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Figure 1. Flow diagram of study analysis. Ninety MRCD patients
were analyzed in this study. Sixty-one patients had normal
polymorphisms and 29 had mtDNA variants. Of these variants, 13
patients had MRCD causative mutations that had been previously
described. We identified three novel large deletions and 13
unreported variants. Of the unreported variants, one patient with
complex Il deficiency was excluded because complex Il is not encoded
by mtDNA. Six patients were excluded because their enzyme
deficiency pattern did not coincide with the variants found in mtDNA.
Four patients were excluded because of the lack of fibroblast enzyme
deficiency or low heteroplasmy. The remaining two cases were
analyzed by cybrid study.

analyzed for an mtDNA deletion. Second-round PCR was
performed using fewer (25-26) PCR cycles to avoid un-
targeted DNA amplification. To identify the location of
the deletion, we first compared the density of bands and
screened the faint bands with agarose electrophoresis. The
precise deletion boundaries were confirmed by sequencing
analysis with primers used for second-round PCR that
were close to the probable deletion region.

Results

Patient characteristics and their mtDNA
mutations

A total of 90 patients (49 were men and 41 were women)
with MRCD were subjected to whole mtDNA sequencing
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Figure 2. Identification of three large deletions. (A) Characterization
of the three novel mtDNA deletions using agarose electrophoresis.
First-round PCR products amplified from patient fibroblast and liver
DNA clearly showed the presence of mtDNA deletions in Pt336, 390,
and 372. Normal mtDNA from an MRCD patient was used as a
positive control. (B) Positions of the novel mtDNA deletions are shown
in blue. LA1 and LA2 amplification is shown in green. Two red
squares represent real-time PCR amplicons MT-NDS and MT-TL1.

analysis (Table 1). Eighty-four subjects (93%) were non-
consanguineous. Seventy-six subjects (84%) were aged
1 year or younger. We identified 13 previously reported
mtDNA mutations, 13 unreported variants, and three
novel deletions (Fig. 1). The remaining 61 subjects had
normal polymorphisms in their mtDNA (Fig. 1).

Large mtDNA deletions were identified in
three patients

Agarose gel electrophoresis of first-round PCR from
fibroblast and liver mtDNA clearly showed the presence
of mtDNA deletions in Pt336, 390, and 372 (Fig. 2A).
The precise deletion sites were confirmed by sequencing
analysis. The expected size of the first-round PCR LA2
product in wild-type mtDNA from an MRCD patient was
11.2 kb, which enabled us to estimate the deletion sizes
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of Pt336, 390, and 372 as 6639, 5424, and 3424 bp,
respectively (Fig. 2A and B). In Pt336, the 6639-bp dele-
tion was located between nucleotides 7734 and 14,372
and was flanked by 5-bp perfect direct repeats. This dele-
tion results in the loss of 15 genes (CO2, ATPS, ATPs,
CO3, ND3, ND4L, ND4, ND5, ND6, and six tRNA genes).
The heteroplasmy ratio of this deletion was 9.2% in the
fibroblasts (Fb) and 92.6% in the liver (Hep) (Table 2
and Data S1). In Pt390, the 5424-bp deletion was located
between nucleotide positions 8574 and 13,997 and was
flanked by 11-bp imperfect direct repeats. This deletion
results in the loss of 11 genes (ATP6, CO3, ND3, ND4L,
ND4, ND5, and five tRNA genes). The heteroplasmy ratio
of this deletion was 44.9% (Fb) and 86.4% (Hep)
(Table 2). In Pt372, the 3424-bp deletion was located
between nucleotides 12,493 and 15,916 and was flanked
by 6-bp imperfect direct repeats. This deletion results in
the loss of five genes (ND5, ND6, CYB, and two (RNA
genes). The heteroplasmy ratio of this deletion was 65.7%
(Fb), and 89.9% (IHep) (Table 2).

Unreported variants of mtDNA detected in
13 patients

We identified 13 unreported mtDNA variants. Of these,
seven were excluded by manual curation (Fig. 1). One of
these was excluded because the enzyme deficiency was
specific to complex II, which is not encoded by mtDNA.
The other six were excluded because their enzyme defi-
ciency pattern did not coincide with the variants found in
mtDNA. From the remaining six plausible mtDNA vari-
ants, we determined whether they were causative using
the following inclusion criteria for further analysis: (1)
cells were viable for further assay, (2) mtDNA variants
corresponded to the enzyme assay data in the RC subunit,
(3) enzyme deficiency was observed in the fibroblasts, and
(4) variants had high heteroplasmy ratios (Fig. 1 and
Table 2). On the basis of these criteria, we selected two
patients whose mtDNA variants (m.14439G>A in MT-
ND6 and m.1356A>G in 125 rRNA) were suitable for fur-
ther analysis as shown in Figure 1. The other four
patients were excluded because they did not show enzyme
deficiency in their fibroblasts or because of low hetero-
plasmy ratios (Table 2).

m.14439G>A (MT-ND6), but not m.1356A>G
(12S rRNA), is a causative mutation

The m.14439G>A (MT-ND6) variant was observed in fi-
broblasts from Pt377 (Fig. 3A). PCR- restriction fragment
length polymorphism (RFLP) analysis with the Hpy188I
restriction enzyme found Pt377 fibroblasts to be homo-
plasmic, and the m.14439G>A variant was not detected in

New MT-ND6 and NDUFAT Mutations in MRCD

the blood of the patient’s parents (Fig. 3A and B). This
mutation changes the proline to a serine at amino acid
position 79, which is highly conserved among vertebrates
(Fig. 3C). ND6 is one of the mtDNA-encoded complex 1
subunits and alignment of the ND6 protein in different
species revealed conservation of amino acids. The activity
level of the RC complex T was coincidentally reduced in
the patient’s fibroblasts (Fig. 4A). To further confirm
whether this mutation was causative of mitochondrial
dysfunction, we performed cybrid analysis (Data S1). The
cybrids showed a reduction in the complex I activity level
consistent with the respiratory enzyme assay in the
patient’s fibroblasts (Fig. 4B). These data strongly support
the idea that the m.14439G>A (NDG6) mutation detected
in Pt377 is responsible for the complex 1 deficiency.

The m.1356A>G (125 rRNA) variant was observed in
fibroblasts from Pt312, which showed reduced activity lev-
els of RC complex T (Fig. 4A). By mismatch PCR-RFLP-
analysis using the Styl restriction enzyme, this variant was
determined at a heteroplasmy ratio of 66% in the patient’s
fibroblasts (Table 2). The cybrids harboring this variant
showed a recovery of complex I enzyme activity compared
with the original patient’s fibroblasts (Fig. 4B). These data
suggest that reduced complex I enzyme activity was res-
cued by nuclear DNA and that this mtDNA variation is
not causative. This further indicates that the nuclear gene
mutation is the cause of MRCD in this patient.

Identification of the ¢.55C>T (NDUFAT)
mutation in Pt312 by whole exome
sequencing

To search for the causative nuclear gene mutation in
Pt312, we performed whole exome sequencing (Data S1).
This identified a single hemizygous mutation (c.55C>T)
in exon 1 of the NDUFAI gene, which altered the amino
acid residue at position 19 from proline to serine (p.
P19S). The mutation was confirmed by Sanger sequencing
(Fig. 5A). This conserved proline residue lies within the
hydrophobic N-terminal side constituting a functional
domain that is involved in mitochondrial targeting,
import, and orientation of NDUFAL'®"" SIFT and Poly-
Phen, which predict the function of non-synonymous
variants  (http://genetics.bwh.harvard.edu/pph/),  also
revealed that the p.P19S mutation “probably” damages
the function of the NDUFAI protein (damaging score,
0.956). Alignment of the NDUFAL protein between differ-
ent species revealed the conservation of three amino
acids, including the proline at position 19, which is highly
conserved among vertebrates (Fig. 5B). To further con-
firm if the complex I deficiency in Pt312 occurred
because of the mutation in NDUFAI, we overexpressed
NDUFAI cDNA to determine if the enzyme deficiency
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Figure 3. Novel mutation m.14439G>A in Pt377 mtDNA. (A) Trio-sequencing analysis of m.14439G>A (MT-ND6 p.P79S) change in Pt377 family.
Sequence chromatograms show that the m.14439G>A is detectable only in Pt377. (B) PCR-RFLPanalysis using fibroblast mtDNA from Pt377 and
blood from both parents. A 619-bp PCR fragment was digested with Hpy188l. Wild-type mtDNA was cleaved into two fragments of 333 and
286 bp as shown in “Mother” and “Father”, whereas the PCR product containing the m.14439G>A mutation was cleaved into three fragments:
286, 227, and 106 bp (“Pt377"). Undigested = undigested PCR product. (C) Alignment of MT-ND6 protein between different species shows the
conservation of amino acid Proline 79. Amino acid sequences of MT-ND6 gene products were aligned by ClustalW program (http://www.ebi.ac.
uk/Tools/msa/clustalw2/) and NCB/homologene (http:/Avww.ncbi.nlm.nih.gov/homologene).

could be recovered (Data S1). Lentiviral transfection of
NDUFAL resulted in a significant increase in complex I
assembly level as determined by blue native polyacryla-
mide gel electrophoresis. By contrast, lentiviral
transfection of control mtTurboRFP did not rescue the
phenotype (Fig. 5C). These data indicate that the
¢.55C>T mutation in NDUFAI is responsible for the
complex I deficiency in Pt312.

