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A great deal of our understanding of mitochondrial function has come from studies of inherited mitochondrial diseases, but
still majority of the patients lack molecular diagnosis. Furthermore, effective treatments for mitochondrial disorders do not
exist. Development of therapies has been complicated by the fact that the diseases are extremely heterogeneous, and
collecting large enough cohorts of similarly affected individuals to assess new therapies properly has been difficult.
Next-generation sequencing technologies have in the last few years been shown to be an effective method for the

genetic diagnosis of inherited mitochondrial diseases. Here we review the strategies and findings from studies applying

next-generation sequencing methods for the genetic diagnosis of mitochondrial disorders. Detailed knowledge of molecular
causes also enables collection of homogenous cohorts of patients for therapy trials, and therefore boosts development of
intervention.
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GATK, genome analysis toolkit; Indels, small insertions and deletions; MPSS, massively parallel signature sequencing;
mtDNA, mitochondrial DNA; NGS, next-generation sequencing; OXPHOS, oxidative phosphorylation; RC, respiratory
chain; SAM, sequence alignment/map; SIFT, sorting tolerant from intolerant; SNPs, single-nucleotide polymorphisms;
SNVs, single-nucleotide variants; TPK, thiamine pyrophosphokinase; VCP, variant call pipeline; WES, whole-exome

sequencing; WGS, whole-genome sequencing

Introduction

Mitochondrial diseases are a group of rare inherited disorders
characterized by extreme phenotypic heterogeneity and they
can be transmitted by any mode of inheritance. Primary
mitochondrial diseases are those that directly affect the
energy metabolism that takes place inside mitochondria in
the process of oxidative phosphorylation (OXPHOS), which
involves large respiratory chain (RC) enzyme complexes, and
hence are known collectively as RC diseases. It is estimated
that 1:5000 individuals will develop a mitochondrial disease,
on the basis of combined data from studies undertaken in
Australia, for infantile-onset disorders, and England, for
adult-onset disorders (Skladal et al., 2003; Thorburn, 2004).
Mitochondria are also host to a number of additional func-
tions and thus other inherited diseases can also have a mito-
chondrial aetiology, including other inborn errors of

metabolism, haem synthesis and iron/sulphur metabolism
among others. The heterogeneity of mitochondrial disorders
and overlap with other neurological and metabolic disorders
makes it difficult to clinically diagnose a mitochondrial
disease. Furthermore, mitochondrial diseases can be caused
by ~1200 nuclear genes, which encode mitochondrial tar-
geted proteins, but they can also be caused by mutations in
mitochondrial DNA (mtDNA) (Schon et al., 2012; Ylikallio
and Suomalainen, 2012). The mitochondrial genome is a
closed circular double-stranded molecule approximately
16.6 kb in length. It contains 37 genes, 13 of which encode
core structural components of the OXPHOS complexes, as
well as 22 tRNAs and two rRNAs required for their synthesis.
The mitochondrial genome is inherited exclusively from the
maternal line, explaining the maternal inheritance pattern of
a significant proportion of mitochondrial diseases. However,
most mitochondrial disorders are caused by mutations in the
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nuclear genome. The most commonly mutated nuclear gene
in mitochondrial disorders is POLG1, encoding the catalytic
subunit of the mtDNA polymerase (polymerase 7y), yet POLG1
mutations only explain a fraction of mitochondrial disorders
(Ylikallio and Suomalainen, 2012). Mutations in any of the
more than 1000 nuclear genes encoding a mitochondrial
protein can ostensibly cause a mitochondrial disorder. There-
fore, a candidate gene sequencing approach has limited
success in routine genetic testing, leaving most patients
without a diagnosis. However, development of next-
generation sequencing (NGS) technologies has offered an
excellent new tool to identify molecular backgrounds for this
disease group. We discuss here the current NGS technologies,
followed by a review of their application to the study of
mitochondrial diseases.

Sequencing technology overview

About 35 years ago, the DNA sequencing methods developed
by Sanger and Maxam-Gilbert were first published (Maxam
and Gilbert, 1977; Sanger et al., 1977). The Sanger method
became the mainstay of DNA sequencing, and having under-
gone numerous developments and automation it enabled
large sequencing efforts such as that undertaken by the
Human Genome Project and Celera to sequence the human
genome (Lander et al., 2001; Venter et al., 2001). NGS tech-
nologies are those large-scale sequence technologies that
have been developed since Sanger sequencing. The Sanger
method is still widely used today, it is more accurate and
produces longer sequence read lengths compared with the
NGS technologies, and remains the preferred technology
for numerous applications. However, NGS technologies
increased the amount of sequence data that can be produced,
extending to whole coding sequences or even whole
genomes, while at the same time drastically reducing the
cost, making large-scale sequencing projects affordable and
feasible for many research labs (Shendure and Lieberman
Aiden, 2012).

NGS

Several kinds of NGS technologies have been developed and
their success has been dependent on their cost per raw base,
throughput per instrument, accuracy per raw base and read
length per independent read (Shendure etal.,, 2004). The
most widely used NGS technologies are those belonging to
the class of ‘cyclic array sequencing on amplified molecules’.
This class of methods includes the first of the NGS technolo-
gies, massively parallel signature sequencing (MPSS), devel-
oped in 1990s by Lynx Therapeutics (Brenner et al., 2000).
The sequencing platforms that subsequently emerged on the
market employed ‘sequence by synthesis’ (Roche 454 and
[Mumina GAIlIx) or ‘sequence by ligation’ (ABI SOLiD)
methods, which are both ‘cyclic array’ methods. Shendure
suggested that ‘cyclic array’ is a better definition than
‘sequence-by-synthesis’ because synthesis steps exist in
nearly all methods (Shendure et al., 2004). The cyclic array
methods involve two steps: clonal amplification and
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sequencing. During clonal amplification, copies of PCR-
amplified sequence are spatially distributed on a solid plat-
form. The cyclical process refers to the sequencing process,
involving either cycles of polymerase extension (Roche 454
and Illumina) or cycles of restriction digestion and ligation
(MPSS and ABI SOLID), but the sequencing method is inde-
pendent of how clonal amplification is performed.

The Roche 454 platform was the first NGS platform avail-
able as a commercial product (Margulies et al., 2005). The
Roche 454 sequencer uses pyrosequencing for sequencing of
DNA, where luciferase is used to generate light for the detec-
tion of nucleotides added to the growing DNA strand
(Ronaghi et al., 1996). For pyrosequencing, hundreds of thou-
sands of picolitre volume PCR reactions are simultaneously
amplified (Leamon efal.,, 2003). Emulsion PCR is used,
whereby DNA molecules are isolated using primer-coated
beads in aqueous droplets within an oil phase. PCR is then
used to coat the beads with copies of the DNA molecule and
then immobilized for sequencing (Margulies et al., 2005;
Shendure et al., 2005).

