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Next-generation sequencing for mitochondrial diseases: A wide
diagnostic spectrum
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Abstract Background: The current diagnostic approach for mitochondrial disorders requires invasive procedures such as muscle
biopsy and multiple biochemical testing but the results are often inconclusive. Clinical sequencing tests are available
only for a limited number of genes. Recently, massively parallel sequencing has become a powerful tool for testing
genetically heterogeneous conditions such as mitochondrial disorders.

Methods: Targeted next-generation sequencing was performed on 26 patients with known or suspected mitochondrial
disorders using in-solution capture for the exons of 908 known and candidate nuclear genes and an Illumina genome
analyzer.

Results: None of the 18 patients with various abnormal respiratory chain complex (RCC) activities had molecular
defects in either subunits or assembly factors of mitochondrial RCC enzymes except a reference control sample with
known mutations in SURFI. Instead, several variants in known pathogenic genes including CPT2, POLG, PDSS1,
UBE3A, SDHD, and a few potentially pathogenic variants in candidate genes such as MTO1 or SCL7A 13 were identified.
Conclusions: Sequencing only nuclear genes for RCC subunits and assembly factors may not provide the diagnostic
answers for suspected patients with mitochondrial disorders. The present findings indicate that the diagnostic spectrum
of mitochondrial disorders is much broader than previously thought, which could potentially lead to misdiagnosis and/or
inappropriate treatment. Overall analytic sensitivity and precision appear acceptable for clinical testing. Despite the
limitations in finding mutations in all patients, the present findings underscore the considerable clinical benefits of
targeted next-generation sequencing and serve as a prototype for extending the clinical evaluation in this clinically
heterogeneous patient group.

Key words mitochondrial disorders, mitochondrial respiratory chain complex enzyme deficiency, next-generation sequencing.

Mitochondrial diseases are likely the most common metabolic
diseases of childhood and probably in adults, with an estimated
frequency of 1 in 5000 births.! Variability in clinical presentation
and lack of reliable diagnostic screening makes the diagnosis of
mitochondrial diseases challenging. Currently, the diagnosis of
mitochondrial disorders relies largely on the enzymatic analysis
of the respiratory chain complexes (RCC) in tissues and exten-
sive biochemical analysis, but considerable differences exist
between clinical laboratories in their RCC assay protocols and
the subsequent interpretation of their results.>® Because current
guidelines used in the diagnosis of mitochondrial disorders are
heavily weighted upon demonstration of an RCC enzyme defi-
ciency,” this variability can have significant effects upon accurate
diagnosis and then ultimately affect the quality of patient care.’
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Mutations can occur in mitochondrial DNA (mtDNA) or in
nuclear genes encoding mitochondrial proteins. So far, more than
170 nuclear genes have been identified as causative for mitochon-
drial disorders presenting as neuropathy, myopathy, or liver dis-
ease.® Given that approximately 1500 proteins are likely involved
in mitochondrial structure and function,” many disease causing
gene mutations remain unidentified.

Mitochondrial diseases have been traditionally defined prima-
rily by a disruption of the respiratory chain or of other mitochon-
drial functions, including organelle dynamics or metabolite
transport. Other genetic or metabolic conditions present with
similar symptoms such as fatty acid oxidation disorders. This
presents a challenge for clinicians when selecting and prioritizing
the genes to be sequenced, because sequencing all candidate
genes is not feasible with traditional sequencing methods. Thus
the diagnostic process is lengthy, often relying upon an invasive
biopsy for RCC assay and extensive biochemical testing with
significant costs and risks.

In recent years, next-generation sequencing (NGS) has been
successfully used for the discovery of the causative genes in
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several Mendelian disorders.®” A few NGS targeted tests for
genetic conditions, including mitochondrial disorders, have been
developed as well.'*'

Although whole-exome sequencing appears to be an attractive
choice for diagnostic testing, the current cost of this approach is
still prohibitive for routine clinical utilization. In addition, the
tremendous number of variations that can be discovered in genes
with unknown relationship to mitochondrial function will make
data interpretation extremely difficult. There is also a profound
ethical concern for finding mutations for late-onset or untreatable
disorders. Furthermore, current clinical laboratory standard prac-
tice mandates a clear distinction between research and clinical
testing.

