show the number of probes for genes in 2SD cells (B) or 2SA cells (C) that were increased (left panels) or decreased
(right panels) in expression by lactate treatment for 8 h compared with their expression at 0 h and concurrently up-regulated by lactate but not by pyruvate after 8-h treatment. (For
interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

(Fig. 1B). Using similar criteria (Supplementary Fig. 1B), we also
identified 96 probes that were specifically down-regulated in 2SD
cells by lactate treatment for 8 h (Fig. 1B). In 2SA cells, having normal
mitochondrial function, the numbers of gene probes that responded
to lactate treatment were limited (Fig. 1C). The clustering analysis of
the 313 up-regulated (corresponding to 231 genes) and 96 down-
regulated (corresponding to 75 genes) gene probes highlighted sig-
nificant differences in gene expression patterns between 2SD and
2SA cells and also between lactate and pyruvate treatments
(Fig. 2). These results suggest that a defective energy metabolism
caused by exposure to a high dose of lactate resulted in significant
changes in gene expression in 2SD cells.

3.2. Gene networks associated with intracellular energy deficiency in
2SD cells

In order to identify gene networks associated with a defective ener-
gy metabolism in the lactate-treated 2SD cells, a gene network analysis
was performed on 231 up-regulated genes and 75 down-regulated
ones. This analysis identified 11 and 5 gene networks for up- and
down-regulated genes, respectively (Fig. 3 and Supplementary Figs. 2
and 3). The top-ranked gene network identified for the up-regulated
genes contained those related to the amino-acid starvation response,
such as ASNS, ATF3, NUPR1, DDIT3, CTH, TRIB3, STC2, and PCK2
(Fig. 3A). It is worth noting that GDF15, on which we focused in the
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Fig. 2. Clustering analysis of the microarray data The gene probes up-regulated (n = 313) and down-regulated (n = 96) at 8 h after lactate treatment were subjected to clustering analysis.

Part of the data are shown. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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Fig. 3. Gene network analysis of the microarray data The genes specifically up-regulated (n = 231) and down-regulated (n = 75) at 8 h after lactate treatment were subjected to gene
network analysis. The top-ranked gene networks in terms of the number of genes included are shown for up-regulated (A) and down-regulated (B) genes. Genes involved in the
amino-acid starvation response (red circles) and heat-shock response (blue circles) as well as GDF15 (red square) are denoted. (For interpretation of the references to colour in this figure,

the reader is referred to the web version of this article.)
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present study, was included in this network. On the other hand, the
gene network for down-regulated genes included those linked to the
heat-shock protein response, such as HSPA1A, HSPA2, HSPA4L, HSPAS,
HSPA12A, and HSPH1 (Fig. 3B).

3.3. GDF15 as a potential biomarker for diagnosis and evaluating the
therapeutic efficacy of pyruvate

Proteins encoded by genes related to intracellular energy deficiency
in 2SD cells and secreted into the medium could be potential bio-
markers for mitochondrial diseases. Gene annotation analysis revealed
the location of gene products that were specifically up- and down-
regulated by lactate at 8 h (231 and 75 genes, respectively) (Table 1).
Twenty-three up-regulated genes and 4 down-regulated genes were
annotated to the extracellular space, each of which is listed in Tables 2
and 3. Among them, we focused on the top 2 ranked up-regulated
genes, growth differentiation factor 15 (GDF15) and inhibin beta E
(INHBE).

To validate the intracellular expression levels of these genes, we per-
formed quantitative RT-PCR for GDF15 and INHBE. The expression
levels of GDF15 (Fig. 4A) and INHBE (Fig. 4B) in the 2SD cells were in-
creased by treatment with 10 mM lactate, but not with 10 mM pyruvate,
for 4 or 8 h. Furthermore, GDF15 expression at 0 h was higher in 2SD
cells than in 2SA cells. These results confirmed the reproducibility of
our microarray data and identified GDF15 and INHBE as candidate bio-
markers. To determine whether the secretion of GDF15 and INHBE pro-
teins was increased in 2SD cells in response to lactate treatment, we
measured their concentrations in medium from 2SA and 2SD cells cul-
tured for 24 h in the presence of 1 mM pyruvate, 10 mM lactate, or
10 mM pyruvate. ELISA showed that the GDF15 levels were higher in
the conditioned medium of 2SD cells than in that of 2SA cells under all
of the culture conditions (Fig. 4C). Moreover, treatment with 10 mM
lactate, but not with 10 mM pyruvate, promoted secretion of GDF15 in
2SD cells in comparison with treatment with 1 mM pyruvate, whereas
2SA cells did not respond to the high dose of lactate and pyruvate treat-
ment. In contrast, INHBE protein was not detectable by ELISA in the con-
ditioned medium of either 2SD or 2SA cells under any culture conditions
(data not shown). These results indicate that GDF15 could be a potential
biomarker for diagnosis and monitoring the disease status and progres-
sion as well as for assessing the therapeutic efficacy of pyruvate for the
treatment of mitochondrial diseases.

3.4. GDF15 as a biomarker for diagnosis of mitochondrial diseases

In order to validate the feasibility of GDF15 as a serum biomarker, we
measured its concentration in the serum of 17 patients with mitochon-
drial diseases as well as in that of 13 patients with other pediatric dis-
eases as a control (Supplementary Table 2). ELISA showed that the
average concentration of GDF15 in the serum of mitochondrial disease
patients was 2632.9 pg/mL, whereas that for other pediatric disease pa-
tients was 285.2 pg/mL, suggesting that GDF15 levels were significantly
increased in the serum of mitochondrial disease patients and could
clearly distinguish mitochondrial disease patients from control patients
(Fig. 5A).

Table 1
The location of probes (genes) up- and down-regulated in 2SD cells with lactate treatment
for 8 h.

Up-regulated Down-regulated

Location Probe Gene Probe Gene
number number number number
Nucleus 39 35 14 14
Cytoplasm 51 47 25 19
Plasma membrane 37 33 16 16
Extracellular space 26 23 5 4
Unknown 160 93 36 22

Since fibroblast growth factor 21 (FGF21) was recently proposed as a
diagnostic marker for mitochondrial diseases (Davis et al., 2013;
Suomalainen et al., 2011), we also measured the FGF21 levels in the
serum of the same mitochondrial disease patients and control patients
(Fig. 5B). The serum FGF21 levels were higher in patients with mito-
chondrial diseases than in those with other diseases. Furthermore,
there was a good correlation between the serum GDF15 and FGF21
levels (Fig. 5C).

In an attempt to find additional biomarkers, we determined the
serum levels of 21 cytokines in the same patients by using the multiplex
suspension array. As shown in Supplementary Fig. 4A, the serum con-
centrations of HGF and SCF were higher in patients with mitochondrial
diseases than in control patients, whereas the serum levels of SCGF-3
were lower in the former than in the latter.

Finally, we performed ROC curve analysis of GDF15, HGF, SCF, SCGF-
{3, and FGF21. As shown in Fig. 5D, the area under the curves (AUC) for
GDF15 (0.986) was higher than that for FGF21 (0.787). The AUC for
FGF21 was similar to those for HGF (0.747), SCF (0.729), and SCGF-p
(0.837) (Supplementary Fig. 4B), indicating that GDF15 had the maxi-
mum sensitivity and specificity for diagnosis of mitochondrial diseases.
These results suggest that GDF15 has the greatest potential as a novel
diagnostic marker for MELAS and other mitochondrial diseases.

4. Discussion

Based on the global gene expression analysis of cybrid cells with mi-
tochondrial dysfunction, we identified GDF15 as a potential biomarker
whose expression and secretion reflected the intracellular energy defi-
ciency and the effect of pyruvate therapy on the energy metabolism.
We then determined the serum levels of GDF15 in patients with mito-
chondrial diseases and other diseases and identified GDF15 as a novel
diagnostic marker for mitochondrial diseases. Although additional clin-
ical studies are needed, the serum GDF15 concentration may be a useful
biomarker not only for diagnosis of mitochondrial diseases but also for
monitoring the disease status and progression as well as for determin-
ing the efficacy of pyruvate therapy.

GDF15 is a member of the transforming growth factor-p (TGF-33) su-
perfamily and is widely expressed in mammalian tissues (Unsicker
et al,, 2013). GDF15 plays important roles in multiple pathologies in-
cluding cardiovascular diseases, cancer, and inflammation. It has been
shown that GDF15 is up-regulated by tumor suppressor p53 in response
to high glucose or treatment with anti-cancer compounds (Baek et al.,
2002; Lietal, 2013; Yang et al., 2003). The p53 protein is a transcription
factor that responds to a variety of stresses such as DNA damage, oxida-
tive stress, hypoxia, and metabolic stress, and it activates the expression
of genes to induce cell cycle arrest, DNA repair, senescence, and cell
death (Sermeus and Michiels, 2011; Sperka et al., 2012; Zhang et al.,
2010). CDKN1A (p21), a potent cyclin-dependent kinase inhibitor, is a
major downstream effector of p53, which induces cell-cycle arrest
(Sperka et al., 2012). In our microarray data, the CDKN1A expression
level was 3.5-fold increased by lactate treatment of 2SD cells (data not
shown). Previous reports demonstrated increased expression of
CDKN1A in the skeletal muscle of patients with mitochondrial diseases
and a cell line depleted of mitochondrial DNA (Behan et al., 2005; Crimi
et al., 2005). Besides CDKN1A, we found other p53 effector genes in the
list of genes up-regulated in the lactate-treated 2SD cells, including
GADD45A, EGR2, DDIT3, CHMP4C, SESN2, ULBP1, DDIT4, and NUPR1
(data not shown). These results suggest that p53 activation may have
played an important role in the induction of GDF15 expression in 2SD
cells treated with lactate. It has been also demonstrated that p53 activa-
tion caused by metabolic stress is mediated by AMP-activated protein
kinase (AMPK; Zhang et al., 2010). Our previous metabolomic profiling
revealed that the ATP level drops but that the ADP and AMP levels are
increased in lactate-treated 2SD cells (Kami et al., 2012), implying that
elevation of the AMP/ATP ratio may activate p53 through AMPK activa-
tion. Taken together, it is possible that p53 induced GDF15 expression in
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Table 2
Genes annotated to the extracellular space among those specifically up-regulated by lactate treatment for 8 h.
Gene symbol Accession number Entrez gene name Fold change
L-8/L-0° L-8/P-8°

GDF15 NM_004864 Growth differentiation factor 15 274 14.8
INHBE NM_031479 Inhibin, beta E 15.0 9.4
AREG NM_001657 Amphiregulin 14.0 22
ECM2 NM_001393 Extracellular matrix protein 2, female organ and adipocyte specific 118 9.0
ADM2 NM_024866 Adrenomedullin 2 10.3 3.0
MMP3 NM_002422 Matrix metallopeptidase 3 (stromelysin 1, progelatinase) 9.8 42
IL1A NM_000575 Interleukin 1, alpha 7.6 6.0
C120rf39 ENST00000256969 Chromosome 12 open reading frame 39 6.3 6.7
APOL6 NM_030641 Apolipoprotein L, 6 6.2 3.8
SCG5 NM_003020 Secretogranin V (7B2 protein) 52 3.0
SPOCK2 NM_014767 Sparc/osteonectin, cwcv and kazal-like domains proteoglycan (testican) 2 5.1 6.6
AMTN NM_212557 Amelotin 5.0 3.9
1L23A NM_016584 Interleukin 23, alpha subunit p19 44 2.8
ADAMTS17 NM_139057 ADAM metallopeptidase with thrombospondin type 1 motif, 17 35 2.2
VEGFA NM_001025370 Vascular endothelial growth factor A 34 2.5
STC2 NM_003714 Stanniocalcin 2 34 2.6
PDGFB NM_002608 Platelet-derived growth factor beta polypeptide 2.8 3.8
C1QTNF1 NM_198594 C1q and tumor necrosis factor related protein 1 2.6 29
HECW2 NM_020760 HECT, C2 and WW domain containing E3 ubiquitin protein ligase 2 24 21
IGFALS NM_004970 Insulin-like growth factor binding protein, acid labile subunit 2.3 25
IGFBP1 NM_000596 Insulin-like growth factor binding protein 1 2.3 2.1
PDGFA NM_002607 Platelet-derived growth factor alpha polypeptide 2.2 2.2
CLEC3B NM_003278 C-type lectin domain family 3, member B 2.1 22

?Fold change between 8 h and 0 h after lactate treatment
bFold change between lactate treatment and pyruvate treatment at 8 h

response to AMPK activation caused by the intracellular energy defi-
ciency. However, it remains to be determined whether other stresses
such as oxidative stress may also have participated in p53 activation
and GDF15 induction in the lactate-treated 2SD cells.

Gene network analysis demonstrated that the top-ranked net-
work contained not only genes associated with the amino-acid star-
vation response but also the GDF15 gene (Fig. 3A). In a mouse model
of late-onset mitochondrial myopathy, the expression of amino-acid
starvation-responsive genes was shown to be elevated (Tyynismaa
et al., 2010). The asparagine synthetase (ASNS), which is a represen-
tative gene involved in the amino-acid starvation response, has been
reported to be up-regulated in the skeletal muscle of patients with
mitochondrial diseases and in cybrid cells established from a mito-
chondrial disease patient (Crimi et al., 2005; Fujita et al., 2007). Acti-
vating transcription factor 4 (ATF4) is a master regulator of
integrated stress responses (ISR), in which a variety of stresses, in-
cluding amino-acid starvation as well as glucose starvation, ER
stress, hypoxia, and oxidative stress, induce phosphorylation of
elF2a followed by up-regulation of ATF4 to activate expression of
stress-responsive genes (Harding et al., 2003; Jiang et al., 2004;
Rouschop et al., 2010; Rzymski et al., 2010; Teske et al., 2011). It is
noteworthy to point out that GDF15 has been shown to be up-
regulated by ATF4 in mouse embryonic fibroblasts (Jousse et al.,
2007). Taken together, such findings suggest that the ISR pathway
may also contribute to the induction of GDF15 in response to defec-
tive energy metabolism and play a role in the pathogenesis of mito-
chondrial diseases.

In the present study, we validated the clinical usefulness of GDF15 as
a diagnostic marker by determining the serum GDF15 levels in patients
with mitochondrial diseases and in those with other pediatric diseases.
The results showed that serum GDF15 levels were significantly elevated
in patients with mitochondrial diseases, which finding is consistent
with a recent report (Kalko et al., 2014). We also demonstrated that
GDF15 had higher sensitivity and specificity than FGF21, which was re-
cently identified as a sensitive and specific blood biomarker for muscle
pathology in a wide range of mitochondrial diseases in adults and chil-
dren (Suomalainen et al., 2011). Our small-scale study, however, may
have underestimated the clinical usefulness of FGF21, because the
AUC for FGF21 reported by 2 independent groups (0.95 and 0.91) was
higher than that in the present study (0.787).

Using the multiplex suspension array, we also identified HGF, SCF,
and SCGF-P as potential diagnostic markers for mitochondrial diseases.
The ROC curve analysis, however, revealed that GDF15 had the maxi-
mum sensitivity and specificity for diagnosis of mitochondrial diseases
compared with HGF, SCF, SCGF-3, or FGF21. Based on the microarray
analysis, we also selected INHBE as the next best candidate gene
(Table 2). INHBE is a member of the activin beta family, which has
been reported to be primarily expressed in the liver and up-regulated
by drug-induced ER stress, cysteine deprivation, and insulin treatment
(Bruning et al., 2012; Dombroski et al., 2010; Hashimoto et al., 2009;
Lee et al., 2008). Although secreted INHBE protein was not detectable
in the conditioned medium from the cell cultures, we are currently in-
vestigating the clinical usefulness of INHBE as a biomarker for diagnosis
and monitoring of the disease status and progression.

Table 3

Genes annotated to the extracellular space among those specifically down-regulated by lactate treatment for 8 h.
Gene symbol Accession number Entrez gene name Fold change

L-8/L-0° L-8/P-8°

CXCL1 NM_001511 Chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity, alpha) —34 —26
PDZRN3 NM_015009 PDZ domain containing ring finger 3 —24 —2.0
SLC39A10 NM_020342 Solute carrier family 39 (zinc transporter), member 10 —23 —29
DKK1 NM_012242 Dickkopf 1 homolog (Xenopus laevis) —2.1 —23

2Fold change between 8 h and 0 h after lactate treatment
PFold change between lactate treatment and pyruvate treatment at 8 h



40

Relative GDF15 expression 2>

Relative INHBE expression 00

Y. Fujita et al. / Mitochondrion 20 (2015) 34-42

[ 2SAcells [ 2SD cells
25
20
15
10
C 60
5 -
50
o
Oh 4h 8h Oh 4h 8h 540
£ 30
Lactate Pyruvate o
'-n'- 20
[ 2SAcells [ 2SD cells ()
25 10
20
15
10
5 L
Oh 4h 8h Oh 4h 8h
Lactate Pyruvate

1P 10L 10P 1P 10L 10P

2SA cells 2SD cells

Fig. 4. Quantitative RT-PCR and ELISA for GDF15 and INHBE Total RNA isolated from 2SA and 2SD cells treated with 10 mM lactate or 10 mM pyruvate for 0,4 or 8 h (n = 3) were subjected
to quantitative RT-PCR for GDF15 (A) and INHBE (B). (C) The conditioned medium collected from 2SA and 2SD cell cultures treated with 10 mM lactate (10 L), 10 mM pyruvate (10P) or
1 mM pyruvate (1P) for 24 h was subjected to ELISA for GDF15 protein (n = 3).
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It is well known that mitochondrial dysfunction is associated with the
pathology of various diseases such as Parkinson's disease, Alzheimer's
disease, diabetes, and aging (Exner et al., 2012; Lopez-Otin et al., 2013;
Martin and McGee, 2014). GDF15, which may reflect mitochondria dys-
function, could be a useful marker for those diseases and the aging pro-
cess. In support of this idea, the serum GDF15 level was reported to be
elevated under various pathological conditions such as cancers, cardio-
vascular diseases, diabetes, and obesity (Dostalova et al., 2009; Kempf
et al., 2007; Welsh et al.,, 2003); however, in most cases, it was not as
high as that observed in mitochondrial diseases. Recent cohort studies
also demonstrated that the serum GDF15 level is a novel predictor of
all-cause mortality and is associated with cognitive performance and cog-
nitive decline (Fuchs et al., 2013; Wiklund et al., 2010). We thus anticipate
that GDF15 will attract more interest with respect to a variety of diseases
and aging associated with mitochondrial dysfunction.

In conclusion, we identified GDF15 as a novel serum marker for the
diagnosis of mitochondrial diseases and possibly both for monitoring
the disease status and progression and for evaluating the therapeutic ef-
ficacy of pyruvate. Large-scale clinical trials including combined use of
other markers such as FGF21 should confirm the clinical usefulness of
GDF15.
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Multiple Deletions in Mitochondrial DNA in a Patient
with Progressive External Ophthalmoplegia,
Leukoencephalopathy and Hypogonadism
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Abstract

Progressive external ophthalmoplegia (PEO) is one of a number of major types of mitochondrial disorders.
Most sporadic PEO patients have a heteroplasmic large deletion of mitochondrial DNA (mtDNA) in the mi-
tochondria in skeletal muscles. We herein analyzed mtDNA deletions using sub-cloning and Sanger sequenc-
ing of PCR products in a 31-year-old Japanese man with multiple symptoms, including PEO, muscle weak-

ness, hearing loss, leukoencephalopathy and hypogonadism. A large number of multiple deletions was de-
tected, as well as four kinds of deletion breakpoints identified in different locations, including m.3347_
12322, m.5818_13964, m.5829_13964 and m.5837_13503.

Key words: mitochondrial DNA (mtDNA), multiple deletion, progressive external ophthalmoplegia (PEO),

hypogonadism, leukoencephalopathy
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Introduction

Mitochondrial DNA (mtDNA) deletion syndromes com-
prise three major phenotypes: progressive external ophthal-
moplegia (PEO), Kearns-Sayre syndrome (KSS) and Pearson
syndrome. PEO is conventionally defined as progressive
limitation of eye movements with normal pupils and ptosis
of the eyelids. KSS is a multisystem disorder with the fol-
lowing symptoms: cardiac conduction block, pigmentary ret-
inopathy and PEO. Pearson syndrome is characterized by si-
deroblastic anemia and exocrine pancreas dysfunction and is
usually fatal in infancy. A few individuals with PEO have
other manifestations of KSS but do not fulfill all of the

clinical criteria for the diagnosis. This condition is called
“PEO plus” in GeneReviews at the GeneTests Medical Ge-
netics Information Resource (1). Most sporadic PEO patients
have a heteroplasmic large deletion of mtDNA in the mus-
cle. In patients with multiple mtDNA deletions, additional
clinical features may be present, such as sensory axonal
neuropathy, optic atrophy, ataxia, hypogonadism and parkin-
sonism (2, 3). Mutations in nuclear genes, such as POLGI
and POLG2 (DNA polymerase gamma) (4, 5), PEOI (the
helicase Twinkle) (6) and SLC25A4 (other alias: ANTI, the
adenine nucleotide translocator) (7), have thus far been iden-
tified as driving multiple mtDNA deletion genes in PEO pa-
tients (2, 3). These proteins are involved in mtDNA replica-
tion and transcription, and their functional loss results in the
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secondary accumulation of abnormal-sized mtDNA (3). In
this report, we identified breakpoints of mtDNA deletions
using sub-cloning and Sanger sequencing of polymerase
chain reaction (PCR) products in a 31-year-old Japanese
man with multiple symptoms, including PEO, muscle weak-
ness, hearing loss, leukoencephalopathy and hypogonadism.