The ABI SOLiD platform of Life Technologies uses a
polony method for clonal amplification, whereby PCR is per-
formed in situ in a polyacrylamide gel, and a ligation-based
method for sequencing (Mitra and Church, 1999). The diffu-
sion of DNA is restricted in the polyacrylamide gel, and
therefore each single molecule in the reaction produces a
distinct colony of DNA (polony) (Mitra et al., 2003). Escheri-
chia coli was the first fully sequenced genome using the
polony method (Shendure et al., 2005).

The Illumina (Solexa) Genome Analyzer IIx (GAllx)
sequencing platform is claimed to be the most widely pub-
lished and adopted NGS system but has been superseded by
the Illumina HiSeq sequencers that offer higher and more
rapid output. Although the costs of the Illumina instruments
are higher than the Roche 454 or SOLiD instruments, the cost
of sequencing per base is considerably lower than with the
Roche 454 platform. The [llumina platforms employ an in situ
fluorescence method, in which reversible terminator dye
technology is used for sequencing. Clonal amplifications of
DNA on a surface form DNA clusters. Four different reversible
terminator bases are added and non-incorporated dyes are
removed by washing. The fluorescently labelled nucleotide is
imaged and then the dye and the 3’ terminal blocker are
chemically removed from the DNA enabling the process to
continue in a cyclical manner. The MiSeq sequencer from
[Mlumina is a benchtop sequencer that is used in small labs
and is in clinical use.

The ion semiconductor sequencing platform Ion Torrent
from Life Technologies uses standard sequence chemistry and
novel semiconductor detection system. Each semiconductor
chip contains millions of wells in which template DNA is
immersed with one of the four DNA nucleotides. During
polymerization of DNA, hydrogen ions are released when a
nucleotide is incorporated, which is detected by an ion
Sensor.

Exome sequencing

The coding gene regions, the ‘exome’, comprise approxi-
mately 1.6% of the human genome. To focus analysis to these



regions and to reduce complexity, exome sequence capture
methodology was developed: instead of setting up thousands
of PCR reactions to specific genes and their exonic regions,
parallel enrichment of target regions could be managed in a
single experiment (Gnirke et al., 2009). The group of Shen-
dure demonstrated in a proof-of-principle study the success-
ful identification of the genetic basis of a Mendelian disorder
by exome sequencing; targeted capture and sequencing of 12
human exomes, including four unrelated individuals with
the dominantly inherited disorder Freeman-Sheldon Syn-
drome and eight HapMap control individuals, resulted in
identification of mutations in the gene MYH3 as the cause of
the patients’ disorder (Ng et al., 2009). Every individual has a
vast number of non-synonymous single nucleotide variants
(SNVs), but by filtering out common single-nucleotide poly-
morphisms (SNPs) recorded in the database dbSNP and those
found in the eight HapMap controls, the authors were able to
reduce the possible number of candidates to one single gene,
MYH3. This study demonstrated how exome sequencing
could successfully identify pathogenic mutations in a small
number of affected, unrelated individuals without the need
for large pedigrees. In principle, this study indicated that it is
possible to identify a disease-causing mutation from the
exome of a single patient, which was revolutionary for the
field of genetic diagnosis. Reports of studies using exome
sequencing for the genetic diagnosis of inherited disorders of
unsolved cases soon followed (Choi efal., 2009; Ng etal.,
2010)

History of molecular diagnosis of
mitochondrial disorders

The first reports of mtDNA mutations causing mitochondrial
disease were published in 1988 (Holt et al., 1988; Wallace
et al., 1988), which was more than a quarter of a century after
the first report of biochemically characterized mitochondrial
disease by the Swedish physician Rolf Luft (Luft et al., 1962).
The discovery of mtDNA mutations in disease was indeed
seminal, demonstrating that the increased incidence of
maternal inheritance in mitochondrial disorders could be
explained by defects in the exclusively maternally inherited
mtDNA. Subsequently, more than 300 pathogenic mutations
in mtDNA have been reported (Schon et al., 2012). However,
mutations in mtDNA could not explain all the heredity of
mitochondrial disorders and, in 1995, the first report of a
nuclear gene mutation (in SDHA) causing RC deficiency in
humans was published (Bourgeron ef al., 1995). Fifteen years
later, the number of nuclear gene loci underlying mitochon-
drial disorders had exceeded 100 genes (Tucker et al., 2010).
Nuclear genes are now estimated to cause three-quarters of
paediatric and one-third of adult mitochondrial disease
(DiMauro and Schon, 2003). Expedited mutation identifica-
tion and novel disease gene discovery is now being facilitated
by NGS technology. These developments provide to an
increasing number of mitochondrial patients, an exact
molecular diagnosis, as well as means for genetic counselling
and prenatal diagnosis for them and their relatives. Increased
knowledge of molecular background of disease also provides
tools to understand evolutionary history of different mito-
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chondrial disorders, and facilitates collection of homogenous
patient groups for treatment trials.

NGS of mitochondrial disorders

The NGS approaches for genetic diagnosis of mitochondrial
disorders apply either a whole exome or some form of tar-
geted approach of candidate genes [although in principle
whole-exome sequencing (WES) is also targeted sequencing].
In the majority of published reports using NGS for mitochon-
drial disorders, a WES strategy has been described, and occa-
sionally is used in combination with more traditional disease
loci mapping techniques such as homozygosity mapping
(Galmiche et al., 2011). Even though the cost of sequencing
continues to decrease, the application of whole-genome
sequencing (WGS) for mitochondrial disorders has not yet
been meaningfully explored. WGS studies have proven useful
in detection of copy number variants, which can underlie
Mendelian disorders (Gonzaga-Jauregui et al., 2012) and, in
principle, can identify intronic mutations. Although in the
future WGS may replace WES, the fact that the majority of
pathogenic mutations are found in coding regions, as well as
the substantial extra cost and bioinformatic challenges faced
with handling the larger WGS data, a targeted strategy is
considered most useful.

