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Mutation of OPAl causes dominant optic atrophy
with external ophthalmoplegia, ataxia, deafness
and multiple mitochondrial DNA deletions: a novel
disorder of mtDNA maintenance
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Mutations in nuclear genes involved in mitochondrial DNA (mtDNA) maintenance cause a wide range of clinical
phenotypes associated with the secondary accumulation of multiple mtDNA deletions in affected tissues.
The majority of families with autosomal dominant progressive external ophthalmoplegia (PEO) harbour muta-
tions in genes encoding one of three well-characterized proteins—poly, Twinkle or Ant I. Here we show that
a heterozygous mis-sense mutation in OPAl leads to multiple mtDNA deletions in skeletal muscle and a
mosaic defect of cytochrome c oxidase (COX). The disorder presented with visual failure and optic atrophy in
childhood, followed by PEO, ataxia, deafness and a sensory-motor neuropathy in adult life. COX-deficient
skeletal muscle fibres contained supra-threshold levels of multiple mtDNA deletions, and genetic linkage,
sequencing and expression analysis excluded POLGI, PEOI and SLC25A4, the gene encoding Ant |, as the cause.
This demonstrates the importance of OPAl in mtDNA maintenance, and implicates OPAI in diseases associated
with secondary defects of mtDNA.
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Introduction progressive external ophthalmoplegia (PEO), ataxia, myop-

The synthesis of ATP by mitochondrial oxidative phosphor-
ylation is dependent upon the coordinated expression and
interaction of both nuclear and mitochondrial-encoded gene
products. Mutations in nuclear genes involved in mitochon-
drial DNA (mtDNA) maintenance are increasingly associated
with a variety of clinical phenotypes ranging from severe
encephalopathy and liver failure in childhood to late-onset
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athy and parkinsonism (Zeviani and Di Donato, 2004;
Schapira, 2006). These include recessive mutations in
POLGI, encoding the catalytic alpha-subunit of DNA
polymerase v, poly or POLGA (Van Goethem et al., 2001);
TK2, encoding thymine kinase (Saada et al., 2001); DGUOK,
encoding dexyguanosine kinase (Mandel et al., 2001),
SUCLA2 (Elpeleg et al., 2005); MPV17 (Spinazzola et al.,
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2006); and RRM2B (Bourdon et al., 2007), which lead to a
mtDNA depletion. Alternatively, dominant mutations in
POLGI, (Van Goethem et al., 2001); POLG2, encoding the
accessory beta-subunit of poly, POLGB (Longley et al., 2006);
PEOI, previously known as C100rf2, encoding the mitochon-
drial helicase Twinkle (Spelbrink et al., 2001); SLC25A4,
encoding adenine nucleotide translocator 1, Ant 1 (Kaukonen
et al, 2000); and recessive mutations in TP, encoding
thymidine phosphorylase (Nishino et al., 1999), which lead
to a secondary accumulation of multiple deletions in mtDNA
in affected tissues and an associated respiratory chain defect.

The majority of patients with an apparent autosomal
dominant (ad) family history of mitochondrial disease and
demonstrable multiple mtDNA deletions in muscle harbour
a mutation in POLGI, PEOI or SLC25A4 (Lamantea et al.,
2002), but in many cases it is not possible to reach a
molecular diagnosis (Hudson et al., 2006). Investigating
these pedigrees can be revealing, identifying novel disease
genes leading to the detailed dissection of critical biochem-
ical pathways which maintain mtDNA and cause human
disease (Longley et al., 2006).

Mutations in nuclear genes that maintain mtDNA cause a
diverse spectrum of overlapping phenotypes. Visual failure
and optic atrophy have been described, but rarely dominate
the phenotype (Hakonen et al., 2005; Horvath et al., 2006). By
contrast, visual failure may be the major phenotype in patients
with mutations in autosomal dominant optic atrophy
(ad-OA). Mutations in OPAI, which codes for a dynamin-
related guanosine triphosphatase (GTPase), are the most
common cause of ad-OA (Alexander et al., 2000; Delettre
et al., 2000). Other loci have been implicated in X-linked optic
atrophy (OPA2; Katz et al., 2006), autosomal recessive (ar)
optic atrophy with cataract (OPA3; Anikster et al., 2001),
dominant optic atrophy with or without deafness (OPA4;
Kerrison et al., 1999) and OPA5 (Barbet et al., 2005) and early
onset ar-OA (OPA6)(Barbet et al., 2003). Additional neuro-
logical features have been described in these disorders,
including deafness (Amati-Bonneau et al., 2005) or ophthal-
moplegia (Payne et al., 2004) in patients with OPA I mutations,
and spasticity, extrapyramidal dysfunction and cognitive
impairment in OPA3 (Costeft’s syndrome, 3-methylglutaconic
aciduria type III) (Costeff and Elpeleg, 1995). Here we describe a
family with a different phenotype, presenting with profound
visual failure and optic atrophy developing in childhood
followed by PEO, ataxia and deafness in later life. The
biochemical and molecular characterization of multiple
family members revealed multiple deletions of mtDNA in
skeletal muscle and a heterozygous mutation of OPAI,
implicating this gene in the maintenance of mtDNA and
multiple mtDNA deletions in the pathophysiology of ad-OA.

Materials and Methods
Patients

The family pedigree is shown in Fig. 1, with the index case (II:5)
highlighted (arrow).
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Fig. | Pedigree showing males (squares) and females (circles)

in a family with autosomal dominant external ophthalmoplegia
with optic atrophy and ataxia. Solid symbols = clinically affected
as described in the text.

