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Molecular diagnosis of mitochondrial respiratory chain disorders in
Japan: Focusing on mitochondrial DNA depletion syndrome |

Taro Yamazaki,"® Kei Murayama,® Alison G Compton,® Canny Sugiana,®* Hiroko Harashima,' Shin Amemiya,’
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Abstract Background: Although mitochondrial respiratory chain disorders (MRCD) are one of the most common congenital
metabolic diseases, there is no cumulative data on enzymatic diagnosis and clinical manifestation for MRCD in Japan
and Asia.

Methods: We evaluated 675 Japanese patients having profound lactic acidemia, or patients having symptoms or signs
of multiple-organ origin simultaneously without lactic acidemia on respiratory chain enzyme activity assay and blue
native polyacrylamide gel electrophoresis. Quantitative polymerase chain reaction was used to diagnose mitochondrial
DNA depletion syndrome (MTDPS). Mutation analysis of several genes responsible for MTDPS was also performed.
Results: A total of 232 patients were diagnosed with a probable or definite MRCD. MRCD are common, afflicting one
in every several thousand people in Japan. More than one in 10 of the patients diagnosed lacked lactic acidemia. A
subsequent analysis of the causative genes of MTDPS identified novel mutations in six of the patients. A 335 bp deletion
in deoxyguanosine kinase (DGUOK; g.11692_12026del335 (p.A48fsX90)) was noted in two unrelated families, and
may therefore be a common mutation in Japanese people. The proportion of all patients with MTDPS, and particularly
those with recessive DNA polymerase y (POLG) mutations, appears to be lower in Japan than in other studies. This is
most likely due to the relatively high prevalence of ancient European POLG mutations in Caucasian populations. No
other significant differences were identified in a comparison of the enzymatic diagnoses, disease classifications or
prognoses in Japanese and Caucasian patients with MRCD.

Conclusion: MTDPS and other MRCD are common, but serious, diseases that occur across all races.

Key words DGUOK deletion mutation, enzymatic diagnosis, mitochondrial DNA depletion syndrome, mitochondrial respiratory
chain disorder, racial difference.

Mitochondrial respiratory chain disorders (MRCD) are disorders
of the oxidative phosphorylation system, which is responsible
for ATP production. MRCD are the most common congenital
metabolic diseases, afflicting at least 1 in 5000 persons.'
Mitochondrial DNA depletion syndrome (MTDPS), in which
mitochondrial DNA (mtDNA) level is lower than normal, is one
of the major MRCD. A number of responsible genes of MTDPS
have been identified, and the pathophysiology of this disease is
partially characterized at the molecular level.”® We have previ-
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ously diagnosed and characterized MRCD cases in Japan using
respiratory chain enzyme analysis.®® Having recently analyzed
the molecular diagnoses and clinical manifestations of MRCD in
Japanese patients, and analyzing several genes responsible for
hepatocerebral MTDPS, we herein discuss and compare the col-
lected data to those reported for MRCD outside of Japan.

Methods
Patients and samples

The subjects consisted of patients clinically suspected of having
MRCD. We measured respiratory chain enzyme activity and
quantity for patients with profound lactic acidemia, or patients
with symptoms or signs of multiple-organ origin simultane-
ously without lactic acidemia. Other metabolic disorders were
excluded on plasma tandem mass spectrometry and urine organic
acid analysis. Approximately half of candidates were <1 year old,

— 324 —



and nearly 90% were <10 years old. In total, 1051 samples from
675 patients in 657 families were analyzed. Of the samples, 479
were cultured skin fibroblast cells, 239 were liver samples, 208
were muscle samples, 84 were myocardial samples, and 41 were
other samples (including 25 kidney and seven brain samples).

Respiratory chain enzyme analysis

Both an in vitro respiratory chain enzyme activity assay'® and
blue native polyacrylamide gel electrophoresis (BN-PAGE)'-
were used to quantify the activity and amount of respiratory chain
enzyme complexes. A diagnosis of MRCD was made when the
results from the enzyme activity or BN-PAGE raised the diag-
nostic criteria assessment to definite or probable for MRCD
according to the diagnostic criteria of Bernier et al."