We previously explored the feasibility of this approach for
mitochondrial disorders by sequencing the exons of 362 known
and candidate genes.'* Here, we further expanded the panel to
908 nuclear genes and validated this methodology by analyzing
26 patients with known or highly suspected mitochondrial
disease.

Methods
Subjects

The study cohort consisted of 26 unrelated affected patients, with
additional testing of siblings and parents when appropriate, fol-
lowing written consent per institutional review board (IRB)
approval (Table 1; Fig. 1). We deliberately chose a range of
patients whom the clinician is likely to encounter: those with
definitive mitochondrial disease; probable disease but without
RCC defects; and those who possibly had disease based on
limited findings. Two samples were used as reference controls
with multiple variants in several genes previously identified by
Sanger. Various RCC deficiencies were found in the muscle
tissue from 18 patients but no underlying molecular background
was defined except for the two controls used in the study. Six
patients were included despite normal RCC activity due to their
clinical presentations being highly suggestive of mitochondrial
disorders, and two patients did not have RCC assayed. Mitochon-
drial DNA sequencing result was available in 10 patients with no
pathogenic alterations (Table 1).

DNA capture and sequencing

A DNA library was prepared for each sample using an Illumina
Genome DNA Sample preparation kit (San Diego, CA, USA).
The exons of the genes of interest (Table S1) were captured by
in-solution hybridization to probes using a custom-made Sure-
Select kit by Agilent (Santa Clara, CA, USA).

The known/candidate genes include all of the structural com-
ponents of respiratory chain complexes (89 subunits), as well as
other mitochondrial proteins of the following functional groups:
respiratory complexes assembly factors, transcription and trans-
lation factors, enzymes, and carrier proteins.®” Some of the genes
causing secondary inhibition of mitochondrial respiratory chain
or similar phenotypes are also included in this panel. Sequencing
was performed using the [llumina GAIIX instrument with single
reads on one sample per flow-cell lane. For accuracy, one sample
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was sequenced in duplicate and one in triplicate within one run
for intra-assay precision. Two samples were sequenced in two
separate independent runs for inter-assay comparison.

Data analysis

Reads were aligned using Burrows-Wheeler Aligner (BWA).
Data were analyzed with GATK’s Unified Genotyper (version
1.0.4013) and Variant Filtration Walker to filter the variants
that meet quality control requirements.'” Insertion and deletions
were analyzed with Dindel (GATK version 1.0.5336).'® Variants
were annotated with genomic coordinates, reference nucleotide,
variant nucleotide, number of reads, and percentage of reads
containing the variant nucleotides. Analysis of variants, including
non-synonymous variants, splice sites variants and small indels
was performed by cross-referencing with the dbSNP database
and the Human Gene Mutation Database'® as well as by literature
review. Variants of interest were confirmed in probands and sub-
sequently in their parents or siblings by Sanger sequencing. We
further analyzed the non-synonymous single nucleotide substitu-
tions with PolyPhen 2 (Polymorphism Phenotyping)® to predict
the possible impact of amino acid substitutions on the structure
and function of a protein.

Results
Statistical data

Each lane produced 4500 Mbases on average with approximately
>90% of reads mapped to the human reference genome and
60% on targeted areas. Less than 8% of targeted bases had <20
reads of quality score (Q) = 30 (Fig. 2). (Quality score: http://
www.illumina.com/truseq/quality_101/quality_scores.ilmn) Of
12 variants previously identified by Sanger sequencing (two
pathogenic mutations and 10 polymorphisms in four genes), 11
were detected on NGS (91.6% concordance). One complex
insertion/deletion mutation in the SURFI gene (c.312_
321del10ins2) was identified only as a deletion of nine nucle-
otides. For analytical sensitivity, 90 variants detected on NGS
were further sequenced using the Sanger method and 89 of them
were found to be concordant (98.9%). We noticed several false
positives when the GATK filtering options'” were not applied.

In the intra- and inter-assay reproducibility studies, we
observed an average coefficient of variation of 1.31% and 1.83%,
respectively, in the identification of total coding variants. On
average, approximately 300 non-synonymous variants were
detected per sample, 92% of them being known single-nucleotide
polymorphisms (SNP) or previously identified in the 1000
genomes project.

