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Pathogenic variants in the LONP71 gene have been associated with CODAS syndrome
(Cerebral, Ocular, Dental, Auricular, and Skeletal Anomalies Syndrome). A recent report
identified the first newborn case with LONP7-related mitochondrial cytopathy due to
a compound heterozygous pathogenic variant in LONP1 without features of CODAS.
The proband had manifested with severe congenital lactic acidosis and profound
multiple respiratory chain complex activity deficiencies associated with the quantitative
loss of mtDNA copy number in muscle. A subsequent report identified two siblings
with regression during infancy, profound hypotonia and muscle weakness, severe
intellectual disability, progressive cerebellar atrophy, where muscle biopsy showed an
electron dense mitochondrial inclusions without ragged-red fibers and normal electron
transport chain enzyme activities. Here, we report an additional case of autosomal
recessive mitochondrial cytopathy due to a homozygous missense variant in LONP7
that was identified on whole exome sequencing (c.810G > A; p.D463N). The proband, a
20-year-old male born to consanguineous parents, presented with global developmental
delay, emotional outbursts, speech and swallowing difficulties, hypotonia, and ataxia
since childhood. Muscle biopsy showed massive granular bodies, increased oxidative
stress, and autophagic block and reduced mitochondrial state 3 respiration. We have
identified another case of LONP1-related mitochondrial cytopathy further confirming a
neurological phenotype without CODAS features.

Keywords: LONP1, mitochondrial cytopathy, granular bodies, whole exome sequencing, electron microscopy

INTRODUCTION

LONP1I is a lon protease with substrate selectivity, which removes a variety of oxidatively damaged
proteins in the mitochondria (1-3). Moreover, LONP]I is necessary for mitochondrial proteostasis
and gene expression maintenance (4). Thus, defects in LONPI leads to accumulation of oxidatively
damaged proteins, causing mitochondrial specific proteotoxicity (5). In mice, the homozygous
deletion of LonP1 causes early embryonic death (3). In human skeletal muscle, a reduction of
LONPI activity was shown to have a significantly reduced respiratory chain complex activity,
consistent with depletion of mtDNA, which encodes for key components of these respiratory chain
complexes (5).
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Recently, biallelic pathogenic variants in LONPI1 (19p13.3;
OMIM 605490) have been linked to a complex autosomal
recessive developmental disorder termed CODAS (Cerebral,
Ocular, Dental, Auricular, and Skeletal anomalies; OMIM
600373) syndrome (6, 7). There have also been several case
reports of a classic mitochondrial disease phenotype without
the classic CODAS features (5, 8). In one report, a compound
heterozygous missense variant in LONPI (c.1693T> C, p.T565H
and ¢.2197G> A, p.G733L) was identified in a proband who
presented in the newborn period with severe lactic acidosis,
muscle weakness, and brain MRI typical of Leigh syndrome
(5). Muscle biopsy revealed profound multiple respiratory chain
complex activity deficiencies associated with a reduction of
mtDNA copy number in muscle (5).

In 2017, a group from Japan identified a compound
heterozygous variant in LONPI on whole exome sequencing in
a 12-year-old male with atypical CODAS (9). His manifestations
included severe intellectual disability, congenital bilateral
cataracts, spasticity, hypotonia, motor regression, and
progressive cerebellar atrophy with hyperintensity of the
cerebellar cortex on MRI (9). Muscle biopsy was not performed;
therefore, it is unclear if this case represented a LONPI-related
mitochondrial cytopathy. In 2019, a detailed report identified
two siblings from a consanguineous family with regression
during infancy, profound hypotonia, and muscle weakness,
severe intellectual disability and progressive cerebellar atrophy
on brain imaging due to a novel homozygous missense LONPI
variant (c.2282 C > T, p.P761L) (8). Their muscle biopsy revealed
scattered cytochrome ¢ oxidase-negative staining with electron
dense mitochondrial inclusions, no ragged-red fibers (which are
commonly observed in mitochondrial cytopathies), and normal
activities of all respiratory chain complexes. Additionally, the
investigators demonstrated decreased pyruvate dehydrogenase
(PDH) activity and elevated intracellular lactate levels, which
was caused by increased phosphorylation of Ela (8).