IT:2. A 60-year-old woman, who was registered blind at the age
of 6 years, presented at 50 years of age with progressive deafness
and a gait disturbance. The deafness had a history of 8 years. On
examination, she had an ataxic gait and Romberg test was
positive. She could just detect hand movements, had bilateral
ptosis, external ophthalmoplegia and bilateral optic atrophy but
no retinopathy. In the limbs, she had mild symmetric wasting of
quadriceps, and mild symmetric proximal muscle weakness (MRC
grade 4+). She was areflexic and had impaired sensation to all
modalities in a glove and stocking distribution. Clinical investiga-
tions revealed impaired glucose tolerance, an elevated serum
creatine kinase (493 U/, normal <190 U/l). A fasting blood lactate
was 2.0mM/l. Nerve conduction studies revealed an axonal
sensorimotor neuropathy, with additional myopathic features on
electromyography. An electrocardiogram, echocardiogram, pul-
monary function tests and overnight oximetry were all within
normal limits. Brain MR imaging revealed a number of small
high-signal lesions in the frontal and temporal white matter on T2
imaging, thought to represent focal ischaemic lesions.

II:5. A 66-year-old woman had had visual impairment since
childhood and had attended a special school for the blind. She
presented with a further slowly progressive deterioration in her
visual acuity, a progressive gait disturbance of 20 years duration,
and a 5-year history of deteriorating hearing. Shortly after
presentation she developed acute paranoid delusions, low mood
and visual hallucinations which resolved spontaneously. On
examination, she was just able to perceive light and had bilateral
optic atrophy. There was a complete external ophthalmoplegia,
bilateral ptosis and bifacial weakness. Her gait was ataxic, tendon
reflexes depressed and plantar responses flexor. Clinical investiga-
tions revealed an elevated serum creatine kinase (417 U/l, normal
<190U/1) with a normal fasting blood glucose and lactate.
An electrocardiogram showed left axis deviation but an
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echocardiogram was normal. A chest X-ray and pulmonary
function tests were normal. An EEG revealed evidence of a mild
cortical disturbance. Brain MRI revealed mild cortical and
cerebellar atrophy, and prominent small-vessel ischaemic lesions
in the cerebral white matter bilaterally.

II:1 A 24-year-old man had normal early motor development
but developed a left hemiplegia following a road traffic accident at
5 years of age. His visual acuities progressively deteriorated
throughout childhood, and he developed mild ataxia in his early
20s. On examination, his visual acuity was reduced to counting
fingers in both eyes. He had a mild right-sided ptosis, bilateral
optic atrophy and a partial external ophthalmoplegia predomi-
nantly affecting down-gaze. He had bifacial muscle weakness, and
distal muscle wasting below the knees bilaterally, with bilateral pes
cavus. He had subtle spasticity in the left leg, with mild symmetric
proximal muscle weakness (MRC grade 4+) and profound
bilateral distal lower limb weakness (ankle dorsiflexion MRC
grade 2). His tendon reflexes were generally depressed, and absent
at both ankles. Plantar responses were extensor. There was a
marked gait ataxia with prominent positive Romberg sign. Clinical
investigations revealed an elevated serum creatine kinase (594 U/l,
normal <190 U/), and a normal fasting blood glucose and lactate
(1.0omM/1). An electrocardiogram revealed a sinus bradycardia
and an echocardiogram was normal. Nerve conduction studies
and an electromyogram revealed an axonal sensorimotor neuro-
pathy. An electroencephalogram was normal. Overnight oximetry
was normal.

III:4 A 32-year-old woman was noted to have optic atrophy in
her second year of life. Her gait deteriorated from the age of 18
years, associated with mild proximal muscle weakness. At 23 years
of age she was diagnosed with irritable bowel syndrome. From 28
years of age she noted a slowly progressive hearing loss. On
examination, she had bilateral optic atrophy, pendular nystagmus
and mild gait ataxia. Routine blood tests revealed a normal
creatine kinase and a mildly elevated fasting blood lactate
(2.5mM/l). An electrocardiogram and echocardiogram were
normal. Respiratory function studies were normal. Peripheral
neurophysiological studies identified a mild sensorimotor neuro-
pathy with additional myopathic features on electromyography.

III:6 A 38-year-old man developed progressive visual failure in
childhood and was registered as partially sighted at age 11, and
registered blind at the age of 18 years. On examination he had an
ataxic gait, had bilateral optic atrophy and pendular nystagmus in
all positions of gaze. Up gaze and adduction was limited
symmetrically for both eyes, but there was no ptosis. Peripheral
tone, power and tendon reflexes were normal. Routine haemato-
logical and biochemical blood tests, including a serum creatine
kinase, were normal.

IV:1 Clinical data not available. He has never been brought to
medical attention with visual or neuromuscular symptoms.

IV:2 A 5-year-old girl was noted to have optic atrophy at 18
months of age, but otherwise had normal motor, verbal and social
development. On examination she was noted to have gaze-evoked
horizontal nystagmus on lateral gaze and bilateral optic atrophy,
and walked with a broad-based unsteady gait. The cranial nerve
and peripheral neurological examination was otherwise normal.

IV:3 A 6-year-old girl who was brought to medical attention at
1 year of age with a squint associated with progressive bilateral
visual failure and fine pendular nystagmus. Bilateral optic atrophy
was noted at 3 years of age. Her visual acuity deteriorated from
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0.9 LogMAR (6/48 Snellen) bilaterally at 6 vyears. She was
otherwise asymptomatic.

Muscle histochemistry and biochemistry

Left quadriceps needle muscle biopsy was performed in three
patients (II:2, II:5 and III:1) under local anaesthetic. Histological
and histochemical analyses of mitochondrial enzyme activities
including a sequential reaction for cytochrome ¢ oxidase (COX)
and succinate dehydrogenase (SDH) activities were performed on
10 um-thick serial cross-sections of biopsy tissue according to
standard procedures. The activities of the individual respiratory
chain complexes were measured in post 600g,, skeletal muscle
supernatants and expressed relative to the activity of the matrix
marker enzyme citrate synthase (Taylor and Turnbull, 1997).

mtDNA molecular genetic analysis

Total genomic DNA was extracted from skeletal muscle biopsies
and whole blood by standard procedures. Large-scale rearrange-
ments of the mitochondrial genome were screened by Southern
blot analysis of total DNA linearized with Pvu II and probed with
a PCR generated probe (nucleotides 15782-1289) that hybridizes
to the non-coding control region. A long-range PCR assay was
employed to amplify muscle mtDNA across the major arc, using a
pair of primers [L6249 (nucleotides 6249-6265) and H16215
(nucleotides 16225-16196)], which amplify a 9.9kb product in
wild-type mtDNA. The level of deleted mtDNA in individual
COX-deficient and COX-positive staining muscle fibres isolated by
laser micro-dissection was determined by quantitative real-time
PCR as described (He et al.,, 2002). This assay uses primers and
fluorogenic probes to two different regions of the mitochondrial
genome, one which is rarely deleted in patients (MTNDI) and
one which is located in the major mtDNA arc and is frequently
deleted (MTND4). PCR and fluorescence analyses were performed
using an ABI PRISM® 7000 sequence detection system (Foster
City, CA).