Discussion

MRCD is particularly difficult to diagnose in pediatric
cases as the clinical features are highly variable. We,
therefore, propose a systematic approach for diagnosing
MRCD that starts with a biochemical enzyme assay and is
followed by whole mtDNA sequencing. In this study, we
performed whole mtDNA sequencing for 90 children with
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Figure 4. Biochemical assay for respiratory chain enzyme activity in
fibroblasts and cybrid cells from Pt377 and Pt312. (A) Respiratory
chain complex enzyme activity for CI, Cll, CIl +1Il, and CIV in skin
fibroblast mitochondria from Pt312 and Pt377 compared with normal
controls. The activity of each complex was calculated as a ratio
relative to citrate synthase (CS). Cl showed a reduction in enzyme
activity in Pt312 and 377 fibroblasts. (B) Respiratory chain complex
enzyme activity of cybrids established from P{312 and Pt377
fibroblasts. Cybrids were established from rhoO-Hela cell and Pt312
or Pt377 fibroblasts. The activity of each complex in these cybrids was
calculated as a ratio relative to that of citrate synthase (CS).

MRCD, and identified 29 mtDNA variants. Of these, we
identified 13 known causative mutations, three large
deletions, and further confirmed that m.14439G>A
(MT-ND6) and c¢.55C>T (NDUFAI) are new causative
mutations for MRCD from the results of a cybrid assay,
whole exome sequencing, and a complementation study.
The diagnosis of MRCD was then confirmed as definite
by molecular analysis in these 18 cases.

Whole mitochondrial DNA sequencing identified 13
cases (14%) harboring known causative mtDNA mutations.
mt. 10191T>C (ND3) and mt. 8993T>C or G (ATP6)
mutations were detected in three and two patients, respec-
tively (data not shown). Both are common causative muta-
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tions of infantile Leigh syndrome. Previous reports found
that most common MRCD causative mutations are pri-
marily responsible for adult-onset disease, whereas few are
responsible for childhood-onset MRCD;'*" only 14% of
our cases were attributed to known mtDNA mutations.

Most patients in this study were I-year old or younger
at the onset of disease, with no family history. We used
the RC complex enzyme assay to diagnose pediatric
patients who had not been diagnosed with MRCD in a
clinical setting. Several MRCD cases in children were pre-
viously reported to be difficult to diagnose with nonspe-
cific clinical presentations in contrast to the characteristic
clinical syndromes such as MELAS and MERRF caused by
common mtDNA mutations.”"*

We identified three novel deletions that we concluded
were causative because they include several genes that
could explain the deficiency of the RC enzymes. Generally,
most mtDNA deletions share similar structural character-
istics, are located in the major arc between two proposed
origins of replication (OH and OL; Mitomap), and are
predominantly (~85%) flanked by short direct repeats.'®"
Single mtDNA deletions are reported to be the common
causes of sporadic MRCD such as Kearns-Sayre syndrome
(KSS), CPEO, and Pearson’s syndrome. In this study, all
three deletions were located in the major arc and were
flanked by repeat sequences, similar to previous studies.
Although Pt390 was diagnosed with Pearson’s syndrome,
the other two patients (Pt336 and Pt372) did not show a
common phenotype caused by a single deletion such as
KSS, CPEO, or Pearson’s syndrome. Therefore, screening
by mtDNA size differences is important even in those
patients not clinically suspected to have mtDNA deletions.

Manual curation identified six plausible mtDNA vari-
ants that had not previously been reported (Fig. 1). We
attempted to carry out a functional assay of the two
patients whose fibroblasts are enzyme deficient, although
it was difficult to apply this strategy to those fibroblasts
with normal enzyme activity. In this sense, it is important
to collect patients with similar phenotypes and carrying
the same mtDNA variants to accurately diagnose the cau-
sal mutation. Thus, this study of patients harboring unre-
ported mtDNA variants will be useful in a clinical
situation. Of these, the m.14439G>A (MT-ND6) variant
was experimentally confirmed to be a novel causative
mtDNA mutation, while 1356A>G (125 rRNA) was con-
firmed to be non-pathogenic by a cybrid assay. The
remaining four novel variants have yet to be experimen-
tally elucidated, but m.5537A>G (mt-tRNA trp) in Pt004
is likely to be causative because m.5537AinsT was
reported to be disease causing.'®

ND6 is an mtDNA-encoded complex I subunit that is
essential for the assembly of complex I and the mainte-
nance of its structure.'”'® ND6 mutations were previ-
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Figure 5. The novel nDNA mutation c.55C>T in NDUFAT. (A) Sequence chromatograms showing the ¢.55C>T (NDUFAT p.P19S) mutation in Pt312
and 293FT genomic DNA as a wild-type control. (B) Alignment of amino acid sequences of NDUFA1 subunit between different species shows the
high conservation of amino acid Proline 19. G8R, G32R, and R37S show reported pathogenic mutations in NDUFAT. (C) Blue native polyacrylamide
gel electrophoresis for Cl, Cli, Clll, and CIV following lentiviral transductions. Transduction of wild-type NDUFAT cDNA into Pt312 fibroblasts using
recombinant lentivirus rescued complex | assembly levels of the fibroblasts, similar to the transduction of mtTurboRFP into normal fibroblasts (fHDF).
As control gene of candidate genes, mtTurboRFP was used which inserted mitochondrial targeting signal sequence to N terminal of TurboRFP

protein. By contrast, lentiviral transduction of control mtTurboRFP into Pt312 fibroblasts decreased the assembly level of complex |.

ously found to be associated with Leigh syndrome® and
MELAS,?! and this gene region is also reported to be a
hot spot for LHON mutations.”” Mitochondrial 12S rRNA
is a hot spot for mutations associated with aminoglyco-
side ototoxicity and non syndromic hearing loss, although
mutations in this gene have not been reported to cause
syndromic mitochondrial disorders.”> We found that the
m.14439G>A mutation altered an evolutionarily con-
served proline to a serine in the hydrophilic inner mem-
brane space of the ND6 protein® (Fig. 3C). As this
mutation was homoplasmic in the patient’s fibroblasts
and absent from the blood of unaffected parents (Fig. 3A
and B), this suggests that it developed de novo.

Exome sequencing in this study identified a single
hemizygous change (c.55C>T, p.P19S) in exon 1 of the
X-linked NDUFAI gene. To date, three missense muta-
tions (G8R,*® G32R,** and R37S'°) have been reported
in NDUFAI that are associated with neurological symp-
toms. NDUFA1 was shown to interact with the subunits
encoded by mtDNA during the complex I assembly pro-
cess.!!