Entire miDNA analysis

DNA was purified according to - standard methods. The
mitoSEQr™ system (Applied Biosystems, Foster City, CA,
USA) was used for entire mtDNA analysis in each patient diag-
nosed with MRCD.

Quantitative polymerase chain reaction for diagnosis
of MTDPS

Quantitative polymerase chain reaction (QPCR)" was used to
determine whether mtDNA depletion was present in patients with
decreased activity level of multiple respiratory chain enzymes
(the mtDNA gene M7-ND] was compared against a nuclear gene,
CFTR exon 24). A diagnosis of MTDPS was made when the
relative copy number of mtDNA to nuclear DNA was <35% of
that in healthy control tissue using four independent experiments.

Mutation analysis of genes responsible for ITDPS

Mutation analysis was performed on the genomic DNA using
primers designed to amplify the coding exons and the exon-—
intron boundaries of DNA polymerase v (POLG; NM_002693.2),
deoxyguanosine  kinase (DGUOK; NM_080916.1 and
NM_080918.1), and MPVI7 (NM_002437.4).!% Fragments were
analyzed by direct sequencing using ABI 3130XL (Applied
Biosystems, Melbourne, Vic., Australia). Long-range PCR
encompassing the 335 bp deletion was performed using primers
shown in Figure 1(a).

DNA from healthy Japanese controls

A PSC Cell Line Purified DNA 100 set (Japan Health Sciences
Foundation, Tokyo, Japan) was used as control DNA for healthy
Japanese.

Stiatistical analysis
The log-rank test and Gehan-Breslow-Wilcoxon test were used to
test for statistically significant differences.

Ethics

This study was approved by the Institutional Review Board in
Saitama Medical University.
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Fig.1 Genomic sequence determination of 335bp deoxy-
guanosine kinase (DGUOK) deletion in the family of patients 1 and
2. (a) Capitalization, sequence of exon 2; two rectangles, long-range
polymerase chain reaction (PCR) primer sets; underline, 335 bp
deletion. The large 335 bp deletion encompassing from the end of
intron 1 to the beginning of exon 2 causes the complete skipping of
exon 2, and the resultant mRNA has a premature termination codon
(p.A48fsX90). (b) Lane 1, father; lane 2, mother; lane 3, middle
healthy sister; lane 4, normal control; lane 5, patient 1; lane 6, patient
2; lane 7, no sample; lane 8, molecular weight marker. The 1310 bp
band represents the normal sized PCR product. The 975 bp band
represents the PCR product with 335 bp DGUOK deletion in this
family.

Case reports: DGUOK deficiency in three
Japanese patients

Patient 1

This Japanese girl was the first child to unrelated healthy parents
and was born without any complications at 40 weeks of gesta-
tional age, weighing 2510 g. At 3 months of age, she was referred
to hospital because of failure to thrive, nystagmus and incomplete
head control. Laboratory tests showed mild liver dysfunction
of unknown etiology. She was suspected to have hereditary
tyrosinemia because her blood tyrosine level was 800 nmol/mL
(cut-off, 500 nmol/mL), but urinary succinylacetone was not
detected. At the age of 18 months, her liver dysfunction deterio-
rated to the level of liver failure with prolonged coagulation time
(hepaplastin time 39%), and she underwent a liver transplanta-
tion, but died of cardiac tamponade at 19 months of age. Liver
respiratory chain enzyme assay showed low activity of com-
plexes I, ITI, and IV (0%, 9%, and 28% of normal control, respec-
tively).. In contrast, complex II activity was normal and citrate
synthase was moderately increased (74% and 308%, respec-
tively). On BN-PAGE analysis, the band corresponding to assem-
bled complex I was invisible and those of complex III and IV
were strikingly weak (data not shown). On qPCR, liver mtDNA
was markedly decreased (3%), confirming a diagnosis of
hepatocerebral MTDPS.

