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Purpose: The utility of genome sequencing (GS) in the diagnosis
of suspected pediatric mitochondrial disease (MD) was investigated.

Methods: An Australian cohort of 40 pediatric patients with
clinical features suggestive of MD were classified using the modified
Nijmegen mitochondrial disease severity scoring into definite (17),
probable (17), and possible (6) MD groups. Trio GS was performed
using DNA extracted from patient and parent blood. Data were
analyzed for single-nucleotide variants, indels, mitochondrial DNA
variants, and structural variants.

Results: A definitive MD gene molecular diagnosis was made in 15
cases and a likely MD molecular diagnosis in a further five cases.
Causative mitochondrial DNA (mtDNA) variants were identified in
four of these cases. Three potential novel MD genes were identified.
In seven cases, causative variants were identified in known disease

INTRODUCTION
Mitochondrial disease (MD) encompasses a clinically and
genetically heterogeneous group of disorders that affect
mitochondrial respiratory chain function. The mitochondrial
respiratory chain consists of five multimeric protein com-
plexes that carry out oxidative phosphorylation to generate
adenosine triphosphate (ATP), which supplies energy for
virtually all tissues." Many of these disorders present during
infancy, and tend to have a more severe and acute
phenotype.! Clinical presentations are highly variable and
usually involve multisystem disease with combinations of the
following features: skeletal muscle myopathy, cardiomyopa-
thy, lactic acidosis, seizures, strokes, intellectual disability,

ataxia, peripheral neuropathy, visual and/or hearing

genes with no previous evidence of causing a primary MD.
Diagnostic rates were higher in patients classified as having
definite MD.

Conclusion: GS efficiently identifies variants in MD genes of both
nuclear and mitochondrial origin. A likely molecular diagnosis was
identified in 67% of cases and a definitive molecular diagnosis
achieved in 55% of cases. This study highlights the value of GS for a
phenotypically and genetically heterogeneous disorder like MD.
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impairment, gastrointestinal disorders, hematological disor-
ders, liver failure, and pancreatic exocrine and endocrine
dysfunction. The majority (75-80%) of pediatric MDs are due
to pathogenic variants in nuclear-encoded genes."” Nuclear
genes implicated encode protein subunits of the mitochon-
drial respiratory chain complexes and their assembly factors,
as well as proteins involved in mitochondrial DNA (mtDNA)
maintenance, mitochondrial protein synthesis, mitochondrial
homeostasis, and metabolism.” Nuclear gene defects com-
monly display autosomal recessive inheritance; however,
autosomal dominant and X-linked modes of inheritance have
also been reported. Pathogenic variants have been identified
in over 300 of the ~1200 nuclear-encoded mitochondrial
genes;”* however, in at least 40% of patients with presumed
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nuclear DNA variants, the genetic cause is not identified.
MtDNA variants are responsible for around 75% of adult and
20-25% of childhood MD cases.” Over 300 pathogenic
mtDNA variants have been identified, including substitutions,
deletions, and duplications.” The variant may not be present
in all of the multiple mtDNA copies per cell, a phenomenon
known as heteroplasmy. Mutant load may vary between
tissues within an individual, contributing to the highly
variable disease phenotype. MtDNA variants are maternally
inherited with unpredictable levels of heteroplasmy, or can
arise spontaneously as de novo variants.

MD is difficult to diagnose and is mostly untreatable.
Diagnosis has typically involved a complex combination of
clinical assessment, blood and cerebrospinal fluid (CSF)
metabolite profiles, brain imaging, tissue histology and
enzymology, and specific nuclear gene and/or mtDNA
sequencing."”® Histology and enzymology testing has been
routine in the diagnostic workup of patients, and for those
patients requiring general anesthesia to collect invasive tissue
biopsies there is a potential risk of perioperative complica-
tions.” This diagnostic method has been costly, invasive, time-
consuming, and in many cases has not provided a molecular
diagnosis, limiting the possibility of genetic counseling and
informed reproductive decision making.