The entire mitochondrial genome-coding region was amplified
using a series of 36 overlapping M13-tailed oligonucleotide primer
pairs. PCR products were purified (ExoSapIT, Amersham
Biosciences, Bucks, UK), sequenced using BigDye Terminator
cycle sequencing chemistries (v3.1, Applied Biosystems) on an
ABI3100 Genetic Analyser (Applied Biosystems) and directly
compared to the revised Cambridge Reference Sequence using
SeqScape software (Applied Biosystems).

To assess m.8839G>A heteroplasmy in tissues and individual
muscle fibres, a 250bp fragment of mtDNA encompassing the
mutation site was amplified (30 cycles) using a forward primer
L8777 (nucleotides 8777-8794) and the reverse primer H9026
(nucleotides 9026-9008). Following the addition of 30 pmol of
each primer, 5pCi [o->*P] dCTP (3000Ci/mmol) and 1 U of Tag
polymerase, PCR reactions were subjected to an additional cycle of
amplification. Labelled products were precipitated, digested at
37°C with 75U Hae III (Roche Biochemicals). Restriction
fragments were separated through a 12% non-denaturing poly-
acrylamide gel, dried onto a support and exposed to a
PhosphorImager cassette. The level of mtDNA heteroplasmy was
quantified using ImageQuant software (Molecular Dynamics).
Two Hae III recognition sites in the wild-type product generates
fragments of 156, 63 and 31bp; the m.8839G>A transition
results in the loss of a recognition site, yielding two products of
219 and 31bp.
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Nuclear DNA molecular genetic analysis
Both sense and anti-sense strands of the coding region and
intron—exon boundaries for POLGI, POLG2, PEOI and SLC25A4
were sequenced using published primer sequences (Beckman—
Coulter Quickstart and CEQ 8000 fluorescent DNA analyzer)
(Hudson et al., 2006). The 30 coding exons and intron—exon
junctions of the OPAI gene were sequenced using a set of 30
primer pairs (sequences available on request). Purified PCR
products were sequenced using a Ceq2000 DNA sequencer (CEQ
DTCS-Quick Start Kit, Beckman Coulter, Fullerton, CA, USA).
Genetic linkage analysis of the chromosomal regions flanking
POLGI, PEOI and SLC25A4, was performed using selected
markers from the Applied Biosystems 10 cM screening set and
the 9 cM Cooperative Human Linkage Centre (CHLC) Weber
Human Screening set (Invitrogen, version 10aRG). The predicted
LOD score for the pedigree was obtained using Simlink v 2.52
based on a dominant inheritance model for a rare mutated allele
(100% penetrant, 0.001 frequency). Two- and multi-point linkage
analyses were performed using the EasyLinkage (v. 4.00beta)
interface operating Fastlink (v1.4) and Genehunter (v2.1r5)
algorithms assuming the disorder was dominantly transmitted,
fully penetrant and had a gene frequency of 0.001 in the
background population. Marker frequencies were derived from
the pedigree data.

Nuclear gene expression studies

Patient (III:1 and II:2) and control primary fibroblasts were
cultured in DMEM containing 4.5g/1 glucose and 0.58 g/l
L-glutamine (Sigma) supplemented with 10% FBS (Gibco) and
maintained in humidified incubator at +37°C with 5% CQO,. Cells
were cultured to reach 90% confluency in fresh medium, and
collected using 0.25% Trypsin (Invitrogen). Total cellular RNA
was extracted utilizing RNeasy mini kit (QIAgen). cDNA synthesis
was performed with 500ng of total RNA, 0.25pg of random
primers, 300 uM dNTPs, 25U of RNasin ribonuclease inhibitor
and 200U of M-MLYV reverse transcriptase in 40 ul of its buffer
(Promega). Measurements of transcript levels were performed
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with quantitative PCR application, utilizing Applied Biosystem
(ABI PRISM® 7000 Sequence Detection System). The assay-
on-demand primers were as follows: Twinkle (Hs00222440_m1),
Ant 1 (Hs00154037_m1) and B-actin (Hs00181698_m1). Primers
were ¢cDNA specific, not amplifying genomic DNA. PCR reactions
were made using 1 pl of cDNA, 1.5 pl assay mix and 15 pl TagMan
Universal PCR Master Mix (Applied Biosystem) in total volume of
30 pl. Every sample was analysed as duplicates or triplicates.
Results were analysed with the aid of 7000 SDS 1.2 Sequence
Detection Software (Applied Biosystems).

Results
Muscle histochemistry and biochemistry

Muscle biopsy of the index case (II:5) revealed features that
were diagnostic of mitochondrial myopathy. Approximately
10% of all fibres were deficient in histochemical COX
activity, with several fibres showing evidence of subsarco-
lemmal accumulation of abnormal mitochondria (2%
ragged-red fibres, Fig. 2a). Similar findings were apparent
in the biopsy from her sister (Patient II:2), whereas the
histochemical COX defect in Patient III:1 was less
pronounced with only 2% COX-deficient cells with no
ragged-red fibres.