© 2013 The Authors
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Patient 2

A healthy sister of patient 1 was born 2 years after her elder sister
died. A third girl was born 4 years after her eldest sister died,
without any complications at 40 weeks of gestation, with a weight
of 2750 g. At 2 days of age, she was referred to hospital due
to tachypnea, hypoglycemia, and metabolic acidosis. After that,
mild liver dysfunction was found (total bilirubin, 4.2 mg/dL;
direct bilirubin, 1.4 mg/dL; aspartate aminotransferase, 215 IU/L;
alanine aminotransferase, 49 IU/L; y-glutamyl transpeptidase,
842 TU/L) with hyperammonemia (180 pg/dL). Blood lactate
and pyruvate were 20.9 mmol/L, and 0.27 mmol/L, respectively.
Because of her eldest sister’s course, she did not undergo liver
transplantation and she died of liver failure at 9 months of age. The
liver showed low activity of complexes I, III, and IV (0%, 6%, and
17% of normal control, respectively). In contrast, complex II
activity was normal and citrate synthase was moderately increased
(105% and 281%, respectively), as for the eldest sister. On qPCR,
liver mtDNA was markedly decreased (6%) and she was diag-
nosed with hepatocerebral MTDPS.

Patient 3

A Japanese girl, unrelated to patients 1 and 2, was born as the
third child to unrelated healthy parents at 37 weeks of gestational
age weighing 1688 g. Symmetrical intrauterine growth retarda-
tion was noted from 30 weeks gestation. Her eldest brother died
at 1 year 4 months with a hepatic disorder of unknown origin.
Her elder sister was healthy. At 8 days of age, she was suffering
from feeding difficulty with liver dysfunction and nystagmus.
Developmental delay and failure to thrive gradually progressed.
At the age of 8 months, her liver dysfunction deteriorated to the
level of liver failure, and she underwent liver transplantation, but
died at 18 months of age. Liver respiratory chain enzyme assay
showed low activity of complexes I, III, and IV (12%, 12%, and
16% of normal control, respectively). In contrast, complex II and
citrate synthase activity were normal (68% and 106%, respec-
tively). On gPCR, liver mtDNA was markedly decreased (2%)
and she was diagnosed with hepatocerebral MTDPS.

Results

Characteristics of Japanese children diagnosed
with MRCD

In total, we diagnosed MRCD in 232 patients; these patients
comprised 34% of the study group. The age distribution of these
patients is as follows; nearly 40% before 1 month of age, three-
fourths by age 1 year, and >90% by age 7 years. One hundred and
twenty patients (52%) were male, and approximately half of the
diagnosed patients were deceased. Diverse clinical diagnoses are
shown in Figure 2. Eighty-seven patients (38%) had neurological
disorders consisting of Leigh syndrome, neurodegenerative dis-
orders, and so-called mitochondrial cytopathy. Fifty-nine (25%)
had a lethal or non-lethal infantile mitochondrial disorder.
Twenty-nine (13%) had mitochondrial hepatopathy, and 17 (7%)
had mitochondrial cardiomyopathy. Among all MRCD, 28
patients (12%) lacked lactic acidemia, a feature that traditionally
prompts suspicion of MRCD. The entire mitochondrial DNA

© 2013 The Authors
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Fig. 2 Clinical diagnoses of mitochondrial respiratory chain disor-
der (MRCD) in Japan. Neurodegenerative disorders, neurode-
generative disorders unclassified to specific diseases. Patients with
non-lethal infantile mitochondrial disorder started with symptoms
such as lethal infantile mitochondrial disorder but survived beyond
1 year old. SIDS, sudden infant death syndrome; SUD, sudden unex-
plained death.

sequence was determined for 139 patients, but a causative genetic
abnormality was found in only 34 (24%) of these patients (data
not shown); indicating that, in most cases, the causative gene or
genes may be present in nuclear DNA.