The advent of massively parallel sequencing has improved
diagnostic rates and speed, and is increasingly being used as a
first-line diagnostic test.” The diagnostic success rate of
massively parallel sequencing is enhanced by careful pheno-
typic classification of patients suspected of having a MD.
Patients can be scored for mitochondrial disease severity
according to one of several diagnostic criteria,”'" based on
clinical features, biochemical findings, examination of affected
tissues (including morphology and enzymology), and brain
imaging. Several approaches have been used for massively
parallel sequencing of MD genes. The genetic heterogeneity
and potential involvement of two genomes means that MD is
not ideally suited to a targeted gene panel approach. To date,
exome sequencing has been the favored method, with various
strategies to cover the mitochondrial genome including
mtDNA variant analysis using off-target reads, adding probes
to the library preparation to capture mtDNA,'" or separate
mtDNA sequencing. Genome sequencing (GS) has the
advantage of giving good coverage of both the nuclear and
mitochondrial genomes (up to 10-20,000x for the latter), and
data can also be interrogated for structural variants (SVs). GS
can detect heteroplasmy levels as low as 1% and mtDNA
variants can be detected in blood in the majority of patients,'>
reducing the need for biopsies. As costs fall, GS is likely to
become the method of choice for molecular diagnosis for
MD."? Here we report on the utility of GS in diagnosis of a
pediatric cohort of 40 patients with suspected MD.

MATERIALS AND METHODS
Patients
Forty pediatric patients with suspected MD were enrolled in
this study. The study protocol was approved by the Human
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Research Ethics Committee of the Children’s Hospital at
Westmead (HREC #10/CHW/113) and written informed
consent was obtained for all families as approved by the local
institutional human ethics committees. Patients were
recruited from four Australian state based pediatric genetic
metabolic service centers and were scored based on a
modified Nijmegen mitochondrial disease severity scale
(Supplementary Materials and Methods).” Seventeen patients
were classified as having definite MD (score 8-12), 17
probable MD (score 5-7), and 6 possible MD (score 2-4).
Respiratory chain enzyme activities were determined as
previously described'” in 33 of 40 patients, with 28 patients
demonstrated to have a deficiency, while 5 patients had
normal activities. Many of the patients had undergone
previous genetic testing with array testing in 23/40, some
form of mtDNA testing in 19/40, Sanger sequencing of one or
more candidate nuclear genes in 15/40, gene panel testing in
5/40, and exome sequencing in 9/40. Detailed clinical histories
of these cases are provided in the Supplementary Materials
and Methods.

Genome sequencing

Genome sequencing was performed at the Kinghorn Centre
for Clinical Genomics (Garvan Institute, Sydney) on genomic
DNA extracted from blood of the patients and their parents
where available. Genome sequencing libraries were prepared
using Illumina TruSeq Nano HT v2.5 sample preparation kits
and sequenced one lane per sample, on Illumina HiSeq X
sequencers, via 2 x 150 bp reads, with >110 Gb data per lane,
>75% bases with at least Q30 base quality, and >30x mean
nuclear coverage. At this coverage, 95% of the nuclear genome
was covered to >15x depth. Reads were aligned to the b37d5
reference genome using BWA MEM v0.7.10, sorted using
novosort v1.03.01, then realigned around known indels, and
base quality scores recalibrated using GATK v3.3. Variants
were identified using GATK HaplotypeCaller v3.3 and
GenotypeGVCFs, and variant filters established using VQSR.
Variants were annotated using VEP v79, converted into a
database using Gemini v0.11.0."* Variants were filtered using
Seave.'” Variants were confirmed by Sanger sequencing and
classified according to the American College of Medical
Genetics and Genomics guidelines.'®

mtDNA variant analysis for low levels of heteroplasmy
Genome sequencing data from cases unsolved by the initial
variant analysis were further analyzed for mtDNA variants
with low levels of heteroplasmy using mity (Puttick et al.,
BioRxiv 2019; doi.org/10.1101/852210).

Structural variant analysis

Genome sequencing data from cases unsolved by the initial
variant analysis were subsequently analyzed for SVs using
ClinSV (Minoche et al., in preparation). SVs were filtered
against population allele frequencies from 500 healthy
individuals, family segregation, with all candidate variants
manually inspected in Integrative Genomics Viewer (IGV)."”
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RESULTS
Molecular diagnosis
Mitochondrial disease genes
A definitive MD gene diagnosis was made in 15 cases and a
likely MD gene diagnosis in a further five cases (Table 1;
Fig. 1a). Among the definitive MD diagnoses, 11 were in
nuclear genes (73%) and 4 in mtDNA (Fig. 1b), consistent
with reports on the incidence of mtDNA variants in pediatric
MD. Inheritance was autosomal recessive in all 11 nuclear
gene cases (three homozygous and eight compound hetero-
zygous) (Table 1). The mtDNA variants had heteroplasmy
levels ranging from 40% to 100% in blood. These were
identified using the standard analysis pipeline and no further
low-level heteroplasmic variants were identified using mity, a
sensitive analysis pipeline. No copy-number variants (CNVs)
or SVs were identified in the cohort indicating CNVs/SVs
only uncommonly contribute to the genetic etiology of MD.
For patients with a definitive MD molecular diagnosis, 11 had
been scored as definite prior to sequencing, 3 as probable, and
1 as possible MD according to a modified Nijmegen disease
severity score (Fig. 1c).’