Biochemical investigation of respiratory chain activities
in muscle homogenates did not show any obvious defect in
complex IV activity, although there was some suggestion
that complex I activity was subtly decreased in both Patient
II:5 and Patient III:1 to 45% and 65% of controls,
respectively (Table 1).

mtDNA analysis

Total muscle DNA was analysed for possible mtDNA
rearrangements by Southern blotting, long-range PCR and
real-time PCR. Southern blotting of total muscle DNA
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Fig. 2 Histochemical and molecular genetic analysis of muscle biopsy. (@) Histochemical demonstration of combined COX and SDH
activities in muscle biopsy from Patient II:5, revealing ~10% COX-deficient fibres, some showing subsarcolemmal accumulation of abnormal
mitochondria. (b) Southern blot and (c) long-range PCR analysis of muscle DNA demonstrating multiple mtDNA deletions in Patient’s Il:5
muscle biopsy. (d) Long-range PCR of muscle DNA from another affected family member (Patient lll:I) also reveals detectable,

multiple mtDNA deletions but to a lesser extent than observed Patient II:5. (€) Single-fibre, real-time PCR showing the low levels of
MTND4 gene deletion in individual COX-positive fibres whilst the majority of COX-deficient fibres contain high levels of mtDNA deletion,

confirming the diagnosis of a multiple mtDNA deletion disorder.
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revealed a characteristic laddering of smaller, deleted
mtDNA molecules following Pvull digestion, suggestive of
multiple mtDNA deletions (Fig. 2b). This was confirmed by
long-range PCR across the major arc region (Fig. 2c),
although the defect was less pronounced in muscle from
Patient III:1 (Fig. 2d). Real-time PCR of individual COX-
deficient and COX-positive muscle fibres showed high
levels of deleted mtDNA in the majority, but not all, of the
COX-deficient fibres (Fig. 2e), a pattern typical in patients
with multiple mtDNA deletion disorders (He et al., 2002).

Sequencing of the entire mtDNA coding region in muscle
from Patient II:5 revealed a number of known polymorphic
variants and a previously unreported change (m.8839G>A)

Table | Activities of the mitochondrial respiratory chain
complexes in patient muscle

II:5 1 Controls (n =20)
Complex | 0.072 0.104 0.166 +0.047
Complex I 0.137 0.28l 0.208+0.070
Complex IV 2.600 1.147 1.805 £ 0.550

All respiratory chain activities are expressed relative to the activ-
ity of the mitochondrial matrix marker, citrate synthase. Complex
I is expressed as nmols NADH oxidized min™" unit citrate
synthase™". Complex Il is expressed as nmols DCPIP reduced min™
unit citrate synthase_'. Complex IV is expressed as Ks™" unit
citrate synthase™ x 10°.

12345 67
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i - 56 b
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in the MTATP6 gene. Hot-last cycle PCR-RFLP analysis
demonstrated heteroplasmy at this site in muscle from this
patient (39% mutated mtDNA in muscle) and Patient II:2
(81% mutated mtDNA in muscle), and also showed that
the m.8839G>A mutation was present at higher levels in
post-mitotic tissues than circulating lymphocytes (2% in
Patient II:5, 2% in Patient III-6 and 6% in II:3), a common
trait of pathogenic mtDNA point mutations (Fig. 3a).
Single-fibre PCR—RFLP analysis of COX-positive and COX-
deficient fibres from both Patients II:2 and IL:5 did not
however demonstrate any segregation of the mutant
genotype with the histochemical defect, inferring that
although heteroplasmic, this sequence variant was a
polymorphism (Fig. 3b and c).

Nuclear genetic analysis

No sequence variants were identified in the coding region
or flanking exon—intron boundaries for POLGI, PEOI,
POLG2 and SLC25A4. The expected maximum LOD score
at zero recombination (®) for the dominant model was
2.06 (SD=0.79). Microsatellite analysis excluded linkage to
POLGI and PEOI. (Supplementary Figs la and b, and
Supplementary Tables 1 and 2). Positive LOD scores were
obtained for the region of chromosome 4 including
SLC25A4 (Zmax=2.11lat 6=0, Supplementary Fig. Ic,
Supplementary Table 3). All affected subjects and one
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Fig. 3 Analysis of m.8839G>A MTATPé substitution. (a) Quantification of the relative amounts of mutant and wild-type mtDNA in avail-
able patient samples by hot-last cycle PCR—RFLP analysis. Lane |, uncut sample; lanes 2 and 7, control DNA; lane 3, skeletal muscle DNA
(Patient II:5); lane 4, blood (Patient II:5); lane 5, blood (Patient Ill:6); lane 6, blood (lI:3). The proportion of mutant mtDNA (%) is shown
beneath each lane. (b) Single-fibre PCR—RFLP analysis of the mutation in individual skeletal muscle (COX-positive and COX-

deficient) fibres. (d) Graphical representation of the data presented in (b) confirming a lack of segregation of high levels of the m.8839G>A

mtDNA mutation in individual COX-deficient fibres.
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sapiens SMLKAHQVTTRNLSLAVSDCFWKMVRE
musculus SMLKAHQVTTRNLSLAVSDCFWKMVRE
lupus SMLKAHQVTTRNLSLAVSDCFWKMVRE
norvegicus SMLKAHQVTTRNLSLAVSDCFWKMVRE
gallus SMLKAHQVTTKNLSLAVSDCFWKMVRE
melanogaster GVIMPHQVTSRNLSLAVSDRFWKMVRE
gambiae GVTMSHQVTTRNLSLAVADRFWKMVRE
elegans GVLKPSQMTTRNMSLAVSDCFWRMVRD

Fig. 4 Heterozygous OPAl mutation c.1635C>A (p.S545R). @) Sequence chromatogram, arrow indicates mutation. (b) Amino acid sequence

conservation in the opal protein flanking the mutation.

unaffected individual (II:4) shared all chromosome 4
marker alleles apart from the 4p telomeric marker
D48§425 (Supplementary Fig. 2).