WES

A whole-exome approach aims to capture all the coding vari-
ants in a genome. An important consideration, when search-
ing for a gene for a mitochondrial disorder, has been that
the commercial whole-exome capture kits available do not
contain baits that target the mitochondrial genome.
However, off-target capture of the mitochondrial genome is
obtained with whole-exome capture kits and results in com-
plete coverage of mtDNA, most likely because of the high
copy number of mtDNA (Picardi and Pesole, 2012). A bioin-
formatics tool, MitoSeek, has been developed to study
off-target mitochondrial reads (Guo etal., 2013), and an
improved method for WES of mitochondrial disorders was
reported, whereby WES was performed, but with optimiza-
tion of capture of both mtDNA and the nuclear genes encod-
ing mitochondrial proteins (Falk et al., 2012). Furthermore,
nuclear copies of mtDNA pseudogenes that are captured are
too low in abundance to affect the calling of mtDNA variants,
except for low-level heteroplasmic variants (Li et al., 2012).
However, NGS protocols for dedicated mtDNA sequencing
have also been described (Cui et al., 2013; Parson et al., 2013).
In our own experience, we were able to identify previously
undetected mitochondrial mutations associated with mito-
chondrial syndromes in three patients by WES (Carroll,
unpublished data), despite the fact that mtDNA had been
considered excluded. The bioinformatic pipeline for nuclear
variants considers a ratio of a base call of less than 0.2 a
sequence error, and therefore is likely not optimal to detect
all heteroplasmic variants with a low mutation load.
However, when a mtDNA variant accounted for more than
20% of the population of mtDNA molecules, it could be
detected using the same bioinformatics pipeline for variant
calling of nuclear variants. The high number of sequence
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reads for each variant also allowed accurate determination of
the level of heteroplasmy, which was consistent to the het-
eroplasmy level determined with an independent quantita-
tive primer-extension method, solid-phase minisequencing
(CJ. Carroll, unpublished data) (Suomalainen and Syvanen,
2000).

When using a whole-exome approach, variant data can be
further filtered using custom filters that select for variants in
only the genes of interest, thereby making the list of candi-
date genes much shorter. We have found this approach useful
when analysing whole-exome data for mitochondrial disor-
ders. By applying a filter that selects only variants in genes in
known mitochondrial proteins, the number of candidates is
reduced drastically, often resulting in there being just one
remaining candidate. In several cases, we have demonstrated
this candidate to be the cause of the disorder (Gotz et al.,
2011; Elo et al., 2012; Carroll et al., 2013) (Figure 1).

Targeted exome Sequencing

WES has proved extremely powerful in uncovering patho-
genic mutations, when the sequence coverage of the gene in
question is sufficient. However, the downside of WES is that
the capture of target sequences is not uniform across the
genome. Therefore, a part of entire coding regions of genes
may remain unsequenced. Furthermore, changes that occur
in regulatory or intronic regions may also remain uncovered,
and insertion-deletion mutations are still challenging to find
because of short sequence fragments generated by the avail-
able methods. Exome coverage can be improved by increas-
ing the quantity of sequence reads through resequencing of
sequence libraries, but some regions still remain poorly cap-
tured with the baits used in the commercially available Kkits.
By customizing the target capture and reducing the size of the
targeted region, better sequence coverage can be achieved. As
for other disease groups, targeting only known mitochondrial
disease genes for sequencing of mitochondrial disorders is an
endeavour pursued by commercial entities, wishing to sell
diagnostic sequencing products for use in the clinic. These
products provide complete coverage of known mitochondrial
disease genes, generating variant data for which limited bio-
logical interpretation is required. This is a favoured method
for diagnostic use, as research-based validation will be
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required to demonstrate pathogenicity of novel disease genes.
With this limited screening approach, only mutations in
genes previously described as disease causing will be cap-
tured. However, within the set of genes, one can either find
the diagnosis for the patient, or exclude with high confidence
the chosen set of genes. Even for the known disease genes,
validation of NGS technologies is required for their use as a
clinical test. In this regard, an assessment of NGS methods for
clinical testing with respect to mitochondrial disorders found
the analytical sensitivity and precision of NGS methods to be
acceptable (Vasta ef al., 2012).

Target sequencing can also go beyond sequencing merely
the known disease genes, to include other genes of potential
importance. In this regard, the group of Vamsi Mootha has
produced a compendium of known mitochondrial proteins
named MitoCarta (Pagliarini ef al., 2008). This resource has
been very useful in identification of genes that may be
involved in mitochondrial disorders (Pagliarini et al., 2008).
MitoCarta contains more than 1000 proteins involved in
mitochondrial functions and is considered, in the field, to be
the most comprehensive inventory of mitochondrial pro-
teins. It was generated through identification of mitochon-
drial proteins in a proteomic screen of mitochondrial
fractions isolated from mouse tissues. Additional evidence
came from bioinformatic prediction of mitochondrial pro-
teins, GFP tagging of candidate proteins and determination
of mitochondrial localization, and knowledge from literature
documenting evidence of mitochondrial function of proteins
- in part — through genetic mutations causing mitochondrial
disorders. Typical estimates of the mitochondrial proteome
range between 1000 and 1500 proteins and thus MitoCarta,
while not complete, is an excellent tool for designing a tar-
geted strategy for NGS of mitochondrial disorders, or for use
to filter whole-exome data. The rationale here is that only
mutations in mitochondrial proteins can underlie a mito-
chondrial disorder. This rationale is not, however, completely
true because many proteins that are not located within the
organelle can modify its function and contribute to disease
(Bourdon et al., 2007). The groups of Mootha and Thorburn
applied this approach and designed capture baits for Mito-
Carta genes, including the 37 genes of the mitochondrial
genome, for sequencing of the ‘MitoExome’ of a cohort of



infantile mitochondrial disorders (Calvo et al., 2012). They
subsequently performed an additional study where the ‘Mito-
Exome’ target was expanded to capture additional genes,
which cause neurological and metabolic disorders with phe-
notypic overlap with mitochondrial disorders (Lieber ef al.,
2013).

Exome sequencing capture kits

The coverage of an exome capture approach is determined by
the commercial producer of the capture kit, that is, what
sequences the company considered exonic and chose to be
captured. Commercial solution-based whole-exome capture
kits are available from Agilent (SureSelect) and Roche (Nim-
bleGen) and an unbiased comparison of them has previously
been reported (Sulonen et al., 2011). NimbleGen capture uses
DNA probes whereas RNA baits are used in Agilent’s capture
technology. More than 50 Mb of sequence can be captured,
with several million probes used to capture approximately
20 000 genes. Probes are designed against the target regions
in the genome. A shotgun sequencing library is made from
genomic DNA and is hybridized to the probes. Streptavidin
coated beads are used to pull down the complex of biotin-
labelled probes and genomic DNA fragments. The unbound
fragments are removed by washing and each enriched frag-
ment pool is amplified by PCR to produce a sequencing
library enriched for target regions, ready for high-throughput
sequencing. The sequencing library is prepared and ligated
with adapters that are compatible with the chosen sequenc-
ing platform. For targeted sequence capture, custom-made
designs for genes of interest can be done with SureSelect
or Illumina TruSeq capture methods. Haloplex is a capture
method for custom-targeted sequencing also offered by
Agilent, which requires less time in the target enrichment
protocol.