Case Report

The patient was initially diagnosed with IgA nephropathy,
hypogonadism and hearing loss at 24 years of age. He no-
ticed double vision and a gait disturbance; these symptoms
gradually worsened at 30 years of age, and he was admitted
to our hospital at 31 years of age. The patient’s parents
were not consanguineous. He had a younger sister who ex-
hibited no symptoms. He had no family history of similar
symptoms. He was 170 cm in height and 49 kg in weight.
He had gynecomastia, bilateral ptosis and ophthalmoplegia
with restriction of adduction. He also had mild muscle
weakness in the limbs. Tendon reflexes were normal.

Laboratory examinations showed hypergonadotropic hy-
pogonadism (testosterone: 0.13 ng/mL, LH: 14.8 mIU/mL,
FSH: 6.14 mIU/mL). Although the serum lactate (12.6 mg/
dL) and pyruvate (0.6 mg/dL) levels were normal, the lac-
tate level was slightly elevated in the cerebral spinal fluid
(18.2 mg/dL, compared to a normal level of <18.0 mg/dL).
No aerobic exercise tests were performed. A chromosomal
analysis showed that the patient’s karyotype was 46,XY and
that he did not have Klinefelter syndrome. An X-ray film of
the chest showed a hilar shadow; however, there was not
enough evidence of sarcoidosis. Fluid attenuated inversion
recovery (FLAIR) brain magnetic resonance imaging (MRI)
sequences (Fig. 1) showed diffuse leukoencephalopathy af-
fecting both cerebral hemispheres, although the brain stem
and cerebellum were spared. Needle -electromyography
(EMG) of the right first dorsal interosseous and right tibialis
anterior muscles was normal. The patient’s intelligence quo-
tient (IQ) according to the Wechsler Adult Intelligence Scale
III (WAIS-III) was estimated as follows: verbal 1Q= 85, per-
formance IQ= 78 and full-scale IQ= 80. Muscle biopsy
specimens obtained from the left biceps showed brachii with
many ragged-red fibers on a modified Gomori-trichrome
stain (Fig. 2a, b). Succinate dehydrogenase (SDH) and cyto-
chrome c oxidase (COX) staining were also examined and a
COX deficiency was observed (Fig. 2c, d). Based on these
findings, the patient was diagnosed with ‘PEO plus;’ there-
fore, we decided to analyze his mtDNA in detail in order to
investigate and confirm the presence of multiple mtDNA de-
letions within the mitochondria.

DNA analysis and results

This study was approved by the ethics committee of
Tokai University School of Medicine (111-17). Informed
consent was obtained from the patient and his mother to
perform the genetic studies.

Genomic DNA was extracted directly from muscle tissue

Brain MRI (FLAIR). (A-C) and (D) indicate MRI
of axial and coronal sections, respectively. Symmetrical hyper-

Figure 1.

intensity regions were observed in the bilateral cerebral white
matter.

using the QIAamp DNA Investigator Kit (QIAGEN, Hilden,
Germany). Whole mtDNA fragments, excluding the dis-
placement loop (D-loop), were amplified via long-range
PCR. A new set of mtDNA primers was designed for the
conserved nucleotide sites provided by the GenBank data-
base (www.ncbi.nlm.nih.gov) and to amplify sequences be-
tween the 12S rRNA gene and the Cytochrome b gene (am-
plified size: 14,457 bp on mtDNA sequence (GenBank/
EMBL/DDBIJ accession number: NC_012920) with the
sense primer (mtDNA-F1: 5’-CAGCAATGCAGCTCAAAA
CGCTTA-3’) and the anti-sense primer (mtDNA-R2: 5°-GG
CCTCGCCCGATGTGTAGGA-3’). The 20-uL amplification
reaction volume contained 10 ng of genomic DNA, one unit
of high-fidelity PrimeSTAR® GXL DNA Polymerase
(TaKaRa BIO Inc., Otsu, Japan), SXPCR buffer, 2.5 mM of
each dNTP and 0.5 uM of each primer. The cycling parame-
ters were as follows: 35 cycles of 98°C/10 sec, 60°C/20 sec
and 68°C/15 min.

Based on our PCR analysis, we clearly detected evidence
of PCR products from muscle DNA with multiple deletions
within the mtDNAs in the electrophorese products. Namely,
we observed the 15-kb wild-type mtDNA, 7-kb and 7.5-kb
major deleted fragments and some minor deleted fragments
ranging from 6 kb to 9 kb in the patient’s genomic DNA
(Fig. 3). These deletions were not observed in the patient’s
peripheral blood cells or the DNA obtained from the skeletal
muscle and peripheral blood cells of control subjects.

In order to identify the breakpoints, we performed sub-
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Figure 2. Biopsy specimen of the brachial biceps muscle stained with modified Gomori-trichrome
staining (a, b). The arrow indicates so-called “ragged-red fibers.” (c¢) SDH (Succinate Dehydrogenase)
staining (d) COX (Cytochrome Oxidase) staining; a COX deficiency is observed.

Miner deletions

Major deletions
Miner deletions

Figure 3. A long-range PCR analysis of the patient’s
mtDNA. The 15-kb fragments from nucleotide positions 767 to
15050 were amplified via long-range PCR using total tissue
DNA extracted from the skeletal muscle (Lane 1) and periph-
eral blood cells (Lane 3) of the patient. Lanes 2 and 4 show
PCR fragments derived from control skeletal muscle and con-
trol peripheral blood cells, respectively. “M” indicates 1 kb in
the DNA ladder.

cloning and Sanger sequencing of the deleted DNA frag-
ments. The targeted DNA fragments were isolated using a
QIAquick gel extraction kit (QIAGEN). Sub-cloning and

transformation of the fragments were performed according
to the manufacturer’s protocol for the TArget clone Kit
(TOYOBO, Osaka, Japan) and DHS5o-competent cells
(TOYOBO). After sub-cloning, direct PCR was performed
using the following parameters: 35 cycles of 98°C/10 sec,
65C/20 sec and 68°C/7 min. The nucleotide sequences ran-
domly selected nine subclones that were directly sequenced
using an ABI3130 genetic analyzer (Life Technologies,
Carlsbad, USA) in accordance with the protocol of the Big
Dye terminator method. We used various primers to detect
the sequence breakpoints of the deletions according to the
primer walking method (Table). The sequence-generated
chromatogram data were analyzed using the Sequencher ver.
4.10 DNA sequence assembly software program (Gene Code
Co., Ann Arbor, USA).

Using this procedure, four kinds of deletion breakpoints
were identified, including m.3347_12322 (1), m.5818_
13964 (2), m.5829_13964 (3) and m.5837_13503 (4), which
corresponded to 8,976-bp, 8,147-bp, 8,136-bp and 7,667-bp
deletions, respectively (Fig. 4). Of the nine PCR sub-clones,
six had m.3347_12322 (1), while the others had m.5818_
13964 (2), m.5829_13964 (3) and m.5837_13503 (4).
Hence, m.3347_12322 (1) was the most predominant dele-
tion type in this case. The deletion breakpoints did not occur
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Table. Primer List for Primer Walking Method of Sanger
Direct-sequencing

Primer name Location Primer seqeunce (5'to 3")

mt-F1 mt.767_790 CAGCAATGCAGCTCAAAACGCTTA
mt-F2 mt.761_781 AGCACGCAGCAATGCAGCTCA
mt-F3 mt.858 881 CTATACTAACCCCAGGGTTGGTCA
mt-F4 mt.806_829 CACGGGAAACAGCAGTGATTAACC
mt-F5 mt.1345_1368 GAGGTGGCAAGAAATGGGCTACAT
mt-F6 mt.1764_1787 CCTGGCGCAATAGATATAGTACCG
mt-F7 mt.2250_2273 CACTCCTCACACCCAATTGGACCA
mt-F8 mt.2718 2741 CGAGAAGACCCTATGGAGCTTTAA
mt-F9 mt.3230_3253 GTTAAGATGGCAGAGCCCGGTAAT
mt-F10 mt.3649 3672 TCAATCCTCTGATCAGGGTGAGCA
mt-F11 mt.4179_4202 AAACTTCCTACCACTCACCCTAGC
mt-F12 mt.4526_4549 CACAGCGCTAAGCTCGCACTGATT
mt-R1 mt.15200_15223 GTCTGTCCCAATGTATGGGATGGC
mt-R2 mt.15030_15050 GGCCTCGCCCGATGTGTAGGA
mt-R3 mt.14978_ 15001 ATTGGCGTGAAGGTAGCGGATGAT
mt-R4 mt.14903_14926 TGAGGCGTCTGGTGAGTAGTGCAT
mt-R5 mt.14438 14461 AGCGATGGCTATTGAGGAGTATCC
mt-R6 mt.13985_ 14008 GTCAGGTTAGGTCTAGGAGGAGTA
mt-R7 mt.13538 13561 GGGCTCAGGCGTTTGTGTATGATA
mt-R8 mt.13069_13092 TATAGTGCTTGAGTGGAGTAGGGC
mt-R9 mt.12733_ 12756 CAGTTGGAATAGGTTGTTAGCGGT
mt-R10 mt.12345 12368 GTTAGGGTGGTTATAGTAGTGTGC
mt-R11 mt.12009_12032 TGTTAATGTGGTGGGTGAGTGAGC
mt-R12 mt.11633 11656 TGTTACTACGAGGGCTATGTGGCT

within the repeated sequences.

Discussion

Progressive external syndrome (PEO) is a mitochondrial
myopathy associated with ptosis, ophthalmoplegia and vari-
ably proximal limb weakness. PEO is almost never inher-
ited, suggesting that this disorder is caused by de novo
mtDNA deletions that occur in the mother’s oocytes during
germline development or in the embryo during embryogene-
sis (1). Chen et al. (8) showed that the “common deletion”
(m.8470_13446del4977) accounts for 0.01-0.1% of the ap-
proximately 150,000 copies of mtDNAs in the human oo-
cyte (8). Even if mtDNA deletions were present in human
oocytes, a small mitochondrial bottleneck would eventually
effectively filter out these deletions. On rare occasions, a
“deleted” mtDNA may slip through the ancestral line. On
the other hand, many familial cases have been reported with
multiple deletions of mtDNA. Most patients suffer from
PEO and may have nuclear genetic defects, with the accu-
mulation of mtDNA deletions (9). These nuclear genes are
known to play important roles in controlling mtDNA syn-
thesis and maintenance. However, no mutations were de-
tected in POLG and PEOQOI that are known to be nuclear
genes affecting mtDNA deletions (data not shown).

Multiple mtDNA deletions are associated with many clini-
cal phenotypes (9), including cardiomyopathy,
myoglobinuria, ataxia plus ketoacidotic coma, multiple sym-
metric lipomatosis, myoclonus epilepsy with ragged red fi-

recurrent

bers and myopathy with multisystemic features except

mt-R2

Figure 4. Locations of the mtDNA deletions. (1-4) indicate
locations of four kinds of mtDNA deletions identified in this
study such as m.3347_12322 (1), m.5818_13964 (2),
m.5829_13964 (3), and m.5837_13503(4). Arrows indicate loca-
tions of long ranged PCR primers; mt-F1(mt.767_790) and mt-
R2 (mt.15030_15050).

PEO (9). We herein described a patient suffering from PEO,
muscle weakness, hearing loss, leukoencephalopathy and hy-
pogonadism. There are few previous case reports of patients
with hypogonadism associated with PEO.

Luoma et al. (3) reported four families that were diag-
nosed with PEO in addition to premature menopause and
parkinsonism. The authors recorded mutations in POLG in
all of the families. In one of the families, the affected men
exhibited testicular atrophy (3). These facts point to a defect
in steroidogenesis, in which mitochondria play a role in
regulating the serum steroid hormone concentrations (3, 10).
Melberg et al. (11) also reported a family with autosomal
dominant PEO and hypogonadism.

In the present case history, we followed the patient’s
symptoms for almost six years to eventually diagnose him
with hypogonadism preceded by ptosis and ophthalmople-
gia. Therefore, clinicians should take into consideration hy-
pogonadism as a symptom of mitochondrial disorders, in-
cluding PEO. Furthermore, multiple symptoms associated
with PEO may be caused by nuclear genetic defects stem-
ming from multiple mtDNA deletions that may be transmit-
ted via Mendelian inheritance, which must be explained to
patients and their families.

The authors state that they have no Conflict of Interest (COI).
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<Abstract>

MELAS supposed of relationship between high
heteroplasmy level of the mitochondrial
A3243G mutation and the clinical course.

A case report.
by
Osamu OSADA, M.D., Akira IWASAKI, M.D., *Ichizo
NISHINO, M.D., *Ikuya NONAKA, M.D. & **Yuichi
GOTO, M.D.
from
Department of Neurology, Fukaya Red Cross
Hospital, Fukaya, Saitama 366-0052, Japan and
Departments of *Neuromuscular Research and
**Mental Retardation and Birth Defect Research,
National Center of Neurology and Psychiatry,
Kodaira, Tokyo, Japan.

We report a 38-year-old female patient with mitochon-
drial myopathy, encephalopathy, lactic acidosis and

MIEEMNH 5835 £ 65

stroke-like episodes (MELAS). Around the age of 12,
she developed hearing loss and around the age of 19,
diabetes mellitus. She suffered from disturbance of con-
sciousness and hemiplegia in December 2007, at the
age of 35, and psychiatric symptoms in January 2008.
Brain MRI revealed lesion suggesting acute infarction
and edaravone infusion was successful for her symp-
toms. In February 2008, she noticed edema in the lower
limbs. Cardiac dysfunction was pointed out and oral
administration of furosemide was started. The symp-
tom was improved. In March 2011 she was aware of
dyspnea and was admitted to our hospital. Cardiac dys-
function was pointed out again. The echocardiogram
showed hypertrophic cardiomyopathy. Laboratory tests
revealed increased level of lactate and pyruvate acid
both in blood plasma and the cerebrospinal fluid. We
diagnosed her with mitochondrial disease {(definite).
Moreover, by biopsy of the left biceps brachii muscle,
she was diagnosed as having MELAS associated with
mitochondrial DNA A3243G mutation, of which
heteroplasmy level (cellular content of the mitochon-
drial mutation) was 92.7% in the muscle. Since she was
treated with coenzyme Q10, her condition has been
stable for more than 4 years. We suppose that some
symptoms, including stroke-like episodes and cardiac
dysfunction, were manifested, as heteroplasmy level
increased with age and duration of diabetes mellitus,
and that no more symptoms were added after the high-

est heteroplasmy level.
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Chapter 36
Mitochondrial Cardiomyopathy and Usage of L-Arginine

Kenichiro Arakawa, Masamichi Ikawa, Hiroshi Tada, Hidehiko (MVeazawa, and Makoto Yoneda

Key Points

-

Cardiomyopathy is present in 17-40 % of patients with mitochondrial disesse and is one of the
major causes of death in such patients.

MELAS is a syndrome caused by an A-to-G transition at nucleotide position 3243 in tRMNA-Len of
milMNA and is the most common type of mitochondrial disesse.

In vive functional imaging mekes it possible to evaluate aspects of energy metabolism such as
membrane potential and TCA cycle Kinetics in MELAS patients noninv asively.

L-Arg therapy is a promising approach for controlling the stroke-like episode of MELAS because
of its vasodilutive effect.

L-Arg also has the potential to accelerate TCA cycle activity, imespective of its vasodilative effect,
and this can be used for treatment of mitochondral cardiomyopathy.

Keywords Cardiomyopathy « MELAS « SFECT = PET = - Arginine « TCA cycle
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Abbreviations

MELAS Mitochondrial myopathy, encephalopathy, lactic acidosiz, and stroke-like episodes
mtDNA Mitochondrial DNA

ATP Adenosine triphosphate

LVH Left ventricular hypertrophy

Arp L-Arginine

i Mitric oxide

SPECT Single-photon emission computed tomography

== Te-MIBI  Technetium 99 m methoxyisobutylisonitrle
HLBMIPP  lodine-123-labeled 15-4-iodophenyl-3-{ RS} methy |-pentadecancic acid

PET Piositron emission tomography
TCA Tricarboxylic acid

MBF Myocardial blood flow
Introduction

It is well known that the most common morphology of cardiomyopathy is hypertrophy of the left
ventricle. Practically, it is diagnosed as idiopathic hypertrophic cardiomy opathy, although occasion-
ally it occurs secondary to systemic disease. The etiology of hypertrophic cardiomyopathy varies and
can include ischemia, valve disease, inflammation, muscle dystrophy, toxemia, collagen disease, and
metabolic diseases such as amyloidosis, Fabry s disease, and mitochondrial disease [1]. Accordingly,
the treatment and prognosis of each individual disease differ, making a correct diagnosis important.

A recent epidemiological study has revealed that the prevalence or risk of developing mitochon-
drial DMA (mDMNA) disease is 12.48 per 100,000 individuals in the general population [2]. Moreover,
pathogenic mtDMA mutations that can potentially cause disease are detected in at least one in 200 live
births, indicating that mtDMA i not as rare a disease as once thought previooshy [3].

The human mitochondrial genome disorders discovered up to the present are cited in MITOMAP
(LUTRL: http:/fwweo mitomap.ong), and more than 40 motations of mtDNA or nuclear DMNA associated
with structural mitochondrial cardiomyopathy have been reported (Tables 36,1, 36.2, and 36.3).
Mitochondrial myopathy, encephalopathy, lactic acidosiz, and stroke-like episodes (MELAS) is the
most common type of mitochondrial disease and is also related to familial candiomyopathy, which is
caused by an A-to-G transition at position 3243 (A3243G) in tRNA-Leu of the miDNA [4, 5]. This
mutation reduces the activity of MADH-ubiguinone oxidoreductase {complex 1), leading to impair-
ment of respiratory chain function with consequent reduction of adenosine triphosphate (ATF)
production [6]. Furthermore, this mutant and wild-type mtDNA coexist in each individual cell (het-
eroplasmy ), and the proportion of mutant mtDNA must exceed a certuin fixed level in onder to result
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Table 361 miDMNA motations in rRMNAARMA regioms cansing cardiomyopathy

Position  Locus Dhisease Allele RMA Homop sy Heteroplasany

1341 MT-ENE1  HCM Ti3gc 125 tRENA + -

1556 MT-EMRE1 HCM C1556T 125 MA + —

1644 MT-TV HCM + MELAS [ RN tRMAYal - +

3342 MT-TL1 MMHCM + renal tubular G3kaZa, RMA-Lew + +
thysfumction (UL

3243 MT-TL1 DRMDERMIDIYSHNHLFSGSS A6 IRNA-Len - +
cardiae + multiorzan (LIRS
chyafumction

3260 MT-TLI1 MM MELAS A3ZMGOG IRMNA-Len - +

MULIR)
3303 MT-TLI1 ML C3303T  iEMNA-Len + +
(LR}

42640 MT-T1 FICP A4GOG IRNALL - +

4245 MT-T1 MHCM/matemally inherited AdMsG ENALL  + +
Frypertension

4316 MT-T1 HCM with hearing losaiposs. A4316G 0 ENALR  + +
by pertension factor

4317 MT-T1 FIC P poss. by pertension factor A4IITG iRNALL  + -

5545 MT-TWw HCM severe mulisystem disonder  C5545T  tENATp - +

L MT-TK DMDEMERRF HCMiepilepsy ARMNGG RNALys  + +

B348 MT-TK Cardionmy opatby SMHL poss. ABISG IRNALys  + +
bryperbemsion factor

B3G5 MT-TK MICM+DEARMEREFautismy  GE3634  RNALys - +
L5 atax ia+ lipommas

ety MT-TG MHCM Tt iIRMAGE  ad +

12247 MT-TLE Drilated cardiomyopathy LS TI2MnC  iRNA-Len  + +
failure to thrive and LA (CLIM)

12308 MT-TLX CPEOVstrokeCh breast and renal  ATI30EG (RNA-Leu  + +
and prostate cancer risk/altersd (CLIMY
brain pH

15423 MT-TT Infantile Cp A1S23G  IRNATHr - +

15052 MT-TP Drilated cardiomyopathy : IRMA Pro - +

HCM by pertrophic cardionmy opathy, MM mitochondrial mpeopathy, DMDF disbetes mellitus + deafiess, MDD mater-
mally inherited diabetes and deafoess, SNHL sensorineumal hearing loss, FSGE focal segmental glomeruloselensis,
MMC matersal mryopathy and candiommyopathy, FICHE fatal infantile cardionmy opatly + a MELA S-asociated cardionmy-
opatiy. MHCM matemally inherited hypertrophic cardiommyopathne, MERRF moroclonic epilepsy and ragged-red smscle
fibers, MICM matermally inherited candiony opatlyy, DEAF maternally isherited deafpess or aminoghycoside-induoced
deafness. LY Leigh smdrome, LA lactic acidemis. CPEQ cloonic progressive external ophthalmoplegia, CM
cardionmyopatiey