The expression levels of Twinkle and Ant 1 were
normalized against a ubiquitously expressed housekeeping
gene, B-actin. The expression levels of Twinkle (PEO1)
showed to be similar in all the cell lines. The expression
level of Ant 1 in the cells of Patient II:2 was similar
compared to control, whereas the cells of Patient III:1
showed increased expression up to 2-fold compared to
control (Supplementary Fig. 3). This is unlikely to have any
affect on the phenotype and is considered as normal
variation.

Sequence analysis revealed a heterozygous mis-sense
mutation in exon 17 of OPAI: ¢.1635C>G, predicted to
alter the amino acid sequence (p.S545R, Fig. 4a). The
mutation was present in all eight affected individuals, and
not in three unaffected individuals, nor 280 British control
chromosomes.

Discussion

Affected individuals in the family described here initially
presented with bilateral visual failure and optic atrophy of
childhood onset, followed by hearing impairment, ophthal-
moplegia, and a combination of cerebellar and sensory
ataxia in adulthood, partly related to the sensory-motor
neuropathy. Histochemical and biochemical analysis
revealed a defect affecting respiratory chain complex I in
a muscle homogenate, and a mosaic defect of complex IV
(COX) affecting specific muscle fibres. These findings
pointed towards a defect involving mtDNA.

At the time of the initial study, IV:3 was clinically
unaffected, and the inheritance pattern was therefore
consistent with a maternally inherited mtDNA defect
(Fig. 1). After excluding common mtDNA point mutations,
we therefore sequenced the entire mitochondrial genome,
and identified a previously unreported nucleotide transition
(m.8839G>A) in MTATP6. This mutation was heteroplas-
mic, suggesting that it was of recent onset, it was present in
higher percentage levels in post-mitotic tissues than blood,

it was not present in the mtDB Human Mitochondrial
Genome Database  (http:www.genpat.uu.se/mtDB/)  of
>2700 mtDNA sequences, and it altered a highly conserved
Alanine residue at position 105 of the ATPase6 protein to a
Threonine residue (A105T). All of these features point
towards a causative pathogenic mtDNA mutation.
However, although different mutations in MTATP6 can
cause disease, a defect in the ATP synthetase would not
explain the complex I and histochemical complex IV
deficiencies present in multiple family members, as
demonstrated by a lack of segregation of the m.8839G>A
mutation in individual COX-deficient muscle fibres. This
prompted further mtDNA analysis, which identified multi-
ple deletions of mtDNA in skeletal muscle, indicating a
generalized disorder of mtDNA maintenance.

The  heterozygous OPAl  mutation, ¢.1635C>G
(p.S545R), segregated with the disease phenotype in six
patients, is predicted to alter a highly conserved neutral
amino acid residue to an acidic residue in the GTPase
domain of the protein (Fig. 4b). Although the OPAI base
substitution is novel, a mutation affecting the same codon
resulting in the same amino acid substitution has previously
been described in three members of a Japanese family
affected with ad-OA (Nakamura et al., 2006). Moreover, the
Japanese substitution was not detected in 100 Japanese
(Nakamura et al., 2006), and ¢.1635C>G was not detected
in 140 British controls. Given that linkage, mutation and
expression analysis effectively excluded a coding or
promoter region mutation of POLGI, POLG2, PEOI or
SLC25A4, we conclude that the clinical phenotype affecting
this family is due to the ¢.1635C>G (p.S545R) OPAI
mutation. Further evidence to support this is offered by the
finding of the same mutation in a French patient who
presented with bilateral optic atrophy, an axonal sensory-
motor neuropathy and gait ataxia whose muscle biopsy
reveals COX-deficient fibres and multiple mtDNA deletions
(Patrizia Amati-Bonneau and Valerio Carelli, manuscript
submitted).

Dominant optic atrophy, ptosis, ophthalmoplegia and
sensorineural deafness has previously been described in a
Belgian and North American family with the p.R445H
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OPA1 GTPase-domain mutation (Payne et al, 2004;
Li et al, 2005). Intriguingly, p.R445H is one of the most
common OPAI mutations, but the phenotype usually only
involves the visual system (eOPAI database). It remains to
be established why the same mutation can cause an organ-
specific phenotype in some families, but a multi-system
disorder in another. The family we describe here provide a
clue as to the underlying disease mechanism, with broader
implications for the pathophysiology of ad-OA caused by
mutations in OPAI.

The opal protein is a 960 amino acid mitochondrial
dynamin-related GTPase involved in the regulation of
mitochondrial fusion (Delettre et al., 2000; Olichon et al.,
2002). Downregulation of opal leads to inner mitochon-
drial membrane disruption, fragmentation of mitochondria
and an increased propensity for apoptosis (Olichon et al.,
2002; Olichon et al., 2003; Olichon et al., 2007), but the
precise function of opal is not known, and it is not clear
how mutated opal causes respiratory chain dysfunction.
There is emerging evidence that mitochondrial morphology
is intimately linked to oxidative phosphorylation and the
maintenance of mtDNA. Proteolytic processing of opal in
patients with mitochondrial encephalopathies leads to
mitochondrial fragmentation (Duvezin-Caubet et al.,
2006), and depletion of mtDNA has been documented in
peripheral blood leucocytes from patients with OPAI
mutations (Kim et al, 2004). Our observation of age-
associated somatic multiple mtDNA deletions in the skeletal
muscle of patients with an OPAI mutation demonstrates
the importance of opal in maintaining the structural
integrity of mtDNA. Given that both opal and mtDNA are
intimately related to the inner mitochondrial membrane
(Olichon et al., 2002), opal could be a component of the
mtDNA nucleoid, which is the structural and functional
unit of mtDNA expression and segregation within the cell
(Garrido et al., 2003). It is likely that disruption of the
nucleiod would lead to enhanced mtDNA mutation, and
facilitate the clonal expansion of somatic mtDNA mutations
(Jacobs et al., 2000). Neurons and skeletal muscle are
particularly vulnerable to the accumulation of somatic
mtDNA  mutations (Corral-Debrinski et al, 1992;
Cortopassi et al., 1992a; Cortopassi et al., 1992b), and
any process that accelerates mutation and/or clonal
expansion will preferentially affect these tissues. This
would explain why the family we describe here have a
classical ‘mitochondrial’ phenotype with PEO and ataxia.
A milder disruption of the same process would also explain
why the extra-ocular muscle bears the brunt of the
pathology in ad-PEO. Pre-myelinated retinal ganglion cells
are rich in mitochondria (Andrews et al., 1999), making
them particularly vulnerable to subtle perturbations of
mitochondrial function, as in Leber hereditary optic
neuropathy (Carelli et al., 2004).