Bioinformatic data processing

The massive amounts of sequence data are processed with a
bioinformatic pipeline for quality control, short-read align-
ment, variant identification and annotation. This bioinfor-
matics process is referred to as a variant call pipeline (VCP).
Large sequencing centres have developed their own VCP
methods, such as the one developed by the Finnish Institute
for Molecular Medicine (FIMM) (Sulonen et al., 2011), using
existing software and in-house developed algorithms and file
transformation programs. In this VCP, raw data sequence
reads in FASTQ format are filtered for quality followed by
sequence alignment using Burrows-Wheeler Aligner (BWA)
(Li and Durbin, 2009), which is based on Burrows-Wheeler
transform. Duplicate reads are removed from the data and
variant calling is performed with SAMtools’ pileup (Li et al.,
2009) with an in-house developed algorithm using allele
qualities for SNV calling and with read end anomaly calling.
Small insertions and deletions(indels) are identified with
Pindel (Ye etal., 2009). Visualization of anomalously
mapping paired-end reads is done with Circos (Krzywinski
et al., 2009) and de novo alignment of un-aligned reads with
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Velvet (Zerbino and Birney, 2008). An alternative, widely
used bioformatic tool for SNV calling is the Genome Analysis
Toolkit (GATK) (DePristo etal.,, 2011), which has been
developed building on the establishment of the sequence
alignment/map (SAM) format as a sequencing platform-
independent standard for representation of NGS data. GATK
provides a data analysis framework founded on the MapRe-
duce programming architecture (McKenna et al., 2010).
MapReduce makes an explicit separation between the com-
putational infrastructure required for managing and access-
ing NGS data sets and the analytical tools that use the data.
This two-part architecture allows the analytical tools to be
logically independent from the underlying data management
infrastructure in charge of optimizing data processing.

One of the analytical tools in GATK is variant calling
implemented via Bayesian inference. A posterior probability
for each genotype is calculated by updating an assigned prior
probability in light of the data, where the prior reflects expec-
tations of zygosity for the genotype (homozygous reference,
heterozygous, non-reference homozygous) and the data
consist of the observed alleles at the locus in the sequence
reads. It is known that novel variant calls produced by naive
Bayesian genotypers such as this contain a large proportion of
false positives (McKenna et al., 2010; DePristo et al., 2011).
Additional analytical methods, including statistical inference
methods tailored for particular study designs and for correc-
tion of systemic artefacts and biases of particular sequencing
platforms, can be applied to improve genotyping accuracy.
GATK itself provides methods and associated tools that have
been shown to achieve this, among them variant quality
score recalibration, which identifies false positives by dissimi-
larity to known variants, and local realignment around
indels. The tools rank the called variants by their probability
of being true variants. Specific studies can use this informa-
tion to select variant calls according to adequate levels of
sensitivity and specificity. Primary mitochondrial disorders
are caused by rare, large-effect mutations. Therefore, high
sensitivity is applicable and variant calls selected on the basis
of true variation probability will include a large proportion of
false positives.

Variant prioritization

Variants causing Mendelian disorders are expected to be rare,
and therefore common population variants can be filtered
out. Data of SNVs are recorded in several freely available
databases. One such database is dbSNP (Sherry et al., 2001).
Allele frequencies reported in this database, when available,
have not necessarily been estimated on the basis of a global
population sample. Many variants detected through narrow-
scope assays with small population samples, or even a single
individual, are included in dbSNP, and it includes also patho-
genic variants. The 1000 Genomes database, on the other
hand, provides variant allele frequencies estimated from
global population samples. The 1092 genomes from 14 popu-
lations of African, American, East Asian and European ances-
try integrated in phase I of the project have rapidly become
the most prominent baseline data set of human genetic vari-
ation (Abecasis et al., 2012). Frequency thresholds for SNVs
are typically set at 1%, as variants found in higher frequencies
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are unlikely to be pathogenic (Kruglyak and Nickerson,
2001). However, globally rare variants may be more common
in genetic isolates, and thus frequencies should be considered
carefully when investigating patients from such populations
(Salmela et al., 2008). Moreover, some pathogenic mutations
may have high carrier frequencies within isolated popula-
tions because of founder effect (Turnpenny and Ellard, 2011).
In this regard, the benefit of having variant data on local
populations to assess the likely pathogenicity of variants
cannot be overemphasized, and using exome data from other
sequenced patients and healthy controls of the same popu-
lation is important. Large-scale sequencing projects have
been in the process of integrating sequence data from large
population cohorts, and aim to make their data publicly
available, improving dramatically the interpretation of
variant data (Palotie et al., 2013).

Several databases of known pathogenic mutations are
publically available to aid in interpretation of variant data.
The Human Gene Mutation Database (http://www.hgmd
.org/) and Online Mendelian Inheritance in Man (http://
www.ncbi.nlm.nih.gov/omim/) collate published pathogenic
mutations and their associated phenotypes. Many variants
published in the literature have wrongly been assigned as
pathogenic mutations. Consequently, a large number of poly-
morphic variants annotated as mutations can be found in the
mutation databases. A recent study highlights the extent of
this problem, which found that 27% of mutations cited in the
literature were in fact polymorphisms or misannotated (Bell
etal.,, 2011). More recently, ClinVar (http://www.ncbi.nlm
.nih.gov/clinvar/) has been developed for the collection
of structural and sequence variation into a unified clinical
genomics database.

For mtDNA variants, MITOMAP (http://www.mitomap
.org) and mtDB (http://www.mtdb.igp.uu.se/) are databases
cataloguing pathogenic and neutral mtDNA variants. Com-
parison with phylogenetic data can help in interpretation of
mtDNA variants and serve as a quality control for mtDNA
sequencing studies and interpretation of variants (Bandelt
et al., 2005). An up-do-date worldwide mtDNA haplogroup
tree is provided by PhyloTree.org (van Oven and Kayser, 2009).