Nonmitochondrial disease genes

In seven cases, variants were identified in known disease genes
with no previous evidence of causing a primary MD (Table 2,
Fig. 1a). Five cases had autosomal recessive inheritance (one
homozygous and four compound heterozygous), one case was
X-linked recessive, and one was de novo dominant. For
patients with non-MD variants, one had been scored as
definite, five as probable, and one as possible MD (Fig. 1d).
Three of these cases had a respiratory chain enzyme activity
deficiency (ARX, NBAS, SLC39A8), three had borderline low
activity (G6PC, HRAS, SKIV2L), and one was normal (EPG5)
(Supplementary Appendix).

Diagnostic rate

In total, 24 novel variants were identified and 18 known
variants (Tables 1 and 2). For many of the novel variants,
functional assays were performed to enable classification as
likely pathogenic or pathogenic (ACAD9, GFMI data not
shown; MECR,'® EPGS5,'”” NBAS,® PNPT1,”' SLC39A8™).
Likely causal variants were identified in 27/40 cases (67.5%),
with a definitive molecular diagnosis in 22 of these
cases (55%).

New mitochondrial disease genes

Three potential novel disease genes were identified. Com-
pound heterozygous variants in MECR were identified in a
patient with dystonia, optic atrophy, and basal ganglia
abnormalities (OMIM 617282; patient 6).'"® MECR Sanger
sequencing performed on a similarly affected younger sibling
confirmed compound heterozygosity for the same two MECR
variants identified by GS in the proband. Additional patients
with similar phenotypes and variants in MECR were found
using GeneMatcher,'® which is now part of Matchmaker
Exchange.”> MECR is a key protein in mitochondrial fatty
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acid synthesis and variants result in reduced lipoylation of
mitochondrial proteins. Compound heterozygous variants
were identified in a respiratory chain complex assembly factor
in a patient with developmental delay (patient 15) and
another case identified through personal communications. In
addition, compound heterozygous variants in a vitamin
transporter were identified in a patient with Leigh-like disease
(patient 20). Functional studies are currently underway for
these two new candidate disease genes and will be published
in the near future.

DISCUSSION

In this study, GS of a pediatric cohort with suspected MD
resulted in identification of likely causal variants in 67.5% of
cases, with a definitive diagnosis in 55% of cases. The
diagnostic rate from previously reported exome sequencing of
MD cohorts has ranged from 35% to 59%.°*"*® There are no
other reports of GS in MD cohorts. The diagnostic rate in GS
studies is usually 40-60% compared with 25-35% in exome
sequencing studies.”” Sequencing of family trios is likely to
have contributed to the diagnostic success in this study as trio
sequencing has been shown to increase the diagnostic rate by
8-17% in some exome sequencing studies.”

Previous studies have shown that careful phenotypic
characterization of patient cohorts results in a higher
diagnostic rate than poorly characterized cohorts. In this
study we used a modified version of the Nijmegen
mitochondrial disease severity score’ to categorize patients
as having definite, probable, or possible MD. A definitive
molecular diagnosis was found in 71% of definite MD cases,
47% of probable MD cases, and 33% of possible MD cases
(although some of these did not have a primary MD).
Similarly, in an MD exome sequencing study, 39% of the
entire cohort was diagnosed; however, the diagnostic rate
increased to 57% of the cohort with the highest suspicion of
MD.”® Our results suggest that while the Nijmegen disease
severity score captured some patients with secondary rather
than primary MD, it is still a good indicator of MD and that
the higher the score, the greater likelihood of reaching a
genetic diagnosis. Given the phenotypic overlap between MD
and some other Mendelian disorders, particularly those with
secondary MD,”" and the phenotypic variability seen in MD,
no scoring system is likely to exclusively capture primary MD
patients. Indeed, in this study, a molecular diagnosis was
found in 7 cases (17.5%) that did not have primary MD. MD
exome studies have also reported up to 17% of cases
diagnosed with non-MD gene causes.”**® Secondary mito-
chondrial dysfunction has been reported in a number of other
disorders including some neuromuscular, neurodegenerative,
and metabolic disorders that have phenotypic overlap with
MD.”" With regard to the cases diagnosed in this study,
secondary mitochondrial dysfunction has previously been
reported in association with variants in EPG5,”” and studies in
mouse fibroblasts showed that HRAS affects mitochondrial
respiration.”” SLC39A8 variants cause manganese deficiency
and have previously been associated with a congenital
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Fig. 1 Genome sequencing for diagnosis of 40 pediatric patients with a suspected mitochondrial disease. (a) The number of patients with a
mitochondrial disease (MD) gene diagnosis. (b) Genomic origin of definitive MD gene variants identified. MD severity scores for patients with (c) definitive

MD gene variants and (d) non-MD gene variants.

disorder of glycosylation, type IIn (OMIM 616721); however,
we have proposed that it may also cause a functional
mitochondrial disorder.”” Recently G6PC knockdown mouse
models were shown to have mitochondrial dysfunction.”* We
could find no previous reports of mitochondrial dysfunction
associated with ARX, NBAS, or SKIV2L.