Why did we also find the novel m.8839G>A MTATP6
mtDNA mutation in this family? Heteroplasmy implies a
recent mutation event. This could simply be a co-incidence,
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but given that this substitution has never been seen in 2600
controls, this seems unlikely. The mutation could be a
consequence of the enhanced mtDNA mutation rate in
subjects with the ¢.1635C>G (p.S545R) mutation in OPAI.
Mutation in the female germ-line followed by random
genetic drift through the mtDNA bottleneck could lead to
high levels within this pedigree. Although m.8839G>A does
not appear to be the primary cause of the mitochondrial
disorder affecting this family, it has the potential to impair
ATP synthesis, and thus modify the clinical phenotype. It
was present at low levels in blood of both clinically affected
and unaffected maternal relative, and was present at higher
levels in skeletal muscle of one individual, implying that the
mutation segregates to high levels in other post-mitotic
tissues such as optic nerve.

Two animal models of ad-OA have recently been
described: one with a splice site mutation in OPAI leading
to a loss of the GTPase domain (Alavi et al., 2007), and the
other with a premature stop codon mutation in OPAI
immediately before the central dynamin GTPase (Davies
et al., 2007). Both models mimic the human disease, with
progressive visual failure due to the focal neurodegenera-
tion of retinal ganglion cells in the papilomacular bundle.
In both models, homozygous mutation are embryonic
lethal, demonstrating the fundamental importance of opal
for human development. These mice will be invaluable in
elucidating the underlying disease mechanisms in ad-OA,
and provide an ideal tool to study the accumulation of
somatic mtDNA mutations in a range of neural and non-
neural tissues. In this way we will test the hypothesis that
the phenotype is related to, or is modulated by, clonally
expanded mtDNA mutations.

Our observations have broader implications for other
proteins involved in mitochondrial fusion and fission. Like
opa 1, mitofusin (mfn) 1 and 2 are pro-fusion dynamin-
related GTPases whose function is balanced by the pro-
fission GTPases (Drpl) and Fisl (Lee et al, 2004; Chen
et al., 2005). Mutations in MFN2 are a common cause of
CMT2A (Zuchner et al., 2004), occasionally with optic
atrophy and deafness (Verhoeven et al, 2006; Zuchner
et al., 2006), and recently a mutation in DRPI have been
described in a childhood encephalopathy with lactic
acidosis (Waterham et al., 2007). Given the emerging
relationship between mitochondrial structure and mtDNA
integrity, it is possible that a disruption of mtDNA
maintenance is central to the pathophysiology of these
disorders. It is intriguing that a major disruption of
mitochondrial morphology occurs in cells lacking Fisl,
leading to phenotypic changes reminiscent of cellular
senescence (Lee et al.,, 2007). Again, somatic mutation of
mtDNA may be involved here, possibly contributing to age-
related neurodegeneration (Sorensen et al., 2001; Bender
et al., 2006).

In conclusion, we have shown that mutation of OPAI is
linked to the formation of multiple somatic mtDNA
deletions, and that these contribute to the phenotype.
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It is likely that OPAI is a gene important for mtDNA
maintenance, which should be considered in patients with
unexplained multiple mtDNA deletions.
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Supplementary material is available at Brain online.

Acknowledgements

D.M.T. and RW.T. thank the Wellcome Trust, Muscular
Dystrophy Campaign and Newcastle upon Tyne Hospitals
NHS Foundation Trust for financial support. P.F.C. is a
Wellcome Trust Senior Fellow in Clinical Science. P.F.C.
also receives funding from the Parkinsons Disease Society
(UK), the United Mitochondrial Diseases Foundation and
the EU FP program EUmitocombat and MITOCIRCLE.
P.A.B. and P.R. were supported by INSERM, the University
Hospital of Angers (PHRC 04-12), the University of Angers,
France and by grants from Retina France and ‘Ouvrir les
yeux patients Association. A.S. thanks Sigrid Juselius
Foundation, Academy of Finland and Helsinki University
for financial support. Funding to pay the Open Access
publication charges for this article was provided by the
Wellcome Trust.

References

Alavi MV, Bette S, Schimpf S, Schuettauf F, Schraermeyer U, Wehrl HF,
et al. A splice site mutation in the murine Opal gene features pathology
of autosomal dominant optic atrophy. Brain 2007; 130: 1029-42.

Alexander C, Votruba M, Pesch UE, Thiselton DL, Mayer S, Moore A,
et al. OPAl, encoding a dynamin-related GTPase, is mutated in
autosomal dominant optic atrophy linked to chromosome 3q28. Nat
Genet 2000; 26: 211-5.

Amati-Bonneau P, Guichet A, Olichon A, Chevrollier A, Viala F, Miot S,
et al. OPAl R445H mutation in optic atrophy associated with
sensorineural deafness. Ann Neurol 2005; 58: 958—63.

Andrews RM, Griffiths PG, Johnson MA, Turnbull DM. Histochemical
localisation of mitochondrial enzyme activity in human optic nerve and
retina. Br J Ophthalmol 1999; 83: 231-5.

Anikster Y, Kleta R, Shaag A, Gahl WA, Elpeleg O. Type III
3-methylglutaconic aciduria (optic atrophy plus syndrome, or Costeff
optic atrophy syndrome): identification of the OPA3 gene and its
founder mutation in Iraqi Jews. Am J Hum Genet 2001; 69: 1218-24.