Confirmed disease-causing or possible disease-causing
variants

Selected novel variants or known pathogenic SNP identified in
patients are summarized in Table 2.

Patient 1

This female patient was hypotonic at birth and had developmen-
tal delays. She had atonic and atypical absence seizures, gait
ataxia, muscle weakness in the proximal muscles and dilated
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RCC not done (2)
PDSS1

Multiple combined (6)
Y CPT2
SLC7A13

Normal RCC (6)

Complex | deficiency (3)

Complex lll deficiency (2)
UBE3A/SDHD/SCN1A
(control)

Complex IV deficiency (7)
POLG1
MTO1
SURF1(control)

Fig.1 Subject categories and the genes found mutated. Modified
Walker criteria: definite, n = 17; probable, n = 3; possible, n = 6.
RCC, respiratory chain complex.

cardiomyopathy. Magnetic resonance imaging (MRI) performed
at ages 2 and 4 years was normal. On muscle biopsy, pathology
was unrevealing but RCC testing demonstrated complete absent
complex IV activity.

On clinical sequencing, no alterations in any of the catalytic or
known assembly factors of complex IV were found, but two
previously reported mutations in polymerase gamma 1 (POLGI)
were identified (p.Trp748Ser, p.Arg852Cys; Table 2). They were
inherited separately from the parents. These two mutations have
been associated with Alpers-Huttenlocher syndrome.?' In addi-
tion, two previously known POLG polymorphisms (p.Gly11Asp;
p.Glu1143Gly) were also detected.”® p.Glul143Gly was in cis
with p.Trp748Ser mutation.”” This ecogenetic single-nucleotide
variant can partially rescue in vitro POLG activity.”® The
p.Arg852Cys polymorphism was in cis with p.Gly11Asp. POLG!
mutations can be associated with deficiencies of various respira-
tory chain enzyme complexes in muscle.®%

Patient 2

This young girl presented with developmental delay, nephrotic
syndrome, and failure to thrive, and subsequently died at 16

1200 4
1000 A — —
800 4

600

No. targets

400

200 A

0 | i

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320
Average fold coverage

Fig. 2 Targeted exons coverage. Aligned sequences had a quality
score >30.
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months of age due to renal failure. Brain MRI showed multifocal,
near-symmetric patchy regions of white matter-restricted diffu-
sion, and high fluid attenuation inversion recovery (FLAIR)
signal within the posterior temporal and occipital periventricular
white matter and brainstem. The level of coenzyme Q10 (CoQ10)
was significantly reduced at 30 pmol/mg protein in white blood
cell (control range, 66—183). Sanger sequencing of COQ2, the
gene encoding an enzyme that functions in the final steps in the
biosynthesis of CoQ10, showed only multiple polymorphisms.
We thus used this sample as a reference control and at the same
time we searched for mutations responsible for the phenotype.
The patient was found to be a compound heterozygote for two
novel variants (p.Arg221Term and p.Ser370Arg) in prenyl (deca-
prenyl) diphosphate synthase, subunit 1 (PDSS/; Table 2). The
protein encoded by this gene is an enzyme that elongates the
prenyl side-chain of CoQ10 and defects in this gene have previ-
ously been described to cause CoQ10 deficiency.*

Patient 3

This boy presented with poor oral intake and gastroesophageal
reflux, hypotonia, and muscle weakness at 4 month of age.
Muscle biopsy showed significant reduction of several RCC
enzymes with increased citrate synthase activity. Histochemistry
showed scattered cytochrome oxidase-negative fibers, lipid drop-
lets in some fibers, and succinate dehydrogenase negative stain-
ing. Serum lactate levels had continually been elevated. Urine
organic acid analysis in repeated analysis showed mildly elevated
excretions of ethylmalonic acid, glutaric acid and dicarbolyxlic
acids suggestive of possible mitochondrial dysfunction. The con-
centrations of C8—C18 acylcarnitine species were moderately
elevated, in particular, C18:1 acylcarnitine was prominent. The
profile was difficult to interpret but it was thought to reflect
mitochondrial dysfunction given multiple enzyme deficiencies in
muscle tissue. We found two novel alterations (p.Pro21His and
p.Glu33His) in the CPT?2 gene encoding carnitine palmitoyltrans-
ferase type 2 (CPTII, Table 2). The CPTII enzyme is part of the
mechanism by which long-chain fatty acids are transferred from
the cytosol to the mitochondrial matrix to undergo beta-
oxidation. In order to determine the functional significance of the
novel variants, CPTII enzyme activity was measured in skin
fibroblasts and skeletal muscle and found to be reduced in both,
confirming CPTII deficiency. Reduced RCC activity and increase
in citrate synthase activity have been reported in some patients
with CPTII deficiency.®*