Here, we present a patient with a classical mitochondrial
cytopathy due to a homozygous missense variant in LONPI
identified on whole exome sequencing and expand on the
clinical spectrum of LONPI-related mitochondrial cytopathy.
We demonstrate the presence of massive globular intra-
mitochondrial inclusions within skeletal muscle, which
represents multifocal electron densities likely reflective of
protein that are not broken down through proteases and
consistent with LONPI deficiency. Additionally, we show an
impairment of state 3 respiration capacity which has not been
previously reported in this condition.

MATERIALS AND METHODS

Case Report

The proband, a 20-year-old male, was referred to the
Neurometabolic Clinic at McMaster University for investigation
in the context of gross developmental delay, emotional outbursts,
speech and swallowing difficulties, hypotonia, and ataxia since

Abbreviations: CODAS syndrome, Cerebral, Ocular, Dental, Auricular, and
Skeletal Anomalies Syndrome.

childhood. He was born at term following an uncomplicated
pregnancy (birth weight 3,200 g) and developed appropriately
until 8 months of age, where he had developmental regression
following a mild traumatic brain injury. Axial hypotonia was
noted at 1 year of age. He had delays in his walking, started to
cruise at 3 years of age and was non-verbal. During his early
adulthood, his symptoms progressed, with severe generalized
slowing of movements, muscular fatigue, and swallowing
difficulties. Currently, he spends most of his time in his
wheelchair but walks on occasion with one person assistance.
There were no ocular, dental, auricular, or skeletal anomalies
identified by clinical examination and targeted X-ray evaluation.
His parents are double first cousins from Pakistan with an
unremarkable medical or family history. The other family
members do not report a history of developmental delay or
neurological features.

The probands physical examination was abnormal. He
appeared short and cachectic; he was 50.5kg, 161.5cm tall
and used a wheelchair for ambulation. He was unable to sit
independently. There was evidence of cognitive impairment
and non-verbal vocalization, including screams. He would
occasionally swat at the examiner. Cranial nerve examination
demonstrated horizontal and rotatory nystagmus without ptosis,
cataracts, or retinopathy. He had a right eye esotropia. Cerebellar
examination demonstrated ataxia and bilateral coarse hand
tremors. Lower cranial nerves and hearing were normal. Motor
examination demonstrated generally reduced muscle bulk,
paratonia, with grade 3-4-/5 muscle weakness. He had normal
muscle stretch reflexes in the upper extremities and absent in the
lower extremities with downgoing toes. His serial brain MRI’s
demonstrated progressive cerebellar and vermian atrophy with
increased FLAIR signal in cerebellum and periventricular white
matter. His echocardiogram, nerve conduction study, POLG
sequencing, serum lactate, and karyotype were normal.

Whole Exome Sequencing

After receipt of written informed consent, additional biologic
specimens were obtained from the proband to further investigate
the possibility of a mitochondrial disorder. Additionally, the
proband was enrolled in the Care4Rare (C4R) initiative, a pan-
Canadian collaborative team of clinicians, bioinformaticians,
scientists, and researchers, focused on improving the care
of Rare Disease patients in Canada and around the world
(www.caredrare.ca), where research whole exome sequencing
was performed from DNA extracted from blood given the
suspicion for an autosomal recessive condition. Whole exome
sequencing was performed according to their standard approach
as previously described (10). DNA sequencing of family members
was not available.

Muscle Biopsy

A repeat muscle biopsy was performed in our institution from
the Vastus lateralis using a 5mm modified Bergstrom needle
and assessed at the light and electronic microscopic level, as
previously described (11). Electron microscopy samples were
plastic embedded and ultrathin sections were sent for electron
microscopic evaluation, as previously described (12). The
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maximal activity of several respiratory chain enzymes (complex
I + III, II + III, COX, and citrate synthase) were completed
from frozen muscle, as previously described (13). High resolution
respirometry measurements on freshly isolated and muscle
fiber bundles was completed using an Oroboros instrument
(Oxygraph-2K, Innsbruck, Austria) and previously described
methodology (14). Light microscopic evaluation on cryosections
at 7pum were completed for cytochrome ¢ oxidase, succinate
dehydrogenase, modified Gomori trichrome, hematoxylin and
eosin, oil red-O, and NADH.