Barbet F, Gerber S, Hakiki S, Perrault I, Hanein S, Ducroq D, et al. A first
locus for isolated autosomal recessive optic atrophy (ROA1) maps to
chromosome 8q. Eur ] Hum Genet 2003; 11: 966-71.

Barbet F, Hakiki S, Orssaud C, Gerber S, Perrault I, Hanein S, et al. A
third locus for dominant optic atrophy on chromosome 22q. ] Med
Genet 2005; 42: el.

Bender A, Krishnan KJ, Morris CM, Taylor GA, Reeve AK, Perry RH, et al.
High levels of mitochondrial DNA deletions in substantia nigra neurons
in aging and Parkinson disease. Nat Genet 2006; 38: 515-7.

Bourdon A, Minai L, Serre V, Jais JP, Sarzi E, Aubert S, et al. Mutation of
RRM2B, encoding p53-controlled ribonucleotide reductase (p53R2),
causes severe mitochondrial DNA depletion. Nat Genet 2007; 39:
776-80.

Carelli V, Ross-Cisneros FN, Sadun AA. Mitochondrial dysfunction as a
cause of optic neuropathies. Prog Retin Eye Res 2004; 23: 53-89.

G. Hudson et al.

Chen H, Chomyn A, Chan DC. Disruption of fusion results in
mitochondrial heterogeneity and dysfunction. J Biol Chem 2005; 280:
26185-92.

Corral-Debrinski M, Horton T, Lott MT, Shoffner JM, Beal MF,
Wallace DC. Mitochondrial DNA deletions in human brain: regional
variability and increase with advanced age. Nat Genet 1992; 2: 324-9.

Cortopassi GA, Shibata D, Soong NW, Arnheim N. A pattern of
accumulation of a somatic deletion in tissues of older humans. Proc
Natl Acad Sci USA 1992a; 89: 7370—4.

Cortopassi GA, Shibata D, Soong NW, Arnheim N. A pattern of
accumulation of a somatic deletion of mitochondrial DNA in aging
human tissues. Proc Natl Acad Sci USA 1992b; 89: 7370—4.

Costeff H, Elpeleg ON. 3-Methylglutaconic aciduria, type 3. Brain Dev
1995; 17: 226.

Davies VJ, Hollins AJ, Piechota MJ, Yip W, Davies JR, White KE, et al.
Opal deficiency in a mouse model of autosomal dominant optic
atrophy impairs mitochondrial morphology, optic nerve structure and
visual function. Hum Mol Genet 2007; 16: 1307-18.

Delettre C, Lenaers G, Griffoin JM, Gigarel N, Lorenzo C, Belenguer P, et al.
Nuclear gene OPA1, encoding a mitochondrial dynamin-related protein,
is mutated in dominant optic atrophy. Nat Genet 2000; 26: 207-10.

Duvezin-Caubet S, Jagasia R, Wagener J, Hofmann S, Trifunovic A,
Hansson A, et al. Proteolytic processing of OPAI links mitochondrial
dysfunction to alterations in mitochondrial morphology. J Biol Chem
2006; 281: 37972-9.

Elpeleg O, Miller C, Hershkovitz E, Bitner-Glindzicz M, Bondi-
Rubinstein G, Rahman S, et al. Deficiency of the ADP-forming
succinyl-CoA synthase activity is associated with encephalomyopathy
and mitochondrial DNA depletion. Am ] Hum Genet 2005; 76: 1081-6.

Garrido N, Griparic L, Jokitalo E, Wartiovaara J, van der Bliek AM,
Spelbrink JN. Composition and dynamics of human mitochondrial
nucleoids. Mol Biol Cell 2003; 14: 1583-96.

Hakonen AH, Heiskanen S, Juvonen V, Lappalainen I, Luoma PT,
Rantamaki M, et al. Mitochondrial DNA polymerase W748S mutation: a
common cause of autosomal recessive ataxia with ancient European
origin. Am J Hum Genet 2005; 77: 430—41.

He L, Chinnery PF, Durham SE, Blakely EL, Wardell TM, Borthwick GM,
et al. Detection and quantification of mitochondrial DNA deletions in
individual cells by real-time PCR. Nucleic Acids Res 2002; 30: e68.

Horvath R, Hudson G, Ferrari G, Futterer N, Ahola S, Lamantea E, et al.
Phenotypic spectrum associated with mutations of the mitochondrial
polymerase gamma gene. Brain 2006; 129: 1674-84.

Hudson G, Deschauer M, Taylor RW, Hanna MG, Fialho D, Schaefer AM,
et al. POLGI, C100RF2, and ANTI mutations are uncommon in
sporadic progressive external ophthalmoplegia with multiple mitochon-
drial DNA deletions. Neurology 2006; 66: 1439—41.

Jacobs HT, Lehtinen SK, Spelbrink JN. No sex please, we’re mitochondria:
a hypothesis on the somatic unit of inheritance of mammalian mtDNA.
Bioessays 2000; 22: 564-72.

Katz BJ, Zhao Y, Warner JE, Tong Z, Yang Z, Zhang K. A family with
X-linked optic atrophy linked to the OPA2 locus Xp11.4-Xp11.2. Am J
Med Genet A 2006; 140: 2207-11.

Kaukonen J, Juselius JK, Tiranti V, Kyttala A, Zeviani M, Comi GP, et al.
Role of adenine nucleotide translocator 1 in mtDNA maintenance.
Science 2000; 289: 782-785.

Kerrison JB, Arnould VJ, Ferraz Sallum JM, Vagefi MR, Barmada MM,
Li Y, et al. Genetic heterogeneity of dominant optic atrophy, Kjer type:
Identification of a second locus on chromosome 18q12.2-12.3. Arch
Ophthalmol 1999; 117: 805-10.

Kim JY, Hwang J-M, Ko HS, Seong M-W, Park SS. Mitochondrial DNA
content is decreased in autosomal dominant optic atrophy. Neurology
2004; 64: 966-72.