Patient 4

This patient was one of two controls used in this study given that
several genes were previously sequenced by Sanger as part of
diagnostic evaluations. Due to the presence of unexplained clini-
cal presentations, we further analyzed entire genes. This young
boy presented with febrile and afebrile seizures at 6 months of
age with hypotonia, language delay, delayed milestones and
ataxia. Seizures became intractable to multiple medications, but
finally responded to ketogenic diet with dramatic improvement in
motor skills and language development. Brain MRI was normal
and biochemical testing showed mildly elevated lactate and
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alanine. Muscle biopsy was suggestive of complex III deficiency
but electron microscopy and histochemical findings were normal.
Sanger sequencing of SCNIA showed a known pathological non-
sense mutation.” Because the clinical features of severe myo-
clonic epilepsy resemble those of mitochondrial diseases, we
included SCNIA in the list of genes to be sequenced and we
confirmed the mutation in this sample. We searched for addi-
tional variants that may explain the change in RCC activity but
we did not find mutations in the subunits of complex IIT or known
assembly factors. In addition to the mutation in the SCN/A gene,
we detected a known pathogenic variant (p.His50Arg) in succi-
nate dehydrogenase complex, subunit D (SDHD) that has been
found in patients affected by pheochromocytoma® and Cowden-
like syndrome.”® The patient also carried a novel variant
(p-Argl118Gly) in the gene encoding ubiquitin-protein ligase E3A
(UBE3A) — known to cause Angelman syndrome. Reduced activ-
ity of respiratory complex III has been recently described in a
UBE3A-deficient mouse model.** These findings demonstrate the
need for future screening and treatment for complications related
to the potential development of Angelman syndrome and SDHD-
related tumors.

Patient 5

This patient developed intractable seizures at 23 days of life with
hypotonia. He had delayed global development and had been
diagnosed with failure to thrive, requiring gastrointestinal tube
nutrition. Brain MRI was abnormal with diminished white matter
with prominence of ventricles. Muscle enzyme analysis produced
discrepant results at two national mitochondrial RCC testing
centers, with one center showing moderately reduced complex
I/IIT (17.1%) and IV (36%) while the other center reported com-
plete normal results on the same specimen. Muscle pathology
was unrevealing. We found that the patient was a compound
heterozygote for two novel missense variants (p.Ilel174Phe and
p-Val52Ile) in the gene for solute carrier family 7 (sodium-
independent aspartate/glutamate transporter) member 13
(SLC7A13) and confirmed on parental samples. Considering that
another glutamate transporter (SLC25A22) has been recently
reported responsible for myoclonic seizures, we suspect that the
alterations in this gene could be responsible for the clinical symp-
toms. Both variants are in the dbSNP database but are present in
the population at a very low frequency (Table 2).

Patient 6

The patient developed normally until the age of 3 months, when
he had his first seizure. Seizures rapidly developed into infantile
spasms, which did not respond to treatment. His motor and cog-
nitive development was significantly affected. He had cortical
visual impairment on examination. His lower extremities were
hypertonic (scissoring lower extremities) while his axial struc-
tures remained hypotonic. He also had choriform athetoid move-
ments. Muscle biopsy showed that complex IV was deficient with
normal CS activity. On muscle pathology, no cytochrome c
oxidase-negative fibers were seen. Electron microscopy of
muscle tissue showed increased numbers of lipid droplets, and
glycogen content was unremarkable. Some of the mitochondria
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were enlarged. Brain MRI was normal. Genetic sequencing of
SURFI and POLGI gene were negative.

