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Abstract

Mitochondrial myopathies are a heterogeneous group of disorders associated with a wide range of clinical phenotypes. We
present a 16-year-old girl with a history of exercise intolerance since childhood. Acylcarnitine species suggestive of multiple
acyl-CoA dehydrogenase deficiency were found in serum, however genetic analysis did not reveal variants in genes
associated with this disorder. Biochemical analyses of skeletal muscle mitochondria revealed an isolated and extremely low
activity of cytochrome c oxidase (COX). This finding was confirmed by enzyme histochemistry, which demonstrated an
almost complete absence of fibers with normal COX activity. Whole-exome sequencing revealed a single base-pair deletion
(m.8088delT) in MT-CO2, which encodes subunit 2 of COX, resulting in a premature stop codon. Restriction fragment
length polymorphism-analysis confirmed mtDNA heteroplasmy with high mutant load in skeletal muscle, the only clinically
affected tissue, but low levels in other investigated tissues. Single muscle fiber analysis showed segregation of the mutant
genotype with respiratory chain dysfunction. Immuno-histochemical studies indicated that the truncating variant in COX2
has an inhibitory effect on the assembly of the COX holoenzyme.

Introduction

Mitochondrial disorders constitute a large, heterogeneous
group of disorders with molecular defects affecting the
mitochondrial respiratory chain. Complex IV (cytochrome ¢
oxidase, COX) is composed of 13 subunits, of which three
form the catalytic core of the enzyme and are encoded by

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41431-018-0286-0) contains supplementary
material, which is available to authorized users.

< Sara Roos
sara.roos @gu.se

Department of Pathology and Genetics and Institute of
Biomedicine, University of Gothenburg, Gothenburg, Sweden

Department of Pediatrics, The Queen Silvia Children’s Hospital,
Sahlgrenska University Hospital, Gothenburg, Sweden

Department of Clinical Chemistry, Institute of Biomedicine,
University of Gothenburg, Gothenburg, Sweden

Department of Pediatrics, Institute of Clinical Sciences, University
of Gothenburg, Gothenburg, Sweden

the mitochondrial genome. Disease-associated variants
have been identified in all three of the mtDNA-encoded
subunits presenting with highly variable clinical pheno-
types, whereas only a few disease-associated variants in the
ten nuclear genes have been identified [1-4].

To date, about ten disease-associated variants in MT-
CO2 have been reported, associated with a variety of more
or less severe phenotypes, such as MELAS [5], Alpers-
Huttenlocher-like disease [6], myopathy [7], myalgia and
myoglobinuria [8, 9], non-syndromic mitochondrial ence-
phalomyopathy [10-12], and severe lactic acidosis [13].

We present clinical, histological, biochemical, and
genetic findings in a patient carrying a novel heteroplasmic
variant in MT-CO2, leading to truncation of COX2, and
affecting the assembly of the COX holoenzyme.

Subject

This 16-year-old girl with normal early development has
experienced exercise intolerance since childhood. She was
first referred to the pediatric cardiologist at the age of 14
because of exercise intolerance. Initial cardiac evaluation was
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unremarkable. Due to persistent symptoms of exercise
intolerance and fatigue, another cardiac evaluation was per-
formed 1.5 years later, including an exercise stress test. The
stress test was terminated after 3 min due to exercise intol-
erance. The metabolic work-up directly after the exercise
stress test showed hyperlactatemia, slightly increased trans-
aminases and mild anemia. Further laboratory investigations
showed slightly increased resting P-lactate and normal rest-
ing creatine kinase in serum (S-CK). Urine and serum crea-
tinine, cerebrospinal fluid/plasma glucose and albumin ratios
were also normal. Organic acids in urine showed an
increased excretion of lactate and 2-hydroxyglutarate. Urine
and serum myoglobin were not measured.

Neuromuscular evaluation disclosed muscle weakness
predominantly of the proximal muscles and exercise intol-
erance characterized by breathlessness and tachycardia. The
results of the 6-min walk test were below the 3rd percentile,
with exercise intolerance observed already after the first
minute.

The patient was then referred for mitochondrial investi-
gation, In the meanwhile, initial metabolic work-up
revealed a serum acylcarnitine profile suggestive of multi-
ple acyl-CoA dehydrogenase deficiency (Supplementary
Figure 1). The patient was treated with riboflavin 300 mg
daily for ~1 month without effect.