Lamantea E, Tiranti V, Bordoni A, Toscano A, Bono F, Servidei S, et al.
Mutations of mitochondrial DNA polymerase gammaA are a frequent
cause of autosomal dominant or recessive progressive external
ophthalmoplegia. Ann Neurol 2002; 52: 211-9.



A novel disorder of mtDNA maintenance

Lee S, Jeong SY, Lim WC, Kim S, Park YY, Sun X, et al. Mitochondrial
fission and fusion mediators, hFisl and OPA1l, modulate cellular
senescence. ] Biol Chem 2007; 282: 22977-83.

Lee YJ, Jeong SY, Karbowski M, Smith CL, Youle RJ. Roles of the
mammalian mitochondrial fission and fusion mediators Fisl, Drpl, and
Opal in apoptosis. Mol Biol Cell 2004; 15: 5001-11.

Li C, Kosmorsky G, Zhang K, Katz BJ], Ge J, Traboulsi EI. Optic atrophy
and sensorineural hearing loss in a family caused by an R445H OPAl
mutation. Am ] Med Genet A 2005; 138: 208-11.

Longley MJ, Clark S, Yu Wai Man C, Hudson G, Durham SE, Taylor RW,
et al. Mutant POLG2 disrupts DNA polymerase gamma subunits and
causes progressive external ophthalmoplegia. Am ] Hum Genet 2006; 78:
1026-34.

Mandel H, Szargel R, Labay V, Elpeleg O, Saada A, Shalata A, et al.
The deoyguanosine kinase gene is mutated in individuals with depleted
hepatocerebral mitochondrial DNA. Nature Genetics 2001; 29: 337-41.

Nakamura M, Lin J, Ueno S, Asaoka R, Hirai T, Hotta T, et al. Novel
mutations in the OPA1 gene and associated clinical features in Japanese
patients with optic atrophy. Ophthalmology 2006; 113: 483—8el.

Nishino I, Spinazzola A, Hirano M. Thymidine phosphorylase gene
mutations in MNGIE, a human mitochondrial disorder. Science 1999;
283: 689-92.

Olichon A, Baricault L, Gas N, Guillou E, Valette A, Belenguer P, et al.
Loss of OPAI1 perturbates the mitochondrial inner membrane structure
and integrity, leading to cytochrome c release and apoptosis. ] Biol
Chem 2003; 278: 7743-6.

Olichon A, Emorine LJ, Descoins E, Pelloquin L, Brichese L, Gas N, et al.
The human dynamin-related protein OPAl is anchored to the
mitochondrial inner membrane facing the inter-membrane space.
FEBS Lett 2002; 523: 171-6.

Olichon A, Landes T, Arnaune-Pelloquin L, Emorine LJ, Mils V,
Guichet A, et al. Effects of OPAl mutations on mitochondrial
morphology and apoptosis: Relevance to ADOA pathogenesis. J Cell
Physiol 2007; 211: 423-30.

Payne M, Yang Z, Katz BJ, Warner JE, Weight CJ, Zhao Y, et al. Dominant
optic atrophy, sensorineural hearing loss, ptosis, and ophthalmoplegia: a
syndrome caused by a missense mutation in OPAl. Am ] Ophthalmol
2004; 138: 749-55.

Brain (2008), 131, 329-337 337

Saada A, Shaag A, Mandel H, Nevo Y, Eriksson S, Elpeleg O. Mutant
mitochondrial thymidine kinase in mitochondrial DNA depletion
myopathy. Nat Genet 2001; 29: 342-4.

Schapira AH. Mitochondrial disease. Lancet 2006; 368: 70-82.

Sorensen L, Ekstrand M, Silva JP, Lindqvist E, Xu B, Rustin P, et al.
Late-onset corticohippocampal neurodepletion attributable to cata-
strophic failure of oxidative phosphorylation in MILON mice.
J Neurosci 2001; 21: 8082-90.

Spelbrink JN, Li FY, Tiranti V, Nikali K, Yuan QP, Wanrooij S, et al.
Human mitochondrial DNA deletions associated with mutations in the
gene encoding Twinkle, a phage T7 gene 4-like protein localised in
mitochondria. Nat Genet 2001; 28: 223-31.

Spinazzola A, Viscomi C, Fernandez-Vizarra E, Carrara F, D’Adamo P,
Calvo S, et al. MPV17 encodes an inner mitochondrial membrane
protein and is mutated in infantile hepatic mitochondrial DNA
depletion. Nat Genet 2006; 38: 570-5.

Taylor RW, Turnbull DM. Laboratory diagnosis of mitochondrial disease.
(Applegarth DA, Dimmick J, & Hall JG, editors). Organelle diseases.
London: Chapman & Hall 1997; p. 341-50.

Van Goethem G, Dermaut B, Lofgren A, Martin J-J, Van Broeckhoven C.
Mutation of POLG is associated with progressive external
ophthalmoplegia characterized by mtDNA deletions. Nat Genet 2001;
28: 211-2.

Verhoeven K, Claeys KG, Zuchner S, Schroder JM, Weis J, Ceuterick C,
et al. MFN2 mutation distribution and genotype/phenotype correlation
in Charcot-Marie-Tooth type 2. Brain 2006; 129: 2093-102.

Waterham HR, Koster J, van Roermund CW, Mooyer PA, Wanders RJ,
Leonard JV. A lethal defect of mitochondrial and peroxisomal fission.
N Engl ] Med 2007; 356: 1736—41.

Zeviani M, Di Donato S. Mitochondrial disorders. Brain 2004; 127:
2153-72.

Zuchner S, De Jonghe P, Jordanova A, Claeys KG, Guergueltcheva V,
Cherninkova S, et al. Axonal neuropathy with optic atrophy is caused by
mutations in mitofusin 2. Ann Neurol 2006; 59: 276-81.

Zuchner S, Mersiyanova IV, Muglia M, Bissar-Tadmouri N, Rochelle J,
Dadali EL, et al. Mutations in the mitochondrial GTPase mitofusin 2
cause Charcot-Marie-Tooth neuropathy type 2A. Nat Genet 2004; 36:
449-51.