A TTCTCTGTTCTTTCAT 15 bp duwp) (cited from MITOMAP and adapted to the ext contents)

in clinically apparent respiratory chain failure |7, #]. Thus, energy production differs from tissoe to
tissue and also among ongans, markedly energy-dependent organs tending to be affected most signifi-
cantly. The distinct clinical features of MELAS patients are systemic and include myopathy, lactic
acidosis, stroke-like episodes, hearing loss, diabetes mellitus, gastroiniestinal manifestations, renal
failure, and cardiomyopathies [4, 7, 8]

Mitochondrial cardiomy opathy often results in concentric left ventricular hy pertrophy (LVH), and
the severity of the IV H comelates with the burden of mitochondrial disease (Fig. 36.1). The reasons
for development of LVH have been investigated wsing knockout mice with a deficiency in the mito-
chondrial sdenine nucleotide translocator [%¥]. Like MELAS patients, these experimental mice show



Table 36.2 mDMNA mutstios in the codingioontrol genes cansing candiommyopathny

Muocleotide Amino acid

Position  Locus Disease Adlele change chege Homoplasiny  Heteroplasomy
i3 MT-HDM Cand oy opathey GE337a Gea W-M = -
3345 MT-NDM HOM with hearing  AS350G A-G ¥ - +
v
i3dm MT-NDM ADPIVpossibly AZWTG A-G M-V - -
Ly ™NC
cardionmyopathy
associated
KL p) MT-HDM HOM scle GEa0Ta Gea E-H = -
ivohyeiment
SO MT-HD2 Dtz bespanme it ASNNAA A-AA Frameshift - +
delay, selrame.
card oy opathny,
lactic acidosis
B525 MT-ATF8%  Infantile TEs28C T-C w-R (ATEF); = +
cardionmyopathy Ml start}-
TiaTH)
BS54 MT-ATPRG  Possibly LVNC CHS58T O-T P-5{ATPS}; = -
candiogiyopathy AV AT
amsoclated
)5 MT-ATP:  Passibly LVNC AGDSRG A-G T-A = -
cardionmyopathy
associated
15498 MT-CYEB HOMAPW, DEAF  Gl3498A  Gea G-I - +
15693  MT-CYB Passibly LVNC TIs05C  T-C M-T - -
cardiomnopathy
amsoclated

ADPD alzheimers disease and Parkinson™s disease, LVNG keft ventricular noscompaction. WPW Wolff—Parkinson—
White sy ndrome {cited from MITOMAP and adapbed bo the text contents)

Table 363 Muchear INA mutations Gusing mitochondrial cardiommyopathy

Ciene Chromosome famction Chromosome  Inheritance  Clinical phenotype

Structural gere

MDUFY 2 FP fraction 18p11 AR Cardionmyopatiy, bypotonia
emcephalopathy

Compler assembly

NILTFEAF1 Aspmbly 15913.3 AR Cardioencephalopathy

(CLA 340
S002 Copper transport g3 AR Meonatal candioesoephalommyopathny
COx 10 Hemse A farmesy ltransferase 17pl2- AR Meomatal wbulopatin and
pl12 encephalopatiny, 15, candioinopatey

COX15 Hemme & syathesis 10y24 AR Early-omiset by pertrophic
cardiomiyopathy

TMEMTO Auspmbly Bg21.m1 AR Meonatal enceplalopathy,
cardiomyopathny

Mitochondrial impor

RIS [ Protein import 263 AR Cardionpopathe, ataxia

Mt profein synihesis

MEPS22 Mitochondrial translation 23 AR Cardionmyopatiey, tubalopatky

{ron homensiasis

BOLAZ Irnt—seulfir closter biosymthesis 2pl3.1 AR Encephalommyopathy, cardionmopathny

Co 10 hiosyaithesis

000 Col) 10 deficiency 16yl 3 AR Mematal lactic acidosis, selzures,
cardiomryopathy

Chaperon fuaction

Gid 5 (lafazzin) Cardiolipin defect Kyls X linked  Barth gymdrome, X-linked dilated

cardiomyopathny

FP favin protein, AR aotosomal recessive, Coll coeneyme ©) (cited from MITOMAF and adapted to the text contemts)
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Fig. 36.1 Representative photograph of hy pertrophic cardiomyopathy of a patient with mitochondrial disease

ragged-red muscle fibers, lactic acidosis, and cardiac hypertrophy, suggesting that deficiency of ATP
production plays an important role in these conditions. On the other hand, a rare form of dilated-type
mitochondrial cardiomyopathy has also been reported [10, 11]. A subset of patients with LVH prog-
ress to the dilated phase, which resembles idiopathic hypertrophic cardiomy opathy [12], but in some
cases dilated cardiomyopathy is already present in childhood [13]. This discrepancy has been
explained using a transgenic mouse model of mtDNA mutations, in which increased production of
mitochondrial reactive oxygen species during the aging process leads to initiation of apoptosis and
plays a crucial role in the development of dilated cardiomyopathy [14].

The frequency of cardiomyopathy in patients with mitochondrial diseasc is reported to be 1740 %
and is one of the major causes of death in affected patients [15-17]. Unfortunately no effective thera-
pies for cardiomyopathy have been found to date. Koga ct al. reported that 1-arginine (Arg) infusion
during the acute phase of the stroke-like episodes in MELAS patients dramatically improved all of the
stroke-like symptoms within 30 min [ [ 8]. Morcover, oral administration of .- Arg during the interictal
phase significantly decreased the frequency and severity of stroke-like cpisodes in MELAS patients
[19]. 1-Arg therapy is therefore now a promising approach for controlling the stroke-like episode of
MELAS. Here we further investigated the therapeutic effect of 1-Arg infusion in patients with cardio-
myopathy and the possible mechanisms responsible.

In Vivo Functional Imaging of Mitochondrial Cardiomyopathy

Although the histopathologic abnormalitics of mitochondrial cardiomyopathy have been clearly
revealed using autopsied and/or biopsied tissue samples, the pathogenesis of cardiomyopathy has
been discussed largely on the basis of the experimental studies [9, 14, 20]. Here we evaluated energy
states in the myocardium of patients with MELAS using in vivo functional imaging.



A6 K. Arakawa et al.

Evaluation of Mitoechondrial Membrane Potential and the Anacrobic Pathway
Using Single-Photon Emission Computed Tomography (SPECT)

Technetium 9% m methoxyisobatylisonitrile (*=Te-MIBI) is incorporated and retained in the mito-
chondria of myocardial cells, a process that depends on mitochondrial membrane potential [21]. This
tracer is not retained in necrotic or imeversibly ischemic myocardiom amd therefore can be used for
assessing my ocardial perfusion and myocandial cell viability [22].

Iodine- 123-labeled 15-4-iodopheny |- 3-(R.5F methy |- pentadecancic acid ("1-BMIFP) is converted
to acy-Cod, a common pathway of myocardial fatty acid metabolism, but is not metabolized via beta-
oxidation, which reflects the enhanced triglyceride pool [23]. An incTeasing number of studies have
reported that patients with idiopathic hy pertrophic cardiomy opathy show reduced uptake of '“1-BMIPP
and that this is related to impairment of the plasma membrane of cardiae myocytes [24].

Using these two tracers, we recently neported that in MELAS patients, the *=Te-MIBI washout
rate (WOR) was increased, resulting in decreased uptake of == Te-MIBI (Fig. 36.2) [25]. In contrast,
SLBMIPP uptake increased sccording to the severity of left ventricular function (Fig. 36.2) [25].
These findings confirmed that respiratory chain failure leads to a continoous energy shift from the
acrobic o the anascrobic (glycolytic) pathway, resulting in the lactic acidemia that is observed in
MELAS paticnts. To ameliorate the over-reduction stress resulting from respiratory chain failure,
reduction of ditydroxyacetone phosphate to ghy cerol-3-phosphate occurs in order to oxidize superflo-
oug nicotinemide adenine dinucleotide [MADH] to [MADD), the excess glycerol-3-phosphate being
utilized for synthesis of triglyceride. Accumulation of "™I-BMIPP in MELAS paticnts was provoked
by this enhanced triglyceride pool (Fig. 36.2) [25].

Glucese —= DHAF Tngl:,ln:erlde"‘
7N 7 e
Al:g,.ﬂ-t!u.ﬁ.

'j f FFA
Pyruvale Lactate 4

Fig. 36.2 Schenatic illustration of enengy production pathecays in which functional imaging can be adapied. *==Te-
MIBI is incorporated and retained in the mitochomdria depensding on mitochondrial membrane pofential created by the
respiratory chain, "FBMIPF is incorporated into the TG pool, associated with an excess of ghycerol- 3 phosphate (G-3-
P, and is enhanced by increased glocose viilization. "C-acetate PET is nesponsible for the flux of TCA opele. CPT
carnitine palmitoyltransferase, FFA free fanty acid (cited from Bef. [25] with modifications)



3 Mitochondrial Cardionmopathy and Usage of c-Arginine AT
Evaluation of TCA Cycle Kinetics Using Posifron Emission Tomography (PET)

Radiolsbeled "C-avetate kinetics demonstrated by PET are closely comrelated with myocardial oxygen
consumption [26, 27]. The acetate is known o be a substrate that can be utilized readily by the heart
and is incorporated dircctly info the trcarboxylic scid (TCA) cycle afier conversion o acetyl
CoA. Therefore, "'C-acetate can be used to measure the flux of the TCA cycle without being affected
by conditions of energy production in the heart soch as normoxemia, ischemia, and reperfusion, which
adv antages over other conventional tracers such as "F-deoxyglucose and "'C-palmitate [28].

"C-acetate PET also has the potential for detecting myocardial blood flow (MBF) using the early-
phase (0-3 min after tracer injection) kinetics of "'C-acetate [29]. Since the flux of the TCA cyele was
measurcd using the delayed- phase (7-20 min after injection) kinetics of ''C-acetate, these two param-
eters can be measured in exactly the same location in the heart.

Our SPECT study in MELAS patients with cardiomyopathy demonstrated a shift in energy
production from the serobic to the anaerobic pathway [25], although TCA cycle activity, which is of
central importance in oxidative metabolism, was not fully evaluated. We therefore applied ''C-acetate
PET to MELAS patients and compared the findings with those in healthy controls [30]). The results
revealed that TCA cycle activity tended to be lower in the patients than in the controls, thus confirm-
ing a thift of energy production to the anaerobic pathway sccording to impairment of electron trans-
port and oxidative phosphorylation resulting from respiratory chain failure (Fig. 36.2) [25].

Effect of L-Arginine Administration on Mitochondrial Cardiomyopathy
Evaluated by ""C-Acetate PET

As described at the beginning of this chapter, - Arg sdministration i now a promising therapy for the
acute and interictal phase of the stroke-like episodes in MELAS patients [19]. One suggested mecha-
nism is that 1-Arg, which is a precursor of nitric oxide (NOx), may increase blood flow in the cerchral
microcirculation end reduce ischemic demage to the brain. From the fact that the concentrations of
L-Arg, citralline, and NOx were low in the acote phase of the stroke-like episodes in MELAS patients,
it seems plausible to supplement the samounts of these substances [19]. An improvement of endothe-
lial function in MELAS patients was also observed after oral 1-Arg supplementation, which would
explain the long-term outcome [31]. As the impact of 1-Arg administration on mitochondrial candio-
myopathy has not yet been reported, we recently evaluated the acute effect of - Arg sdministration on
cardiomyopathy nsing "C-acetate PET [30]).

We performed "C-acetate PET before and after 1-Arg infusion (0.5 g'kg, within 30 min) in six
patients with clinically and genefically diagnosed MELAS. After t-Arg injection, TCA cycle notivity
(expressed as K ) of the entire heart did not increase significantly, although four of the six patients
showed improvement afier L-Arg administration. Due to heteroplasmy, mitochondrial dysfunction
CCCurs in varous Gssues to varying degrees, a phenomenon known a5 “mosaicism of mitochondrial
disease.” Therefore, we further divided the heart into nine segments. TCA cycle activity was improved
after - Arg injection among six o eight segments in four responders, whereas it was five segments in
two nonresponders. On the other hamd, MBF increased in two patients, decreased in two patienis, and
remained the same in two patients after 1-Arg infusion. To analyze the relationship between TCA
gyile activity and MBE, we prepared a bull s-eve map of these two parameters before and after L-Arg
injection. Figore 36.3 shows representative data for a MELAS patient who showed an increase of
TCA cycle activity after 1-Arg infusion. Surprisingly, the regions of improved TCA cycle activity did
not correspond to the regions of increased MBE
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Pre Arg Post -Arg
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@
Fig. 36.3 Representative bull's-eye map of TCA oy cle activity (upper deck) and myocardial blood flow (MBF; lower
deck) before and after c-arginine administration in MELAS patieats (cited from Ref. [30])

TCAcycle
activity

MBF

Lcitrubineg

//.-‘ Arginine-
succinate

Dlood vessels

Fig. 36.4 Schematic illustration of 1-Arg catabolism. Nitric oxide (NO) is synthesized from 1-Arg catalyst of nitric
oxide synthase (NOS). 1-Arg has another potential to eater the TCA cycle by conversion to 2-oxoglutarate

t-Arg is a well-known precursor of NOx affected by endothelial nitric oxide synthase, a strong
endogenous vasodilator [32, 33]. Accordingly. we expected that the regions of improved TCA cycle
activity would match the regions of increased MBF, but no such relationship was observed. Although
the reason for this remains obscure, Arg has a wide range of biological roles, such as a precursor for
synthesis of urea, NOx, citrulline, ornithine, creatine, and agmatine. Furthermore, omithine generates
polyamine, proline, and particularly glutamate, which undergoes conversion to 2-oxoglutarate and
enters the TCA cycle (Fig. 36.4). Therefore, an excess of 2-oxoglutarate in the TCA cycle induced by
1-Arg injection could be responsible for acceleration of TCA cycle activity with little relevance to the
coronary microcirculation.
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The primary cause of the stroke-like episodes in MELAS paticnts remains uncertain but is thought
to involve angiopathy, cytopathy, or both. Potential therapeutic effects of - Arg for strokes ane mainly
thought to contribute to amelioration of angiopathy through its vasodilative effect and improvement of
endothelial function. The logic of this approach is result from the loss of NOx in vascular endothelial
and smooth muscle cells. However, the concentration of NOx was quite elevated in the interictal phase
of stroke-like episodes [ 19]. Moreover, an in vitro experimental study has revealed that the synthesis of
MOx was increased in cybrid cells carrying the AS243G mutation, which supports this condition [34].
Our study sogpests that 1-Ang enhances TCA cyele activity imespective of vasodilation, which rescues
the cytopathy (over-reduction stress) of MELAS patients. A recent study has also revealed that 1-Arg
improved the sctivity of complex 1 activity, a nonvascular system, in cybrid cells harboring A3243G
mutation, thus strongly supporting our hypothesis regarding the metabolic effect of 1-Arng [35].

Accordingly, our study has clearly demonstrated that 1-Arg has dosl pharmaceoticsl effects—
vasodilatation (angiopathy ) and acceleration of the TCA cycle (cytopathy }—which can be used as a
treatment for patients with mitochondrial cardiomy opathy.

Conclusions

Mitochondrial cardiomyopathy is cavsed by respiratory chain failure due to miDMNA mutation, one of
the key conditions that determine the prognosis of patients with mitochondral disease. Functional
imaging modalities such as SFECT and PET enable evaluation of in vivo energy production and the
efficacy of treatment for patients with MELAS. It was clearly revealed that TCA cycle activity was
murkedly suppressed, resulting in a change in oxidative metabolism from an aerobic to an anacrobic
stabe. 1-Arg has the potentinl to enhance TCA cycle activity without being affected by any vasodila-
tive effect, suggesting dual pharmacentical effects that could be applied for treatment of mitochon-
drial cardiomy opathy.
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L, FTOf%, BAEIIEEMIZ, S bary k7T
DI N F =B Db HEEFER S X » Tl
CARREMHTHIEICLTWA, LAL, K
X, 2 — 7 = > % — (next generation sequencer :
NGS) I & & f@giT o T, #Hr LW ERE T8
DEDXEREEIN TS,

SRV R TIIBIT A IRV F — A B
THH5FI, TRV F—HREICIEEr b5
BEREBELANC, ISPy FY 7HEOESGR,
F— b7 7 VRS OIEERICET 59
F, 2 b FN) 7 DNA OEBEPRERIZh D
A9F, I by R TAOEIZH b L5T
¥, FIZSE E LRED T O DK
BB, LizhioT, I bavyFY)T7Hikx
IANVF =I5 FOEALIZEEL T
HThH, EZFTHIANLF—(H@IEVD LT
HBRE 2 RDTE | S I2 v, 9 W) BIRT, ko
HMEABRETFERROT vy 2333 bay P 7RO
ML b TEEESZTWA,

PP THEOREELE2DIE, I bav

by FU 7ROBAERZDIIA

Current status of research on etiology of mitochondrial diseases

RS — o T2 —(NGS), F—&¥z7U>J, T3V N)7 DNAZER

B - MRERAR T 42— AT T Lt a— tra—k

N1 7 DNA ZR L4 DNA EOBIETRTH S
(B 1). AFETE, EERIMIZTbNRTYS I
bay ) TIROERT OBl L BimE, I b
2> K1) 7 DNA £4% DNA 501 THELS 5.

2 b2 R 7DNAREDIRIK

I ba ¥’ 7 DNA oz, OMaRIc%
HOaV¥—9EFEETsrZ (=L Fa¥—), O
DNA 123 b2 ¥ FY) 7 DNA M OES A%
BHELTWLZ L, ORI L ICEROFES
EROWFEINE) Z &, R EHDNA LIZELS
HENHLETH D,
HAE—#HMIZITbRTwbsI a7
DNA o #R 2 1273, 3, ZDNA L
D3I by K7 DNA SHURH % Ryt 5720
12, 2 b3 F) 7 DNA #2—illd 5 WiEZHo
T54<w—+ty P TPCR¥IFZ L TW5. &
DNA LORH % iS55 &) BETIEH 505,
WIZINEATH) 2 & THLME S 72IRIEX D AE R
BVAT S —EDMRTHDLI EIZhD, L1
WoT, Eame I b3y F) 74z el
T DNA 7HER 1T Hikbd Y, ZOrp%
ZMB L7 DNA BEF» bR ENR TS, L
ML, I b2 )7 DNA XKZ(HE) 2if~<5
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DNA HDNA
R = R N )] I h3LFUTZDNAD
EE&HICHhhhIEET HRERBIIHh DD SEETF
IFALRUTAD
R,]ﬁ_glffﬁfﬁy Eim IRV KU ZDNARE
|
EEEARICERE RZARGE T - EIR mER
I »obsEET
|L v V. Vv l l l
g ATP
ﬁéé‘iﬁétz J o opny | BFRERERRIRE ADP*O
HhhBBIEF UD UAD*
vhUw7 A
U IRER ik
1A o FRRE R
=
b 5BIET

1 3 b3 RUTHEOERA
S POV RUPHROFRBRETHS (R 1 HBROTE). #%ONA LOREBETIHMEC 200 @ZBATVD. =
k3> RU 7 DNA OEZbIE Rk - BiEG EOWBEZLERERTH S, JILFIE—THBHI IV FUFZDNA
[FHOBAT, BERETRIUAEELTVRHE(ANTOTSRE-), BERTATHEREDBE ((RESSAZ)N'H
%. BT bORUZ DNA JE—#HEA T 2 RZ (168) WETBRTICES.

TR PCRi% | mtDNAD & —#EE
DNARRE === | (1ZDNAR & O L8)
Long-PCRi% \. ““““““““
— Southern i T AmRSEE
1Al DNAE R | (3243% 8% &)
LOﬂB’t gﬁiﬁ é % E 1 PCRi%, Pyrosequencing
m alla
_. ; fkti‘fﬁ:y— o, ./XE : SoutherniZ D LHE
Sanger % e EERMESDD
" o Rear variants BE—Rk

2 I ph3XKYUT7DNABRRDFD
S ROV RUP DNA [BEE, #% DNA &—EICHE 5 (RX2MR) . E8 PCRIATH DNA £D
BT IC—HEHET 2. BEOBVERIBINSERPCRPNADOY—IIVRGE
TEROEFECERFELZAT S, BRO2EY—2 TV RUd Sanger ;A TITIN, BTHIICHK
DNA ED= b3 RUZHELEIERN T B 0IC long PCRZ1TD. K —2I T/ AL,
FRNU 7Y M OBR—REDIRE L ZOHEEFND LN TEIRTENITNS.