Methods

Standard morphological and enzyme histochemical analyses
of diagnostic fresh frozen skeletal muscle biopsy were
performed according to established protocols [14]. Immu-
nohistochemical analysis of Complex IV was performed
with antibodies directed against the three mtDNA encoded
subunits (COX1-3) and the nuclear-encoded COX4 (Sup-
plementary Table 1). An antibody to VDACI served as a
mitochondrial marker. Isolation of skeletal muscle mito-
chondria, oximetric measurements of fresh mitochondria
and spectrophotometric analyses were performed essentially
as described previously [15]. Single COX-deficient and
normal muscle fibers were dissected to analyze the mutant
load using a tungsten needle as described previously [16].

Whole-exome sequencing was performed on total DNA
extracted from skeletal muscle tissue using the Sure
SelectXT Human All Exon kit version 6 (Agilent Tech-
nologies, Santa Clara, CA, USA) and sequenced on the
HiSeq2500 platform (Illumina, San Diego, CA, USA) as
paired-end reads. Base calling was performed with the
Ilumina pipeline. Sequence reads were aligned to the
reference genome (hg19) and variant calling was performed
using the CLC Biomedical Genomics workbench (Qiagen).
Filtering of called variants was performed using Ingenuity
Variant Analysis (www.ingenuity.com/products/variant-ana
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lysis). Variants predicted to affect normal protein function
in nuclear genes potentially associated with mitochondrial
disease and the entire mtDNA were analyzed. Variants of
interest were further evaluated using in silico prediction
tools: PhyloP, SIFT, PolyPhen-2, and MutationTaster.

Results

The muscle biopsy demonstrated profound COX deficiency
with only a few scattered fibers with positive COX staining
and multiple fibers with subsarcolemmal accumulation of
mitochondria (Fig. la—d). Lipid accumulation was seen
in many fibers (Fig. 1f). Ultrastructural analysis revealed
mitochondrial accumulation and mitochondria of slightly
abnormal size and shape (Fig. 1g, h).

Biochemical analyses of the respiratory chain enzyme
complexes revealed an isolated and extremely low activity
of cytochrome-c oxidase (Supplementary Table 2).

Only COX-positive cells expressed normal immunor-
eactivity for COX subunits 1-4. Expression of COX4 was
preserved in COX-negative cells, albeit to a lesser extent
than in COX-positive cells. There was no difference in the
protein expression of VDACI between normal and COX-
deficient cells (Fig. 2).

Whole-exome sequencing revealed a near homoplasmic
single base pair deletion (m.8088delT) in MT-CO2 (ClinVar
Accession nr SCV000678293, NC_012920.1, https://www.
ncbi.nlm.nih.gov/clinvar/variation/488349/), resulting in a
premature stop codon, p.(Leul68*). This was confirmed by
Sanger sequencing (Fig. 3a).

The proportion of mutated DNA as determined by PCR-
RFLP was 96% in muscle homogenate, and between 2 and
15% in other examined tissues (hair follicles 2%, blood 5%,
fibroblasts 6%, buccal mucosa 12%, and urinary epithelial
cells 15%). The median mutational load in COX-deficient
muscle fibers was significantly higher than in COX-positive
cells (Fig. 3b). The variant was not detected in the mother’s
blood, urinary epithelial cells, buccal mucosa, or hair roots,
suggesting that the variant had arisen de novo.

Discussion

We describe a new variant in MT-CO2, m.8088delT,
changing a leucine at position 168 to a premature stop
codon, in a patient with exercise intolerance and proximal
muscle weakness. The variant was absent in the asympto-
matic mother, suggesting that it had appeared de novo.
The pathogenicity of the m.8088delT variant is supported
by several lines of evidence. First, the variant is heteroplasmic
and present at high levels in skeletal muscle, the only clini-
cally affected tissue. The mutant load was below a level
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Fig. 1 Morphological features of the vastus lateralis muscle from the
patient. a Muscle architecture is relatively normal (Hematoxylin &
Eosin). b Cytochrome c oxidase (COX) enzyme histochemistry shows
profound deficiency in the majority of the fibers. ¢ COX/succinate
dehydrogenase (SDH)-double staining shows only scattered muscle
fibers with normal COX activity. d SDH enzyme histochemistry

needed to cause symptoms in other examined tissues [17].
Second, the variant is predicted to lead to a premature stop
codon in the gene encoding subunit 2 of COX and therefore
affect COX activity, which was indeed demonstrated by
biochemical and enzyme histochemical investigations. Third,
single fiber analysis showed that almost all COX-negative
fibers only contained mutant DNA, while the median mutant
load was 40% in biochemically normal fibers, demonstrating

demonstrates mitochondrial proliferation. e Several fibers with mito-
chondrial proliferation may be classified as ragged-red fibers (Gomori
trichrome). f Vacuoles containing lipid deposits are observed in many
fibers (Sudan black). g and h On electron microscopy, the accumu-
lation of mitochondria is clearly seen and they show slightly abnormal
size and shape. Scale bar a—f, 20 um

segregation of the m.8088delT variant with respiratory chain
dysfunction. Fourth, immunohistochemistry demonstrated
loss of the COX2 protein.