Prediction of whether a variant is likely deleterious to
protein function is typically done with one or more of the
numerous and freely available web-based bioinformatic tools.
The central premise for most of the prediction tools is that
of evolutionary conservation or sequence homology: pro-
tein conservation across species correlates with conserved
protein function. A high degree of similarity between protein
sequences from different organisms may indicate a common
evolutionary ancestor and a shared protein that persisted for
having a function, likely to be disrupted should a mutation
occur in its encoding gene. Protein damage prediction tools
founded on the evolutionary conservation premise have
better applicability in the identification of variants associated
with monogenic diseases, such as primary mitochondrial dis-
orders, than with common complex diseases. This is because
the evolutionary conservation patterns of variants known to
be linked to complex diseases appear to be indistinguishable
from the patterns of polymorphisms occurring in the general
population (Kumar et al., 2011).

The most commonly used tools are Sorting Tolerant from
Intolerant (SIFT) (Ng and Henikoff, 2003; Kumar et al., 2009)
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and PolyPhen-2 (Adzhubei et al., 2010). Batch entry of thou-
sands of variants using SIFT or PolyPhen-2 allows all of the
polymorphism-filtered patient variant data to be tested at one
time, and the results of predictions are quickly available. The
tools give probabilistic estimates of the propensity of indi-
vidual amino acid changes to damage protein function on
the basis of protein conservation information obtained from
aligning the protein sequence in organisms from different
species. In addition to that, Polyphen-2 harnesses known
biochemical properties of proteins (e.g. CpG context of tran-
sition mutations, change in the amino acid volume given the
mutation, accessible surface area and B-factor of the wild-type
amino acid) to generate the predictions in a Bayesian fashion.
As the tools differ in their total composition of predictive
features and in their inference algorithms, so may their
predictions.

New bioinformatics tools are being quickly generated, to
such an extent that it can be difficult to keep pace. Neverthe-
less, widely used tools for predicting the effect of variants on
protein function fare similarly on prediction accuracy. Meta-
tools, such as Condel (Gonzalez-Perez and Lopez-Bigas, 2011)
and logit (Li etal.,, 2013), appear to achieve better perfor-
mance by combining prediction scores from multiple tools.
The use of tools for the prediction of the effect of indels has
been less widely publicized, but tools are available for pre-
dicting the effect of frameshifting and in-frame indels (Choi
etal., 2012; Hu and Ng, 2012). Furthermore, tools such as
CoNIFER (Krumm et al., 2012) and XHMM (Fromer et al.,
2012) have been developed to determine copy number vari-
ations from exome data by leveraging read depth informa-
tion. The available SNV databases and functional prediction
tools have recently been reviewed (Wu and Jiang, 2013).

Applying additional filters using different tools enables
further selection of variants. For mitochondrial or other
groups of diseases, a filter that selects only variants in those
genes known to be associated with the disease group is an
excellent method for prioritizing variants. In the case of
diseases for which the proteome can be defined (e.g. mito-
chondrial proteome or sarcomeric proteome for cardiomyo-
pathies), the set of prioritized genes can be widened to
include all genes that encode proteins to be expressed in the
organelle of interest or that are associated with a cellular
function that can be linked to the disease. In this regard, the
MitoCarta compendium of mitochondrial proteins (Pagliarini
et al., 2008) is extremely useful for filtering variants for mito-
chondrial disorders. For variants in proteins not found in
MitoCarta, one can use one of the many tools available to
predict if a protein is likely to be localized to the mitochon-
dria. Tools such as TargetP (Emanuelsson et al., 2000), Mito-
prot (Claros and Vincens, 1996), iPSORT (Bannai et al., 2002)
and Predotar (Small et al., 2004) evaluate targeting signal,
hydrophobicity, cleavage site and conservation to predict
mitochondrial localization. The predictions with the differ-
ent tools can be variable and therefore it is suggested to use
several of them to gain as confident a prediction as possible.

Variant validation

Validation of NGS findings is essential for providing reliable
diagnosis. Sanger sequencing is a common practice to verify
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variants identified from NGS experiments, since sequencing
errors in NGS do occur. Sequencing of population-matched
controls has been routine to calculate carrier frequencies.
However, these are now less necessary because of the large
sets of sequencing data produced from exome data from
global and local populations.

A specific variant in Mendelian disorders is considered
likely to be pathogenic if it fulfils most of the following
criteria: (i) it segregates with the disorder in affected families,
or the variant is shared among unrelated individuals having
a similar disease phenotype; (ii) the variant amino acid is
conserved in species; (iii) molecular modelling is predicting
functional consequences; and (iv) functional studies indicate
a defect, which can be complemented by expression of the
wild-type protein in the patient cell line. Functional studies
are especially important when reporting novel disease genes
and genes encoding proteins of unknown function, and
when studying the pathogenic role of an SNV in a single-
affected individual. Protein modelling is informative for pre-
dicting the outcome of suspected mutations and can help
direct functional studies. For example, we reported a muta-
tion in the large mitochondrial ribosomal subunit protein
MRPL44 in one Finnish family (Carroll etal., 2013), and
used protein modelling to predict that the mutation of a
hydrophobic residue, likely required for stability of the
protein, would cause degradation of the protein (Carroll
et al., 2013). Analysis of protein levels by Western blot of the
patient tissues indeed showed this was the case, leading to
disassembly of the whole mitochondrial ribosomal large
subunit (Carroll ef al., 2013). However, the final strong indi-
cation for pathogenicity was obtained when the functional
defects in patient fibroblasts were complemented by
retroviral-mediated expression of wild-type MRPL44 cDNA
(Carroll etal., 2013). However, complementation experi-
ments are often not possible because the defect does not
always manifest itself in patient fibroblasts and therefore
alternative functional studies are required. For example, in
vitro assays for recombinant enzymes can be used to test the
effect of patient mutations on their catalytic activity (Elo
et al., 2012). Alternatively, human cDNA carrying the iden-
tified SNV can be tested in complementation of yeast
mutants — this is especially useful for mitochondrial pro-
teins, as they are often highly conserved even between
humans and yeast, and the growth of the yeast carrying a
severe mitochondrial defect can be tested in conditions
requiring or not requiring RC function (Kaukonen efal.,
2000). The challenge for a diagnostic laboratory is that every
gene requires specific functional test set-up, and therefore
such experimentation is only likely to be done by research
laboratories. The exponential accumulation of knowledge
of disease-associated genes and nucleotide variants will,
however, enhance identification of true mutations and
reduce the need of functional testing.