72O b2 B 7 DNA ft O BT T 4.
HY, FOEEITE DNA IZHT A% 3 b IR RTINS U CTHEDORWEERZ RS

2 F1) 7 DNA EZiR~<57:9012, ¥ DNA &

FEDR L b TE DS, TR EFEE DR
2 hay FY) 7 DNA % —#I20 89 5 fHEh—

DR, YRR K RAAE S SRR A —
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% 1 HDNALOHS&EERBET & 7 DY

GFER

C12orf65

OPAT1, MFN2

ANTT

AGK, SERACI, TAZ
HIBCH, ECHS1, ETHET, MPV17

TUFM, TSFM, GFM1
MRPS16, MRPS22, MRPL3, MRP12, MRFL44
RPPRC, TACO1, ELAC2, PNPTI1, HSD17B10, MTPAP, PTCDI

FBXL4, AFG3L2, SPG7

AT

ISCU. BOLA3, NFU1, IBAS7
MTO1, GTP3BP, TRMU, PUST, MTFMT, TRIT1, TRNTT, TRMTS

AARS2, DARS2, EARS2, RARS2, YARS2, FARS2, HARS2, LARS2, VARS2, TARS2,
IARS2, CARS2, PARS2, NARS2, KARS, GARS, SARS2, MARS2

| DGUOK, TK2, TYMP, MGME1, SUCLG1, SUCLAZ2, RNASEH1, C10orf2, POLG,
POLG2, DNA2, RRM2ZB

SLC19A3, SLC25A3, SLC25A19

| - Complex 1 : NDUFS1, NDUFS2, NDUFS3, NDUFS4, NDUFS6, NDUFS7,
NDUFS8, NDUFV1, NDUFV2, NDUFA1, NDUFA2, NDUFA9,
NDUFAT0, NDUFATT, NDUFAT2, NDUFA13, NDUFAF2,
NDUFAF6, NDUFB11

+ Complex I : SDHA, SDHB, SDHC, SDHD, SDHAF1

- ComplexIl : UQCRB, BCSI1L, UQCRQ®, URCRC2, CYCI, TTCI19. LYRM?,
UQCC2, UuQccs

- ComplexlV : COA5, SURFI1, COX10, COX14, COX15, COX20, COX6B1,
FASTKDZ2, SCO1, 5CO2, LRPPRC, TACOI1, PET100

- ComplexV 1 ATPAF2, TMEM70, ATP5E, ATP5AT

+ Coenzyme Q10 deficiency : PD557, PDS52, COQ2, COQ4, COQB6, CORBA.

COQEB, COQRY(secondary defects : ETFDH,
APTX)

FZEEALDOTIE WD, I barv kY7
DNA &S — 2 Ty A %479 2 & i— gy C
Hoh, WEY T —ETITo T BN, BRR)
v (9 10%) S G X R EDS R 7 . IERE 2
BRPB/ALDICIE, ERPCRP/Sf O — 1
YA EMOFEEBINT AL ENRDH L, F
72, Sanger I H—REFIOREWEZ LS LD
CEDTELRENED L. Rk - HEHEIZOVWTIE
PCR & & 12, Southern T 0 &t 1 5EAH A3
BETH5b,
rROLIHRI P2y P 7 DNA BER -
B, NGS zHi% & T2 HiE~NEKE CE{LL
TETWHOPHIKTH L, ZoHHIZ, O3+
a2 F1)7 DNA O¥6, HERSLRELREDOH
ML & &b ICEMENL, ThbbAFuss

I — (—HIR PN B AT & S BRI ASRAE) DR
%, NGS D) — FRIE(F7A) 2MinsgsZ &
THETE S, QHE—KED, 77 AHMEMm I
T DI REW S ATH B & TRIHE % HE
FETED, HTHAD.

LA L, MiETEI bar F) 7 DNA ZEH
FETET, RERBZZHCTIT) ZEPRET
HhH kX IPaYFY) 7 DNADOEER
FIFME ClRmEHRETE S, REWSZTHLE
B TOAERTE LI LN, $/2, Hitkik
R DAY e AR R RF H L EI2 Lo T3
b2 1) 7 DNA 235 Wi b L, IERE AR A
LBNLWEEDHLZ L, TlhbThhEBEORSE
DNA 30 LME o RLE LTHETL S
Ebdh, TOFFREMIRT 5 BIIHRN LHEE
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TELZVIEbd 5. BYLRARN - R’TF, &
YRt BYLERPEETHS.

I ha ¥ F) 7 DNA ZROHEHRIZOWTH,
MITOMAP 2B S @B7F— I X—2E LT
ERERTWAY,

2 #DNA _EDREEEIRFDRER

NGS % B\ 72 HER L, % DNA EICfFAE
TA5EEABEFIIEMO—&EELIEoTWV S,
NGS # AV I TN E4TH & LTH, O34
VEBRWA R QT2 Y —ABFTT— 5 Ded
THEkD 5 BIZTFHOERO AR LRI T 5 F 1k
BEHTHB. TNS5DFETIIARL /BT
RESNLDT, HORBOREABEBETFERN A
Ol THZRMFTREEL D Z LRV,
L2 L, NGS TADO» o ERIIBENDL I A
Sanger IETHERT A Z &A% F L {, NGS ¥
TREVPTHET LD Tidi v,

B0 o BIETERIGRNERDODH 5 DM
£ hOYED, BIZFHHOL oL bEERA
Fv TS ThHDH. BoNiT— 2 3h0EAOR
BEFERRER T — 5 L WBRET A EVEN
RFETHY, FDLOIZTELEZTE L DOEH
F— ¥ 2 {FTEENDPLETH L. BROFR
LE)X L ERAE ST, bAETLRBEESL
F— B EEFI(F—F =T v T) D%
BHENEBEINDEI LI >TWA,

#% DNA Lt o FERE#{zF 139 Tl 200 L L
hoTwh, FR6OBETFORETT SV
F—RBIEELIIPDLB D, I +2F)T
DNA DB ERBIhHPLEIDLEEHTH
22(F1), MIBLNLDOL A ¥ 2 —ERE LT
WRE L COBRENIMEE L2 b 0, HREOFHHED
BHSP R 2 TORWERBET O SHEFET 5.

T/, I by R TRO L THRENE—O
L L TEREN TV A Leigh INJE & 7 D8FEE
EBIZBWTIE, MET 28532016 12 AR
EN-RLTHEFEYLE ENEY, 2000
10~20%ix3 ha > K1) 7 DNA DERTH D,
RFhY 7% ATPaseb IO ER &L 13 HOER
BhhboTns, fRE LT, Leigh IWIEE £
DR B BRE D 80~90% 34 DNA Lo #{EF

GG\E!?UJF,»M; Vol. 260 No.1  2017.1.7

TRAYLL, FOEEHIZZ2BHEUEILZ-TE
D, IS5IS5BIWML TN ZEIZRDTHA

~

7.

P GHEOHEE

I bary Y 7HAMS T AREDCLL Y IIERK
PEWEAREW, TAYVATRLDONR, WERH
i GOIKEEDILLO TV L REEHEEDS
J LENTEFZE (undiagnosed disease program) i<
Lo, HH7ICERE LTHLPIZRSERD
M bay P 7THEOREFVEAONLZ
PN TwS, HROI IV FYTH
THONL-RBBERBEL2LEFHTHoTDH, E
F3 bay B TREREFZORETHL LW
ST ENRBENBENEI DS,

&) MBI ASEMAIC 2 B Z L IERITON
BWELTDH, Bohlyr ) 2 ERFD6TH
B2 bid 27 &3 L b M TR+ R RERRIC
B bW ENEV, ZTOHIl, BEHED
B XbDOTHETH), N1F)V—ADE
EWAEMTES. LI MIV P THTRE
HHWHHNE - MEICHEE RIZTTEREND S
ZERD, BEICIETE 2V O ORI
FEWHE % & OMEMEPERICR S, BEEE
e F sk % iPS MBI R E R #EF
OIFEMMER E & I, RELERT 5138
OMEHZZ Y D B,

LA L, REMORKIERIIBERTTH Y,
I bay R 7HEEICE L COSRBR BT TR
VIEIC 2 B, BEHROMBER PS Mz
COWMEMB 2 B TERLBNEITI T EHVEER
Thb FOEWRT, IPayF)TICHETS
MEXITo TV AEBEHELZEOESBLETSDH
5. bAPETIELUE S "I bay ¥ THE
BEATH Y, ENEBEVIREIEIR %R
wHITTBY, FOEKEAREZEFELTSOR
53 FarF) THRIFEOERIIAFTE 5.

- X k/URL.

1) MITOMAP : http://www.mitomap.org/MITOMAP
2) Gorman, G.S. et al. : Nat. Rev. Dis. Primers, 2 1-22, 2016.
3) Lake, N. J. etal. : Ann. Neurol., 79 : 190-203, 2016.
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ThAVRYTE

Understanding mitochondrial complex | assembly in human mitochondrial disorders

I hAYNYPERHEESERD, I

= IE 0
Masakazu Mimaxi
HRARESINEE

I haY R PIFRHEESET I, BREERORDDEREE S, WRHEO L L TRADEEHETH
3, WIMEICHVTE, S FOCRKYPDNAICOA—FKEhATENY T2y bE, F7THEICHRS
lcd=KahAaY7aizy b ollah, ZTOAFRIZ80kDallH RN, HMEEERIETIRAL L
HAREHRTAICIH44BHEODY 712y MEMHAILTHHOERLETOEX (T T ) —H#1E)
PRELLES. HEFIREBEGI 2L R T7ROBEEE L TH-EHB{, BIEFEMICE>TWVWE
WilBZWD, EE, L7 —#EORREERERE TIBERSEN HLDOVWTWE. £, 25D
BEMPORTC 70T 4 I 7 AQCAEEICEN TR 7Y —#BICERER (7T U—-T77
A=)HSREEA TV, HABIOT7ELFT)—70 X GEMTHEAIEETH DY, ZTORE
BRI RO R ZIFIREREEDREZRE, 7L (HAFREBICEDVWLABREREEZbEOTIEE

HfET 3.

ISP YRR TFTIZBWTZANLVF—(ATP) %
AT HBEOP L IEH ) OVBEHDEEARTDH
HITSHBEEARTH Y, TORFEIE, ZHNVF—
FEAART, DWW CIdMifaEiEIcEs L, e b
WBWTE S ST EEEELHEII PR
VT7HROBRRE 25,

AR, WHRSREORKE LT, £OMlEH
(7= NDORBOALR ST, EHEOES
Whhb b RTFOREFOEDEICRBEN T
5.

AT, IR THBEECL LS
CEREVPRHMENDTREESE T ICER LD
T, ZOEKBEROEREIEIZDOWTINA F
Tz A AN B R BI D DfEE Y B,

IERSHIE SR I MIEE & HHE
IhIYRY)TIPRESEIEI oy B TS

HAET LM 41K T (NADH-CoQ reductase), 4

f£ I (succinate-CoQ reductase), # &I

hay RUPR, PEXTU-T778—

(reduced CoQ-cytochrome ¢ reductase), #A1K
IV (cytochrome ¢ oxidase) ® & F{zid& & KR 3
B 4-oDEEME EHEEV (ATP synthase) D52
Nold, 7 rERRECIEERO fERILICL o
TEILE N7 NADH #° FADH2 %2 EDHilEH# D
BB ANF—ZHNT, I+ FYTH
fEio7a b VigEAREEKE L, ZoOBEIAEY
AWTHEHAEEVITATP 28T 5.

AW 1L OIFREHIC BT 5 EFREDR
DOHEEETH Y, FO5TFaiEH 980 kDa IZ KT
IR AR D e CRARTH L. 7 T VA
DEFX+")T7TdhdNADH» LB T % 50T
WoTazs#A4LaQEX) V)IZHEL, ¥
X UPNETLENLEF ) — VEHEORER A E
WCIEER L, BARIICE T =ELIT). BFEE
T DM, EEEKLIE 7T bR THEEIC
foT7ubr2IbaryFY7ORERCT b
o 7 A) h b AME & RO B (BRI ) IC R E) =
#, 78 b riREGEE 25,
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NDUFV1

NDUFV2 NDUFS1

NDUFS8NDUFSS

NDUFS2

NDUFS7
ND3

ND4L

] NES2—Jb
J QEYa—I

NPT Npe ND2 ND4 NDS,

PEY1—Jb

kx@umi‘

B 1 \HEEIOERR
3 DOBEENTE Y 2 —) (NADH 28759 2 N EV a—)U, Eé?
EIACE/VCERETDQEYa—), FOMYRY Fikes
Ted PEYa—)L) THRESNTSY, RERICEDAZENE mem-
brane arm &< kU w2 ZIICZRHE T % matrix arm h 5755 L&
MESEED, 14BOI7YT 1y hOMEERY.

WA, HFLEICBW T HEAER I oftE) R4
WKWHLNER->TBY, WRIZHFET 5 mem-
brane arm &< MV v 7 AMIZ2EH§ % matrix
arm S A LFREET LA Z LAl Ty
AV matrix arm & NADH & #54 L Clig{b4 2
N-'E/:Lh-)l/k BT EEEMNTH5QEY 22—
57 ), membrane arm (370 I > % R
ﬁ&mﬁfnbyﬁy7®M§%%op%vl—
VTHIRSIND, ENENDOEY 2 — WIZIEfi%
B CHRESIND WHOEH(Z 7Ty
M)DBFEEL, BHEE I OREDORZEEIHS T
5(E1). ar¥y72=vtoHb, I +arF
7 DNAIWCT— FEhTwahNDIL, ND2, ND3,
ND4, ND4L, ND5, ND6 @ 7 23 membrane arm
#, EDNAIZ2— F&NhTw5h NDUFV],
NDUFVZ2, NDUFS1, NDUFS2, NDUFS3,
NDUFS7, NDUFS8 @ 7 2 matrix arm %
T5. lFLEHOEAKIIEINS 4B a 74T
A= MZ 30 BE D supernumerary subunit & b
SENBT ) =Ty M 2NbY, &
4 DEAY 7=y PO S Twa. #
G I OBEOPHEZIE) a7 7=y Mt
L, 260 “Hm%" 774 —H7azy
ME, HERI ORENSE D IHERERICLS
FA=TVPLEERIZBELZY) LTnsiwn
BTV 5HH, ZORENI+HFIEBHI AT
R\,

50 | E20O&HpdH Vol.260 No.1 2017.1.7

CIFREES R I OTE T ) —
IHFLIHOBEE T IIZHOEALLLRY,

AT IMDa 2 b K SE KRG EHBEAETH é?f)‘
WZIZ, ZOREERY Ty PSS, HYT
(assembly : 7 7°1) —) B O AT I W EET D
L, 36, BEIbayF)T7DNADOZED
BEFIRE2ZTTWED, BlZa— Fahik
ML E CAERSNAZEBDI Iy FY 7RI
‘I, I+ FYT7DNAWKI—Fa3hst
Tazy bEAFR L THAR T 2R T 58RI

JERICHIMT, WELETEYT) —EEoesy
A9 BT - T ey,
L2L, BEREFVEHWIIES, TR 7

V—REEETAHI b2y F) THEE ORI

£, WA%I®7t/7U—%muﬁ¢L%%
T o T & /. N. crassa DA C, matrix arm
TR T ATy b @m‘ﬁbl & o T matrix
arm DA LA KIE L 72BRIC, membrane
arm 75‘%&'&?’6 ZENHL NS :I’L 200 arm
AR ENRTVE Z EARENLY. Ak
2k MIBWTSH, membrane arm T %
mtDNA |2 — FahizHh 7=y b ETRT
$o T, matrix arm D7k ¥ 7)) =R
BIEDNRENTWEY, ZoZsrkY), KHF
HEBEERTD ZOMHEE o 72 F F O AT
A&7 Blue-Native Ak E) (BN-PAGE) 2%, #&
F 1 OFETIIE AAZIGH S 41, membrane arm &



IhACRUTAEAR
(whUy o)
(Q) NDUFS2, 3
»

_ NEYa-i
O NDUFV1 NDUFS1 NDUFA12
./ NDUFS2, 3 ~— FS4
+ NBUReZ 8 q ‘ NDUFVZ2 NDUFS

NDUFV3 NDUFSG6

‘ NDUFS2, 3
NDUFS7, 8
. NDUFAQ
n 3
Ty
gﬁﬁﬂ#&?} A “ﬁ%“
ND1 T X ﬁ Y
Lo fhhe — RIS NDA4,
JDCHSkDa % ND5  ~815kDa
s All ND subunits Mmaik
NDUFA9 ND2, ND4L;
NDUFB6

NDUFA13

2 har RO THER R

®2 3r3I2RUFEREEEEIO7ESTY—BROETILO & 51H)

ENSEATEYTU—DHEGBETESHENRML, $ 980 kDa DEXGHESH | ZREM LTV
<. HPOBEHREESHE [ OY 71y FO—8ERLTSHEY, ND1, 2, 3,4, 4L, 5, 6 3= ~3>
RUZDNARI—RIZEATHD.

Py —OREMTE, B0 7 Y T2y b (NDUFS2 & NDUFS3) IS 7w Ly
JAFEERL, HEVWTIFPY T2y D NDUFS7, NDUFS8, supernumerary subunit @
NDUFAQ & EEST S, E5IC, T IV RUTP DNA [CD— Rz NDT 258 membrane
arm O—EESHT U 315 kDalBEOY 7D FU v I AEEMT D, —77, WRITE, ND3,
ND6, ND2, NDAL B &EH SHHESHBREMEINTSY, @mEH—ECE ) 550 kDa OHEiE
BEOTERTN, TS NDA ¥ NDS HENN2 T & TESICAIM LI 815 kDa DESHLD
<5NBD. —HTHEKMEO N EY2—)UA'NDUFV1T, NDUFV2, NDUFST &S D<L5N, &8

EpSICREG LTl LIcES

matrix arm A35l % IZJZRK S 72212
LT LAEHERIZD LW Ty T
) —BREA LSV S kA o 7249,

A, MILEZz G0 EEE I OMEOFH
R, Himar 2k Lo & LBk ERIC
LY TRy B2 E2EET Y ST b
SNTWVWE, FEREBEIATWET LY 7)) —F
TNVORMER TR, #ARkEoaT7TH 7=y b
(NDUFS2 & NDUFS3) 2/ 8 e a8k (72 >~
Ty A)EEKL, #\vTNDUFS7,
NDUFS8 2 L& EELTQREY 22— A2 6
natE2o6hTwad, £LTIbaFYT7T
DNA 22— F&7 ND1 2 & EBikiEE A H» 5
% % membrane arm O—if & 54> 2 ) #5315 kDa
BEOY T TLy 2 AREKTSH. —F, 3
a7 DNAIIZa— Fah7:ND2, ND3,
NDG6 7 &7 membrane arm Db ) G 2D
2Ty s ARBEL, WMEIVHEE L TH 550

. TEDRE

#H 1 NI BEEISNTVS.

kDaDELIZKRERYTaY T Ly 7 AHFKS
N5, membrane arm (%2 ND4 & ND5 72 &
b A E TS HICHIL, #815kDa DHE
k3oL b, —HTHREDONEY 2 —VH
NDUFV1, NDUFV2, NDUFS1 % &Eh62< 6
L, AR BT E AMEA L T 980 kDa DifdE
AHTAHBMLEER I PENTHEZL 6N
TWA(X2), &6, BaEdOWFZETidi#y 815 kDa
OBEEOER THART L ARV IRE L
BRICEEHRIERL, B/, MENIZEo
THIR ENDL A== T Ly 7 AP S
., B LEREERETAZ LA broTE
726

IEHER R I DT T )= 77 52—

COEMART YT —BRICIIHEK ] TiE
Wi a7y FUAMCEELREFPHES LT
WAEIEDHLNERSTETWS, TRHIE—
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%= 1

HARIDOTEYTV=T77 53—
eI =T I~

7y T U—FEEREBNT
_ mEplEeneESa sl

ERE S e d Dl SZRA
ShavURUZEL &S

ACAD

P £ 2 —JLChSEE (ND2 ZSBEY 2—Ib)

- H'LZ. IDAE

ATPS5SL P EY 1 —)LiEEE (NDS ZETEY 2 —)L) E hTOEBRSEU 18)
DMACT P £ 1 —)LiEAIER (ND5 BZGEY1—IL) E hTORSIMERL 18)
ECSIT : P EY2— LR (ND2 ZZEEY 2 —)) bt N TOEERSEL 15)
FOXREDT | PEY2—ILEEE(NDS ZEEEY 1)) Leigh R 17)
NDUFAF1 (CIA30) PEY 21— )LPREEIND2 #SBEI 2—)) fEniE, IDENE 15)
NDUFAFZ(NDUFA-TQL. B_T?._ZL)' NEJa1—)bE P EY 21— ILDKEE MARE, Leigh MIE 19)
NDUFAF3 (C30rf60) QEY2—Ib. QEIa—IbEPEI2—LORS | FER/ARS FIVRUTHE | 8)
- NDUFAF4 (C60rf66) QEYVa—I, QEV1—ILEPEVI—ILORE | HER/ARI FIVRUTRE 9)
NDUFAFS (C200r(7) P EY 1 — LRI (ND1 ZEBEY2—I) FHER/FRS ROV RUZRE. | 11)
SRR e _ Leigh i
NDUFAF6 (C80orf 38) P Y 2 —JLIFAmER (ND1 #SBEY 1—I) Leigh RiE 12)
NDUFAF7 (homolog of MIDA) | P £¥2 —ILifi# (ND1 ZSTEY 2 =)L) E hCORBHREEL 14)
' NUBPL(Ind1) NEY2—Il, QEI2—N R (I ETZEEAE) 10)
 TIMMDC1 (C3orf 1) P Y1 —JLEAER (ND1 ESBEY2—IL) b R COEEREE L 13)
TMEM126B | pEY 2 — UL (ND2 £ 2 —Ib) = h Y RUPHRE 16)