Studies on assembly of the COX holoenzyme have
identified COX1 as the scaffold around which the other
subunits are sequentially assembled. Several intermediates
have been identified, the first of which contains COX1 and
COX4. COX2 and COX3 are then added in an ordered
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Fig. 2 Serial sections of the patient’s skeletal muscle. COX/SDH
enzyme histochemistry with fibers lacking COX activity in blue.
Immunohistochemistry of the three mtDNA encoded subunits and the
nuclear encoded subunit 4 of COX demonstrate that only COX-
positive cells express normal immunoreactivity for COX subunits.

ks

Expression of COX4 is present in COX-negative cells, albeit to a
lesser extent. There is no difference in the protein expression of
VDACI, serving as a marker for mitochondrial mass, between normal
and COX-deficient cells. Asterisks marking identical myofibers. Insets
show staining of an age-matched control. Scale bar, 50 pm
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Fig. 3 a Sanger sequencing demonstrating high levels of a single base
pair deletion (m.8088delT) in the MT-CO2 gene, which encodes
subunit 2 of COX, in muscle homogenate from the patient, resulting in
a premature stop codon. b The proportion of mutated DNA as deter-
mined by PCR and restriction fragment length polymorphism in single

manner, followed by the other nuclear-encoded subunits to
complete the formation of the holoenzyme complex [18].
Immunohistochemical analysis in our patient shows reduced
immunoreactivity for COX2, as well as for other COX
subunits in COX-deficient fibers, suggesting that the trun-
cating variant has an inhibitory effect on the assembly of the
COX holoenzyme. In a previously described patient, a
missense variant in MT-CO2 resulted in a similar clinical
phenotype and biochemical defect as our patient [7]. This
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muscle fibers using a mismatch reverse primer to introduce a recog-
nition site for the restriction endonuclease Msll. Primer sequences are
available upon request. The median mutation load in COX-negative
muscle fibers (100%, n = 14) is significantly higher than in COX-
positive cells (40%, n =14, P <0.05, Mann—Whitney U-test)

m.7671T>A variant caused a severe reduction in COX2
and COX3, and a milder reduction in COX1 and COX4. A
similar pattern of COX subunit destabilization has also been
reported in a patient with MELAS caused by a m.7630delT
variant in MT-CO?2 [5].

In disorders of fatty acid oxidation, acylcarnitine species
accumulate and are released into the circulation. The pattern
of these species can be diagnostic for specific disorders.
Respiratory chain disorders and fatty acid oxidation
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disorders may share phenotypic features. At the same time
fatty acid oxidation disorders also present with secondary
mitochondrial dysfunction due to disrupted energy and
redox mitochondrial homeostasis, making the differential
diagnosis even more challenging [19]. Our patient exhibited
an acylcarnitine profile with increased levels of multiple
acylcarnitine species, which was suggestive of multiple
acyl-CoA dehydrogenase deficiency, but lacked disease-
associated variants in any of the three disease-causing genes
(ETFA, ETFB, and ETFDH). A similar pattern of a deran-
ged acylcarnitine profile has previously been described in
an adult patient with complex IV deficiency, myalgia and
exercise intolerance associated with a heteroplasmic single-
base duplication in the MT-CO2 gene [9].

In conclusion, COX deficiency can present with a ple-
thora of phenotypes, with relatively poor genotype—pheno-
type correlation. We present a patient with an isolated and
extremely low COX activity harboring a MT-CO2-variant
causing premature termination of translation of COX2 and
affecting assembly of the COX holoenzyme. Despite this,
the patient’s phenotype was relatively mild, with the variant
being present at high levels only in muscle, supporting the
concept that the mutant load in different tissues is predictive
for the phenotype severity. Furthermore, our findings
demonstrate that COX2 deficiency may cause a perturbed
acylcarnitine profile mimicking multiple acyl-CoA dehy-
drogenase deficiency. The mechanism by which COX2
deficiency causes increased acylcarnitine species remains
unknown and warrants further studies.
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