Histopathological and Biochemical

Analyses of OXPHOS Function in Muscle

As previously described by Krieger et al. (15) and Cogswell
et al. (16), 20mg of Vastus lateralis (VL) muscle was minced,
trimmed of fat and connective tissue, weighed, and homogenized
in 500 L of ice-cold buffer (100 mM KCI, 10 mM MOPS, 5 mM
EDTA, 5mM HNa204P, Roche complete EDTA-free protease
inhibitor cocktail, pH 7.4) with a Polytron homogenizer (Pro
Scientific) for 10s at the halfway setting. Half of the muscle
homogenate (250 pL) was suspended in 100 wL RIPA buffer
(Thermo Scientific) with protease inhibitors (Roche), vortexed,
and frozen at —80°C for mixed protein analyses. The remainder
was centrifuged for 10 min at 800 g and the resulting supernatant
was centrifuged for 14,000 g for 20 min to obtain subsarcolemmal
(SS) mitochondria. The SS mitochondrial pellet was then re-
suspended in 50 LL of ice-cold buffer (100 mM KCl, 10 mM
MOPS, Roche protease inhibitors, pH 7.4) and frozen at —80°C
for SS mitochondrial analyses.

Mixed protein and SS mitochondrial samples were then
thawed and suspended in 6X Laemmli loading buffer, heated
for 10min at 37.5°C, and loaded in equal amounts onto
4-20% Criterion TGX pre-cast gels (BIO-RAD). Following
electrophoresis at 110V for 2h (BIO-RAD), the proteins were
transferred to 0.2 WM nitrocellulose membranes using the Trans-
Blot Turbo Transfer System (2.5A and 25V for 7 min; BIO-
RAD). Equal loading was verified by the Ponceau S stain and
membranes were blocked in 5% BSA (4-HNE) or 2.5% milk (MS
604) for 1 h at RT, followed by overnight incubation with primary

FIGURE 1 | Muscle biopsy ultrastructure demonstrating intra-mitochondrial
globular inclusions (arrows) (15,000 X).

antibodies against 4-hydroxynoneal (1:1,000 4-HNE in 5% BSA;
Abcam) or total OXPHOS (1:1,000 MS 604 in 2.5% milk; Abcam)
at4°C. Secondary antibody incubation was performed using anti-
mouse or anti-rabbit antibodies (715-035-150 and 711-035-152,
respectively; Jackson Laboratories) at 1:20,000 dilution in 5%
BSA (4-HNE) or 2.5% milk (MS 604) for 1h at RT. Membranes
were then developed with enhanced chemiluminescence (Clarity
Western ECL; BIO-RAD), images obtained using a ChemiDoc
MP Imaging System (BIO-RAD), and optical density quantified
by standard methods (Image] software, National Institutes of
Health, USA). The 4-HNE is a commonly used marker of
oxidative damage and correlates well with other markers of
OXPHOS damage across various tissues, such as nitrotyrosine
and protein carbonyls.

Fibroblast Studies

Lactate/Pyruvate (L/P) ratio was determined using the protocol
outlined previously (17). Briefly, confluent skin fibroblast
cultures were drained of culture medium, 1mL of sterile
phosphate buffered saline (PBS) added to the plate and cultures
incubated at 37°C for 1h to deplete glycogen reserves. PBS was
aspirated, 1 mL of 1 mM glucose in PBS added and incubated
at 37°C for 1h. Immediately after incubation, 0.05mL of
1.6 M perchloric acid was added and supernatant isolated. After
centrifugation supernatant was assayed for lactate and pyruvate
activity and L/P ratio calculated.

Mitochondria were isolated from cultured skin fibroblasts
and activity rotenone-sensitive NADH-cytochrome ¢ reductase
spectrophotometrically by the method of Moreadith et al. (18).
Whole cell fibroblast cytochrome ¢ oxidase and citrate synthase
activity were determined spectrophotometrically as described by
Glerum et al. (19) and Shepherd and Garland (20). Enzyme
activities were normalized to protein content determined by the
Lowry method and expressed as nmole/min/mg.