Cybrid study is a powerful tool for detecting pathoge-
nicity of either mtDNA or nDNA origin, although
patients’ cells showing RC enzyme deficiency are inevita-
ble. Nevertheless, a major limitation of this technique is
the length of time to establish transmitochondrial cybrids.
We would, therefore, propose a systematic approach for
diagnosing MRCD that starts with a biochemical enzyme
assay and is followed by whole mtDNA sequencing. For
patients with no apparent putative mtDNA mutations,
whole exome sequencing is a powerful tool to diagnose
nuclear gene mutations especially in cases when molecular
diagnosis leads to appropriate genetic counseling.
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The first case in Asia of 2-methyl-3-hydroxybutyryl-CoA dehydrogenase
deficiency (HSD10 disease) with atypical presentation.
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Abstract

2-Methyl-3-hydroxybutyryl-CoA dehydrogenase (2M3HBD) deficiency (HSD10 disease) is a rare inborn error of
metabolism, and <30 cases have been reported worldwide. This disorder is typically characterized by progressive
neurodegenerative disease from 6 to 18 months of age. Here, we report the first patient with this disorder in Asia, with
atypical clinical presentation. A 6-year-old boy, who had been well, presented with severe ketoacidosis following a 5-
day history of gastroenteritis. Urinary organic acid analysis showed elevated excretion of 2-methyl-3-hydroxybutyrate
and tiglylglycine. He was tentatively diagnosed with B-ketothiolase (T2) deficiency. However, repeated enzyme assays
using lymphocytes showed normal T2 activity and no T2 mutation was found. Instead, a hemizygous ¢.460G>A
(p.A154T) mutation was identified in the HSD17B10 gene. This mutation was not found in 258 alleles from Japanese
subjects (controls). A normal level of the HSD17B10 protein was found by immunoblot analysis but no 2M3HBD
enzyme activity was detected in enzyme assays using the patient's fibroblasts. These data confirmed that this patient
was affected with HSD10 disease. He has had no neurological regression until now. His fibroblasts showed punctate
and fragmented mitochondrial organization by MitoTracker staining and had relatively low respiratory chain complex

IV activity to those of other complexes.
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However, few of these reports assessed their results using a standardized scale.
Methods: We monitored 4 bedridden patients with OXPHOS disorders who continued therapies of 0.5-1.0 g/kg/day
of sodium pyruvate for more than 12 months. The efficacies of these treatments were evaluated with the Newcastle
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I;;rymz;ris. Pediatric Mitochondrial Disease Scale and the Gross Motor Function Measure with 88 items.

Therapy Results: The ages of the patients at the treatment initiation ranged from 8-100 months. Of the 4 patients, 3 exhibited
Mitochondrial disease improvements within 1-3 months from the initiation of treatment. Among these 3 patients, one maintained the
NAD* improvement for over 2 years. The remaining 2 regressed 3-6 months after the initiation of treatment. The

Lactate-to-pyruvate ratio blood lactate/pyruvate ratios did not correlate with the efficacy of treatment.
Conclusion: Pyruvate was effective even in bedridden patients with OXPHOS disorders, at least in the short term.
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this treatment. Biomarkers other than lactate and pyruvate need to be identified to biochemically monitor the ef-

ficacy of this treatment.
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1. Introduction

Tanaka et al. [ 1] proposed that pyruvate has therapeutic potential for
patients with oxidative phosphorylation (OXPHOS) disorders in which
the intracellular NADH/NAD™ ratio is increased. Such an increased
ratio impairs the activity of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) in the glycolysis pathway. Theoretically, with lactate de-
hydrogenase, pyruvate provides NAD* and decreases this ratio and
thereby restores the activity of GAPDH, which produces ATP.

Abbreviations: NPMDS, Newcastle Pediatric Mitochondrial Disease Scale; GMFM-88,
Gross Motor Function Measure with 88 items; JMDRS, Japanese Mitochondrial Disease
Rating Scale; OXPHOS, Oxidative phosphorylation; MELAS, Mitochondrial myopathy, en-
cephalopathy, lactic acidosis and stroke-like episodes; FGF-21, Fibroblast growth factor 21.
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Additionally, pyruvate activates pyruvate dehydrogenase and non-
enzymatically eliminates hydrogen peroxide.

There are several case reports on the efficacy of pyruvate in patients
with OXPHOS disorders [2-4]. However, few of these reports have eval-
uated the clinical outcomes using a standardized clinical assessment
scale. We semi-quantitatively evaluated the efficacy of pyruvate thera-
py in 4 patients with OXPHOS disorders using standardized scales.
This study was approved by the Ethical Committee of our institution.
Written informed consent was obtained from the parents of every
patient.

2. Patients and methods
2.1. Patients

Four patients who had been on pyruvate for more than 12 months
were studied (Table 1). Two patients had Leigh syndrome associated
with m.8993 T>G or m.9176 T>C mutations. One patient had non-
specific encephalomyopathy associated with complex [ and IV com-
bined deficiency. Another patient had myopathic mitochondrial DNA
depletion syndrome. All patients were bedridden, and all but one
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Table 1
Profiles of the patients.
Patients  Clinical Dx Molecular or Age at the start of  ADL at the start of the Tx Dose of sodium pyruvate  Duration of
biochemical Dx the Tx (g/kg/day) the Tx
Patient 1 Leigh syndrome m.8993 -G gydm Bedridden a5 27 m
Unable to roll over
Tube fed
Patient 2 Leigh syndrome mar76 T-C am Bedridden 0.5 66 m
Unable to roll over
Tube fed
Patient3  Non-specific encephalomyopathy Complex | -+ IV deficiency  1y8m Able to roll over to one direction 0.5 then 1.0 17 m
Unable to creep
Orally fed
Patient4  Myopathic mitochondrial depletion  mtDNA depletion ly7m Bedridden 0.5 4m

syndrome

Unable to roll over
On a respirator
Tube fed

Dx, diagnosis; Tx, treatment; mt, mitochondrial; ADL, activities of daily living.

(namely, the patient with combined deficiencies of complex I and IV)
were tube fed. The ages at the initiation of pyruvate therapy were 8-
100 months (median 20 months). The durations of therapy were 17~
66 months (median 34 months). During the pyruvate therapy monitor-
ing period, all other concomitant mitochondrial disease medications
were maintained unchanged.

2.2. Pyruvate

Sodium pyruvate was obtained from Musashino Chemical Laborato-
1y (Tokyo). Sodium pyruvate was administered at 0.5 g/kg/day orally or
through a feeding tube in 2 divided doses. This dose was increased to
1.0 g/kg/day in one patient. To avoid osmotic diarrhea, the pyruvate
was dissolved in water at concentrations of approximately 2%-10%.
Higher concentrations were utilized if the dilution caused over-
hydration or the volume was too large to drink.

2.3. Clinical evaluation

The efficacy of the pyruvate therapy was clinically evaluated with 3
standard scales: the Newcastle Pediatric Mitochondrial Disease Scale
(NPMDS) [5], the Gross Motor Function Measure with 88 items
(GMFM-88) [6], and the Japanese Mitochondrial Disease Rating Scale
(JMDRS) [7]. The NPMDS is composed of 4 domains: Section [, current
function; Section I, systemic specific involvement; Section I, current
clinical assessment; and Section 1V, quality of life. Sections I-III are
scored based on objective observations, and Section IV takes the subjec-
tive views of the parents into account. Higher scores indicate more se-
vere clinical situations. There are 3 sets of age-specific NPMDSs.
Depending on the patient’s age at the time of the evaluation, the
NPMDS for 0-24 months or that for 2-11 years was used. The GMFM-
88 is composed of 5 dimensions: A, lying and rolling; B, sitting; C,
crawling and kneeling; D, standing; and E, walking, running and
jumping. The scores are expressed in percentages relative to the maxi-
mum score in each dimension. The total score is expressed as the
mean of percentages across all 5 dimensions. As the patients were bed-
ridden, only dimensions A and B could be assessed, and the scores for
the dimensions C to E were considered to be zero %. Higher scores indi-
cate better motor abilities. The JMDRS is the modified Japanese version
of the European Neuromuscular Conference (ENMC) Mitochondrial Dis-
ease Rating Scale [8]. Higher scores in this scale indicate more severe
symptoms. With the exception of Patient 4, who was only assessed
with the NPMDS, all other patients were evaluated with the NPMDS
and the GMFM at the same time. Patient 2 was initially monitored
with the JMDRS. Then, after a 4-week-washout period, the patient was
reassessed with the NPMDS and GMFM. Changes in motor functions
that were too subtle to be detected with these scales were descriptively

recorded. Serum lactate and pyruvate levels as well as plasma amino
acids were monitored.

24. Statistical analysis

Statistical analysis of the biochemical data was performed using
Mann-Whitney U-test. A value of p < 0.05 was considered as statistically
significant.

3. Results

The changes in motor function and assessment scores are summa-
rized in Table 2.