No significant alterations were found in the gene encoding
RCC catalytic units or known assembly factors, but the patient
was found to be a compound heterozygote for two novel variants
in the gene for mitochondrial translation optimization 1 (MTO1),
confirmed to be in trans on parental samples (Table 2). This
protein is involved in mitochondrial tRNA modification, and
mutations in MTOI cause respiratory deficiency and impaired
mitochondrial RNA metabolism in Saccharomyces cerevisiae.®*’
This patient’s variants occur in highly conserved residues and are
predicted to be damaging. A dramatic impairment on mitochon-
drial protein translation would explain the histopathological and
biochemical findings.

Misannotated mutations

In several samples, we found variants that have previously been
annotated as pathogenic mutations, but the current patients did
not present with symptoms attributed to those mutations. This
study underscores the fact that many variants may have been
misannotated in the literature and that NGS is now bringing this
issue to light.” For instance, a known pathogenic variant,
p-Val705Ile, in mitofusin 2 (MFN2) gene was found in two
patients.”=*! Mutations in this protein, which participates in mito-
chondrial fusion, cause two disorders of the peripheral nervous
system: Charcot-Marie-Tooth disease type 2A2 (CMT2A2), and
hereditary motor and sensory neuropathy VI. The current
patients, however, did not present with peripheral neuropathy and
this same variant was also detected in multiple asymptomatic
family members.

Another previously reported mutation, p.Met282Leu
(dbSNP:2229137) in PDHAI, was found in two male siblings,
but these patients did not show any symptoms of pyruvate dehy-
drogenase complex enzyme deficiency. Additionally, their
mother was of Asian heritage and this variant has been a fre-
quently observed polymorphism in the Asian population

Another known pathogenic variant, p.Thr78Met in caveolin 3
(CAV3), the muscle-specific form of the caveolin protein family,
was detected in one patient. This mutation has been reported in
patients with recessive dilated cardiomyopathy and limb girdle
muscular dystrophy (LGMD)-1C> and in heterozygote patients
affected by long-QT syndrome.” The present patient, however,
had a normal electrocardiogram and echocardiogram and no evi-
dence of cardiomyopathy.

We detected several other variants that appear to be question-
able mutations because they were previously reported as patho-
genic in the literature (some listed in Table 2). Based on the high
allelic frequency of those variants in the population available in
the dbSNP, we concluded that these alterations are most likely
benign polymorphisms."

Discussion

The NGS technology has already had considerable impact on
basic research and is now quickly being translated into clinical
practice. There are now several clinical genetic tests available
from commercial labs using NGS technology. The use of targeted



gene panels allows a more simplified analysis and interpretation
as compared to whole exome sequencing. Due to the complexity
of data analysis and interpretation, and, most of all, the stringent
regulations required for clinical testing and ethics considerations,
whole exome sequencing may not be readily applicable to clini-
cal testing in the very near future.

In this study, we investigated 26 patients with either confirmed
or suspected mitochondrial disorders. Due to the genetic hetero-
geneity in mitochondrial disorders, we focused on those patients
with mitochondrial RCC deficiencies to determine if they were
primarily caused by nuclear defects in mitochondrial RCC cata-
Iytic units or assembly factors. Our assumption was that many of
these patients with multiple RCC deficiencies likely had assem-
bly factor or modulator defects, given the hypothesized unknown
numbers of assembly or modulator factors. In the present patient
cohort, 24 of them had muscle biopsy and RCC assay and 18
of them had various RCC deficiencies. None of the patients
with multiple RCC deficiencies had structural RCC defects on
sequencing. This is somewhat surprising but gives credence to
possible other factors contributing to RCC dysfunction other than
structural gene mutations. Indeed, we found several alterations
in other well-known genes including POLGI, PDSS1, CPTII,
SDHD and UBE3A. The alterations in candidate genes, SLC7A13
and MTOI are highly suspicious given that other studies have
shown pathogenicity in genes with a similar function. Addition-
ally, their clinical symptoms appear consistent with the present
findings but at this point we do not have a functional validation of
their pathology. The RCC enzyme deficiencies in the present
patients may be mostly secondary to molecular defects affecting
mitochondrial function, rather than being caused by mutations in
RCC subunits or assembly factors. It is also possible that the
culprit genes were not included in the present study, given that
more assembly factors for complex I are expected to be discov-
ered in the next several years.®® In contrast, we do not know
whether the RCC enzyme deficiencies detected by in vitro assays
are significant enough to cause clinical problems or if they may
be a result of assay artifact of interference.’