Fibroblast PDH total enzyme activity was measured in both
the native and DCA-activated state (21). Confluent skin fibroblast
cultures were harvested and suspended in two sterile PBS
solutions, with or without dichloroacetic acid (DCA). Lysed cells
were incubated in buffer containing [1-4C] pyruvate (Amersham
Biosciences, Arlington Heights, IL) at 37°C for 10 min. The

TABLE 1 | Mitochondrial enzyme activity from muscle.

Enzyme test Result Mean SD % % relative
U/mg to CS

protein

Cytochrome ¢ 26 39 24 66 150

oxidase (COX)

Complex | 12 24 18 50 114

Complexes | + Il 25 32 17 79 180

Complex Il 12 18 9 69 157

Complexes Il + I 7 20 7 36 82

Complex Il 113 87 61 130 296

Citrate Synthase 164 374 169 44 -

The measurements were performed in one biological sample, and the mean and standard
deviation (SD) refer to technical replicates.

Frontiers in Neurology | www.frontiersin.org

October 2019 | Volume 10 | Article 981


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Hannah-Shmouni et al.

LONP1-Related Mitochondrial Cytopathy

reaction was stopped and radioactive CO; released by PDH
activity counted on a scintillation counter. Enzyme activities were
normalized to protein content determined by the Lowry method
and expressed as nmole/min/mg.

RESULTS

A Diagnostic Muscle Biopsy Reveals
Multiple OXPHOS Deficiencies and Large

Globular Inclusions

Muscle histopathology, histochemistry, and mitochondrial
electron transport chain activities were initially investigated
prior to our consultation. This demonstrated increased sub-
sarcolemmal succinate dehydrogenase staining and occasional
cytochrome ¢ oxidase (COX) negative fibers, without ragged
red fibers, and globular inclusions on electron microscopy.
mtDNA sequencing and CoQ10 levels from muscle tissue were
both normal.

At our center, several experiments were performed. The
frozen skeletal muscle biopsy on the hematoxylin and eosin
sections showed skeletal muscles with fibers largely in transverse
orientation with a population of smaller and atrophic fibers.
There was mild increase in the interstitial endomysial fibrous
tissue and internalized nuclei. The modified Gomori trichome
did not show any abnormal inclusions or rimmed vacuoles, and
there were no ragged red fibers. COX was normally reactive in
most fibers; however, there were scattered populations of very
weak/negative fibers. NADH was unremarkable with no cores
or abnormal inclusions. The ultrastructural examination showed
globular inclusions representing multifocal electron densities,
likely reflective of protein this is not broken down through
proteases (Figure 1).

Mitochondrial respiratory chain enzyme activities were lower
than controls; however, when expressed relative to citrate
synthase they were normal or above normal (Table 1); however,
high resolution respirometry showed significant defects (e.g., >2
SD below control means) for state 2 and complex I supported
state 3 respiration (Table2). OXPHOS expression showed an
~50% reduction in enzyme complexes that have some mtDNA
encoded subunits (Figure 2). Although the maximal activity
of the respiratory chain enzymes were normal (Table1), the
protein content as determined by Western blot were uniformly
low with the exception of complex II (Figure 3). Oxidative
damage of mixed proteins and subsarcolemmal mitochondria in
Vastus lateralis muscle were evident (Figure 4). Taken together,

TABLE 2 | Mitochondrial high resolution respirometry from muscle.

Absolute Result Mean SD % % relative
Pmol/(s*mg ww) to CS
State 2 0.2 9 2 2 5
State 3 (Cl) 10 36 14 28 64
State 3 (CI+lI) 29 83 23 35 80
State 3 (ClI) 23 59 15 38 87
CIV (TMPD) 217 305 56 71 162

this biopsy was consistent with partial heteroplasmic-type COX
deficiency consistent with a mitochondrial cytopathy with
associated mild myopathic changes.

Results of Fibroblast Studies

The analysis of confluent skin fibroblast studies (Table 1) showed
a normal L/P ratio and mitochondrial enzyme activity. Pyruvate
dehydrogenase activity was mildly lower than control ranges in
the native form, but normal for DCA activated activity (Table 3).