The phenotypic variability of MD can contribute to the
difficulty of diagnosis. A molecular diagnosis was found in
four cases that had been unsolved following exome sequen-
cing, most likely due to the phenotypic variability and/or the
data analysis pipelines. The ECHSI patient (patient 4,
Supplementary Appendix), whose diagnosis was missed by
previous exome sequencing, had cutis laxa, which is atypical
for mitochondrial short-chain enoyl-CoA hydratase 1 defi-
ciency (OMIM 616277).”> No additional variant was identi-
fied that could explain the cutis laxa. The EPG5 case (patient
22, Supplementary Appendix), which was also missed by
exome sequencing, did not have all the cardinal features of
Vici syndrome (OMIM 242840)."" The RRM2B diagnosis
(patient 13) was most likely missed by exome sequencing due
to the analysis pipeline failing to prioritize the synonymous
splicing variant. The NBAS diagnosis (patient 25) included a
deep intronic variant that was not covered by exome
sequencing.”’ In a consanguineous family, a PETI00 variant
that is a Lebanese founder variant was identified. This patient
had a clear mitochondrial complex IV deficiency (OMIM
220110) but was also more severely affected than previously
reported cases’® and died in the neonatal period, suffering
from severe heart defects (patient 11, Supplementary
Appendix). Further investigation of the GS data identified a
novel homozygous variant in SCN5A, a known heart disease
gene, which may have contributed to the patient phenotype.
Multiple molecular diagnoses have been reported in up to 5%
of positive exome sequencing results.”” Other patients in this
cohort who expanded the phenotypic spectrum of their
disease included the SLC39A8 patient (patient 27) who had
features of both a MD and a glycosylation disorder.**

Obtaining a molecular diagnosis has impacted the manage-
ment of some patients, made genetic counseling more
accurate, and had a profound psychosocial impact on some
families. The patient with variants in the vitamin transporter
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gene has been maintained on thiamine and biotin, which have
dramatically reduced his titubation and tremor. Moreover, we
predict that introduction of genomic sequencing earlier in the
diagnostic journey will mean that invasive biopsies and their
potential anesthetic risks can be avoided in a significant
proportion of individuals.

Although a high diagnostic rate was achieved, a number of
cases currently remain unresolved. This may be due to
inability to interpret the effects of variants in noncoding
regions, lack of knowledge of gene function, tissue specificity,
and/or low levels of somatic or mtDNA variants. It may be
that some of these cases can be solved by performing RNA-
seq using an affected tissue (e.g., muscle), which can detect
altered gene expression, aberrant splicing, or allelic imbalance.
A recent study showed that 10% of an undiagnosed MD
cohort was resolved by RNA-seq of patient fibroblast
samples.”® RNA-seq becomes even more powerful when
combined with GS, as it facilitates interpretation of the effects
of noncoding variants.

Other challenges in improving molecular diagnostic rates
include the need for functional genomic support to confirm that
variants of uncertain significance in known or candidate disease
genes are indeed pathogenic. A number of variants in this study
were functionally evaluated including splice site variant analysis
by reverse transcription polymerase chain reaction (PCR),
western blotting to look at protein expression levels, and other
specific functional assays (reported'®** and unpublished data).
While in some cases, further testing in diagnostic laboratories
assisted in confirming the diagnosis, in many cases support was
required from research laboratories. This remains a significant
challenge moving forward, and functional genomic networks
are being established in some countries to evaluate novel
candidate disease genes and variants of uncertain significance™
(see also the Australian Functional Genomics Network:
https://www.functionalgenomics.org.au). The identification of
other cases with similar phenotypes and novel candidate disease
genes through use of programs such as Matchmaker
Exchange™ can also support pathogenicity and was used in
this study to find other MECR patients."®

In this study, GS of a pediatric MD cohort led to
identification of both nuclear and mtDNA variants, and a
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likely molecular diagnosis in 67.5% of cases. This is higher
than reported for MD exome sequencing studies (59%). The
falling cost of GS and its ability to detect both nuclear and
mtDNA variants through high coverage of both genomes,
intronic variants, and SVs suggests it will soon become the
method of choice for the genomic diagnosis of MD.
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