3.1. Patient 1 (m.8993 T>G Leigh syndrome)

The therapy was initiated at the age of 8 years and 4 months, and at
this time, this female patient was unable to roll over. In the supine posi-
tion, she could not raise her legs more than 45 degrees from the floor (as
measured at the hip joint). One month after the initiation of therapy, the
patient gained the abilities to roll over and raise her legs vertically from
the floor. The movement of her arms became more active and rapid. The
overall NPMDS score changed from 42.3 to 38.6. The sum of the scores
for sections I-1ll changed from 31 to 29, which indicates that the objec-
tive findings improved by 2 points over one month. Dimension A of the
GMFM-88 also changed from 31.4% to 47.1%, which resulted in a change
from 6.3% to 9.4% in the total score. Thus, this patient’s improvement
was confirmed semi-quantitatively with 2 scales. Next, pyruvate was
withdrawn to confirm the effect of the pyruvate treatment. Within 1
to 2 weeks, the patient became lethargic and less active. After 19 days
of washout, she developed status epilepticus. Resumption of pyruvate
therapy restored her clinical status to the pre-washout state. Upon re-
evaluation at the age of 10 years and 7 months (after 26 months of
treatment excluding the washout period), the patient exhibited main-
tained improved motor ability as confirmed by the unchanged GMFM-
88 score. The NPMDS was not administered at this point.

Blood lactate levels and lactate/pyruvate ratios measured twice
during the pre-treatment period and once after the 19-day-washout
were from 1.2 mM to 1.5 mM (median 1.2 mM), and from 14.2 to 25.6
(median 19.7), respectively. Those measured at 1, 4, 18 and 20 months
after the treatment resumption following the washout period ranged
from 0.81 mM to 1.2 mM (median 0.85 mM), and from 15.7 to 27.3 (me-
dian 20.0), respectively (Table 3). Thus, lactate levels decreased with py-
ruvate therapy, but the difference was not significant. Lactate/pyruvate
ratio was not reduced. Plasma alanine, valine and lysine levels were
measured after the washout and 1 month after the treatment resump-
tion. None of these decreased with the therapy (Table 3).
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Clinical effects of pyruvate therapy.

T. Fujii et al. / Molecular Genetics and Metabolism 112 (2014) 133-138

135

Patient 1, Leigh syndrome with m.8993 T>G

At the Tx initiation 1 month Tx 26 months Tx
(Age 8y 4 M) (Age8y5m) (Age 10y 7 m)
ADL Unable to roll over Able to roll over The same as the ADLat8 y 5 m
Unable to raise the legs > 45° in supine position Able to raise the legs 90°
Moves arms more rapidly
NPMDS I 18 18 ND
1 2 1 ND
il 11 10 ND
v 11.3 9.6 ND
Overall 42.3 38.6 ND
GMFM A 31.4% 47.1% 47.1%
Total 6.3% 9.4% 9.4%
Patient 2, Leigh syndrome with m.9176 T>C. First treatment
At the Tx initiation 1-month Tx 12-month Tx
(Age 8 m) (Age 9 m) (Age 20 m)
ADL Unable to roll over Unable to roll over Able to roll over
Partially tube-fed Partially tube-fed Orally fed
JMDRS 52 52 53

Patient 2. Second treatment after washout.

After 4-week washout

2 months after the Tx resumption

11 months after the resumption

(Age5y3m) (Age5y5m) (Age6y5m)
ADL Unable to roll over Unable to roll over Unable to roll over
Tube-fed Tube-fed Tube-fed
NPMDS [ 13 13 15
I 3 3 5
S 14 14 17
v 42 42 16.7
Overall 342 342 53.7
GMFM A 5.9% 5.9% 3.9%
Total 1.2% 1.2% 0.8%
Patient 3, complex 1 + IV deficiency
At the Tx initiation 2-month Tx 12-month Tx
(Age1y8m) (1y10 m) (2y 8 m)
ADL Roll over one direction Roll over bilaterally Roll over bilaterally
Head control fair Head control fair Head control poor
Mild dysphagia No dysphagia
NPMDS I 7 6 6
I 6 6 2
il 15 13 13
v 16.7 73 73
Overall 44.7 323 283
GMFM A 54.9% 66.7% 60.8%
B 13.3% 13.3% 3.3%
Total 13.6% 16.0% 12.8%
Patient 4, mitochondrial DNA depletion syndrome
At the Tx initiation 2-month Tx 41-month Tx
(Agely7 m) (Age 1y9 m) (Age5y0m)
ADL On respirator On respirator On respirator
Unable to raise the forearm above the floor Able to raise the forearm 90° at the elbow. Unable to raise the forearm
Myopathy only Myopathy only Encephalomyopathy
NPMDS I 7 7 15
’ 1 6 6 15
i} 5 5 24
v 17 13 10.8
Overall 35 31 64.8

Tx, treatment; ADL, Activities of daily living; NPMDS, Newcastle Pediatric Mitochondrial Disease Scale; GMFM, Gross Motor Function Measure; JMDRS, Japanese Mitochondrial Disease
Rating Scale; I-1V, Sections [-IV of NPMDS; A and B, Dimensions A and B of GMFM; ND, not done.

3.2. Patient 2 (m.9176 T>C Leigh syndrome) function was not altered and neither was the JMDRS score, which was
52. After 12 months of treatment, at the age of 1 year and 8 months,

Pyruvate therapy was initiated at the age of 8 months for this male the patient was able to roll over and full oral feeding became possible.
patient who was unable to roll over and had poor head control. Oral However, these subtle changes were not detected by JMDRS. The

feeding was partially possible. After one-month of treatment, motor ~ JMDRS score actually increased by 1 point due to seizures. At 3 years
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of age, the patient developed acute encephalopathy associated with a
viral infection and lost the abilities of oral feeding and rolling over. To
re-evaluate the efficacy of pyruvate, the patient was reassessed with
the NPMDS and GMFM-88 at the age of 5 years and 3 months after a
4-week pyruvate washout period. The washout did not cause any dete-
rioration. Two months after the resumption of the pyruvate therapy,
neither the NPMDS (overall score, 34.2) nor the GMFM-88 (total score
1.2%) scores changed. After 11 months of therapy after the washout,
the scores for all sections of the NPMDS increased, and the overall
score increased by 19.5 points. The total GMFM-88 score decreased
from 1.2% to 0.8%. Thus, pyruvate was not effective for this patient.

Blood lactate levels and lactate/pyruvate ratios measured twice dur-
ing 2 months before the first pyruvate therapy at the age of 8 months
were 1.2 mM and 4.4 mM (median, 2.8 mM), and 19.2 and 27.2 (medi-
an, 23.2), respectively. Those at 1, 2, 3, 4 and 12 months after the ther-
apy ranged from 0.9 mM to 3.1 mM (median, 2.4 mM) and from 14.7 to
30.5 (median, 23.1), respectively. Lactate levels and lactate/pyruvate ra-
tios did not change significantly with the therapy (Table 3). Plasma ala-
nine, valine and lysine levels measured twice before and at 1, 2, 3,4 and
12 months after the therapy showed a mild but non-significant de-
crease with the therapy (Table 3).

158 (157-158) {2}

3.3, Patient 3 (combined deficiencies of complex [ and IV)

This male patient presented with developmental delay, nystagmus,
hypertrophic cardiomyopathy and mild hearing disturbance (38 dB).
At the age of 11 months, he developed status epileptics followed by re-
gression, Increased lactate levels and lactate/pyruvate ratio in the cere-
brospinal fluid (CSF) (lactate:5.2 mM, lactate/pyruvate ratio: 20.0) and
blood (lactate: 12.3 mM, lactate/pyruvate ratio: 41.6) led to a skin biop-
sy, which revealed deficiencies in complexes I and IV: the activities of
complex [ and 1V relative to the activity of citrate synthase were 24.7%
and 22.9% of normal controls (n = 12), respectively, and those relative
to the activity of complex Il were 33.5% and 31.4% of normal, respective-
ly. Muscle biopsy could not be obtained. The clinical signs and symp-
toms fulfilled the mitochondrial disease criteria for definite
mitochondrial disorder proposed by Morava et al. [9]. No mutation
was revealed in the mitochondrial DNA. Molecular analysis of the nucle-
ar genes is under way. Treatment with coenzyme Q¢ at the age of 1 year
and 6 months did not produce any improvement. Pyruvate therapy was
initiated at the age of 1 year and 8 months, and at this time the patient
had mild dysphagia and incomplete head-control. He could roll over
only in one direction. After 2 months of pyruvate therapy with a main-
tenance dose of 1.0 g/kg/day, he gained the ability to roll over bilaterally
and the dysphagia disappeared. The total scores for sections I-III de-
creased from 28 to 25, and the score for [V also decreased from 16.7 to
7.3. The GMFM-88 score increased from 13.6% to 16.0%. Thus, the effica-
cy of the 2-month pyruvate therapy was confirmed by both scales. How-
ever, over the next 10 months, a slow regression in motor function was
observed, and at 2 years and 8 months of age (after 12 months of treat-
ment), this patient's GMFM-88 score decreased from 16.0% to 12.8%.
However, the scores for section II of the NPMDS (the version for 2-11
year-olds was used) decreased by 4 points due to improvements in sei-
zures and gastrointestinal and hepatic function. The regression of motor
function that was evident in the GMFM-88 was not detected by the
NPMDS (the scores for sections I and III were unchanged).