Whole Exome Sequencing ldentifies a
Novel Homozygous Missense Variant in
LONP1

Analysis for autosomal recessive variants in nuclear genes
encoding mitochondrial-targeted proteins was prioritized.
A novel homozygous missense variant in the LONPI gene
(chr19:¢.5700919C>T, NM_001276480.1: exon9, c.810G>A,
p-D463N) was detected, predicted to be located within a
highly conserved domain. This variant was not present in
ExAC (Exome Aggregation Consortium, exac.broadinstitute.
org), gnomAD (The Genome Aggregation Database,
gnomad.broadinstitute.org) or ClinVar (ncbinlm.nih.gov/
clinvar). Thus, given that the variant was homozygous and not
present in the databases, we did not need to phase the variant
in parents. Collectively, the results of his genetic testing with
supportive evidence of intra-mitochondrial accumulation of
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FIGURE 2 | OXPHOS expression in vastus lateralis muscle. Complex |, II, I,
IV, and V expression in vastus lateralis muscle were normalized to total protein
(Ponceau S) and presented as a percentage of healthy, gender, and
age-matched controls (N = 4). Solid gray line indicates normal protein levels
(e.g., control mean is 100%) and dashed lines are bidirectional standard errors
calculated from the absolute values, control mean, and N.
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FIGURE 3 | Oxidative damage of mixed proteins in vastus lateralis muscle.
4-HNE levels of mixed proteins in vastus lateralis muscle were normalized to
total protein (Ponceau S) and presented as a percentage of healthy, gender,
and age-matched controls (N = 4). Solid gray line indicates normal 4-HNE
levels (e.g., control mean is 100%) and dashed lines are bidirectional standard
errors calculated from the absolute values, control mean, and .

oxidatively damaged proteins and respiratory chain deficits in
complexes that included mtDNA sub-units helped establish the
diagnosis of LONPI-related mitochondrial cytopathy.

Follow Up

He was started on a mitochondrial cocktail, which consisted of
alpha lipoic acid, co-enzyme Q10, creatine monohydrate, and
vitamin E (22), with no clinically significant improvement in
symptoms reported; however, his neurological symptoms have
not progressed to date.

DISCUSSION

In this investigation, we describe an additional case of a
severe mitochondrial cytopathy resulting from a homozygous
missense variant in LONPI, and show an expected finding
of massive intra-mitochondrial globular inclusions on muscle
biopsy, likely representing protein that is not broken down
through proteases, in keeping with LONP1 deficiency (Figure 1).
This mitochondrial defect did not result in the canonical
histological (COX-negative, RRE paracrystalline inclusions)
or enzymatic (frozen tissue maximal activity of respiratory

4-HNE
(10-25 kDa)

P1
4-HNE
(50-130 kDa)

Ponceau$s
(30-55 kDa)

350 -
291%vs
300 - control

250 -
200 -
150 -
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control

SS mitochondria (VL)
Relative ox. damage 4- HNE
(% control)
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FIGURE 4 | Oxidative damage of subsarcolemmal mitochondria in vastus
lateralis muscle. 4-HNE levels of subsarcolemmal mitochondria isolated from
vastus lateralis were normalized to total protein (Ponceau S) and presented as
a percentage of healthy, gender, and age-matched controls (N = 2). Solid gray
line indicates normal 4-HNE levels (e.g., control mean is 100%) and dashed
lines are bidirectional standard errors calculated from the absolute values,
control mean, and N. The samples are not biological replicates per se since
each lane is a unique subject, and the standard error of the mean for the
healthy controls is what is reflected in the lines to use as a comparison to

the patient.

chain enzymes) features of a mitochondrial cytopathy; yet,
the finding of large intra-mitochondrial electron densities and
very significant reductions in high resolution respirometry
determined activities were defining, and in keeping with the
muscle findings of a previous report (8). Additionally, we
showed a decrease in all mitochondrial electron transport chain
subunits, and a decrease in native PDH activity. The PDH
dysfunction seen in LONPI-related mitochondrial cytopathy is
due to increased levels of the phosphorylated Ela subunit of
PDH, which inhibits enzyme activity (8). These finding adds to
the current knowledge from the few reports of LONPI-related
mitochondrial cytopathy and suggests that a varying muscle
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TABLE 3 | Analysis of confluent skin fibroblast cultures.