Bgglicd7ary Ly 7 ZCHEETAI EEH o
T, HEEDTH ABEEE T IIFLEEY, ¥
‘a=w FERBENLTTEFTY—~ T I—
I Twad, B MCBWTIRBAET TIC10ME
PEOFTXy 7)) —7 77 % —OFEFHLPE
LhoTHY, #OLLTI havy FY 7THOME
FRENBMEINTVED (R, TNTHHEE
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Mitochondrial respiratory dysfunction disturbs
neuronal and cardiac lineage commitment of
human iPSCs

Mutsumi Yokota'?, Hideyuki Hatakeyama*', Yasuha Ono', Miyuki Kanazawa® and Yu-ichi Goto*"?*

Mitochondrial diseases are genetically heterogeneous and present a broad clinical spectrum among patients; in most cases,
genetic determinants of mitochondrial diseases are heteroplasmic mitochondrial DNA (mtDNA) mutations. However, it is uncertain
whether and how heteroplasmic mtDNA mutations affect particular cellular fate-determination processes, which are closely
associated with the cell-type-specific pathophysiology of mitochondrial diseases. In this study, we established two isogenic
induced pluripotent stem cell (iPSC) lines each carrying different proportions of a heteroplasmic m.3243A > G mutation from the
same patient; one exhibited apparently normal and the other showed most likely impaired mitochondrial respiratory function. Low
proportions of m.3243A > G exhibited no apparent molecular pathogenic influence on directed differentiation into neurons and
cardiomyocytes, whereas high proportions of m.3243A > G showed both induced neuronal cell death and inhibited cardiac lineage
commitment. Such neuronal and cardiac maturation defects were also confirmed using another patient-derived iPSC line carrying
quite high proportion of m.3243A > G. In conclusion, mitochondrial respiratory dysfunction strongly inhibits maturation and
survival of iPSC-derived neurons and cardiomyocytes; our presenting data also suggest that appropriate mitochondrial maturation

actually contributes to cellular fate-determination processes during development.
Cell Death and Disease (2017) 8, €2551; doi:10.1038/cddis.2016.484; published online 12 January 2017

Mitochondria possess multiple copies of their own genome
(mitochondrial DNA; mtDNA) and play some crucial roles in
cellular energy metabolism. From the viewpoint of develop-
mental biology, several recent studies have clearly indicated
that mitochondria are functionally and morphologically reor-
ganized for adaptation to an embryonic stem cell (ESC)-like
intracellular environment during induced pluripotent stem cell
(iPSC) generation.'® Moreover, mtDNA haplogroups (i.e.,
genetic population groups that share a common ancestor),
which are known to be associated with various phenotypes
(e.g., disease susceptibility, environmental adaptation or
aging), also affect their intrinsic gene expression signatures
involved in pluripotency, differentiation, DNA methylation
and mitochondrial energy metabolism.” Thus, appropriate
mitochondrial rejuvenation or maturation may be one impor-
tant step for bona fide cellular reprogramming or differentia-
tion, as well as for epigenetic modification or resetting in
nuclear DNA.

Most parts of pathogenic mutations in mtDNA-specific tRNA
genes responsible for various types of mitochondrial diseases
have been reported as heteroplasmy (i.e., wild-type mtDNA
and mutant mtDNA coexist within a single cell), and induced
mitochondrial dysfunction emerges only when mutation ratios
of mtDNA exceed their intrinsic pathogenic thresholds at a
cellular level.® Mitochondrial diseases caused by hetero-
plasmic mtDNA mutations present a wide variety of affected

tissues and organs (e.g., central nervous system or cardio-
vascular system) among patients,>'® probably due
to variations in mutant mtDNA proportions at each tissue
and organ level. Therefore, disease-relevant iPSCs carrying
heteroplasmic mtDNA mutations will greatly help us to open
new avenues for studying the patient-specific definitive
genotype—phenotype relationship of affected tissues and
organs in mitochondrial diseases.'! In fact, several groups
and we have reported the generation and the application of
patient-derived iPSCs carrying various heteroplasmic mtDNA
mutations toward in vifro human mitochondrial disease
modeling;'?"'® however, it remains uncertain whether and
how such heteroplasmic mtDNA mutations affect particular
cellular fate-determination processes during development.
Recently, we also demonstrated that mitochondrial respiratory
dysfunction caused by a heteroplasmic m.3243 A>G muta-
tionin MT-TL 1 gene,'® which is the most representative mutant
mtDNA, strongly inhibits cellular reprogramming but does not
affect maintenance of the pluripotent state.2° Our findings may
indicate that the degree of the molecular pathogenic influence
of heteroplasmic mtDNA mutations actually changes during
cellular lineage-commitment processes along with the degree
of functional maturation in mitochondria.

In this study, we established two isogenic iPSC lines
carrying different proportions of m.3243 A> G from the same
patient; one exhibited apparently normal and the other showed
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most likely impaired mitochondrial respiratory function. Using
these isogenic iPSC lines, we demonstrated that induced
mitochondrial respiratory dysfunction triggered by high pro-
portions of m.3243 A>G strongly inhibits maturation and
survival of iPSC-derived neurons and cardiomyocytes. Such
in vitro neuronal and cardiac maturation defects were also
confirmed by using another patient-derived iPSC line carrying
quite high proportion of m.3243 A>G. Our presenting data
therefore demonstrate that isogenic iPSC lines with different
proportions of m.3243 A > G would make enormous contribu-
tions as in vitro human cellular disease models to greatly
facilitate iPSC-based drug discovery and regenerative ther-
apeutics in mitochondrial diseases.

Results

Generation of patient-derived isogenic iPSC lines
carrying different proportions of m.3243A >G. First, we
generated two isogenic iPSC lines from the same patient,
each of which possessed different proportions of m.3243A > G
(approximately 40 and 90% proportions of mutant mtDNA;
denoted as P1-3243[40] and P1-3243[90], respectively).
We also established two additional iPSC lines, each of
which were derived from healthy control subject (denoted
as Control) and from another patient carrying over 90%
proportion of m.3243A>G (denoted as P2-3243[>90)),
respectively. We have previously reported that the molecular
pathogenic threshold level of m.3243A>G with regard to
mitochondrial respiratory function is ~90% in patient-derived
clonal fibroblasts.2° We confirmed that no marked difference
was observed between all iPSC lines with regard to ESC-like
pluripotent characteristics such as pluripotency markers
expression and embryoid body (EB)-mediated in vitro spon-
taneous differentiation into three germ layers (Figures 1a and
b), in addition to pluripotency genes expression and silenced
transgenes expression (Supplementary Figures S1A and B).
Genetic identity of these isogenic iPSC lines was also verified
by analysis of short tandem repeat variations (Figure 1c). We
measured the overall mitochondrial respiration profile of
all iPSC lines by a flux analyzer. Although no statistical
significance was observed between two isogenic iPSC lines
(P1-3243[40] and P1-3243[90]), mitochondrial energy meta-
bolic potentials (e.g., basal respiration and ATP production) of
P1-3243[90] iPSC line were both lower than those of P1-3243
[40] iPSC line (Figure 1d). We further analyzed enzymatic
activities of mitochondrial respiratory chain complexes in all
iPSC lines. In fact, mitochondrial respiratory chain complex |
activity was significantly suppressed by over 90% proportion
of m.3243A>G (P2-3243[>90] vs Control), whereas mito-
chondrial respiratory chain complex IV activity was appar-
ently unaffected in all iPSC lines (Figure 1e). Although no
statistical significance was observed between two isogenic
iPSC lines (P1-3243[40] and P1-3243[90]), mitochondrial
respiratory chain complex | activity of P1-3243[90] iPSC line
was actually lower than that of P1-3243[40] iPSC line. We
also randomly selected several iPSC colonies from each
patient-derived iPSC line to determine m.3243A > G propor-
tions at each single-iPSC-colony level and found no
significant segregation in m.3243A>G proportions during
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self-renewal of iPSCs throughout this study (i.e., at least 5-10
passages in culture of each iPSC line) (Figure 1f). We
therefore concluded that two isogenic iPSC lines with
different proportions of m.3243 A> G from the same patient
(P1-3243[40] and P1-3243[90]) were successfully estab-
lished; one exhibited apparently normal and the other
showed most likely impaired mitochondrial respiratory
function.

Inhibited cardiac maturation triggered by exceeding
the pathogenic threshold level of m.3243A >G. Next, we
asked whether and how heteroplasmy levels of m.3243A > G
affect cardiac maturation (Figure 2a). Using Control iPSC
line, we confirmed the successful specification into cTNT-
positive beating cardiomyocytes. P1-3243[90] iPSC line,
which exhibited most likely impaired mitochondrial respiratory
function, was also able to differentiate into beating cardio-
myocytes expressing the representative cardiac lineage
marker of cTNT similarly to those of isogenic P1-3243[40]
iPSC line; in contrast, no beating cardiomyocytes were
obtained from P2-3243[>90] iPSC line, which exhibited
impaired mitochondrial respiratory function (Figures 2b—d
and Supplementary Movies S1-S3). Of note, no marked
difference was observed during the time course of cardiac
induction between these iPSC lines (see also Figure 2b).
Interestingly, however, all cardiomyocytes derived from P1-
3243[90] iPSC line possessed less than 90% proportions
of m.3243 A>G (Figure 2e). To confirm the molecular
pathogenic influence of m.3243A>G on cardiac lineage
commitment, we measured mitochondrial respiratory function
of iPSC-derived cardiomyocytes by a flux analyzer; as
expected, cardiomyocytes derived from P1-3243[90] iPSC
line, all of which exhibited below the molecular pathogenic
threshold level of m.3243A > G, showed apparently normal
mitochondrial respiration profile and mitochondrial energy
metabolic potentials (e.g., basal respiration and ATP produc-
tion) similarly to those derived from P1-3243[40] iPSC line
(Figure 2f). In addition, we found that one out of five iPSC-
derived cardiomyocytes showed a significant decrease in
m.3243A > G heteroplasmy level (approximately 60% propor-
tion of mutant mtDNA) when compared with the distributions
of m.3243A > G heteroplasmy levels in the parental P1-3243
[90] iPSC line (77-92% proportions of mutant mtDNA) (see
also Figure 2e). We also added mtDNA copy number
analysis for iPSC-derived cardiomyocytes and their parental
iPSCs. Cardiomyocytes derived from two isogenic iPSC lines
(P1-3243[40] and P1-3243[90]) had more mtDNA copies per
cell than those in the parental iPSCs; however, no significant
difference in mtDNA copy number was observed between
two isogenic iPSC lines (P1-3243[40] and P1-3243[90]), or
among their iPSC-derived cardiomyocytes (Supplementary
Figure S2). We therefore concluded that mitochondrial
respiratory dysfunction caused by exceeding the pathogenic
threshold level of m.3243A> G induced cardiac maturation
defects.

Induced neuronal cell death triggered by exceeding the
pathogenic threshold level of m.3243A>G. We then
differentiated these iPSC lines into neurons using our
stepwise induction method to clarify whether and how
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Figure 1 Generation of patient-derived isogenic iPSC lines carrying different proportions of m.3243A > G. (a) Representative images of the established iPSC lines; OCT4
(red), NANOG (red), TRA-1-60 (green) and TRA-1-81 (green). Electropherogram of heteroplasmic m.3243A > G mutation in each iPSC line was also shown. Arrowheads
indicate m.3243A > G. (b) Representative images of the embryoid body (EB)-mediated in vitro spontaneous differentiation; TUJ1 (ectoderm, red), «®SMA (mesoderm, red) and
AFP (endoderm, red). (c) Representative images of STR variations (4 out of 16 genetic loci analyzed) demonstrated that isogenic iPSC lines carrying different proportions of
m.3243A > G (P1-3243[40] and P1-3243[90]) shared the same nuclear DNA genetic background. (d) Mitochondrial respiratory function of patient-derived iPSC lines. Oxygen
consumption rate (OCR) of each iPSC line was measured by a flux analyzer. Biological replicates of each iPSC line used were as follows: Control (n=5), P1-3243[40] (n=3),
P1-3243[90] (n=5), P2-3243[ > 90] (n = 4). Statistical significance was evaluated by unpaired, two-tailed t-test. NS, not significant. () Mitochondrial respiratory chain complexes
activity of patient-derived iPSC lines. Three biological replicates of each iPSC line were used for the measurements. Statistical significance was evaluated by unpaired, two-tailed
test. “P<0.05, NS, not significant. (f) Time-dependent changes in the distributions of m.3243A > G proportions in patient-derived iPSC line at each single-iPSC-colony level.
Statistical significance was evaluated by unpaired, two-tailed ttest. NS, not significant
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Figure 2 Induced cardiac maturation defects triggered by exceeding the pathogenic threshold level of m.3243A > G. (a) Experimental design used to identify the molecular
pathogenic influence of m.3243A > G on cardiac differentiation. (b) Representative images of cardiomyocytes derived from each patient-derived iPSC line; cTNT (red). Cell nuclei
were co-stained with Hoechst 33342 (blue). No cTNT-positive cardiomyocytes were observed in P2-3243[ > 90] iPSC line. (c) Total number of beating aggregates after cardiac
differentiation in each patient-derived iPSC line. Cardiac induction was independently performed three times, and data were gathered for graph preparation. ND, not detected.
(d) Beating frequency of cardiomyocytes derived from each patient-derived iPSC line. Statistical significance was evaluated by unpaired, two-tailed ttest. NS, not significant.
Representative movies of beating cardiomyocytes derived from each patient-derived iPSC line were also shown in Supplementary Movies S1-S3, respectively. (e) The
distributions of m.3243A > G proportions in cardiomyocytes derived from patient-derived iPSC lines. Inmunostained cells were collected for further mtDNA mutation analysis.
ND, not detected. (f) Relationship between the distributions of m.3243A > G proportions and mitochondrial respiratory function in cardiomyocytes derived from patient-derived
isogenic iPSC lines. Oxygen consumption rate (OCR) of beating cardiomyocytes was measured by a flux analyzer. The proportions of m.3243A > G in cardiomyocytes were
determined after biochemical measurement. Biological replicates of beating cardiomyocytes used were as follows: P1-3243[40] (n=4), P1-3243[90] (n=4). Statistical
significance was evaluated by unpaired, two-tailed ttest. NS, not significant

heteroplasmy levels of m.3243 A>G also affect neuronal P2-3243[>90] iPSC line, which exhibited impaired mitochon-
maturation (Figure 3a). Using Control iPSC line, we drial respiratory function, were observed, respectively
confirmed that our neuronal induction protocol showed highly (Figures 3c and d). We also evaluated the completely
efficient neural stem cell (NSC) specification and neuronal detached and collapsed neurospheres in P2-3243[>90]
differentiation (Figure 3b). Although P1-3243[40] iPSC line iPSC line as 'dead' in this experiment (see also Figure 3c).
showed no apparent influence of m.3243 A>G on directed Of note, no cell death was observed during NSC specification
differentiation into TUJ1-positive neurons similarly to that of and expansion in these iPSC lines, suggesting that
Control iPSC line, two other iPSC lines carrying high m.3243 A>G has minimal molecular pathogenic influence
proportions of m.3243A>G (P1-3243[90] and P2-3243 on NSCs. Focusing on P1-3243[90] iPSC line, m.3243 A>G
[>90]) showed induced cell death during neuronal lineage heteroplasmy levels were significantly higher in 'dead'
commitment; in particular, poorly surviving neurons in P1- neurospheres (86 + 12% proportions of mutant mtDNA) than
3243[90] iPSC line, which exhibited most likely impaired those in 'survival' neurons (73 +17% proportions of mutant
mitochondrial respiratory function, and no living neurons in mtDNA) with statistical significance (Figure 3e). To confirm
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Figure 3 Induced neuronal cell death triggered by exceeding the pathogenic threshold level of m.3243A > G. (a) Experimental design used to identify the molecular
pathogenic influence of m.3243A > G on neuronal differentiation. (b) Representative images of successive differentiation into neurons via neural stem cell (NSC) specification and
expansion using Control iPSC line; SOX2 (red), Nestin (green), TUJ1 (red). Cell nuclei were co-stained with Hoechst 33342 (blue). () Representative images of neurons derived
from each patient-derived iPSC line; TUJ1 (red). Cell nuclei were co-stained with Hoechst 33342 (blue). Representative image of induced neuronal cell death during neuronal
differentiation in P2-3243[ > 90] iPSC line was also shown. (d) Induced neuronal cell death, but stable NSC specification and expansion, in two patient-derived iPSC lines carrying
high m.3243A> G proportions (P1-3243[90] and P2-3243[>90]). Neuronal differentiation was independently performed three times, and data were gathered for graph
preparation. () The distributions of m.3243A > G proportions in neurons derived from patient-derived iPSC lines. Immunostained 'survival' cells and spontaneously detached
'dead' neurospheres were collected for further mtDNA mutation analysis. Notably, 2 out of 34 neurospheres derived from P1-3243[40] iPSC line were detached from culture
surfaces just before immunostaining (see also d). Therefore, we evaluated these detached neurospheres as 'dead' in this experiment. Statistical significance was evaluated by
unpaired, two-tailed ttest. *P<0.05, NS, not significant; ND, not detected. (f) Relationship between the distributions of m.3243A > G proportions and mitochondrial respiratory
function in neurons derived from patient-derived isogenic iPSC lines. Oxygen consumption rate (OCR) of neurons was measured by a flux analyzer. The proportions of
m.3243A> G in neurons were determined after biochemical measurement. Biological replicates of neurons used were as follows: P1-3243[40] (n=4), P1-3243[90] (n=13).
Statistical significance was evaluated by unpaired, two-tailed ttest. NS, not significant

the molecular pathogenic influence of m.3243A>G on those derived from P1-3243[40] iPSC line (Figure 3f). More

neuronal lineage commitment, we measured mitochondrial remarkable than the case of cardiac lineage commitment,
respiratory function of iPSC-derived 'survival' neurons by a some iPSC-derived 'survival' neurons also showed drastic
flux analyzer; similarly to the case of iPSC-derived cardio- decreases in m.3243 A > G heteroplasmy levels (i.e., 5 out of

myocytes, 'survival' neurons derived from P1-3243[90] iPSC 15 neurons exhibited less than 70% proportions of mutant
line, all of which possessed less than 90% proportions of mtDNA) when compared with the distributions of
m.3243 A>G, showed apparently normal mitochondrial m.3243 A>G heteroplasmy levels in the parental P1-3243
respiration profile and mitochondrial energy metabolic poten- [90] iPSC line (77-92% proportions of mutant mtDNA) (see
tials (e.g., basal respiration and ATP production) similarly to also Figure 3e), suggesting that mutant mtDNA segregation
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may occur in some cell populations during neuronal matura-
tion process in a stochastic manner. We further prepared
other lines of iPSC-derived neurons from the parental
P1-3243[90] iPSC line to experimentally reproduce such
mutant mtDNA segregation behavior and to clarify the
relationship between the segregation of m.3243 A> G hetero-
plasmy levels and the changes in mtDNA copy number.
Unfortunately, however, no significant segregation of
m.3243 A>G heteroplasmy levels was observed during the
repetitive neuronal differentiation assays. In contrast to the case
of iPSC-derived cardiomyocytes, 'survival' neurons derived
from two isogenic iPSC lines (P1-3243[40] and P1-3243[90])
possessed less mtDNA copies per cell than those in the
parental iPSCs; however, no significant difference in mtDNA
copy number was observed between two isogenic iPSC lines
(P1-3243[40] and P1-3243[90]), or among their iPSC-derived
neurons (Supplementary Figure S3). We therefore concluded
that mitochondrial respiratory dysfunction caused by exceeding
the pathogenic threshold level of m.3243A>G also induced
neuronal cell death; this phenomenon is similar to, but more
pronounced than, that in cardiac lineage.

Neuronal maturation defect was also recapitulated by
using mtDNA-depleted neuroblastoma cells. We further
addressed whether severe mitochondrial respiratory dys-
function, which is triggered by mtDNA depletion, is also
able to recapitulate neuronal maturation defect and even
neuronal cell death during neuronal lineage commitment. We
used SH-SY5Y neuroblastoma cell line (SH-SY5Y WT) to
prepare its mtDNA-depleted cell line (SH-SY5Y p° and to
differentiate both neuroblastoma cell lines into neurons
(Figure 4a). We confirmed, in advance, that SH-SY5Y
©° line showed severe mitochondrial respiratory dysfunction
triggered by mtDNA depletion (Figure 4b). In fact, cytochem-
ical staining of cytochrome ¢ oxidase (COX), an indicator
of mitochondrial respiration activity, also indicated that
SH-SY5Y WT line showed strongly COX-positive, whereas
SH-SY5Y p° line showed COX-negative (Figure 4d). As
we expected, neuronal maturation was markedly suppressed
by severe mitochondrial respiratory dysfunction triggered
by mtDNA depletion, and in some cells, induced neuronal
cell death was also observed in SH-SY5Y p° line during
neuronal lineage commitment (Figure 4c and Supplementary
Movies S4 and S5) with similar trend to iPSC-derived
neurons carrying high proportions of m.3243 A>G. In this
case, the remaining 'survival' neurons in SH-SY5Y o° line
were COX-negative (Figure 4d). Although neuroblastoma
cells have several distinct genetic, epigenetic and energy
metabolic properties from iPSCs, we concluded that mito-
chondrial respiratory dysfunction caused by defective mtDNA
with various mutation types actually induced neuronal
maturation defect and even neuronal cell death in vitro.

