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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

Keywords:

Mitochondrial respiratory chain disorder
Blue native polyacrylamide gel
Electrophoresis

Exome sequencing

Narrowing down protocol

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
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
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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] (Table 1). Among these, about 90% of genes have
an autosomal recessive inheritance pattern, and only a small portion
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(11 Table1
(1.1 The genetic basis of MRCD.

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 Ill: UQCRB, UQCRQ
Complex IV: COX6B1, COX412, COX7B
Complex V: ATP5E

mtDNA replication: 5 genes
POLG, POLG2, C100rf2, 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, AIFM1

Complex [l: SDHAF1, SDHAF2

Complex lll:BCS1L, HCCS, TTC19

Complex IV:SURF1, SCO2, SCO1, COX10, COX15,
ETHE1, FASTKD2, C20rf64, C120rf62

Complex V:ATPAF2, TMEM70

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

Membrane composition: 14 genes
COQ2, COQ6, COQY, PDSS1, PDSS2, CABCT,
SERAC1, MPC1, NMT, TAZ, CYCS, OPA1, MFN2, DNM1L

Multiple: TIMMSA , SPG7, HSPD1, AFG3L2, DNAJC19, GFER

Iron/FeS: FXN, ISCU, GLRX5, ABCB7, NFU1, BOLA3

117 nuclear gene defects

t1.1 95: autosomal recessive-
t1.1  10: autosomal dominant.
t1.1  5: recessive or dominant.
t1.1  7: X-linked-

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 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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