Blood lactate levels and lactate/pyruvate ratios measured 4 times
during the 9-month pre-treatment period ranged from 2.5 mM to 8.0
mM (median, 3.9 mM), and from 14.7 to 35.3 (median, 25.0), respec-
tively. Those measured 1, 2, 3, 4, 6, 9 and 12 months after the therapy
ranged from 3.7 mM to 9.3 mM (median, 5.6 mM), and from 17.7 to
45.9 (median 30.5), respectively (Table 3). Thus, neither the blood lac-
tate levels nor the lactate/pyruvate ratios decreased with the pyruvate
therapy. Among the measurements, those measured twice during the
first 2-month treatment, which was clinically effective, did not show
any decrease either. Plasma alanine, valine and lysine levels were

169 (149-18.7) (4)  17.3 (14.1-212) (5) 384 (381-386) (2)

Mann-Whitney U-test did not show any significant differences.

Patient 4
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measured twice before the treatment and 7 times after the therapy.
None of these decreased significantly with the therapy (Table 3).

Throughout the therapy, the patient exhibited chronic diarrhea that
seemed to be a side effect of the treatment.

3.4. Patient 4 (myopathic form of the mtDNA depletion syndrome)

The short-term efficacy of pyruvate therapy for this female patient
and her clinical and biochemical profile have been reported in detail
elsewhere [3]. Briefly, the patient developed severe generalized weak-
ness including facial muscles and respiratory failure during the neonatal
period. The patient had a tracheostomy and was on a respirator. She had
lactic acidosis (3.0 mM to 6.5 mM) with high lactate/pyruvate ratio
(36 to 97). Muscle biopsy revealed ragged red fibers and decreased cy-
tochrome c oxidase staining. The activities of complex [, Ill and IV rela-
tive to the activity of citrate synthase in the muscle were 10.6%, 26.7%
and 14.1% of the control, respectively. Those relative to the activity of
complex Il were 6.5%, 16.4% and 8.8%, respectively. Quantitative analysis
of the mtDNA revealed that the copy number of the mitochondrial ND1
subunit relative to the nuclear CFTR gene was 35.3% (normal: >40%).
Exome sequencing is under way to detect a mutation in causative
genes. The clinical signs and symptoms were compatible with Morava
et al.’s criteria for definite mitochondrial disease {9]. As reported else-
where, after 2 months of pyruvate therapy, the patient exhibited a
mild improvement in the movement of her extremities at the age of
1 year and 9 months {3}. The overall NPMDS scores decreased from 35
to 31, but this decrease was limited to section IV. As the patient was
not assessed with the GMFM, we were unable to semi-quantitatively
demonstrate the improvement in motor function. One month later
(after 3 months of treatment), the patient developed status epilepticus.
An MRI revealed lesions in the occipital areas, which indicated a pro-
gression from the myopathic form to the encephalomyopathic form.
At 5 years of age, after 41 months of treatment, scores in all sections
of the NPMDS increased, and the increase in overall NPMDS score was
33.8 points compared to the score at the 2-month treatment.

Blood lactate and lactate/pyruvate ratios measured 4 times during
the 2-month pre-treatment period ranged from 2.1 mM to 2.7 mM (me-
dian, 2.3 mM), and from 14.9 to 18.7 (median, 16.9), respectively. Those
measured 1,4, 6, 8 and 13 weeks after the therapy ranged from 2.3 mM
to 2.7 mM (median, 2.5 mM), and from 14.1 to 21.2 (median, 17.3), re-
spectively (Table 3). Plasma alanine, valine and lysine levels were mea-
sured once before the therapy and 4 and 8 weeks after the therapy.
None of these decreased with the pyruvate therapy (Table 3).

4. Discussion

All 4 of the treated patients were severely disabled and bedridden.
Therefore, objective and semi-quantitative assessments of the outcomes
were difficult because the expected improvements were subtle. The
NPMDS is a scale that was designed to specifically monitor mitochondri-
al disease, which results in a variety of multi-organ symptoms. There-
fore, the scale encompasses all aspects of mitochondrial disease.
Consequently, this scale cannot detect small changes in motor function.
The logic applies to the JMDRS. In contrast, the GMFM-88 evaluates
motor function with as many as 88 items; therefore, this assessment
may detect small changes in motor abilities. However, the GMFM was
designed to assess cerebral palsy, and its reliability in monitoring mito-
chondrial disease has not been validated. In contrast to the GMFM-66,
which can only be used for cerebral palsy, the GMFM-88 has been vali-
dated for the monitoring of motor functions in disorders other than ce-
rebral palsy, such as spinal muscular atrophy, Down syndrome and
traumatic brain injuries. {10-12] Therefore, we assumed that the
GMFM-88 could also be used to monitor motor functions in mitochon-
drial disease. Nevertheless, given that the GMFM-88 has not been vali-
dated for using in mitochondrial disease, we assessed the outcomes
via a combination of the GMFM-88 and NPMDS scores with the

exception of patient 4, who was assessed only with the NPMDS. We
also tried using other scales including Pediatric Evaluation of Disability
Inventory (PEDI) [13] and Functional Independence Measure for Chil-
dren (Wee-FIM) [14]. Our preliminary study, however, showed that
these could not detect clinical changes in our patients.

Patients 3 and 4 were assessed with 2 different sets of age-specific
NPMDSs as they matured into ages suitable for the application of the
older age-specific NPMDSs during the monitoring period. The number
of items scored in each section of the NPMDS for 2-11-year-olds is
greater than that of the NPMDS for 0-24-month-olds. Therefore, it is
possible that total NPMDS scores may increase when the version for
older patients is used even if clinical severity remains unchanged. In Pa-
tient 3, the score for section II as assessed 2 years and 8 months de-
creased compared to the score assessed at 1 year and 10 months,
whereas the scores for the other sections remained unchanged. Thus,
a “pseudo-increase” in the score due to the use of a different set of
NPMDS scales did not occur in this patient. In Patient 4, the scores for
sections I, II and III increased by 8, 9 and 19 points, respectively, at
5 years of age compared to the scores observed at 21 months of age.
Given that the maximum scores for sections I, Il and III are higher by
6, 3 and 6 points, respectively, in the NPMDS for 2-11 year-olds than
in the NPMDS for 0-24 month-olds, the increases in the scores that
were higher than the maximum possible increases due to the differ-
ences in the versions of the NPMDS indicated that the increases were
real.

The most noteworthy result of this study was that 3 of the 4 severely
disabled patients (Patients 1, 3 and 4) exhibited improvement within 1
to 2 months of the initiation of pyruvate therapy. These improvements
were confirmed by both the NPMDS and GMFM-88 (Patients 1 and 3) or
the NPMDS only (Patient 4). The semi-quantitative improvement ob-
served in Patient 4 was limited to section IV of the NPMDS, which ac-
counts for the parents’ subjective assessments. However, a descriptive
observation record also revealed improvement in muscle power. [3]
Given that no improvements were observed prior to pyruvate therapy
in these patients and that the improvements were observed with 1-2
months of the initiation of pyruvate therapy, it is unlikely that the ob-
served ameliorations were simply due to natural motor development
rather than the effects of the therapy. The efficacy was particularly evi-
dent in Patient 1 who had m.8993 T>G and exhibited improvements in
motor function that were maintained for over 2 years. The worsening of
symptoms during pyruvate withdrawal also supported the efficacy of
pyruvate treatment in this patient. In contrast, 2 of the 3 responsive pa-
tients did not maintain the improvements for longer than several
months. Notably however, the overall NPMDS score for Patient 3 de-
creased (i.e., symptoms improved) after 12 months of therapy com-
pared to this patient’s score after 2 months of the therapy despite the
worsening of the GMFM score. These findings indicated that the pa-
tient’s overall health improved during long-term therapy, although
this patient’s motor abilities regressed. In Patient 4, the disease progres-
sion overwhelmed the effect of the pyruvate therapy shortly after the
responsiveness was confirmed after 2 months of therapy; this finding
indicated a limitation of this therapy. We could not explain why Patient
2, who had m.9176 T>C, did not respond to pyruvate therapy. Given the
age of this patient, the mild improvements in motor function after
12 months of pyruvate therapy, which could not be detected with the
JMDRS, seemed to be due to natural motor development rather than
resulting from the treatment.