Discussion

In this study, we generated two isogenic iPSC lines from the
same patient; one exhibited apparently normal and the other
showed most likely impaired mitochondrial respiratory func-
tion. Using these isogenic iPSC lines, our lineage-specific
directed differentiation methods demonstrated that induced
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mitochondrial respiratory dysfunction triggered by high pro-
portions of m.3243 A>G strongly inhibits maturation and
survival of iPSC-derived neurons and cardiomyocytes. Such
in vitro maturation defects in both neuronal and cardiac
lineages were also confirmed using another patient-derived
iPSC line carrying over 90% proportion of m.3243 A>G. In
addition to our results, Hamaléinen et al'® reported the
pathogenic influences of a heteroplasmic m.3243 A>G
mutation on neuronal differentiation; briefly, their established
patient-origin iPSC-derived neurons carrying approximately
80—-85% proportions of m.3243 A > G exhibited specific down-
regulation of mitochondrial respiratory chain complex | at both
transcript and protein levels and showed accelerated mito-
phagy via the PARKIN-PINK1 pathway, probably due to
clearance of damaged mitochondria for further neuronal
differentiation and maturation. Taking these previous findings
with our presenting data, we propose that appropriate
mitochondrial rejuvenation or maturation must be required
for bona fide cellular reprogramming or differentiation, and the
degree of molecular pathogenic influence of mutant mtDNA
actually determines the severity of the cell-type-specific
disease phenotypes in vitro, including the differentiation
efficiency into particular cell types (Figure 5).

As we noted above, severe mitochondrial respiratory
dysfunction strongly induces neuronal cell death in vitro;
however, most parts of mitochondrial disease patients
carrying mutant mtDNA undergo normal brain development
in vivo before symptomatic appearance. What is the crucial
difference between iPSC-based in vitro cellular disease
phenotypes and in vivo clinical symptoms? Some previous
molecular neuropathological studies using postmortem brain
of mitochondrial disease patients found that neuronal cells
carrying higher proportions of mutant miDNA frequently
remained in some patients’ cerebellar lesions (e.g., dentate
nucleus neurons, olivary neurons and Purkinje cells).?'?
These findings suggest that neuronal cell death does not
always correlate with mutant mtDNA proportions, leading to
the discrepancy between our iPSC-based in vitro recapitula-
tion of neuronal development and in vivo brain pathology of
mitochondrial disease patients. With regard to this discre-
pancy, it is hypothesized that physiological and physical
interaction with other non-neuronal cell types in the brain (e.g.,
astrocytes) may strongly enhance maturation and long-term
survival of neurons having damaged mitochondria. Astrocytes
are known to play a role as an energy supplier to neurons
through the release of lactate;?® for example, a co-culture
system with astrocytes is generally used for accelerated
functional maturation and long-term survival of neurons
in vitro. Moreover, the predominant energy metabolic system
in astrocytes is glycolysis, while that in neurons is mitochon-
drial respiration,?® suggesting no apparent influence of
mitochondrial respiration defects on physiological function
in astrocytes to support neurons. In fact, we displayed the
successive observation of TUJ1-positive neurons derived
from P2-3243[>90] iPSC line through EB-mediated in vitro
spontaneous differentiation, and even this iPSC line did not
produce neurons using the directed neuronal differentiation
method. On the other hand, aberrant early embryogenesis
was reported using fertilized eggs derived from a female
mito-mouse carrying 70% proportion of 4696- bp mtDNA
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Figure 4 mtDNA-depleted neuroblastoma cells recapitulate neuronal maturation defect and even neuronal cell death during neuronal lineage commitment. (a) Experimental
design used to identify whether mtDNA-depleted neuroblastoma cells recapitulate neuronal maturation defect and even neuronal cell death during neuronal lineage commitment.
(b) Mitochondrial respiratory chain complexes activity of neuroblastoma cell lines. Three biological replicates of SH-SY5Y WTand SH-SY5Y »° were used for the measurements.
Statistical significance was evaluated by unpaired, two-tailed ttest. **P<0.01, ***P<0.001. (c) Representative images of neurons derived from SH-SY5Y WTand SH-SY5Y p°
NF-H (red). Marked neuronal cell death in SH-SY5Y ° was also observed at day 8. Representative movies of differentiating neurons derived from SH-SY5Y WTand SH-SY5Y
»° were also shown in Supplementary Movies S4 and S5, respectively. (d) Representative images of cytochemical COX staining for undifferentiated and differentiated SH-SY5Y
WTand SH-SY5Y p°% COX (brown). Cell nuclei were co-stained with hematoxylin (purple). Both samples of SH-SY5Y WTand SH-SY5Y ,° were stained simultaneously for the
same period
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Figure 5 Graphical summary showing the relationship between mtDNA
pathogenic threshold and inhibited neuronal differentiation. iPSC lines carrying over
the pathogenic threshold level of m.3243A>G showed neuronal maturation
defect and even neuronal cell death during neuronal lineage commitment; however,
no cell death was observed during NSC specification and expansion in these
iPSC lines, suggesting that m.3243A>G has minimal molecular pathogenic
influence on NSCs

deletion;** this mouse mutant mtDNA exhibited the intrinsic
pathogenic threshold level (60—80% proportions of mutant
mtDNA) in relation to mitochondrial respiratory function, which
was confirmed by in vitro biochemical analysis using trans-
mitochondrial cellular systems and by in vivo phenotypic
analysis using several lines of mito-mice.2® Although there are
some experimental differences between their findings and our
presenting data (iPSC-based human model vs mouse model,
mtDNA point mutation vs mtDNA partial deletion, etc.), the
defective in vitro differentiation into particular cell types
triggered by severely impaired mitochondrial respiration may
be suggestive of such in vivo embryonic lethality.
Mitochondrial diseases present a broad clinical spectrum
even among patients carrying the same heteroplasmic
mtDNA mutations (e.g., variations in age of onset, in affected
tissues and organs, or in disease progression and pheno-
typic severity), and vice versa, different mtDNA mutations
share similar clinical features in mitochondrial diseases.
Such clinical phenotypic diversity frequently makes us
complicated to understand the overall pathology of mitochon-
drial diseases; therefore, curable treatments have yet to be
established. Thus, our established isogenic iPSC lines from
the same mitochondrial disease patient exhibiting either
apparently normal or impaired mitochondrial respiratory
function must be promising tools not only to recapitulate
tissue- and organ-specific disease phenotypes but also to
efficiently explore candidate chemical compounds (i) that
ameliorate mitochondrial respiratory dysfunction or (ii) that
induce reduced mutant mtDNA proportions. We believe
that our presenting data display new insights not only into
understanding how mitochondrial respiratory dysfunction
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triggered by heteroplasmic mtDNA mutations influences
cellular fate-determining processes but also into facilitating
the applications in future iPSC-based drug discovery and
regenerative therapeutics in mitochondrial diseases.

Materials and Methods

Patients. This study was approved by NCNP Institutional Review Board and was
stringently conducted in accordance with the ethical principles of the 'Declaration of
Helsinki'. Patient biopsy was performed for diagnostic purposes only after we
received written informed consent with permission to study patient-derived iPSCs.

Fibroblast culture. Primary fibroblasts were established from patient-derived
skin biopsies via a standard protocol. Patient-derived fibroblasts were maintained
in DMEM/F12 (Gibco, Waltham, MA, USA) supplemented with 10% FBS (Gibco),
100 units/ml penicillin (Gibco), 100 ug/ml streptomycin (Gibco) at 37 °C under
humidified atmosphere of 5% CO,. Culture medium was changed every 3 days.
During establishment of primary fibroblasts, 0.5 g/ml MC210 (DS Pharm, Osaka,
Japan) as a mycoplasmacidal reagent and 2.5 ug/ml fungizone (Gibco) as a
fungicidal reagent were also added to culture medium.

Generation of patient-derived iPSCs with episomal vector.
Patient-derived iPSCs were generated using episomal vectors as described
elsewhere®® with modifications: briefly, each 1 ug of episomal plasmid vectors
(Plasmid #27077, #27078, #27080; Addgene, Cambridge, MA, USA) were
electroporated into patient-derived myoblasts (5x 10° cells) with an electroporator
(Neon; Invitrogen, Waltham, MA, USA). Transformed patient-derived myoblasts
(1x10° cells) were reseeded onto mouse embryonic fibroblasts (MEF; ReproCELL,
Yokohama, Japan) 4 days after electroporation. The next day, culture medium was
replaced with primate ESC culture medium (ReproCELL) supplemented with 10 ng/
ml bFGF (ReproCELL), 100 units/ml penicillin (Gibco), 100 pg/ml streptomycin
(Gibco) and transformed patient-derived myoblasts were maintained at 37 °C under
humidified atmosphere of 5% CO,. Culture medium was changed every other day.
Emergent colonies with ESC-like morphology were manually picked up to establish
patient-derived iPSCs, and these iPSCs were expanded either on MEF-seeded
dishes in primate ESC culture medium or on Geltrex (Gibco)-coated dishes in
mTeSR1 medium (StemCell Technologies, Vancouver, BC, Canada) supplemented
with 100 units/ml penicillin (Gibco) and 100 p.g/ml streptomycin (Gibco) for long-
term maintenance. Culture medium was changed daily.

To evaluate the distributions of m.3243 A > G proportions in each patient-derived
iPSC line, we randomly picked up several iPSC colonies from each patient-derived
iPSC line to extract DNA for determination of m.3243 A> G proportions at each
single-iPSC-colony level.

Characterization of patient-derived iPSCs. Characterization of patient-
derived iPSCs via detection of pluripotency markers was performed according to our
previous report:”” Briefly, cultured and harvested patient-derived iPSCs were
transferred onto MEF-seeded multi-well culture plates and were maintained in
primate ESC culture medium at 37 °C under humidified atmosphere of 5% CO,.
Culture medium was changed daily. After 3 days in culture, patient-derived iPSCs
were characterized by standard immunocytochemical protocol. Fluorophore-
conjugated primary antibodies used were as follows: Cy3-conjugated anti-OCT4
(1:100 dilution; Millipore, Billerica, MA, USA), Cy3-conjugated anti-NANOG
(1:100 dilution; Millipore), AlexaFluor 488-conjugated anti-TRA-1-60 (1:100 dilution;
Millipore), AlexaFluor 488-conjugated anti-TRA-1-81 (1:100 dilution; Millipore). Stained
samples were observed under a fluorescent microscope (IX71 System; Olympus,
Tokyo, Japan).

in vitro spontaneous differentiation of patient-derived iPSCs into EB-mediated
three germ layers was also performed according to our previous report:'” Briefly,
cultured and harvested patient-derived iPSCs were transferred onto ultra-low-
adherent culture dishes (HydroCell; CellSeed, Tokyo, Japan) and were maintained in
primate ESC culture medium without bFGF at 37 °C under humidified atmosphere of
5% CO,. Culture medium was changed every other day. After 7 days in floating
culture, emergent EBs were transferred onto Geltrex (Gibco)-coated multi-well culture
plates and were maintained in primate ESC culture medium without bFGF at 37 °C
under humidified atmosphere of 5% CO,. Culture medium was changed every other
day. After 14 additional days in adherent culture, spontaneously differentiated cells
were characterized by standard immunocytochemical protocol. Primary antibodies
used were as follows: anti-TUJ1 (1:200 dilution; Abcam, Cambridge, UK), anti-aSMA



(1:40 dilution; Abcam), anti-AFP (1:200 dilution; Abcam). Secondary antibody used
was AlexaFluor 568 (1:800 dilution; Molecular Probes, Waltham, MA, USA). Stained
samples were observed under a fluorescent microscope (IX71 System; Olympus).

Short tandem repeat (STR) analysis was performed to confirm the genetic
identity of the established isogenic iPSC lines: Briefly, extracted DNA as template
(0.5ng) was amplified using a thermal cycler (GeneAmp PCR System 9700;
Applied Biosystems, Waltham, MA, USA) with a PowerPlex 16 HS System kit
(Promega, Fitchburg, WI, USA) according to the manufacturer’s instructions. The
amplified DNA fragments were electrophoresed using a DNA analyzer (ABI PRISM
3130xI; Applied Biosystems). The obtained data were analyzed using GeneMapper
Software (Ver. 5.0; Applied Biosystems).

Analysis of mtDNA mutation. Long PCR-based whole-mtDNA sequencing
for the patient was performed as described elsewhere?” with modifications to
eliminate any adverse results arising from pseudo-sequences in nuclear DNA:
Briefly, extracted DNA as a template (10 ng) was amplified via mtDNA-specific long-
range PCR and the following mtDNA-specific nested PCR using a thermal cycler
(GeneAmp PCR System 9700; Applied Biosystems). The amplified mtDNA
fragments were sequenced using a DNA analyzer (ABI PRISM 3130xI; Applied
Biosystems).

Pyrosequencing was performed to determine m.3243 A> G proportions: Briefly,
extracted DNA as a template (10-20 ng) was amplified using a thermal cycler
(GeneAmp PCR System 9700; Applied Biosystems). The amplified mtDNA fragments
were sequenced using a pyrosequencing instrument (PyroMark Q24 Advanced;
Qiagen, Venlo, Netherlands) with a PyroMark Q24 Advanced Reagents kit (Qiagen)
according to the manufacturer’s instructions. The obtained data were analyzed using
PyroMark Q24 Advanced Software (Ver. 3.0.0; Qiagen). Primers used are listed in
Supplementary Table S1.

Analysis of mtDNA copy number. mtDNA copy number analysis was
performed according to our previous report:° Briefly, extracted DNA as a template
(1 ng) was used for quantitative PCR with a SYBR Green | PCR Master Mix kit
(Roche, Basel, Switzerland) according to the manufacturers instructions. A real-
time PCR system (LightCycler 480ll; Roche) was used to measure mtDNA
copy number per cell. Measurement for each sample was performed in triplicate.
A ACq-based relative quantification method was adopted for data analysis. Primers
used are listed in Supplementary Table S1.

Analyses of pluripotency genes expression and transgenes
silencing. Reverse transcription was performed with PrimeScript RT Master Mix
kit (TaKaRa Bio, Shiga, Japan) according to the manufacturer’s instructions. After
reverse transcription of extracted total RNA, total cDNA as a template (10 ng) was
used for quantitative PCR with a SYBR Green | PCR Master Mix kit (Roche)
according to the manufacturer’s instructions. A real-time PCR system (LightCycler
480l1; Roche) was used to measure pluripotency genes expression and transgenes
silencing. Measurement for each sample was performed in triplicate. A ACr-based
relative quantification method was adopted for data analysis. Primers used are listed
in Supplementary Table S1.

Directed differentiation of iPSCs into cardiomyocytes. Directed
differentiation of patient-derived iPSCs into cardiomyocytes was performed as
described elsewhere® with modifications: Briefly, patient-derived iPSCs were cut
into uniform-sized pieces of colonies using the STEMPRO EZ Passage (Invitrogen)
to transfer onto Geltrex (Gibco)-coated culture dishes and were maintained in
mTeSR1 medium (StemCell Technologies) at 37 °C under humidified atmosphere of
5% CO,. Culture medium was changed daily. After 7 days in culture, culture medium
was switched to Cardiac induction medium | (RPMI 1640 medium (Gibco)
supplemented with 1xB27 minus insulin (Gibco), 100 units/ml penicillin (Gibco),
100 pg/ml streptomycin (Gibco), 100 ng/ml Activin A (Peprotech, Rocky Hill, NJ,
USA)) for first 1 day, Cardiac induction medium Il (RPMI 1640 medium
(Gibco) supplemented with 1xB27 minus insulin (Gibco), 100 units/ml penicillin
(Gibco), 100 pg/ml streptomycin (Gibco), 10 ng/ml BMP4 (Peprotech), 10 ng/ml
bFGF (Peprotech)) for next 4 days, and Cardiac induction medium IIl (RPMI 1640
medium (Gibco) supplemented with 1xB27 minus insulin (Gibco), 100 units/ml
penicillin (Gibco), 100 ug/ml streptomycin (Gibco), 100 ng/ml DKK-1 (Peprotech))
for further 6 days, sequentially. Culture medium was changed every other day.
Culture medium was finally switched to Cardiac maturation medium (RPMI 1640
medium (Gibco) supplemented with 1xB27 minus insulin (Gibco), 100 units/ml
penicillin (Gibco), 100 pg/ml streptomycin (Gibco)) and was changed every
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other day for terminal differentiation. The beating aggregates began to emerge
at around 15 days of cardiac differentiation. At 26 or 27 days of cardiac
differentiation in total, each beating cardiomyocyte-aggregate was transferred onto
each well of Geltrex (Gibco)-coated multi-well culture plates and were used for
further analyses.

Emergent cardiomyocytes were maintained in cardiac maturation medium and
were characterized according to standard immunocytochemical protocol. Primary
antibody used was as follows: anti-cTNT (1:200 dilution; ThermoFisher Scientific,
Waltham, MA, USA). Secondary antibody used was as follows: AlexaFluor 568 (1:800
dilution; Molecular Probes). Stained samples were observed under a fluorescent
microscope (IX71 System; Olympus).

Directed differentiation of iPSCs into neurons. Directed differentiation
of patient-derived iPSCs into neurons was performed as follows: Briefly, cultured
and harvested patient-derived iPSCs were transferred onto ultra-low-adherent
culture dishes (HydroCell; CellSeed) and were maintained in NSC specification
medium (Essential 6 medium (Gibco) supplemented with 100 units/ml penicillin
(Gibco), 100 pg/ml streptomycin (Gibco), 10 uM SB431542 (Wako, Osaka, Japan),
100 nM LDN193189 (Wako)) for first 8 days at 37 °C under humidified atmosphere
of 5% CO,. Culture medium was changed every other day. After floating culture,
each neurosphere was transferred onto each well of Geltrex (Gibco)-coated multi-
well culture plates and were maintained in NSC expansion medium (1:1 mixture of
DMEM/F12 (Gibco) and Neurobasal medium (Gibco) supplemented with 1x N2
(Gibco), 1xB27 minus vitamin A (Gibco), 1x GlutaMAX (Gibco), 100 units/ml
penicillin (Gibco), 100 ug/ml streptomycin (Gibco), 10 uM SB431542 (Wako),
100 nM LDN193189 (Wako), 20 ng/ml EGF (Peprotech), 20 ng/ml bFGF
(Peprotech)) for next 6 days at 37 °C under humidified atmosphere of 5% COs.
Culture medium was changed every other day. Culture medium was finally switched
to Neuron induction medium (Neurobasal medium (Gibco) supplemented with
1x N2 (Gibco), 1xB27 minus vitamin A (Gibco), 1 x GlutaMAX (Gibco), 100 units/
ml penicillin (Gibco), 100 g/ml streptomycin (Gibco), 10 ng/ml BDNF (Peprotech),
10 ng/ml GDNF (Peprotech), 10 ng/ml NGF (Peprotech), 500 xM dbcAMP (Sigma),
200 xM ascorbic acid (Wako)) and was changed every other day for terminal
differentiation. At 26 or 27 days of neuronal differentiation in total, neurons were
used for further analyses.

Emergent NSCs were characterized according to the standard immunocytochem-
ical protocol. Fluorophore-conjugated primary antibodies used were as follows: Cy3-
conjugated anti-SOX2 (1:100 dilution; Millipore), AlexaFluor 488-conjugated anti-
Nestin (1:100 dilution; Millipore). Stained samples were observed under a fluorescent
microscope (IX71 System; Olympus).

Emergent neurons were characterized according to standard immunocytochem-
ical protocol. Primary antibody used was anti-TUJ1 (1:200 dilution; Abcam).
Secondary antibody used was AlexaFluor 568 (1:800 dilution; Molecular Probes).
Stained samples were observed under a fluorescent microscope (IX71 System;
Olympus).