Clinical application of NGS for
mitochondrial disorders

Several studies have attempted to make an evaluation of how
successful NGS methods are for molecular diagnosis of mito-
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chondrial disorders based on studies of cohorts of around
50-100 patients. Using the targeted ‘MitoExome’ approach
for 42 infantile mitochondrial patients with biochemically
proven OXPHOS deficiency, a confident diagnosis was made
in 24% of patients (Calvo et al., 2012). This figure was deter-
mined only for the known disease loci, and prioritized variant
candidates in genes previously not linked to mitochondrial
disease were determined in a further 31% of patients. Despite
the fact that all patients had biochemically proven OXPHOS
deficiency, still almost half of patients remained without a
diagnosis or a prioritized candidate. Several reasons have
been offered to explain the deficit including possible under-
detection of indels (as there is unknown sensitivity for indel
detection), uncovered targets in MitoExome, intronic or regu-
latory regions, and filtering out of pathogenic heterozygous
variants that may be de novo dominant acting or those with
incomplete penetrance and acting in combination (Calvo
et al., 2012). However, the significant number of undiagnosed
cases might indicate a very wide spectrum of genetic
disorders in patients suspected of a mitochondrial disorder.
Therefore, even with NGS methods, making a clinical and
molecular diagnosis can be challenging.

In a follow-up study by the Mootha group, targeted
sequencing was performed in a cohort of 102 patients that
was broad in age range and phenotypic severity — from lethal
infantile to mild adult-onset disease. Patients were selected
based on review of clinical and biochemical findings, but
a confirmed biochemical defect was not confirmed in all
patients, unlike in their earlier ‘MitoExome’ study of 42
infantile mitochondrial patients. An interesting modification
in the targeted sequencing strategy of this study was to
expand the ‘MitoExome’ to include 213 genes underlying
monogenic disorders of neurological and metabolic aetiology
with phenotypic similarity to mitochondrial disorders. As
controls, the authors included 18 patients with prior molecu-
lar diagnosis and were able to identify the mutation in 17 of
them, demonstrating that the methodology is sensitive, but
some false negatives are to be expected. The authors found
five new molecular diagnoses in patients with mutations
in established disease genes. Three of the new molecular
diagnoses were mutations in genes causing monogenic
disorders in the differential diagnosis, discovered as a direct
result of expanding the MitoExome to include the additional
213 genes causing non-mitochondrial neurological and
metabolic disorders. These were dihydropyrimidine dehydro-
genase deficiency (DYPD), Wolfram syndrome (WFS1) and
a Charcot-Marie-Tooth-like axonal neuropathy (KARS). The
two other molecular diagnoses were made for patients with
mutations in POLG2 and NDUFV1. The authors were able to
prioritize 17 further candidates, not previously linked with
disease, but further studies are required to demonstrate
pathogenicity. Pathogenicity was demonstrated for one of the
variants and thus ATP5A1 was shown to be a novel disease
gene for microcephaly and cardiomyopathy.

The number of successful molecular diagnoses is critically
dependent on accuracy of the clinical diagnosis and bio-
chemical characterization. Whereas all 42 infantile cases of
the first MitoExome study (Calvo et al., 2012) were all bio-
chemically proven to have OXPHOS deficiency, their second
study (Lieber et al., 2013) was less selective, including those
with biochemically validated OXPHOS deficiency and those
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with only a suspicion of a mitochondrial disorder. In order to
help define how likely a patient is to be suffering from a
mitochondrial disorder, some groups have proposed diagnos-
tic criteria (Bernier or Morava) that typically define patients
as having a ‘definite’, ‘probable’ or ‘possible’ mitochondrial
disorder depending on the clinical and biochemical findings
(Bernier et al., 2002; Morava et al., 2006). In the second study
from the Mootha group, less than a third of patients were
considered to be ‘definite’ mitochondrial disorders compared
with all patients in the first study. We have also found that
success of molecular diagnosis depends significantly on the
use of these diagnostic criteria, with molecular diagnosis of
a mitochondrial disease most often made for the ‘definite’
group.

Compared with traditional diagnostic testing approaches,
the recent evaluations of NGS-based diagnosis for mitochon-
drial disorders have shown that an NGS approach is more
likely to provide a diagnosis. Moreover, it is quicker and
cheaper as the amount of genetic information that can be
obtained in a single test previously required several different
tests to be made. A retrospective review of molecular genetic
testing for mitochondrial disorders based on pre-NGS
methods was made for patients tested at the Mitochondrial-
Genetics Diagnostic Clinic at The Children’s Hospital of
Philadelphia during years 2008-2011 (McCormick et al.,
2013). The genetic diagnostic testing options available
included sequencing and deletion analysis of an increasing
number of nuclear genes linked to mitochondrial disease,
genome-wide microarray analysis for chromosomal copy
number abnormalities, and mtDNA whole genome sequence
analysis. A total of 152 patients between 6 weeks and 81 years
old with suspected mitochondrial disease were evaluated and
a genetic diagnosis for mitochondrial disease was confirmed
in 16.4% of patients.

Due to the incomplete sequence coverage of WES, it is not
yet optimal for use in a routine diagnostic laboratory. Tar-
geted sequencing of a subset of genes, known to be mutated
in a particular disease, is currently the best NGS approach for
diagnostic use. In this regard, targeted sequencing for inher-
ited cardiomyopathies found nearly 100% reproducibility of
NGS methods and was equal in quality to Sanger sequencing,
thereby demonstrating that targeted NGS can replace Sanger
sequencing (Sikkema-Raddatz et al., 2013). Moreover, com-
mercial enterprises offering diagnostic sequencing services
using targeted NGS panels for specific disease groups have
emerged. Clinicians can order a diagnostic test, in which all
known genes associated with a disorder will be sequenced. In
the event that no diagnosis can be made with a targeted NGS
panel, candidate gene sequencing can then be applied when
new disease genes are reported or, alternatively, proceed to
whole-exome studies.

Novel mitochondrial disease gene
discovery in research-based
NGS studies

The first applications of exome sequencing for mitochondrial
disorders demonstrated how pathogenic mutations can be
identified with exome sequencing of a single patient (Haack
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et al., 2010; Gotz et al., 2011). Since then, several new nuclear
gene loci linked to mitochondrial disease with OXPHOS
defects (Table 1A), and non-OXPHOS mitochondrial diseases
(Table 1B) have been discovered with NGS methods. Many of
the newly discovered mitochondrial disease genes encode
proteins with known or putative function, and the discovery
of disease-causing mutations in those genes demonstrates the
importance of the proteins they encode for normal cellular
and physiological function. In addition to newly discovered
gene loci, many studies have identified novel phenotypes
associated to genes previously linked to mitochondrial
disease (Table 2A and B). However, establishment of novel
phenotypes to known genes requires careful validation of the
findings.