The only adverse effect of pyruvate therapy was the mild but chronic
diarrhea that was observed in one patient who was on 1.0 g/kg/day of
sodium pyruvate.

An in vitro study that utilized cybrid cells harboring MELAS
m.3243A>G mutant mitochondria found that pyruvate treatment facili-
tates the pyruvate-to-lactate conversion, decreases the lactate/pyruvate
ratio, normalizes the NADH/NAD™ ratio, and enhances ATP production
and energy charge without significantly altering the intracellular lactate
level. [15] These data support the theory that the effects of pyruvate
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therapy are mediated via the normalization of the NADH/NAD™ ratio,
which provides the NAD™ that is deficient in OXPHOS disturbances. In
contrast to the theory and the result of this in vitro study, none of our re-
sponsive patients exhibited decreases in blood lactate/pyruvate ratios,
which are equivalent to the NADH/NAD™ ratios, during the effective
short-term therapy. Blood lactate levels decreased in 2 patients, especial-
ly in Patient 1, but the differences were non-significant. Thus, the blood
lactate/pyruvate ratios and blood lactate levels of our patients could not
be used as biochemical markers to monitor the effects of the therapy.
The discrepancy between the clinical data from our patients and the
in vitro data may be partly explained by the fact that blood lactate levels
vary depending on the physical activity of the patient at the time of blood
sampling, the interval between meal and sampling, as well as on the time
required for the blood sampling procedure. However, all of our patients
were bedridden and the data were from multiple samplings in different
days. The blood samplings were done either after overnight-fast or sever-
al hours after a meal. Therefore, it is unlikely that the discrepancy was ar-
tifactual. Still, monitoring the lactate levels and lactate/pyruvate ratios in
the CSF rather than in the blood would further reduce the possible arti-
fact. Komaki et al. treated an ambulatory patient with Leigh syndrome as-
sociated with cytochrome ¢ oxidase deficiency [2]. With pyruvate
therapy, blood lactate level and lactate/pyruvate ratio decreased from
2.3 mM to 1.1 mM, and from 17.7 to 114, respectively. However, the
measurements were done only once before and after the therapy, so
the statistical significance could not be evaluated. Koga et al. found statis-
tically significant decreases in blood lactate, pyruvate and alanine levels
with pyruvate therapy in a non-ambulatory patient with pyruvate dehy-
drogenase (PDH) deficiency [4]. Blood lactate/pyruvate ratio in this pa-
tient also decreased, but the difference was non-significant (the ratios
in PDH deficiency are generally normal). Differences between Komaki
et al. and Koga et al.’s patients from ours were that 1) Komaki et al.’s pa-
tient was ambulatory, and 2) the pre-treatment blood levels of lactate
and alanine in Koga et al.'s patient were much higher than those in
our patients: the blood lactate and alanine levels in this patient were
9.6 & 0.54 mM (n = 8) and 1700 4 280 uM (n = 8), respectively,
while the median values of pre-treatment lactate levels in our 4 patients
ranged from 1.2 to 3.9 mM and those of alanine were from 256 to 543 pM.
This may indicate that the blood lactate and alanine levels and lactate/py-
ruvate ratio are not sensitive biochemical markers to monitor the pyru-
vate therapy unless the patients are ambulatory or their pre-treatment
blood levels of lactate and alanine are very high.

If the blood lactate/pyruvate ratio does not necessarily reflect the in-
tracellular NADH/NAD™ ratio, the identification of a marker other than
blood lactate and pyruvate is crucial. Kami et al. found that the lysine
and valine levels in media in which MELAS-mutant cybrid cells were in-
cubated with 10 mM lactate were higher than those of controls. These in-
creases may be because catabolisms of lysine to acetyl CoA and valine to
succinyl CoA require NAD™, which is deficient due to the imbalance in the
NADH/NAD™ ratio [15]. Plasma levels of lysine and valine in our patients,
however, did not decrease with the therapy. We do not know if the levels
of these amino acids may decrease with pyruvate therapy in patients
with very high blood lactate levels: Koga et al. did not measure valine
and lysine levels in their responsive patient [4]. Fibroblast growth factor
21 (FGF-21), a circulating hormone-like cytokine, is reported to be one
of the best biomarker with high sensitivity and specificity for detecting
muscle-manifesting mitochondrial respiratory chain deficiencies [ 16]. Al-
though FGF-21 has higher sensitivity than lactate or lactate/pyruvate
ratio to diagnose mitochondrial disease, its utility in monitoring the dis-
ease is unknown. Further study is necessary to find biomarkers to moni-
tor the effect of pyruvate therapy biochemically.

In conclusion, as confirmed by the GMFM-88 and/or NPMDS, pyru-
vate therapy was safe and effective even in severely disabled patients
with OXPHOS disorders, at least in the short-term. Further studies utiliz-
ing greater numbers of patients with less severe disabilities are neces-
sary to evaluate the long-term efficacy of this treatment. The blood
lactate and pyruvate levels did not correlate with the efficacy of the

pyruvate therapy in our patients as has been reported in in vitro studies.
The identification of more sensitive biomarkers that reflect the intracel-
lular NADH/NAD™ ratio or improvements in ATP production is crucial
for monitoring the clinical and biochemical efficacy of this therapy.
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Mitochondrial disorders have the highest incidence among congenital metabolic diseases, and are thought to
occur at a rate of 1 in 5000 births. About 25% of the diseases diagnosed as mitochondrial disorders in the field
of pediatrics have mitochondrial DNA abnormalities, while the rest occur due to defects in genes encoded in
the nucleus. The most important function of the mitochondria is biosynthesis of ATP. Mitochondrial disorders
are nearly synonymous with mitochondrial respiratory chain disorder, as respiratory chain complexes serve a
central role in ATP biosynthesis. By next-generation sequencing of the exome, we analyzed 104 patients with mi-
tochondrial respiratory chain disorders. The results of analysis to date were 18 patients with novel variants in
genes previously reported to be disease-causing, and 27 patients with mutations in genes suggested to be asso-
ciated in some way with mitochondria, and it is likely that they are new disease-causing genes in mitochondrial
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disorders. This article is part of a Special Issue entitled Frontiers of Mitochondrial Research.

© 2014 The Authors. Published by Elsevier B.V. All rights reserved.

1. Introduction
1.1. Mitochondrial disorders

Mitochondrial disorders have the highest incidence among congen-
ital metabolic disorders, and are thought to occur at a rate of 1 in 5000
births [ 1]. The common view of mitochondrial disorders is that they in-
clude mitochondrial encephalopathy and myopathy, with onset due to
mitochondrial DNA defects inherited through the maternal line. In
fact, however, only about 25% of the diseases diagnosed as mitochondri-
al disorders in the field of pediatrics have mitochondrial DNA abnormal-
ities [2,3], while the rest occur due to defects in genes encoded in the
nucleus. Most cases are sporadic (do not have a clear genetic associa-
tion), and a majority of cases resulting from nuclear gene abnormalities

Abbreviations: MRCD, mitochondrial respiratory chain disorder; BN-PAGE, blue native
polyacrylamide gel electrophoresis; iPS, induced pluripotent stem cells; LIMD, lethal infan-
tile mitochondrial disease; LCSH, Long Contiguous Stretch of Homozygosity

This is an open-access article distributed under the terms of the Creative Commons
Attribution-NonCommercial-No Derivative Works License, which permits non-
commercial use, distribution, and reproduction in any medium, provided the original au-
thor and source are credited.
¥ This article is part of a Special Issue entitled Frontiers of Mitochondrial Research.