Overall, the present results are in agreement with a recent
study on a group of patients with complex I deficiency in which
a molecular diagnosis could be reached in only 22% of the cases
by sequencing 103 genes (81 of them nuclear).'® Together with
the present results, this indicates that the clinical spectrum of
mitochondrial disease could be much broader than previously
thought. It also means that there is a very high chance of misdi-
agnosis and inappropriate treatment if testing is limited to RCC
enzyme assay or focused sequencing of RCC subunits and
assembly factors.

We observed multiple protein coding variants in each indi-
vidual, some of which could potentially impact on disease. These
oligogenic alterations appear to be a major challenge in interpre-
tation. These various combinations of mutations may not be
uncommon but could individually or collectively lead to an
exceedingly complex clinical pattern as highlighted by the
patient who was found to have alterations in multiple genes,
SCNIA, UBE3A and SDHD. Ecogenetic single nucleotide vari-
ants (ENSV) are an interesting concept that has been highlighted
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by mutations in POLG.” These ENSV may be responsible for
some complex clinical findings and therefore continued study is
needed in some of the questionable variants. Nevertheless, patho-
genic effects of the detected mutations, especially missense
mutations, should be functionally validated in the future and
highlight the importance of the need for developing high-
throughput model systems.

One interesting finding related to a known MFN2 dominant
mutation identified in two patients: one patient with a normal
RCC and the other with low complex IV enzyme activity. Given
the absence of relevant symptoms and family studies, this MFN2
alteration most likely is a non-significant variant possibly misan-
notated in the literature as pathogenic. This finding underscores
the need to carefully re-evaluate human mutation databases.'
Two novel heterozygote variants in kinesin family member 1B
(KIF1B), a gene involved in mitochondria transport and associ-
ated with dominant CMT2A1, were found in two patients. In
both cases, one asymptomatic parent also carried the same
variant, making these variants less significant although incom-
plete penetrance cannot be entirely excluded. A few other
reported mutations were found but not thought to be significant as
listed in Table 2.

The current standard diagnostic approach for suspected mito-
chondrial patients often requires an invasive procedure — a
muscle biopsy — for histopathology, electron microscopy and
RCC enzyme analysis. Based on the clinical judgment, bio-
chemical abnormalities, and muscle biopsy, many of these
patients are then treated with mitochondrial vitamin cocktails,
which include high dose of antioxidants (vitamin E and C),
a-lipoic acid, CoQ10, creatine, and L-carnitine. Clinical trials
have been difficult to design and implement due to the inherent
genetic variability of patients labeled as having ‘mitochondrial
disease’ and the large patient numbers required for statistical
significance. As a result, the benefits of these treatments are
often unclear or inconsistent.”” Considering the present data,
treatments may have limited or no benefit in some patients with
secondary RCC deficiency. Conversely, knowing the specific
molecular defects involved will facilitate the development of
appropriate therapeutic interventions and improve efficacy and
cost-effectiveness.

The present results were comparable with other NGS studies
showing high analytical sensitivity."”* The precision was accept-
able with high accuracy in inter- and intra-assay comparison. The
depth of coverage was appropriate for most of the target bases
although approximately 8% of targets did not pass the quality
indicator of 20 reads and Q =30 (where Q is the base quality
capped by the read mapping quality assigned by the GATK’s
UnifiedGenotyper). The major problem was the identification of
a complex insertion deletion in a SURF-positive control sample,
reflecting current limitations in the alignment and variant detec-
tion tools for indels. Nevertheless, the deletion was partially
identified and thus it would have guided follow-up confirmation
on Sanger sequencing.

In summary, despite the limitations in discovering the muta-
tions in all patients examined, a targeted NGS approach is likely
to be the only solution for many mitochondrial disorders with

© 2012 The Authors
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different and various genetic etiologies. The nuclear mutations in
RCC catalytic units or assembly factors may be not as common
as previously suspected in patients with mitochondrial RCC defi-
ciency. This study demonstrates that the clinical spectrum of
mitochondrial disease is much broader than is currently thought
and therefore many patients remain undiagnosed and may not be
receiving proper treatment. Technical advancements will con-
tinue to drive down the cost of NGS and will help reduce the need
for invasive muscle biopsies and determine the appropriate treat-
ment in many patients.
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