A significant number of the new disease genes encode
proteins involved in mitochondrial protein synthesis and
mutations in them are the cause of translation deficiencies.
These disorders appear — perhaps surprisingly — to cause
strictly tissue-specific phenotypes, often with no apparent
phenotype in, for example, fibroblasts. Therefore, this class of
disorders has remained severely underdiagnosed. Mitochon-
drial translation of the 13 protein encoding genes of mtDNA
takes place on dedicated mitochondrial ribosomes. The
mtDNA contains all of the tRNA and rRNA components
necessary for mitochondrial translation, while the nuclear
genome encodes all of the ribosomal proteins involved.
Translation deficiencies may be caused by mutations in any
of these components, and nuclear mutations in genes encod-
ing in mitochondrial ribosomal subunits, tRNA synthetases,
tRNA modifying enzymes, elongation and termination
factors, and translational activators have been reported and
have been reviewed elsewhere (Rotig, 2011).

A significant proportion of the mitochondrial proteome is
involved in mitochondrial translation. The large mitochon-
drial subunit comprises 48 nuclear-encoded proteins, and
until recently no disease-causing mutations had been
reported in any of them. However, exome sequencing led
to the identification of mutations in the genes MRPL3
(Galmiche et al., 2011) and MRPL44 (Carroll et al., 2013) as
the cause of RC deficiency and mitochondrial cardiomyopa-
thy. Recently, mutations were also reported in MRPLI12 by
microsatellite genotyping using an automated form of Sanger
sequencing (Serre et al., 2013).

Mitochondrial tRNA synthetases represent another class
of mitochondrial translation proteins of which several new
mitochondrial disease genes have been found with NGS
methods: AARS2 (Gotz etal., 2011), HARS2 (Pierce et al.,
2011), EARS2 (Steenweg etal., 2012), FARS2 (Shamseldin
etal., 2012) and LARS2 (Pierce et al., 2013). An account of all
mitochondrial tRNA synthetases known to be involved in
human disease is provided in a recent review (Konovalova
and Tyynismaa, 2013). The phenotypic heterogeneity
observed in mitochondrial disorders is no better exemplified
than by that seen in patients with mutations in mitochon-
drial tRNA synthetases. Exome sequencing has also uncov-
ered mutations in genes encoding proteins with other
functions in mitochondrial translation, such as the mito-
chondrial methionyl-tRNA formyltransferase MTFMT (Tucker
etal., 2011), the tRNA modifying enzyme MTO1 (Ghezzi
etal.,, 2012), and the RNA import and processing factor
PNPASE (Vedrenne et al., 2012).
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Table 2

(A) Novel mutations or novel phenotypes in known mitochondrial disease genes affecting oxidative phosphorylation identified using NGS
methods. (B) Novel mutations or novel phenotypes in known mitochondrial disease genes not affecting oxidative phosphorylation identified using
NGS methods

Method of capture and

Gene (reference)

A
Mitochondrial translation
FARS2 (Elo et al., 2012)

MTFMT (Neeve et al., 2013)

ACAD9

AIFMT (Berger et al., 2011)

AIFM1 (Rinaldi et al., 2012)

S$CO2 (Sambuughin et al., 2013)

NDUFS8 (Marina et al., 2012)

NUBPL (Kevelam et al., 2013)
mtDNA maintenance

RRM2B (Takata et al., 2011)

TK2 (Tyynismaa et al., 2012)

MPV17 (Garone et al., 2012)

SUCLA2 (Lamperti et al., 2012)
CT0ORF2 (Prasad et al., 2013)

Mitochondrial lipid metabolism
AGK (Siriwardena et al., 2013)

Mitochondrial protein homeostasis
AFG3L2 (Pierson et al., 2011)

Iron-sulphur cluster metabolism
BOLA3 (Haack et al., 2013)

B
Fatty acid metabolism
GCDH (Marti-Masso et al., 2012)
ER homeostasis
WEST (Lieber et al., 2012)
Iron metabolism
C190rf12 (Horvath et al., 2012)

GARS (Lee et al., 2012)

Protein function

Aminoacyl tRNA synthetase

C12orf65 (Shimazaki et al., 2012) Peptide release factor

Mitochondrial methionyl-tRNA
formyltransferase

OXPHOS complex subunit or assembly factor

Complex | assembly factor

NADH oxidase
NADH oxidase
Chaperone
Complex | subunit

Nucleotide binding protein
Ribonucleotide reductase

Thymidine kinase

Mitochondrial inner membrane
protein

Succinate-CoA ligase
mtDNA helicase

Acylglycerol kinase

Protease

BolA-like protein

Glutaryl-CoA dehydrogenase

ER protein

Mitochondrial protein of unknown
function

Cytoplasmic and mitochondrial translation

Aminoacyl tRNA-synthetase

sequencing platform

WES-NimbleGen lllumina
WES-SureSelct Illumina

Targeted -TruSeq lllumina

WES-SureSelect SOLID

WES-SureSelct lllumina
WES-SureSelect Illumina
WES-SureSelect lllumina
WES-SureSelct lllumina
WES-NimbleGen lllumina
WES-SureSelct lllumina
WES-NimbleGen lllumina

Mitoexome lllumina

WES-NimbleGen lllumina

Targeted -TruSeq lllumina

WES-SureSelect SOLID

WES-SureSelct lllumina

WES-SureSelct lllumina

WES-SureSelct lllumina

MitoExome (lllumina)

WES-SureSelct lllumina

WES-NimbleGen lllumina

Phenotype

Alpers

Spastic paraplegia with optic
atrophy and neuropathy

Mild Leigh syndrome

Hypertrophic cardiomyopathy,
encephalomyopathy

Prenatal ventriculomegaly
Cowchock syndrome

Fatal infantile hyperthermia
PEO plus Leigh syndrome
Unclassified MRI pattern

arPEO
arPEO

Adult-onset multisystemic disorder
with multiple mtDNA deletions

Encephalomyopathy

Multisystemic failure with renal
tubulopathy

Sengers syndrome with citrate
synthase crystals

Spastic ataxia-neuropathy syndrome

Fatal infantile

encephalocardiomyopathy

Dystonia

Wolfram syndrome

Brain iron accumulation with
dystonia, optic atrophy and
peripheral neuropathy

Distal hereditary motor neuropathy
type V
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Mutations in POP1, a component of RNase mitochondrial
RNA processing complex, cause skeletal dysplasia (a rare form
of dwarfism) (Glazov et al., 2011). Skeletal dysplasia had pre-
viously been reported to be caused by mutations in RNA
component of mitochondrial RNA processing endoribonucle-
ase (RMRP) (Lygerou et al., 1994). RMRP is also a component
of RNase mitochondrial RNA processing complex and POP1
was shown to directly interact with RMRP but the precise
effect of POP1 mutations on mitochondrial function is
unclear (Glazov et al., 2011).