* Corresponding author. Fax: +8149 276 1790.
E-mail address: akira_oh@saitama-med.ac,jp (A. Ohtake).

are autosomal recessive. Mitochondrial DNA has a circular structure
with a length of 16.6 kbp, and encodes only 13 proteins [4]. These 13
proteins are part of the structural composition of complex I (7 proteins),
complex III {1 protein), complex IV (3 proteins) and complex V (2 pro-
teins) in the respiratory chain. They do not include any complex Il struc-
tural proteins. The remaining genes encoded in mitochondrial DNA are
22 tRNAs and two ribosomal RNAs, and mitochondrial disorders due to
defects in these RNAs have also been reported. Meanwhile, a certain
amount of the gene products encoded in the nucleus exists in the mito-
chondria, and roughly 1500 are thought to serve important roles in mi-
tochondrial function [5]. In this analysis, we focused on mitochondrial
disorders thought to occur due to defects in genes encoded in the nucle-
us. Mitochondria have many functions, one of the most important being
biosynthesis of energy (ATP), and we assume for the following discus-
sion that mitochondrial disorders are nearly synonymous with mito-
chondrial respiratory chain disorders (MRCD), as respiratory chain
complexes [6] serve a central role in ATP biosynthesis.

1.2. Mitochondrial disorders of nuclear origin

As stated above, of the approximately 1500 genes encoded in the nu-
cleus that are thought to be involved in biosynthesis and mitochondrial
function, more than 100 have been reported to be causes of mitochon-
drial disorders {7-9] (Tabie 1). Among these, about 90% of genes have
an autosomal recessive inheritance pattern, and only a small portion

0304-4165/$ - see front matter © 2014 The Authors. Published by Elsevier B.V. All rights reserved.
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Table 1
The genetic basis of MRCD.

mtDNA mutations: 35/37 genes

tRNASs, subunits, rRNAs, and deletions & duplications

Nuclear mutations: 117 genes

Nuclear-encoded subunits: 27/~80 genes
Complex I: NDUFV1, 2, NDUFB3, 9

NDUFAT, 2,8,10, 11,12, NDUFS1,2,3,4,6,7, 8
Complex |l: SDHA, SDHB, SDHC, SDHD
Complex lil: UQCRB, UQCRQ
Complex IV: COX6B1, COX412, COX7B
Complex V: ATPSE

mtDNA replication: 5 genes
POLG, POLG2, C10orf2, MPV17, AGK

mtDNA expression: 24 genes

LRPPRC, TACO1, MTPAP, MRPS16, MRPS22,MRPL3,
GFM1, TSFM, TUFM, TRMU,C120rf65, MTFMT, DARS2,
RARS2,YARS2, SARS2 AARS2 HARSZ2,MARS2,EARS2,
RMND1, MTO1, FARS2, GFM2

Import, processing, assembly: 38 genes

Complex I: C80rf38, C200rf7, NDUFAF1, F2, F3, F4,
FOXRED1, NUBPL, ACADS, AiFMT

Complex |I:SDHAF1, SDHAF2

Complex IBCS1L, HCCS, TTC19

Complex IV:SURF1, SCO2, SCO1, COX10, COX15,
ETHE1, FASTKD2, C2orf64, C120rf62

Complex VIATPAF2, TMEM70

Multiple: TiAMBA , SPGY, HSP D1, AFG3L2, DNAJC19, GFER

Iron/FeS: FXN, ISCU, GLRX5, ABCBY7, NFU1, BOLA3

Nucleotide transport, synthesis: 9 genes
SLC 25A4, SLC2BA3, TYMP, DGUOK, TK2, PUST,
SUCLA2, SUCLG1, RRM2B

Membrane composition: 14 genes
COQ2, COQL, COQY, PDSST, PDSS2, CABCT.
SERACT, MPC1, NMT, TAZ, CYCS, OPA1, MFN2, DNM1L

117 nuclear gene defects

35 autosomal recessive.
10: autosomal dominant-
5: recessive or dominant.
71 Kdinked.

have a dominant inheritance pattern {10]. There have also been seven
reported cases of mitochondrial disorders from defects in genes
encoded by the X chromosome. By function, these include genes in-
volved in the structural composition of the complexes and mitochondri-
al biosynthesis, genes involved in membrane composition, genes
involved in the synthesis and transport of nucleic acids, genes involved
in regulating the expression of mitochondrial DNA, and genes involved
in mitochondrial DNA replication.

We have actively analyzed the exomes of patients with MRCD in
order to identify the cause. Here, we briefly describe our project and dis-
cuss the results of exome analyses performed to date, touching on some
of the problems that have been encountered.

2. Outline of exome analysis project for MRCD patients

Fig. 1 outlines our current project. It is supported by the Ministry of
Education, Culture, Sports, Science and Technology's Research Program
of Innovative Cell Biology by Innovative Technology (Cell Innovation)
(http://www.cell-innovation.org/english/html/program/theme_010_
okazaki.html). First, analyses of enzyme activity [11], quantity and size
were performed using fibroblasts from patient skin or biopsy specimens
from diseased organs of patients suspected of having MRCD in clinical
practice [12]. Quantity and size were analyzed using blue native poly-
acrylamide gel electrophoresis (BN-PAGE) [13]. Next, among patients
in whom decreased enzyme activity or complex formation abnormali-
ties were seen biochemically, whole exome analysis was performed in
those with no known mitochondrial DNA abnormalities, and the obtain-
ed candidate causal genes were confirmed at the cellular level by rescue
experiment or other methods, such as siRNA experiment. Many patients
with mitochondrial disorders have primary symptoms in the central
nervous system, but brain biopsy in these patients is untenable. There-
fore, induced pluripotent stem (iPS) cells were created using fibroblasts
from the skin of patients from whom informed consent was obtained.
These iPS cells were then differentiated into neurons and glia cells to re-
produce the pathology of mitochondrial dysfunction that occurs specif-
ically in the nervous system, based on the notion that this may lead to
treatment at the cellular level and ultimately to treatment in humnans.

Categories are based on D.R Thorburn's paper”

3. Clinical diagnosis of MRCD

Mitochondria exist in all tissues, and symptoms are presented in var-
ious organs and/or pathological entities. In pediatric MRCD, symptoms
are broadly divided into: (1) encephalomyopathy symptoms; (2) gas-
trointestinal/hepatic symptoms; and (3) myocardial symptoms [14].
So-called “mitochondrial encephalomyopathy,” which has traditionally
been considered the main form of mitochondrial disease, belongs
among the relatively mild mitochondrial diseases and occurs mostly in
older people. Fig. 2 shows a breakdown of clinical diagnoses of mito-
chondrial disorders in our institute as of January 2013 [15]. Patients
with the traditionally described nerve and muscle symptoms numbered
111 in total, including 50 with Leigh syndrome, 11 with neurodegener-
ative disorders for which no clear cause could be identified, and 50 with
so-called “mitochondrial encephalomyopathy.” These 111 patients
accounted for 40% of the total of 275 patients. Conversely, other forms
accounted for two-thirds of cases, among which were 49 cases of lethal
infantile mitochondrial disease (LIMD). Together with non-lethal infan-
tile mitochondrial disease (NLIMD), which follows the same course but
in which patients survive beyond 1 year of age, the number reached 71,
and was by far the most common clinical diagnosis. LIMD encompasses
hyperlactacidemia occurring in the neonatal period together with mul-
tiple organ failure. Most cases have poor outcomes, and it is thought that
most of these patients died with the cause remaining unknown and no
diagnosis established. Next were mitochondrial disorders showing sin-
gle organ dysfunction only, such as mitochondrial hepatopathy (12%)
and cardiomyopathy (7%).

4. Exome analysis of MRCD patients

As most mitochondrial diseases occur sporadically with only a few
cases discovered in one family line, linkage analysis using a large pedi-
gree cannot be applied, thus suggesting that we cannot use information
on chromosomal localization for causal gene identification. When iden-
tifying disease-causing genes using bioinformatics analysis for exome
data, knowledge of the inheritance patterns is very important {16]. As
approximately 90% of MRCD-causing genes show a recessive mode of
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Fig. 1. Outline of exome analysis project for MRCD patients. The first step is'Sampling’, which refers to diagnosis and collection of samples from patients with mitochondrial disorders using
both spectrophotometric enzyme assay [ 11] and BN-PAGE [ 13]. The next step is ‘Disease-Associated Gene Search’ using exome analysis. In ‘Functional Analysis’ and ‘System Biology’, can-
didate causal genes are confirmed at the cellular level by rescue experiment or other means. In ‘Imaging System Development’, induced pluripotent stem cells are created using fibroblasts
and differentiated into neurons and glia cells to reproduce the pathology of mitochondrial dysfunction. The final purpose of our project is integrative understanding of the molecular mech-

anisms of mitochondrial disorders.

inheritance (as shown in Table 1), we prioritized such genes as harbor-
ing rare variants in a homozygous or compound heterozygous fashion.
Low priority is given to the analysis of genes showing mutation
in only one allele because patients and healthy control individuals

Nerve and muscle
sympioms 117 (40%)
LS 50
ND 11
MC 50

e ——

| SIDS/SUD 25 (9%) |

e ——

Cardiormnyopathy
19 (79%)

A
L
Hepatopathy |
34 (129 g

IMD 71 (26%)
LIMD 49
NLIMD22

Fig. 2. Breakdown of clinical diagnoses of mitochondrial disorders in our institute as of Jan-
uary 2013. LS, Leigh syndrome; ND, neurodegenerative disorder; MC, mitochondrial
cytopathy; IMD, infantile mitochondrial disease (lethal and non-lethal); MH, mitochon-
drial hepatopathy; MCM, mitochondrial cardiomyopathy; SIDS, sudden infant death
syndrome; SUD, sudden unexpected death.

harbored a comparable number of rare heterozygous alleles; we were
unable to prioritize dominant-acting genes.