Ratio Reference

interval

Lactate/pyruvate ratio (L/P) 11.9 9.6-26.5
Enzyme Reference

activity Interval

(nmole/min/mg) (nmole/min/mg)

Mitochondrial enzyme activity

NADH: Cytochrome ¢ reductase, 41.0 23.6-77.8
rotenone sensitive (complex | + IIl)

Cytochrome oxidase (complex IV) 5.3 3.5-12.5
Citrate synthase (CS) 42.3 36.5-80.3
Pyruvate dehydrogenase activity

Pyruvate dehydrogenase (PDH) (native)  0.34 0.46-1.60
Pyruvate dehydrogenase (PDH) 1.05 0.87-2.33

(dichloroacetate activated)

tissue mitochondrial pathology and electron transport chain
subunits activity exists in this condition (5).

When compared to past decades, muscle biopsy has fallen off
as gold standard for the evaluation of mitochondrial cytopathies
(23). Current consensus recommendations for the investigation
of mitochondrial cytopathies place mtDNA or nuclear-based
sequencing as first line tests (24, 25). In this report, we describe
investigations for mitochondrial cytopathy that emphasize the
value of a muscle biopsy, especially with electron microscopy
and high resolution respirometry. Thus, analysis of muscle
tissue may provide important diagnostic information for some
mitochondrial cytopathies, including LONPI-related disorders.
An issue with next generation sequencing and whole exome
sequencing is that several potential candidate pathogenic variants
are often called and the muscle biopsy information in this
case was biologically consistent with the expected pathological
effects of a pathogenic variant in LONPI and allowed for a tight
genotype-phenotype relationship to be established.

LONPI is a lon protease which removes oxidatively damaged
proteins in the mitochondrion, defects of which leads to
accumulation of damaged proteins, causing mitochondrial
specific proteotoxicity (1-3). To date, there are a few case reports
of a LONPI manifesting with a mitochondrial disease phenotype
(5, 8). Other reports of recessively inherited variants in LONPI
have been described in relation to CODAS syndrome (6, 7,
9), which could be distinguished from classical mitochondrial
diseases by its distinctive clinical anomalies. However, patients
with CODAS manifest with a varying clinical spectrum that may
mimic that of a classical mitochondrial disease, including but
not limited to, short stature, ptosis, hypotonia, and intellectual
disability (6, 7, 26). Our findings are unique in that the
muscle biopsy findings were consistent with a mitochondrial
cytopathy resulting from an intra-mitochondrial proteolytic
defect, showing lower state 3 respiration and some mitochondrial
proteins as compared to controls. Nimmo et al. showed reduced
fibroblast PDH activity due to increased phosphorylation of Ela
because of LonP1-p.P761L, that normalized with an inhibitor (8).
Our findings of a lower native PDH activity was in keeping with

their report (8); however, we did not find a reduction of DCA
activated PDH activity, perhaps reflecting a less severe impact of
the LONPI deficiency upon PDH activity induced by the specific
variation change described herein (p.D463N).

It is important to note that our patient showed none
of the dysmorphic clinical features of CODAS despite
targeted phenotyping including X-rays for the classical skeletal
abnormalities. Currently, it is unclear why some pathogenic
variants in LONPI lead to CODAS syndrome and others to a
neurological predominant mitochondrial cytopathy. It is likely
that many of the children with CODAS do have pathological
features of a mitochondrial disease but without electron
microscopic and high resolution respirometry evaluation of
muscle, the defect would likely not be discovered. To better
understand the pathological impact of pathogenic variants in
LONPI in cases of CODAS syndrome (9), our data suggests that
a muscle biopsy with electron microscopy and high resolution
respirometry should be considered.

In summary, we report an additional case of LONPI-
related mitochondrial cytopathy with abnormalities on muscle
biopsy in keeping with the condition. Although we did not
perform functional studies of LONPI specific activity for this
variant to ascertain its pathogenicity (e.g.,: misfolded protein
determination in mitochondrial preprations); the similarity of
the clinical phenotype to two other publications, the presence
of massive intra-mitochondrial accumulations, and the presence
of a defect in state 3 respiration and native PDH activity are
strongly supportive of pathogenicity of the p.D463N variant.
Furthemore, the finding of muscle biopsy pathology similar to
those seen in the two other resports and the dramatic intra-
mitochodnrial inclusions support that muscle biopsy analysis
with electron microscopy should be completed in cases of
CODAS and mitochondrial cytopathy LONPI variants.
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