The enzymatic diagnoses were compared with Australian data
(Fig. 3).7 In Japanese patients, a respiratory chain complex I
abnormality was most common (105 patients, 45%), followed, in
decreasing order of prevalence, by respiratory chain abnormal-
ities in multiple complexes (80 patients, 34%), a complex IV
abnormality (33 patients, 13%), and a complex III abnormality
(10 patients, 4%). No patient was given a probable or definitive

Australia

Japan

Multiple
Complexes
63(28%) £ &

Complex!
100{45%)

Complexiv Complex il Complex iV
33(14%6) 10454} 48{21%)

\Complex
1105%)

p
£
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Fig.3 Percentage distribution of enzymatic diagnoses of
mitochondrial respiratory chain disorder (MRCD) in Japan and those
reported previously in Australia. The enzymatic diagnosis of MRCD
showed similar trends in prevalence between the Japanese and Aus-
tralian patients,'” with respiratory chain complex I being the most
common type of MRCD, followed by abnormalities in multiple
complexes, complex IV abnormalities, and complex III abnormal-
ities. Complex II abnormalities were very rare among the two
populations.
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diagnosis of a complex Il abnormality. Similarly, according to the
Australian data, the most common abnormality was in complex I
(45%), followed by abnormalities in multiple complexes (28%),
complex IV (21%), and complex IIT (5%); only one patient had a
complex IT abnormality.

Manifestations, genetic diagnoses, and prognoses
of MTDPS

A gPCR-based diagnosis of MTDPS was made for 16 of the 80
patients with an enzymatic diagnosis of a multiple complex
abnormality, and for seven of the 105 patients with an enzymatic
diagnosis of a respiratory chain complex I abnormality. Three of
these 23 patients died due to sudden infant death syndrome and
thus had no available records of clinical findings; the clinical
findings from the remaining 20 patients were further analyzed.
The disease types among these 20 patients were compared
with those reported by Sarzi et al.* (Fig. 4). Among the Japanese
patients, 13 (65%) had acute hepatocerebral MTDPS, two
(10%) had Alpers-like syndrome (delayed-onset hepatocerebral
MTDPS), and five (25%) had encephalomyopathic MTDPS. This
distribution is similar to that reported by Sarzi et al. We must
note here that “Alpers-like” refers simply to delayed-onset
hepatocerebral MTDPS. This is because no true case of Alpers
syndrome has yet been identified in Japan. The results of analyses
of the three main genes responsible for MTDPS are shown in
Figure 5. Causative genetic anomalies were identified in six of
the 20 Japanese patients (30%). No abnormality was identified in
the three genes of the remaining 14 patients (70%). The respon-
sible genes were DGUOK in three patients whose clinical reports
are described in the previous section, MPVI7 in two patients,’
and POLG in one patient whose clinical report will be published
elsewhere. The individual genetic abnormalities are listed with

the clinical findings in Table 1. Although three of the patients

Japan Sarzi E et al.

n=50

n=20

Fig. 4 Percentage distribution of disease types of mitochondrial
DNA depletion syndrome (MTDPS) in Japan and those reported
by Sarzi etal. “Alpers-like” refers simply to delayed-onset
hepatocerebral MTDPS, because no true case of Alpers syndrome
has yet been identified in Japan. The distribution of disease
types in the present study did not differ from that reported by
Sarzi etal®. () Hepatocerebral, (i) Alpers-like syndrome, (55)
Encephalomyopathic.
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Japan Sarzi K et al.

n=20 n=50

2%
2%

Fig. 5 Percentage distribution of responsible genes for
mitochondrial DNA depletion syndrome (MTDPS) in Japan and
those reported by Sarzi ef al. The causative gene was not identified in
the majority of patients in each population. Four genes, DGUOK,
POLG, MPV17, and TK2, contained 40% of the causative genetic
abnormalities identified by Sarzi et al.,* while three genes, DGUOK,
POLG, and MPV17, contained 30% of the abnormalities found in the
Japanese patients. () DGUOK, (%) POLG, (8) MPV17, (8 TK2,
(&) unknown. DGUOK, deoxyguanosine kinase; POLG, DNA
polymerase Y.

underwent liver transplantation during infancy, five of them died
before 2 years of age. Patient 5 lived longer than the others
because of dietary and pharmaceutical treatment targeting the
mitochondrial respiratory chain complex IL7