Our current bioinformatics analysis pipeline is as follows: read align-
ment was performed with a Burrows-Wheeler Aligner (BWA, version
0.7.0) [17] using the 1000 Genomes project phase Il reference genome
(hs37d5.fa). PCR duplicate reads were removed using Picard (version
1.89) (http://picard.sourceforge.net) and non-mappable reads were re-
moved using SAMtools (version 0.1.19) [18]. After filtering out these
reads, the Genome Analysis Toolkit (GATK) version 2.4-9-nightly-
2013-04-12-g3fc5478 [19] was used to realign insertions and deletions,
and for quality recalibration and variant calling (UnifiedGenotyper). De-
tected variants were annotated using ANNOVAR (version 2013Feb21)
[20] and custom ruby scripts. The effect of the mutations on protein
function was assessed by SIFT and GERP using dbNSFP {21]. The posi-
tions of mutations were based on RefSeq transcript sequences. Variants
were assessed by comparing allele frequencies in the dbSNP135, Exome
Sequencing Project (ESP5400) data set, and 1000 Genomes Projects
(based on phase 1 release v3 called from 20101123 alignments). As mi-
tochondrial disorders are rare, we excluded variants present in dbSNP
with a frequency > 0.1%. After filtering out these variants, the VAAST
program [22] was used to create a candidate gene list in each patient
showing recessive characteristics.

As stated above, because mitochondrial disease patients have very
high heterogeneity, the number of patients sharing the same gene mu-
tation is quite low. Hence, attention should be directed towards remov-
ing these mutations from the disease candidates when the same amino
acid substitutions are shared among multiple patients in our study, be-
cause these variants are highly likely to be SNPs unique to the Japanese
population. Using these criteria, we are able to narrow down the num-
ber of variants to a mean of several genes for each patient. After listing
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Fig. 3. Narrowing down of gene mutations discovered by exome analysis. After filtering
out variants with the methods described in the ‘Exome analysis of MRCD patients’ section,
genes were divided into three categories: (1) those that have previously been reported to
cause MRCD; (2) those for which some relationship with mitochondria has been sug-
gested; and (3) others (ab initio).

these candidate variants, we further investigated whether these vari-
ants are located within genes related to mitochondrial function. When
genes overlapped with those reported to be related to mitochondrial
function, we found that they were likely to be causative genes and
were further subjected to experimental analysis such as haplotype
phasing or functional assay including rescue experiments. To prepare
a list of genes reported to be related to mitochondria, we included
genes annotated as somehow related to mitochondria in the UniProt
(http://www.uniprot.org/) [23] database, as well as the MitoCarta data-
base (http://www.broadinstitute.org/pubs/MitoCarta/index.html) {24},
which includes approximately 1000 gene products listed with the use
of shotgun proteomics and mitochondrial localization analysis.

We also investigated whether there is Long Contiguous Stretch of
Homozygosity (LCSH) using Affymetrix SNP arrays in a majority of pa-
tients. Although no cases of consanguineous marriage were reported
in the interviews with the primary physician, about 5% of cases harbor
LCSH proven by SNP arrays. When homozygous mutations are localized
in these LCSH regions, the mutations are highly likely to be causative of
disease.

5. Results of exome analysis for MRCD patients

The variants (mutations) found in the process of narrowing down
the gene mutations discovered to date are shown in Fig. 3. These
genes were narrowed down to the final candidate genes and divided
into three categories: (1) those that have previously been reported to
cause MRCD; (2) those for which some relationship with mitochondria
has been suggested; and (3) others (ab initio). The results of analysis of
104 patients to date (as of January 2013) are shown in Fig. 4. Eighteen
patients (17%) had variants previously reported to be disease-causing.
Among these 18 patients, one had a homozygote of a previously report-
ed mutation and two had a compound heterozygote of a reported and a
novel mutation (data not shown). All other mutations found in this
study were new. Twenty-seven patients (26%) had mutations in genes
suggested to be associated somehow with mitochondria, and it is likely
that they are novel disease-causing genes in mitochondrial disorders.
Table 2 lists the functions of the genes in these 27 cases. For the remain-
ing 59 cases, each patient has about 20 gene variants that are unique to
each patient, and it is necessary to confirm whether any of these muta-
tions can actually cause the disease. These 59 patients are highly likely
to contain completely novel disease-causing mutations for which no
clues have been obtained to date. The biggest issue we currently face
is how to confirm the disease-causing gene from these 20 gene variants
for each patient.

# Reported genes responsible for MRCD
7 Mitochondria-related genes
# Unknown

(N =104)

Fig. 4. Candidate genes with exome analysis for MRCD patients. Results of analysis for 104
patients to date (as of January 2013) are shown. Eighteen patients (17%) had variants pre-
viously reported to be disease-causing. Twenty-seven patients (26%) had mutations in
genes suggested to be associated somehow with mitochondria. The remaining 59 patients
(57%) are highly likely to contain completely novel disease-causing mutations for which
no data have been obtained to date.

6. Conclusion and future prospects

The above describes the progress we have made in exome analysis of
neonatal or infantile MRCD patients. While we have identified many
candidate genes, the causes of MRCD are extremely diverse and hetero-
geneous. Thus, in many cases, it is difficult to demonstrate conclusively
that a mutation in a candidate gene is the true cause. We have per-
formed analyses focusing on cases in which a biochemical diagnosis
was established at the cellular level in addition to clinical symptoms
such as enzyme activity and complex formation abnormalities. None-
theless, confirmation of the causal genes with rescue experiments or
other means is difficult. In the future, it will be necessary to increase
the case number or search for patients with similar symptoms and sim-
ilar gene mutations in collaboration with researchers throughout the
world. We are currently conducting analyses of pediatric patients with
a focus on MRCD, and gene mutations (amino acid substitutions) har-
bored by patients of the childhood onset type are probably variants con-
ferring major damage on enzyme activity or protein function. Onset is
also thought to occur in adulthood rather than in childhood in some
cases of milder (hypomorphic: partial loss of function) variants with
the same gene defect. As these are thought to include nerve diseases,

Table 2
Functions of new disease-causing candidate genes for MRCD.

MtoX#1 Non-receptor tyrosine kinase
MtoX#2 Acyl-CoA thioesterase
MtoX#3 Fatty acid B oxidation
MtoX#4 tRNA synthetase
MtoX#5 ABC transporter superfamily
MtoX#6 ATR-dependent AMP-binding enzyme family
MtoX#7 Heme biosynthesis

MtoX#8 AAA ATPase family
MtoX#9 Pre-mRNA splicing factor
MtoX#10 Creatine kinase
MtoX#11 Synaptic transmission
MtoX#12 Synthesis of Coenzyme Q
MtoX#13 Heme biosynthetic process
MtoX#14 Citrate synthase family.
MtoX#15 Cholesterol metabolism
MtoX#16 Mitochondrial fission
MtoX#17 Muscle organ development
MtoX#18 Cholesterol biosynthetic process
MtoX#19 Ribosomal protein
MtoX#20 Tumor suppressor
MtoX#21 A component of complex [
MtoX#22 A protease, located in inner membrane
MtoX#23 Regulation of PDH
MtoX#24 Mitochondrial translation
MtoX#25 Queuosine biosynthetic process
MtoX#26 Mitochondrial carrier family
MtoX#27 Methyltransferase superfamilya
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mental disorders, and diabetes or other metabolic diseases of unknown
cause, we plan to conduct research based on the assumption that such
cases include those caused by abnormalities in genes identified in
MRCD patients.
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