Analysis of mitochondrial respiration. Analysis of mitochondrial
respiratory potential was performed using a flux analyzer (Seahorse XF°24
Extracellular Flux Analyzer; Seahorse Bioscience, North Billerica, MA, USA) with a
Seahorse XF Cell Mito Stress Test Kit (Seahorse Bioscience) according to the
manufacturer's instructions. Basal respiration and ATP production were calculated to
evaluate mitochondrial respiratory function according to the manufacturer's
instructions. After the measurement, cells were harvested to count the cell number,
and each plotted value was normalized relative to the number of cells used. The
detailed procedures are as follows:

For iPSCs, several pieces of iPSC colonies were transferred onto each well of
Geltrex (Gibco)-coated XF®24 cell culture plates (Seahorse Bioscience) and were
maintained in primate ESC culture medium. After 3 days in culture, iPSCs were
equilibrated in unbuffered XF® assay medium (Seahorse Bioscience) supplemented
with 10 mM glucose, 1 mM sodium pyruvate and transferred to a non-CO, incubator
for 1 h before measurement. Oxygen consumption rate (OCR) was measured with
sequential injections of 2 xM oligomycin, 1 M FCCP and each 2 uM of rotenone/
antimycin A.

For iPSC-cardiomyocytes, each beating cardiomyocyte-aggregate at 23 days
of differentiation in total was transferred onto each well of Geltrex (Gibco)-coated
XF°24 cell culture plates (Seahorse Bioscience) and was maintained in Cardiac
maturation medium. At 26 or 27 days of differentiation in total, beating cardiomyocytes
were equilibrated in unbuffered XF® assay medium (Seahorse Bioscience)
supplemented with 10 mM glucose and 1 mM sodium pyruvate, and transferred to
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a non-CO, incubator for 1 h before measurement. OCR was measured with
sequential injections of 1 M oligomycin, 0.5 M FCCP and each 2 M of rotenone/
antimycin A.

For iPSC-neurons, each neurosphere at 8 days of differentiation in total was
transferred onto each well of Geltrex (Gibco)-coated XF®24 cell culture plates
(Seahorse Bioscience) and was maintained in NSC expansion medium for next
6 days, followed by terminal differentiation in Neuron induction medium. At 26 or
27 days of differentiation in total, neurons were equilibrated in unbuffered XF® assay
medium (Seahorse Bioscience) supplemented with 10 mM glucose and 1 mM
sodium pyruvate, and transferred to a non-CO, incubator for 1h before
measurement. OCR was measured with sequential injections of 2 uM oligomycin,
0.5 uM FCCP and each 2 M of rotenone/antimycin A.

Analysis of mitochondrial respiratory chain complex activity.
Analysis of mitochondrial respiratory chain complex activity was performed
according to our previous report:2° Briefly, mitochondrial respiratory complex activity
was measured with Complex | Human Enzyme Activity Microplate Assay kit
(Abcam) and with Complex IV Human Enzyme Activity Microplate Assay kit
(Abcam) according to the manufacturer’s instructions, respectively. Cell extracts
(150 pg for complex 1, 50 g for complex 1V) were used to measure time-dependent
absorbance alterations on a multi-well plate reader (SPECTROstar Nano; BMG
Labtech, Ortenberg, Germany).

Neuroblastoma cell culture and neuronal differentiation. SH-SY5Y
neuroblastoma cell line was maintained in Neuroblastoma growth medium
(DMEM (Gibco) supplemented with 4.5 mg/ml glucose, 110 pg/ml sodium
pyruvate, 50 ug/ml uridine (Sigma, St. Louis, MO, USA), 10% FBS (Gibco),
100 units/ml penicillin  (Gibco), 100 pg/ml  streptomycin  (Gibco)) at 37 °C
under humidified atmosphere of 5% CO,. Culture medium was changed every
other day.

For the establishment of mtDNA-depleted cell line (SH-SY5Y »°), sparsely plated
SH-SY5Y cells were expanded in Neuroblastoma growth medium (DMEM (Gibco)
supplemented with 4.5 mg/ml glucose, 110 xg/ml sodium pyruvate, 50 pg/ml uridine
(Sigma), 10% FBS (Gibco), 100 units/ml penicillin (Gibco), 100 xg/ml streptomycin
(Gibco)) with the addition of 5 xg/ml ethidium bromide to induce mtDNA depletion for
at least 1 month in culture at 37 °C under humidified atmosphere of 5% CO,. Culture
medium was changed every other day.

For neuronal lineage commitment, SH-SY5Y WT and SH-SY5Y ° (1 x 10° cells,
respectively) were transferred onto Geltrex (Gibco)-coated multi-well culture plates or
culture dishes and were maintained in Neuroblastoma growth medium (DMEM
(Gibco) supplemented with 4.5 mg/ml glucose, 110 xg/ml sodium pyruvate, 50 zg/ml
uridine (Sigma), 10% FBS (Gibco), 100 units/ml penicillin (Gibco), 100 ug/ml
streptomycin (Gibco)) at 37 °C under humidified atmosphere of 5% CO,. The next
day, culture medium was replaced with Neuron induction medium (Neurobasal
medium (Gibco) supplemented with 1 x N2 (Gibco), 1 x B27 minus vitamin A (Gibco),
1 x GlutaMAX (Gibco), 100 units/ml penicillin (Gibco), 100 pg/ml streptomycin
(Gibco), 10 ng/ml BDNF (Peprotech), 10 ng/ml GDNF (Peprotech), 10 ng/ml NGF
(Peprotech), 500 M dbcAMP (Sigma), 200 uM ascorbic acid (Wako)) with the
addition of 50 g/ml uridine (Sigma) and was changed every other day for terminal
differentiation. At 14 days of neuronal differentiation, neurons were used for further
analyses. Time-lapse images of neuronal lineage commitment from day 4 to day 8
were also obtained using a live cell imaging system (BioStudio; Nikon Engineering) at
30 min of interval.

Emergent neurons were characterized according to standard immunocytochem-
ical protocol. Primary antibody used was as follows: anti-NF-H (1:200 dilution;
Abcam). Secondary antibody used was as follows: AlexaFluor 568 (1:800 dilution;
Molecular Probes). Stained samples were observed under a fluorescent microscope
(IX71 System; Olympus).

Cytochemical COX staining. Cytochemical COX staining was performed as
follows: Briefly, undifferentiated and differentiated SH-SY5Y WT and SH-SY5Y ,°
were stained with COX reaction buffer (pH 5.5; 100 mM sodium acetate, 0.1%
MnCly, 0.001% H0,, 10 mM diaminobenzidine) at 37 °C for 1 h, followed by
subsequent incubation with 1% CuSQ, at 37 °C for 5 min. Stained samples were
observed under a microscope (IX71 System; Olympus).
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Cytochrome ¢ oxidase [COX; alias complex IV (CIV)] is a
terminal protein in the mitochondrial electron transport

The relationships between the molecular abnormalities in mitochondrial respiratory chain complexes
and their negative contributions to mitochondrial and cellular functions have been proved to be
essential for better understandings in mitochondrial medicine. Herein, we established the method to
identify disease phenotypic differences among patients with muscle histopathological cytochrome ¢
oxidase (COX) deficiency, as one of the representative clinical features in mitochondrial diseases, by
using patients’ myoblasts that are derived from biopsied skeletal muscle tissues. We identified two
obviously different severities in molecular diagnostic criteria of COX deficiency among patients:
structurally stable, but functionally mild/moderate defect and severe functional defect with the
disrupted COX holoenzyme structure. COX holoenzyme disorganization actually triggered several
mitochondrial dysfunctions, including the decreased ATP level, the increased oxidative stress level, and
the damaged membrane potential level, all of which lead to the deteriorated cellular growth, the
accelerated cellular senescence, and the induced apoptotic cell death. Our cell-based in vitro diagnostic
approaches would be widely applicable to understanding patient-specific pathomechanism in various
types of mitochondrial diseases, including other respiratory chain complex deficiencies and other
mitochondrial metabolic enzyme deficiencies. (Am J Pathol 2017, 187: 110—121; http://dx.doi.org/
10.1016/j.ajpath.2016.09.003)

reported.”” Other genetic defects in mtDNA-encoded COX
structural subunits* '’ or in several mitochondrial tRNA

system with oxidative phosphorylation and comprises its 13
structural subunits. The three largest, most hydrophobic
catalytic core subunits are encoded in mitochondrial DNA
(mtDNA), and the others are encoded in nuclear DNA
(nDNA). In addition, COX also requires several nDNA-
encoded assembly factors for its holoenzyme organization
and maintenance. COX deficiency is widely recognized as
one of the representative clinical phenotypes in mitochon-
drial diseases and presents muscle histopathological di-
versity among patients (focally, diffusely, or completely
deficient). Although disease-causative mutations in nDNA-
encoded assembly factors are mostly inherited as auto-
somal recessive,’ only a few detrimental mutations in
nDNA-encoded COX structural subunits have been

genes are also responsible for COX deficiency; moreover,
infantile reversible COX deficiency (alias reversible infan-
tile respiratory chain deficiency), which is caused by
homoplasmic m.14674T>C or T>G mutations in MT-TE
gene, has recently been identified as a new disease subtype
with rare, distinct disease outcome.'''”> To date, the re-
lationships between pathogenic mutations in COX-
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associating components and the aberrant COX holoenzyme
organization become evident at a molecular level. However,
there still remains no reasonable explanation how such
gene-specific defects actually affect widespread mitochon-
drial and cellular functions, resulting in the variation and the
severity of disease phenotypes at tissue and organ levels.

To overcome this problem, the use of cells derived from
the affected tissues and organs is advantageous, because such
cells faithfully recapitulate cell type—specific pathophysi-
ology in a patient-specific manner. Herein, we established the
method to identify disease phenotypic differences in patients
exhibiting mitochondrial diseases by using a comprehensive
functional analysis at mitochondrion and cell levels. We
demonstrated that severely disrupted COX holoenzyme
integrity (its function and structure) actually triggered several
mitochondrial dysfunctions, including the decreased ATP
level, the increased oxidative stress level, and the damaged
membrane potential level, followed by the injured cellular
homeostasis like the deteriorated cellular growth, the accel-
erated cellular senescence, and the induced apoptotic cell
death. Therefore, COX holoenzyme disorganization de-
termines the variation and the severity in clinical phenotypes
of patients exhibiting mitochondrial diseases with muscle
histopathological COX deficiency, and our proposed mo-
lecular diagnostic criteria may also be suggestive for effec-
tively exploring disease-causative genetic defects, which are
responsible for patient-specific pathology.

Materials and Methods

Patients

This study was approved by the institutional review board of
the National Center of Neurology and Psychiatry and was
stringently conducted in accordance with the ethical prin-
ciples of the Declaration of Helsinki. Patient skeletal muscle
biopsy was performed for diagnostic purposes only after we
received written informed consent. Note that 10 control
subjects were also used in this study.

mtDNA Mutation Analysis

A long PCR-based whole mtDNA sequence in each patient
was performed to eliminate any adverse results associating
with pseudosequences in nDNA, as described elsewhere'”
with modifications: Extracted DNA from cultured patients’
myoblasts (100 ng) was amplified by mtDNA-specific long-
range PCR and the following mtDNA-specific nested PCR
using a thermal cycler (GeneAmp PCR System 9700;
Applied Biosystems, Waltham, MA). The amplified mtDNA
fragments were sequenced using DNA analyzer (ABI
PRISM 3130xl; Applied Biosystems). The obtained mtDNA
sequence data in each patient were compared with the WEB
databases of Human Mitochondrial Genome Database
(MITOMAP) and Human Mitochondrial Genome Poly-
morphism (mtSNP)'* to find any genetic variants.

The American Journal of Pathology m ajp.amjpathol.org

RT-PCR

One-step RT-PCR was performed with the PrimeScript 11
High Fidelity RT-PCR kit (TaKaRa Bio, Shiga, Japan),
according to the manufacturer’s instructions. Extracted
total RNA from cultured patients’ myoblasts (100 ng) was
applied for RT-PCR using a thermal cycler (GeneAmp
PCR system 9700; Applied Biosystems). Amplified PCR
products were electrophoresed, stained with ethidium
bromide, and detected using UV transilluminator (GelDoc-
It Imaging System; UVP, Upland, CA).

Primers used were as follows: MT-COI1, 5'-TTAGCT-
GACTCGCCACACTCC-3' (forward) and 5'-AGTCAGGC-
CACCTACGGTGA-3 (reverse); MT-CO2, 5'-CTCATGAG-
CTGTCCCCACATTAG-3' (forward) and 5'-TTGACCG-
TAGTATACCCCCGG-3' (reverse); COX4, 5'-CGGCA-
GAATGTTGGCTACCA-3' (forward) and 5'-AGCGAAA-
AGTCTTCGCTCTTCAC-3' (reverse); COX5B, 5'-TGGCA-
TCTGGAGGTGGTGTT-3' (forward) and 5'-TGCCTGAA-
GCTCCCTTTGG-3' (reverse); and GAPDH, 5'-CAAT-
GACCCCTTCATTGACCTC-3' (forward) and 5'-CTCGCT-
CCTGGAAGATGGTG-3' (reverse).

Cell Culture

Small portions of biopsied skeletal muscle tissues from the
patients’ biceps brachii were minced with surgical scissors
and forceps, enzymatically digested with collagenase-trypsin
solution [400 pg/mL collagenase (Wako, Osaka, Japan),
5x trypsin-EDTA (Gibco, Waltham, MA)] at 37°C for 1
hour, and centrifuged at 200 x g for 5 minutes to collect
myoblasts. Cells were resuspended and seeded onto tissue
culture dishes and were maintained at 37°C under humidified
atmosphere of 5% CO,. Myoblast culture medium used was
as follows: Dulbecco’s modified Eagle’s medium with F12
nutrient mixture (Gibco) supplemented with 20% fetal bovine
serum (Gibco), 100 U/mL penicillin (Gibco), and 100 png/mL
streptomycin (Gibco). During primary culture, 0.5 pg/mL
MC210 (DS Pharm, Osaka, Japan) as a mycoplasmacidal
reagent and 2.5 ug/mL fungizone (Gibco) as a fungicidal
reagent were also added into myoblast culture medium.

For cellular proliferation experiment, patients’ myoblasts
(100 cells/mmz) were seeded onto 96-well culture plates and
were maintained at 37°C under humidified atmosphere of
5% CO,. After 3 days in culture, cells were treated with
bromodeoxyuridine chemiluminescence-based cell prolifer-
ation enzyme-linked immunosorbent assay kit (Roche,
Basel, Switzerland), according to the manufacturer’s in-
structions, and cellular proliferation potential was measured
on chemiluminescent multiwell plate reader (Centro LB
960; Berthold Technologies, Bad Wildbad, Germany).

For cellular growth experiment, patients’ myoblasts
(50 cells/mmz) were seeded onto 6-well culture plates and
were maintained at 37°C under humidified atmosphere
of 5% CO,. Cells were observed under phase contrast
microscope (IX71 System; Olympus, Tokyo, Japan) at
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predetermined time intervals. Cell number per unit area was
randomly counted and averaged in each sample. Cellular
doubling time was also estimated at logarithmic prolifera-
tion stage.

For cellular senescence detection, patients’ myoblasts (100
cells/mm?) were seeded onto 4-well culture slides and were
maintained at 37°C under humidified atmosphere of 5% CO,.
After 3 days in culture, cells were treated with senescence-
associated B-galactosidase staining kit (Cell Signaling Tech-
nology, Danvers, MA), according to the manufacturer’s in-
structions, and senescent cells were observed under optical
microscope (BX50 System; Olympus).

For apoptotic cell death detection, patients’ myoblasts
(100 cells/mmz) were seeded onto 6-well culture plates and
were maintained at 37°C under humidified atmosphere of
5% CO,. After 3 days in culture, cells were treated with
caspase-3 detection kit (Biotium, Fremont, CA), according
to the manufacturer’s instructions, and apoptotic cell death
was observed under fluorescent microscope (IX71 System;
Olympus).

For terminal differentiation into myotubes, patients’
myoblasts (200 cells/mmz) were seeded onto 6-well culture
plates and were maintained at 37°C under humidified
atmosphere of 5% CO,. After 3 days in culture, culture
medium was switched to differentiation medium (Cell
Applications, San Diego, CA) supplemented with 100 U/mL
penicillin (Gibco) and 100 pg/mL streptomycin (Gibco),
and cells were maintained for 2 weeks.

Cytochemistry

Patients’ myoblasts (100 cells/mm?) were seeded onto 4-well
culture slides and were maintained at 37°C under humidified
atmosphere of 5% CO,. After 3 days in culture, cells were
stained with COX reaction buffer (pH 5.5; 100 mmol/L so-
dium acetate, 0.1% MnCl,, 0.001% H,0,, and 10 mmol/L
diaminobenzidine) at 37°C for 1 hour and were incubated
with 1% CuSQO, at 37°C for 5 minutes. Cell nuclei were
costained with hematoxylin. Stained cells were rinsed, fixed,
and dehydrated according to standard histological protocol.
Samples were sealed with cover glass and were observed
under optical microscope (BX50 System; Olympus).

Immunocytochemistry

Cultured patients’ myoblasts and differentiated myotubes
were fixed, permeabilized, and blocked according to stan-
dard immunocytochemical protocol. Primary antibody
probing was performed at room temperature for 90 minutes.
Secondary antibody probing was performed with 2.5 pg/mL
Alexa Fluor 568 (Molecular Probes, Waltham, MA) at room
temperature for 45 minutes. Stained cells were observed
under fluorescent microscope (IX71 System; Olympus).
Primary antibodies used were as follows: 2.5 pg/mL
anti—MT-CO1 (Molecular Probes), 2.5 pg/mL anti-COX4
(Molecular Probes), 0.5 pg/mL anti-SDHA (Molecular
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Probes), 5 pg/mL anti-myogenin (Abcam, Cambridge, UK),
and 5 pg/mL anti—actin, o 1, skeletal muscle (Abcam).

Mitochondrial Enzymatic Activity

Enzymatic activities for individual mitochondrial respiratory
chain complexes were analyzed as described elsewhere'”
with modifications: Cultured and harvested patients’
myoblasts (100,000 cells/assay) were permeabilized with
0.1% digitonin at room temperature for 1 minute with gentle
pipetting and were used for the experiment. A spectropho-
tometer equipped with a thermostated unit (U-2010; Hitachi,
Tokyo, Japan) was used, and a baseline calibration was
done before each measurement.

For complex I activity measurement, permeabilized cells
were added into reaction buffer (pH 7.4; 50 mmol/L
Tris-HCI, 250 mmol/L sucrose, 1 mmol/L EDTA, 10 umol/L
decylubiquinone, 50 umol/L. NADH, 5 pg/mL antimycin A,
and 2 mmol/L KCN) and were incubated in quartz cuvette at
37°C. Complex I activity was monitored by time-dependent
absorbance alterations.

For complex 1II activity measurement, permeabilized cells
were added into reaction buffer (pH 7.4; 50 mmol/L
potassium phosphate, 20 mmol/L. succinate, 50 pmol/L
2,6-dichlorophenolindophenol, 50 pmol/L decylubiquinone,
5 pg/mL rotenone, 5 pg/mL antimycin A, and 2 mmol/L
KCN) and were incubated in quartz cuvette at 37°C.
Complex II activity was monitored by time-dependent
absorbance alterations.

For complex III activity measurement, permeabilized
cells were added into reaction buffer [pH 7.4; 50 mmol/L
Tris-HCI, 250 mmol/L sucrose, 1 mmol/L EDTA, 50 pmol/L
cytochrome ¢, 50 pmol/L decylubiquinol (reduced form of
decylubiquinone), and 2 mmol/L. KCN] and were incubated
in quartz cuvette at 37°C. Complex III activity was moni-
tored by time-dependent absorbance alterations.

For complex IV activity measurement, permeabilized
cells were added into reaction buffer [pH 7.4; 10 mmol/L
potassium phosphate and 25 pmol/L. ferrocytochrome c¢
(reduced form of cytochrome c)] and were incubated in
quartz cuvette at 37°C. Complex IV activity was monitored
by time-dependent absorbance alterations.

For citrate synthase activity measurement, permeabilized
cells were added into reaction buffer [pH 8.0; 125 mmol/L
Tris-HCI, 300 pmol/L acetyl-CoA, 100 umol/L 5,5-
dithiobis (2-nitrobenzoic acid), and 500 pumol/L. oxaloace-
tate] and were incubated in quartz cuvette at 37°C. Citrate
synthase activity was monitored by time-dependent absor-
bance alterations.

Electrophoretic Protein Separation

SDS-PAGE, blue native PAGE (BN-PAGE), and two-
dimensional BN-PAGE/SDS-PAGE were performed as
described elsewhere'®'” with modifications, respectively:
Cultured and harvested patients’ myoblasts were resuspended
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in isolation buffer (pH 7.4; 210 mmol/L mannitol, 70 mmol/L
sucrose, 1 mmol/L EGTA, and 5 mmol/L HEPES) and were
homogenated on ice. Cell lysates were centrifuged to isolate
mitochondrial proteins. Obtained mitochondrial proteins
were quantified by Bradford assay, and a calibration curve
was generated using several known concentrations of bovine
serum albumin.

For SDS-PAGE, isolated mitochondrial proteins (100 pg)
were solubilized with 0.5% SDS containing 50 mmol/L
dithiothreitol at 70°C for 10 minutes and were used for the
experiment. Electrophoresis was performed on 4% to 12%
NuPAGE polyacrylamide gel (Invitrogen, Waltham, MA) at
room temperature under 200-V constant.