The DGUOK-related patients were two sisters, with a
homozygous 335 bp deletion (Fig. 1a; g.11692_12026del335;
encompassing 308 bp of intron 1 and 27 bp at the start of exon 2),
and a compound heterozygote patient, genetically unrelated to
these sisters, with the same deletion and a ¢.743T>C (p.L248P)
missense mutation. The large 335 bp deletion encompassing
from intron 1 to exon 2 causes the complete skipping of exon 2,
and the resultant mRNA has a premature termination codon
(p.A48fsX90). Each parent and healthy sister is heterozygous
for this mutation (Fig. 1b). The p.L248P variation is not
listed as a polymorphism in the ensembl_mart 47 database
(martdb.ensembl.org) and has not been reported as a disease-
causing mutation. Moreover, the alignment shows that Leu248 is
absolutely conserved in all species (Fig. 6).'%

The MPVI7 patients were previously reported compound
heterozygote siblings.” The POLG patient was a compound
heterozygote. The genetic mutations noted in these six patients
were confirmed to be absent in DNA of 100 healthy Japanese
controls (data not shown).

Like Sarzi er al., who did not find the responsible gene or
genes in 60% of the patients, we were unable to identify the
responsible gene or genes in a majority of the cases. We
sequenced the whole exome of all the MTDPS patients to identify
the underlying nuclear disease genes using next-generation
sequencing system (data not shown). This did not identify patho-
genic mutations in any of the known genes associated with
MTDPS (TK2, SUCLA2, RRM2B, SUCLGI, MGMEI, CI0orf2,
TYMP, and AGK) in the present MTDPS patients.

© 2013 The Authors
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Table 1 Clinical and molecular characteristics for Japanese hepatocerebral MTDPS patients

Patient Sex Initial symptoms (age) Outcome  Clinical diagnosis Complications Liver Blood lactate/ ZomtDNA Identified mutations Ref
(age) transplantation  pyruvate (mmol/L) in liver

. Not hv&ilgble

3 F Feeding Dead Mitochondrial Developmental delay, Done 2.9/0.14 2 DGUOK
difficulty (1 year) hepatopathy failure to thrive (g.11692_12026del335
(8 days) (p.A48£sX90)

/¢743T>C (p L248P))

~ Hepatic failure  Developmental delay = D

o o - : . o i c 509C>T (p Sl7GF)} .
6 F Failure to thrive Dead Hepatic failure Hypotonia Not done 1.76/0.1 3 POLG
(4 months) (7 months) (c.2869G>C (p.A957V)
/¢.3354T>C (p.I1185T))

Shaded columns, two pairs of siblings. MTDPS, mitochondrial DNA depletion syndrome.
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Fig. 6 ClustalW multiple sequence alignment of deoxyguanosine
kinase (DGUOK) orthologs. The alignment shows that amino acid
248Leu mutated in the patient is absolutely conserved in all species.
URLs: HomoloGene, http://www.ncbi.nlm.nih.gov/homologene (for
the DGUOK ortholog amino acid sequences of human [accession no.
NP_550438.1], Pan [accession no. XP_001153473.1], Canis [acces-
sion no. XP_533001.2], Bos [accession no. NP_001014888.2],
Mus [accession no. XP_001107072.1], Rat [accession no.
NP_001100072.1], Danio [accession no. XP_001093561.1],
Arabidopsis [accession no. NP_565032.2], Oryza [accession
no. NP_001044956.1]). ClustalW, http://www.ebi.ac.uk/Tools/
clustalw/.'®

Of the genetic mutations identified, POLG mutations were
less prevalent than in Caucasian subjects. Only one of the present
15 cases of Alpers syndrome or hepatocerebral MTDPS were
caused by recessive POLG mutations, compared with eight of 39
such cases diagnosed in France.

Sixteen of the 20 Japanese MTDPS patients were deceased.
Sarzi et al. reported that 29 of the 50 MTDPS patients they
analyzed were deceased. The data of the deceased patients were
plotted to obtain curves of the ages of death (in months) in the two
groups for comparison (Fig. 7). MTDPS patients had a short life in
both study groups; many died during or before reaching early
childhood. On log-rank test and Gehan-Breslow-Wilcoxon test no
significant differences were seen between the survival data.