When devising an NGS-sequencing strategy it is impor-
tant to be aware that mutations in non-mitochondrial pro-
teins can also cause mitochondrial defects. One good
example is proteins involved in metabolism of the vitamin
thiamine. Transporters in the plasma membrane take up thia-
mine, which is converted in the cytoplasm to thiamine
pyrophosphate by the enzyme thiamine pyrophosphokinase
(TPK). Thiamine pyrophosphate is then imported into mito-
chondria where it acts as an essential cofactor for the
pyruvate dehydrogenase complex. Mutations in the gene-
encoding TPK1 result in symptoms similar to that of pyruvate
dehydrogenase deficiency, which typically present as
Leigh syndrome (Mayr ef al., 2011). Exome sequencing also
identified mutations in the plasma membrane thiamine
transporter SLC19A3 as a cause of Leigh syndrome (Gerards
et al., 2013).

Unexpected secondary effects on the RC due to mutations
in non-mitochondrial proteins can make finding the patho-
genic variants even more difficult. For example, a mutation in
the GM3 synthase gene ST3GALS was reported to be the cause
of refractory epilepsy in two patients with mitochondrial
dysfunction born to consanguineous parents (Fragaki et al.,
2013). The encoded enzyme catalyses the formation of the
glycosphingolipid-containing GM3 ganglioside from lacto-
sylceramide. The metabolic block resulted in accumulation of
alternative glycosphingolipids Gb3 and Gb4 thought to be
the cause of secondary mitochondrial dysfunction in these
patients. The intriguing characteristic of exome analysis is
that sometimes it does not require much prior knowledge of
biochemical roles of the proteins — the mere investigation of
a patient’s DNA may reveal the molecular cause, sometimes
quite unexpectedly, and provides knowledge of basic biologi-
cal mechanisms.

An important class of proteins involved in RC deficiency
are those required for mtDNA maintenance. Defects in these
proteins can lead to secondary mutations in mtDNA and its
depletion. Two new disease loci have been reported by NGS
methodology, in the genes DNA2 (Ronchi et al., 2013) and
MGME]I (Kornblum et al., 2013), for progressive external oph-
thalmoplegia. DNA2 encodes a protein that had previously
been shown to be involved in mtDNA replication and repair
(Zheng etal.,, 2008) but MGME1 was an uncharacterized
gene. MGME]1 encodes a mitochondrial RecB-type exonucle-
ase that binds single-stranded DNA and processes DNA flap
substrates and is essential for mitochondrial genome mainte-
nance. Interestingly, MGME1 was also discovered in a sepa-
rate study that focused on identifying new mitochondrial
maintenance factors (Szczesny etal., 2013). The small
number of new mtDNA maintenance proteins revealed may
reflect the possibility that these proteins are already well
characterized in diseases (Ylikallio and Suomalainen, 2012).
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De novo mutations in mitochondrial disease genes have
not been extensively reported to underlie mitochondrial
disorders. One exception of this is the occurrence of de novo
mutations in the pyruvate dehydrogenase complex gene
PDHA1 (Willemsen et al., 2006). NGS technologies offer the
opportunity to uncover de novo mutations. Whole-genome
studies have shown that an average of 74 germline SNVs
occur de novo in an individual’s genome (Conrad et al., 2011).
This number is similar to estimates made prior to the avail-
ability of WGS (Kondrashov, 2003). Sequencing of patient
and parent trios is the approach used to detect de novo muta-
tions and was used for five suspected mitochondrial disease
patients (Lieber et al., 2013); however, no candidate de novo
mutations were found.

Perspective

At what stage of the diagnostic path of mitochondrial disor-
ders should NGS or the exome be considered? Exome sequenc-
ing as a first-line diagnostic test would in many cases,
especially in children whose disorder often involves coding
sequences, circumvent the need for an invasive muscle biopsy.
When NGS becomes part of routine diagnostic procedures, it
becomes an important tool for specialized clinics. A few aca-
demic centres in Europe and in United States, and an increas-
ing number of commercial enterprises, offer whole-exome
analysis for diagnosis. However, when the data are at hand,
often a list of variants are found and interpretation of variants
even in known disease genes is challenging. In this regard, the
significant number of misannotated variants in the various
mutation databases is complicating interpretation of findings.
Furthermore, there is a need for parental samples and addi-
tional family samples to help determine the clinical signifi-
cance of variants of unknown and possible oligogenic cause.
What kind of exome results should be delivered to the physi-
cian — only known pathogenic ones or a list of prioritized
candidates? Our current practice is that only verified patho-
genic variants are reported. In cases where no certain patho-
genic variants are identified, the exome data can be re-mined
after a period of time when more information of pathogenic
variants has accumulated, or a new NGS approach can be
done, with improved coverage and capture. Therefore, it is
important to note to clinicians that an exome analysis is not
conclusive, but can be repeated and re-analysed.

A number of ethical considerations exist with all NGS
approaches. What should be done with incidental findings
that are not related to the current disease? In our institute, all
NGS studies are currently done with informed consent, and
the patient chooses whether he/she wants to hear such unex-
pected findings that can be treated. A good example for such
a finding would be BRCA2 mutations, causing familial breast
cancer.

The large amounts of digital data generated by NGS
methods (approximately 7 GB for each sequence aligned file
for one exome) represent a major challenge in data storage,
and some institutes have decided not to invest on expensive
storage, but to re-do exome analysis from scratch, if needed.
Safety measures are strict for storage of genetic information
from individuals, but these are technical issues that can
be solved. Technological advances of NGS methods are



constantly reducing the costs of large-scale sequencing and
soon WGS will increasingly be used instead of exome
sequencing. The prices are constantly coming down - cur-
rently costing 3000 USD for one whole genome. WGS circum-
vents the capture problems, as capture will not be needed,
and will enable non-coding mutations to be identified.

International collaboration and networking is required to
optimize identification of molecular causes of rare mitochon-
drial disorders. Such networks should aim at creating a
common resource of genomic data from suspected mitochon-
drial disease patients studied in both research and clinical
settings. Such projects will help advance the genetic diagnosis
for patients with mitochondrial disorders, and hopefully will
be followed by an era of development of effective treatments
for mitochondrial disorders.
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