For BN-PAGE, isolated mitochondrial proteins (100 pg)
were solubilized with either 0.5% n-dodecyl-B-p-maltoside
(individual complexes detection) or 1% digitonin (super-
complexes detection) on ice for 30 minutes and were used
for the experiment. Electrophoresis was performed on 3% to
12% NativePAGE polyacrylamide gel (Invitrogen) at 4°C
under 150-V constant for 30 minutes, then resumed at 4°C
under 250-V constant.

Western Blot for Immunodetection

Electrophoresed gels were blotted onto polyvinylidene
difluoride membranes using iBlot transfer system (Invi-
trogen), according to the manufacturer’s instructions.
Blotted polyvinylidene difluoride membranes were blocked
at room temperature for 30 minutes. Primary antibody
probing was performed at room temperature for 90 minutes.
Secondary antibody probing was performed with chromo-
genic antibody detection kit (WesternBreeze; Invitrogen),
according to the manufacturer’s instructions.

For SDS-PAGE and immunodetection, primary anti-
bodies used were as follows: 0.5 pg/mL anti-SDHA (Mo-
lecular Probes), 2.5 pg/mL anti—MT-COl (Molecular
Probes), 2.5 ng/mL anti—MT-CO2 (Molecular Probes), 2.5
pg/mL  anti-COX4 (Molecular Probes), 2.5 pg/mL anti-
COX5B (Molecular Probes), and 2.5 pg/mL anti-COX6B
(Molecular Probes).

For BN-PAGE and immunodetection, primary anti-
bodies used were as follows: 0.5 pg/mL anti-NDUFA9
(Molecular Probes), 0.5 pg/mL anti-SDHA (Molecular
Probes), 0.5 pg/mL anti-UQCRC2 (Molecular Probes), 2.5
pg/mL anti—MT-CO1 (Molecular Probes), and 0.5 pg/mL
anti-ATP5B (Molecular Probes).

Detection of Intracellular ATP

Cultured and harvested patients’ myoblasts (100 cells/assay)
were applied for the measurements. Cells were treated
with rLuciferase/Luciferin chemiluminescence-based ATP
detection kit (Promega, Fitchburg, WI), according to the
manufacturer’s instructions, and intracellular ATP amount
was measured on chemiluminescent multiwell plate reader
(Centro LB 960; Berthold Technologies). A calibration
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curve was generated using several known concentrations of
ATP.

Detection of Mitochondrial Oxidative Stress and
Mitochondrial Membrane Potential

Quantitative fluorometry was performed as follows: Patients’
myoblasts (100 cells/mmz) were seeded onto 96-well culture
plates and were maintained at 37°C under humidified atmo-
sphere of 5% CO,. After 3 days in culture, cells were stained
at 37°C for 1 hour. Stained cells were rinsed and measured on
fluorescent multiwell plate reader (ARVO SX; Perkin Elmer,
Waltham, MA), first at excitation/emission of 545/595 nm
(red fluorescence) and then sequentially at excitation/
emission of 485/535 nm (green fluorescence).

Fluorescent imaging was performed as follows: Patients’
myoblasts (100 cells/mm?) were seeded onto 6-well culture
plates and were maintained at 37°C under humidified
atmosphere of 5% CO,. After 3 days in culture, cells were
stained at 37°C for 1 hour. Stained cells were rinsed and
observed under fluorescent microscope (IX71 System;
Olympus).

Fluorescent dyes used were as follows: 0.25 pg/mL
MitoTracker Green (Molecular Probes), 0.25 pg/mL
MitoSOX Red (Molecular Probes), and 0.25 pg/mL JC-1
(Molecular Probes).

Results

Molecular Pathogenic Variation among Patients with
COX Deficiency

We examined seven mitochondrial disease patients with
muscle histopathological COX deficiency, all of whom
carry no detrimental mutation on entire mtDNA sequence
(Supplemental Tables S1—S7). In addition, no typical
pathological abnormality was observed in all patient-derived
skeletal muscle tissues other than COX deficiency
(Supplemental Figure S1). On muscle histopathological
COX staining, the numerical and distributional variation of
COX-negative muscle fibers was observed among patients’
tissues (Figure 1A); Patients 5 and 6 also exhibited
completely deficient COX activity. On cytochemical COX
staining, a wide variety of the decreased COX activity was
also observed among patients’ myoblasts (Figure 1A),
showing a trend similar to muscle histopathological COX
staining. BN-PAGE and immunodetection indicated that the
apparently diminished band corresponding to COX holo-
enzyme was detected only in Patients 5 and 6, whereas the
other patients showed stable COX holoenzyme organization
(Figure 1B); Patients 5 and 6 also showed no COX-
containing respiratory chain supramolecular architectures
that were essential for efficient ATP production in the
mitochondrial electron transport system (Figure 1C). The
assembly of the other respiratory chain complexes was
unaffected in all patients. We therefore defined Patients 5
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Figure 1  Molecular pathogenic variation among patients with COX deficiency. A: Representative images of COX staining for frozen section of skeletal

muscle specimens (top row) and for cultured myoblasts (bottom row) of both controls (Ctrl) and patients. On cytochemical COX staining for cultured
myoblasts, all samples were stained simultaneously with the same period. Cell nuclei were costained with hematoxylin. B: Immunodetection of individual
respiratory chain complexes (CI, CII, CIII, COX, and CV) by BN-PAGE for the same amount of isolated mitochondrial proteins from both controls and patients.
Primary antibodies used were as follows: anti-NDUFA9 (CI), anti-SDHA (CII), anti-UQCRC2 (CIII), anti—MT-CO1 (COX), and anti-ATP5B (CV). All samples were
assayed at least in duplicate. C: Immunodetection of respiratory chain supercomplexes by BN-PAGE for the same amount of isolated mitochondrial proteins
from both controls and patients. Primary antibodies used were as follows: anti—MT-C01 (COX) (top row) and anti-UQCRC2 (CIII) (bottom row). All samples
were assayed at least in duplicate. D: Enzymatic activities of individual mitochondrial respiratory chain complexes for cultured and harvested myoblasts of
both controls and patients. Citrate synthase (CS) activity, as an internal marker in mitochondrial functions, was used for normalization in each sample. All
samples were measured at least in duplicate and averaged. The error bars indicate means + SD of controls (D). n = 10 (D, controls); n = 5 [D, COX defect
(—)]; n = 2 [D, COX defect (++)]. Scale bars = 50 um (A).

and 6 lacking COX holoenzyme as COX defect (+) and the
other patients exhibiting stable COX holoenzyme as COX
defect (—). Enzymatic activities of mitochondrial respiratory
chain complexes revealed that COX activity in all patients
was significantly decreased when compared with controls
(Figure 1D); Patients 5 and 6 as COX defect (+) also dis-
played lower biochemical COX function. The other respi-
ratory chain complex activities in all patients were almost
within normal range, except for relatively higher complex II
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activity, probably because of functional compensation in
mitochondrial oxidative phosphorylation. From molecular
diagnostic aspects in mitochondrial respiratory chain com-
plexes, we concluded that all patients used in this study
must be isolated COX deficiency.

Two-dimensional BN-PAGE/SDS-PAGE implied that the
apparent loss of COX holoenzyme found only in Patients 5
and 6 was because of drastically decreased amounts of all
COX structural subunits when compared with other
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Figure 2  COX holoenzyme disorganization, found only in Patients 5 and 6, originates in the decreased protein levels, but not in mRNA levels, of each
structural subunit. Az Visualization of all structural components in respiratory chain complexes by two-dimensional blue native PAGE (BN-PAGE)/SDS-PAGE and
silver staining for the same amount of isolated mitochondrial proteins from both controls (Ctrl) and Patients 5 and 6 as COX defect (+). Immunodetection
against MT-CO1 (COX) and SDHA (CII) was also shown. All samples were assayed at least in duplicate. B: Representative images of immunocytochemistry
against MT-C01 [COX, mitochondrial DNA (mtDNA) encoded], COX4 [COX, nuclear DNA (nDNA) encoded], and SDHA (CII) for cultured myoblasts of both controls
and patients. Cell nuclei were costained with Hoechst 33342 (blue). C: Protein expression levels in COX structural subunits of MT-CO1 (mtDNA encoded), MT-
€02 (mtDNA encoded), COX4 (nDNA encoded), COX5B (nDNA encoded), and COX6B (nDNA encoded) by SDS-PAGE and immunodetection for the same amount of
isolated mitochondrial proteins from both controls and patients. SDHA (CII) was used as an internal marker. All samples were assayed at least in duplicate. D:
mRNA expression levels in COX structural subunits of MT-C01 (mtDNA encoded), MT-C02 (mtDNA encoded), COX4 (nDNA encoded), COX5B (nDNA encoded) by
RT-PCR for the same amount of extracted total RNA from both controls and patients. GAPDH was used as an internal marker. RT- indicates without the addition
of reverse transcriptase in RT-PCR. All samples were assayed at least in duplicate. Scale bar = 50 um (B).

respiratory chain complex components (Figure 2A); it was exhibiting stable COX holoenzyme organization

consistent with the results of immunocytochemistry against
both COX structural subunits of mtDNA-encoded MT-COl1
and nDNA-encoded COX4 (Figure 2B). In fact, signifi-
cantly lower protein expression levels of several COX
structural subunits were confirmed only in Patients 5 and 6
when compared with controls and the other patients
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(Figure 2C). However, no significant alteration in mRNA
expression levels was observed in all patients when
compared with controls (Figure 2D). These results suggest
that COX holoenzyme disorganization, found only in Pa-
tients 5 and 6, originates in the decreased protein levels, but
not in mRNA levels, of each COX structural subunit.
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Severely Impaired COX Holoenzyme Integrity Triggers both markedly detected only in Patients 5 and 6 as COX
the Deteriorated Mitochondrial and Cellular defect (+), whereas the other patients showed no significant
Homeostasis, but Does Not Affect Skeletal Muscle alteration in mitochondrial functions when compared with
Development those of controls. These results demonstrate that COX
holoenzyme disorganization can strongly induce several
To further investigate the influences of severely impaired mitochondrial dysfunctions.
COX holoenzyme integrity on mitochondrial and cellular Among patients’ myoblast lines, Patients 5 and 6 as COX
homeostasis, we added cell-based functional analysis in all defect (4) exhibited significantly deteriorated proliferative
patients. The decreased ATP level was observed only in potential in living cells (Figure 4A); it was consistent with
Patients 5 and 6 as COX defect (4) when compared with the results of growth rate (Figure 4B) and doubling time
controls and the other patients exhibiting stable COX (Figure 4B). Remarkably, some senescence-associated
holoenzyme organization (Figure 3A). Interestingly, the B-galactosidase—positive senescent cells (Figure 4C) and
increased oxidative stress level (Figure 3, B and D) and the caspase 3—positive apoptotic cells (Figure 4D) were also
damaged membrane potential level (Figure 3, C and E) were detected only in Patients 5 and 6 as COX defect (+), even
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Figure 3  Severely impaired COX holoenzyme integrity triggers mitochondrial dysfunctions. A: Relationship between COX activity and ATP level for cultured
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activity and oxidative stress [reactive oxygen species (ROS)] level for cultured myoblasts of both controls and patients. All samples were measured at least in
duplicate and averaged. C: Relationship between COX activity and membrane potential (A®m) level for cultured myoblasts of both controls and patients. All
samples were measured at least in duplicate and averaged. D: Representative images of the intracellular localization of MitoTracker (green) or MitoSOX (red)
for cultured myoblasts of both controls and patients. Cell nuclei were costained with Hoechst 33342 (blue). E: Representative images of the intracellular
localization of JC-1 monomer (green) or aggregates (red) for cultured myoblasts of both controls and patients. Cell nuclei were costained with Hoechst 33342
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Figure 4  Severely impaired COX holoenzyme integrity also induces cellular dysfunctions, but does not affect skeletal muscle development. A: Relationship
between COX activity and cellular proliferation potential (bromodeoxyuridine assay) for cultured myoblasts of both controls (Ctrl) and patients. All samples were
measured at least in duplicate and averaged. B: Cellular growth rate for cultured myoblasts of both controls and Patients 5 and 6 as COX defect (+). The
estimated doubling time in each sample was also shown. All samples were measured at least in duplicate and averaged. C: Representative images of cellular
senescence for cultured myoblasts of both controls and patients. Arrowheads indicate senescence-associated B-galactosidase (SA-B-gal)—positive senescent
cells. All samples were stained simultaneously with the same period. D: Representative images of apoptotic cell death for cultured myoblasts of both controls and
patients. Arrowheads indicate caspase 3—positive apoptotic cells (green). Cell nuclei were costained with Hoechst 33342 (blue). E: Representative images of
immunocytochemistry against skeletal muscle tissue—specific markers of myogenin (MYOG) and actin, o 1, skeletal muscle (ACTA1) for differentiated myotubes
of both controls and patients. On MYOG immunostaining, mitochondria were costained with MitoTracker (green). On ACTA1 immunostaining, cell nuclei were
costained with Hoechst 33342 (blue). The error bars indicate means + SD of controls (A and B). n = 10 (A and B, controls); n = 5 [A, COX defect (—)]; n = 2
[A and B, COX defect (+)]. Scale bars = 50 um (C—E).
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under stable cell growth condition. Nevertheless, no biochemical diagnosis in each patient are summarized
apparent difference in in vitro differentiation propensity of in Table 1.

myoblasts into myotubes was confirmed in all patients when

compared with controls, which was determined by the Discussion

results of immunocytochemistry against skeletal muscle

tissue-specific markers of myogenin and actin, o 1, skeletal In this study, we characterized disease phenotypic differ-
muscle (Figure 4E). These results demonstrate that mito- ences among patients exhibiting mitochondrial diseases
chondrial dysfunctions triggered by COX holoenzyme with muscle histopathological COX deficiency by using a
disorganization can induce widespread cellular dysfunc- comprehensive functional analysis in mitochondria and
tions, but cannot affect skeletal muscle development in cells. We demonstrated that widespread mitochondrial and
patients. The data presenting mitochondrial and cellular cellular dysfunctions were actually dominated, at least in
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Table 1  Mitochondrial and Cellular Biochemical Diagnosis in Each Patient with Muscle Histopathological COX Deficiency

COX Cellular Cellular Cellular  Cellular
Patient no. COX function* structure ATP level* ROS level* AWm level* proliferation* senescence apoptosis differentiation
10 Controls 100.0 4+ 27.2 Normal 100.0 £+ 10.3 100.0 £+ 12.2 100.0 £+ 11.2 100.0 £ 3.9 ND ND Normal
1 26.5 Normal  100.2 162.5 92.5 83.1 ND ND Normal
2 46.4 Normal  104.8 149.6 93.9 77.3 ND ND Normal
3 51.5 Normal  130.2 122.6 117.6 89.8 ND ND Normal
4 25.6 Normal 92.6 168.2 92.3 78.1 ND ND Normal
5 14.3 ND 70.7 248.9 31.1 32.5 Detected  Detected Normal
6 17.1 ND 54.4 269.8 25.6 29.1 Detected  Detected Normal
7 66.9 Normal  109.7 115.2 120.8 96.0 ND ND Normal

COX, cytochrome ¢ oxidase; ND, not detected; ROS, reactive oxygen species; A¥m, membrane potential.
*Values are expressed as the percentage against the mean value of 10 controls.

part, by the aberrant COX holoenzyme organization,
possibly underlying the variation and the severity in clinical
phenotypes of patients. According to these results, we also
think it reasonable to classify two obviously different
severities in molecular diagnostic criteria of COX deficiency
(Figure 5): structurally stable, but functionally mild/mod-
erate defect and severe functional defect with the disrupted
COX holoenzyme structure, followed by several mito-
chondrial and cellular dysfunctions. Patients 5 and 6 are
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Figure 5

categorized as histopathologically and biochemically severe
COX deficiency because of COX holoenzyme disorgani-
zation, which must be caused by genetic defects in COX-
associating genes. On the other hand, the other patients
may be affected by functional abnormality of COX holo-
enzyme itself or by other unknown physiological abnor-
malities to apparently induce muscle histopathological COX
deficiency as secondary clinical phenotypes. In these cases,
it is speculated that disease-causative mutations of muscle
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Mitochondrial and cellular phenotypic variation in COX deficiency: A graphical summary. Our in vitro diagnostic approaches successfully demonstrate

two obviously different severities in molecular diagnostic criteria of COX deficiency: left column, structurally stable, but functionally mild/moderate defect;
and right column, severe functional defect with the disrupted COX holoenzyme structure, followed by several mitochondrial and cellular dysfunctions.
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histopathological COX deficiency patients exhibiting stable
COX holoenzyme organization may be in non—COX-
associating genes. Therefore, our proposed molecular
diagnostic criteria would also be suggestive for effectively
exploring the candidate genes, which are responsible
for patient-specific pathology, by using next-generation
sequencing technology.

The molecular pathomechanism of biochemically severe
COX deficiency is summarized as follows: Genetic defects
in any COX-associating genes can induce the aberrant COX
holoenzyme organization,’ and the synthesized but the un-
assembled COX structural subunits are gradually degraded
by some mitochondrial metalloproteases to prevent their
accumulation in mitochondrial inner membrane.'® That is
why lower protein expression levels of several COX struc-
tural subunits, despite their stable mRNA syntheses, were
observed only in Patients 5 and 6 lacking COX holoenzyme.
COX holoenzyme disorganization can induce not only its
severe functional defect but also the diminished assembly to
form COX-containing respiratory chain supramolecular
architectures. In fact, the importance of COX holoenzyme in
respiratory chain supercomplexes has been reported,'” and
the optimized protein ratio of each respiratory chain com-
plex is critical for their supramolecular assembly formation,
allowing much higher electron transfer rates in mitochon-
drial oxidative phosphorylation.”” Thus, significant loss of
COX holoenzyme induces drastically decreased activity in
the production of ATP and thermal energy caused by an
insufficient proton electrochemical gradient between mito-
chondrial matrix and intermembrane space. Mitochondrial
respiratory chain complexes are also generally known to
increase oxidative stress with their functional defects, and in
this case, severely impaired COX holoenzyme integrity
seems most likely to affect the increased oxidative stress
level. To date, it still remains uncertain whether approxi-
mately 2.5-fold increase of oxidative stress level observed
only in Patients 5 and 6 lacking COX holoenzyme is sub-
stantially harmful in in vivo mitochondrial physiology.
However, the increased oxidative stress level may trigger
the accumulated oxidative damages to other mitochondrial
enzymes, substrates, lipids, and mtDNA, all of which lead to
the depressed overall mitochondrial functions and induce
premature senescence at a cell level. In addition, the
damaged membrane potential level implies two major
mitochondrial abnormalities: transport machinery defects of
proteins and substrates essential for mitochondrial biogen-
esis and bioenergetics and the accelerated leak of freely
mobile cytochrome ¢ molecules, as a caspase activator, in
mitochondrial electron transport system, followed by the
induced apoptotic signaling. Therefore, widespread cellular
dysfunctions, including the deteriorated cellular growth, the
accelerated cellular senescence, and the induced apoptotic
cell death, all of which were observed only in Patients 5 and
6, are clearly explained by primary COX holoenzyme
disorganization and the following secondary mitochondrial
dysfunctions.
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The relationships between the molecular abnormalities in
mitochondrial respiratory chain complexes and their nega-
tive contributions to mitochondrial and cellular functions
have been proved to be essential for better understandings in
mitochondrial medicine. In particular, most parts of mito-
chondrial diseases are caused by heteroplasmic mutations in
mtDNA (wild-type mtDNA and mutant mtDNA coexist
within a single cell) and present a wide variety of clinical
spectrum among patients, probably because of variations in
mutant mtDNA proportions at each tissue and organ level.
To date, patients’ fibroblasts are mainly used for biochem-
ical analysis. However, such fibroblasts do not always
exhibit mitochondrial respiratory defects, most likely
because of relatively lower mutant mtDNA proportions than
those in the affected tissues and organs of some patients.
Although this study does not include mitochondrial disease
patients with muscle histopathological COX deficiency,
those carrying heteroplasmic mtDNA mutations, our in vitro
diagnostic approaches by using patients’ myoblasts may be
more advantageous, because cells derived from the affected
tissues and organs can faithfully recapitulate their cell
type—specific pathophysiology in a patient-specific manner.
We also believe the use of nonviral, integration-free cellular
reprogramming technology”'*” to generate disease-relevant
induced pluripotent stem cells from patients’ fibroblasts or
peripheral blood cells can greatly help us to identify bona
fide pathomechanism of complex, severe clinical pheno-
types in mitochondrial diseases with multiple organ
involvements. In fact, several groups and we have recently
reported patient-specific induced pluripotent stem cells,
those carrying various types of pathogenic mutant mtDNAs
as in vitro human mitochondrial disease models,23 29
toward possible applications in induced pluripotent stem
cell—based drug discovery and regenerative therapeutics.’’

Conclusions

Our cell-based in vitro diagnostic approaches documented
herein would hold promise for enormous contributions to
clinical research for future personalized medicine, which is
based on the intrinsic molecular and cellular pathogenic
features of each patient exhibiting various types of mito-
chondrial diseases, including other respiratory chain com-
plex deficiencies and other mitochondrial metabolic enzyme
deficiencies.
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