Discussion

We started an enzyme diagnosis referral service for children
suspected of MRCD in 2007 and have diagnosed MRCD in
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Fig.7 Comparison of the ages of death (in months) in the two
studies. A commonality between the Japanese patients and the Sarzi
et al. patients* was observed. No significant difference in disease
severity was identified (log-rank test, P = 0.3637; Gehan-Breslow-
Wilcoxon test, P = 0.2667). (ess) Japanese, n = 16/20; (=+-) Sarzi
etal., n=29/50.
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30-40 patients from around Japan annually since then. In the last
year we have made >100 new MRCD diagnoses. Approximately
half of the diagnoses are for neonates. There are approximately
one million births in Japan annually. Under the assumption that
the patients referred for enzyme diagnosis represent approxi-
mately half of all Japanese MRCD patients, the prevalence of
neonatal-onset MRCD becomes 50 x 2/1 000 000 = 1/10 000.
‘When patients with juvenile-onset and adult-onset mitochondrial
disease are factored in, the prevalence of these diseases in Japan
becomes one in several thousand, which is comparable to the
prevalence in Western countries.*

It is noteworthy that >10% of the patients lacked lactic
acidemia, which many physicians still regard as synonymous
with mitochondrial disease. Hence, mitochondrial disease must
also be considered in lactic acidemia-free patients with unex-
plained signs and symptoms in multiple organs.

The enzymatic diagnosis of MRCD showed similar trends in
prevalence between Japanese and Australian patients, with res-
piratory chain complex I being the most common type of MRCD,
followed by abnormalities in multiple complexes, complex IV
abnormalities, and complex III abnormalities. Complex II abnor-
malities were very rare in both populations.

Twenty percent of the patients with multiple respiratory chain
disorders in the present study and 50% of the patients in the Sarzi
et al. study* had MTDPS. Although MTDPS was the leading
cause of MRCD in both groups, MTDPS represented a
smaller proportion of the MRCD in Japan. According to the
Online Mendelian Inheritance in Man database, MTDPS can be
classified as encephalomyopathic, hepatocerebral, or specific
(a classification that includes mitochondrial neurogastrointes-
tinal encephalopathy [MNGIE] and Sengers syndrome).
Encephalomyopathic MTDPS features respiratory failure and
myopathy. Hepatocerebral MTDPS is characterized by liver dis-
orders, growth disorders, and hypoglycemia. The distribution of
the disease type classifications of the Japanese patients did not
differ from the distribution reported by Sarzi et al.

Four genes, DGUOK, POLG, MPV17, and TK2, contained
40% of the causative genetic abnormalities in the Sarzi er al.
study, while three genes, DGUOK, POLG, and MPVI7, con-
tained 30% of the abnormalities found in the Japanese patients.
The causative gene, however, was not identified in the majority of
patients in each study. The six Japanese hepatocerebral MTDPS
patients in whom the responsible gene was identified are listed in
Table 1. The serious nature of this disease is evident, given that
all six experienced onset as neonates or infants and died during or
before reaching early childhood.

Deoxyguanosine kinase deficiency was originally described
as the cause of infantile-onset hepatocerebral mitochondrial
disease, typically featuring hepatic failure, nystagmus and hypo-
tonia.”® Recently it has been shown that patients with DGUOK
mutation may present with neonatal hemochromatosis® or adult-
onset myopathy and mitochondrial DNA multiple deletions, with
or without liver involvement.?** We found two novel DGUOK
mutations in two apparently unrelated Japanese families. Three
patients in two families had typical signs and symptoms of
hepatocerebral MTDPS, and both parents in each family were
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heterozygous for these mutations. A 335 bp deletion in DGUOK
was found in both families, and may therefore be a common
mutation in the Japanese population.

The present analysis of MTDPS patients concludes with a
comparison of the ages of death (in months) in the two groups
(Fig. 7). A commonality between the Japanese patients and the
Sarzi et al. patients was the early age of death: most patients died
during or before reaching early childhood. DGUOK deficiency
was most serious in both studies. Likewise, many patients in each
study experienced onset as neonates or infants. No significant
difference in disease severity was identified between the two
studies.

The present results indicate a lower prevalence of POLG
mutations in the Japanese population, which is likely attributable
to several common mutations found in Caucasian people that
appear to be ancient European founder mutations (p.A467T,
p-G848S, and p.W748S).2 In children with recessive POLG
mutations, these three mutations represented seven of 16 mutant
alleles reported by Sarzi er al.* A recent study collated the preva-
lence of these three mutations in 10 studies reporting a total of
249 POLG patients and found that they represented 49% of
mutant alleles in predominantly Caucasian patients.?* Most Cau-
casian POLG patients will thus have at least one allele carrying
one of these three founder mutations, and Hakonen et al. sug-
gested that they may have been spread during Viking times.” The
carrier frequency of these mutations is as high as 2% in some
European countries. Their expected absence in Asian patients
likely explains a lower prevalence of recessive POLG disease in
Asian populations.

Conclusion

Mitochondrial DNA depletion syndrome and other mitochondrial
respiratory chain disorders are common, but serious, diseases that
occur across all races.
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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

Exome sequencing disorders. This article is part of a Special Issue entitled Frontiers of Mitochondrial Research.
Narrowing down protocol © 2014 The Authors. Published by Elsevier B.V. All rights reserved.
1. Introduction are autosomal recessive. Mitochondrial DNA has a circular structure

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
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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 Ill (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 ofnuclear 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] (Table 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.

A. Ohtake et al. / Biochimica et Biophysica Acta 1840 (2014) 1355-1359

mtDNA mutations: 35/37 genes

tRNAs, subunits, rRNAs, and deletions & duplications

Nuclear mutations: 117 genes

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

NDUFA1, 2,9,10, 11,12, NDUFS1,2,3,4,6,7, 8
Complex Il: SDHA, SDHB, SDHC, SDHD
Complex lll: UQCRB, UQCRQ
Complex IV: COX6B1, COX4i2, COX7B
Complex V: ATPSE

mtDNA replication: 5 genes
POLG, POLG2, C1001f2, MPV17, AGK

mtDNA expression: 24 genes

LRPPRC, TACO1, MTPAP, MRPS16, MRPS22,MRPL3,
GFM1, TSFM, TUFM, TRMU,C120rf65 MTFMT, DARS2,
RARS2,YARS2,SARS2,AARS2,HARS2,MARS2,EARS2,
RMND1, MTO1, FARS2, GFM2

Import, processing, assembly: 38 genes

Complex I: C80rf38, C200rf7, NDUFAF1, F2, F3, F4,
FOXRED1, NUBPL, ACAD9, AlFiM1

Complex I: SDHAF1, SDHAF2

Complex I:BCSTL, HCCS, TTC19

Complex IV:SURF1, SCO2, SCO1, COX10, COX185,
ETHE1, FASTKD2, C20rf64, C120rf62

Complex V:ATPAF2, TMEM70

Nucleotide transport, synthesis: 9 genes
SLC 25A4, SLC25A3, TYMP, DGUOK, TK2, PUS1,
SUCLA2, SUCLG1, RRM 2B

Membrane composition: 14 genes
C0OQ2, COQB, COQY, PDSS1, PDSS2, CABCH,
SERACT, MPC1, NMT, TAZ, CYCS, OPA1, MFN2, DNM1L

Multiple: TIAMM8A, SPG7, HSP D1, AFG3L2, DNAJC19, GFER

Iron/FeS: FXN, ISCU, GLRX5, ABCE?. NFU1, BOLA3

117 nuclear gene defects

95: autosomal recessive-
10: autosomal dominant.
5: recessive or dominant.
7: X-tinked.

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. Qutline 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_
okazakihtmt). 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 humans.

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
symptoms 111 (40%)
LS 50

e ————

| SIDS/SUD 25 (9%) |

St %),
i
\J

ND 11
MC 50

Cardiomyopathy i
19 (7%)

Wé”;g;pam‘;}?
34 (12%) |

SR —A—

MD 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 II 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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[ Annotate variants } 118,700 variants/sample
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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
# 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.

MtoXi#1 Non-receptor tyrosine kinase
MtoX#2 Acyl-CoA thioesterase

MtoX#3 Fatty acid p 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 I
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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