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Abstract
Objective
To investigate the pathogenicity of a novelMT-ND3mutation identified in a patient with adult-
onset sensorimotor axonal polyneuropathy and report the clinical, morphologic, and bio-
chemical findings.

Methods
Clinical assessments and morphologic and biochemical investigations of skeletal muscle and
cultured myoblasts from the patient were performed. Whole-genome sequencing (WGS) of
DNA from skeletal muscle and Sanger sequencing of mitochondrial DNA (mtDNA) from both
skeletal muscle and cultured myoblasts were performed. Heteroplasmic levels of mutated
mtDNA in different tissues were quantified by last-cycle hot PCR.

Results
Muscle showed ragged red fibers, paracrystalline inclusions, a significant reduction in complex I
(CI) respiratory chain (RC) activity, and decreased adenosine triphosphate (ATP) production
for all substrates used by CI. Sanger sequencing of DNA from skeletal muscle detected a unique
previously unreported heteroplasmic mutation in mtDNA encoded MT-ND3, coding for a
subunit in CI. WGS confirmed the mtDNA mutation but did not detect any other mutation
explaining the disease. Cultured myoblasts, however, did not carry the mutation, and RC activity
measurements in myoblasts were normal.

Conclusions
We report a case with adult-onset sensorimotor axonal polyneuropathy caused by a novel
mtDNAmutation inMT-ND3. Loss of heteroplasmy in blood, cultured fibroblasts andmyoblasts
from the patient, and normal measurement of RC activity of the myoblasts support pathogenicity
of the mutation. These findings highlight the importance of mitochondrial investigations in
patients presenting with seemingly idiopathic polyneuropathy, especially if muscle also is affected.
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Around a third of patients withmitochondrial disorders develop
peripheral neuropathy, but this is mostly mild or subclinical.1

However, mutations in genes involved in mitochondrial dy-
namics (MFN2, GDAP1),2–6 in mtDNA replication and main-
tenance (POLG, TWNK, TYMP,MPV17)7–10 or RC complex V
MT-ATP6,11–14 are known to cause peripheral neuropathy as
the initial manifestation or dominant feature of mitochondrial
disease. Some mutations in mtDNA encoded RC complex I
(CI) subunits, MT-ND1, MT-ND4, and MT-ND6 associated
with Leber hereditary optic neuropathy, are known to have
neuropathy as a minor feature of disease.1,15,16 To date, known
pathogenicmutations inMT-ND3 are only described in patients
with Leigh syndromewith or without dystonia, inmitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes, or
in patients comprising with overlapping clinical features from
both syndromes.17–20

If an inherited neuropathy is due to mitochondrial disease, the
patients need to be thoroughly investigated for involvement
of other organs or systems. Treatment with cofactors and
antioxidants such as coenzyme Q10 (ubiquinone), ascorbic
acid, vitamin E, lipoic acid, riboflavin, thiamin, niacin, vitamin
K, creatine, and carnitine has been suggested,21,22 and en-
gagement of other organs may demand specific therapy.

In this study, we describe a female patient with onset of
neuropathy symptoms due to a small- and large-fiber senso-
rimotor axonal polyneuropathy at age 41 years, as the initial
manifestation. During the following years, she also developed
a myopathy and experienced fluctuating bilateral blurred vi-
sion. The disease was shown to be caused by a novel mutation
in MT-ND3, which was found at high levels of heteroplasmy
in DNA frommuscle tissue. In contrast, the mutation was not
detectable in blood, urinary epithelial cells, or cultured myo-
blasts and found only at very low levels in cultured fibroblasts.
Our finding emphasizes the importance of mitochondrial in-
vestigation including muscle biopsy in patients with poly-
neuropathy of unknown genetic cause, especially when
coexisting muscular symptoms occur.

Methods
Clinical Evaluation
See supplementary material (links.lww.com/NXG/A388).

Muscle and Skin Biopsy Samples and
Establishment of Cell Cultures
See supplementary material (links.lww.com/NXG/A388).

Biochemical Investigations of Skeletal Muscle
and Cultured Myoblasts
ATPproduction rate andRCenzyme activities weremeasured in
isolated mitochondria from both muscle biopsies as described
earlier.23 For determination of RC enzyme activities in cultured
myoblasts, mitochondria were isolated by homogenization of
cells in a homogenizing and washing buffer (320 mM sucrose,
1 mM ethylene glycol tetraacetic acid, and 20 mM Tris-HCl
pH7.2 with 0.1% bovine serum albumin [BSA]), followed by
differential centrifugation. The final mitochondrial pellet was
resuspended in resuspension buffer (250 mM sucrose, 15 mM
K2HPO4, 2 mMMgAc2, 0.5 mM EDTA, and 0.5 g/L BSA, pH
7.2) before determination of RC enzyme activities as previously
described.23 The rate of mitochondrial ATP production was
determined in permeabilized myoblasts. The permeabilization
procedure was performed on an ice bath and using a refrigerated
centrifuge. Two solutions were used; A: 0.1 g/L digitonin, 150
mMKCl, 25mMTris, 10mMK2HPO4, 2mMEDTAand 1 g/L
BSA, pH 7.5); B: same as A but with digitonin omitted. Ap-
proximately 1 million myoblasts at a confluency of 80-90% were
harvested for each experiment. The cell pellet was incubated for
10 minutes with 100 μL of solution A. After incubation cells were
centrifuged for 3 minutes at 700g and washed twice with 100 μL
of solution B. Finally, cells were resuspended in 100 μL of solu-
tion B. ATP productionwasmeasured in white 96-well microtiter
plates. To each well, ATP monitoring reagent, adenosine di-
phosphate, and one of the following substrate combinations were
added: glutamate + malate, pyruvate + malate, or succinate +
rotenone. Each substrate combination was measured in the ab-
sence or presence of oligomycin (OM). Reaction was started by
addition of approximately 1 × 103 cells/well, and the increase in
light emission was followed for 10 minutes at 25°C in a Perkin
Elmer Victor2 plate reader. Measurements were standardized by
determining the subsequent increase in light emission after ad-
dition of 500 nMATP to wells containing all the above-described
combinations of substrates and OM, but without cells. Each
measurement was repeated in 4 wells. In total, 24 wells were used
per sample investigated, and 24wells were used for the calibration
procedure. Mitochondrial ATP production in myoblasts was
calculated as ATP production rate (−OM) – ATP production rate
(+OM) for each substrate combination. Final reagent concen-
trations and principles of the measurement procedure were as
previously described.24

Morphologic Investigation of Skeletal Muscle
See supplementary material (links.lww.com/NXG/A388).

Genetic Analysis
See supplementary material (links.lww.com/NXG/A388).

Glossary
ATP = adenosine triphosphate; BN-PAGE = blue native polyacrylamide gel electrophoresis; CADD = Combined Annotation-
Dependent Depletion; CI = complex I; mtDB = Mitochondrial Genome Database; mtDNA = mitochondrial DNA; OM =
oligomycin; RC = respiratory chain; RRF = ragged red fiber; WGS = whole-genome sequencing.
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Blue Native Polyacrylamide Gel
Electrophoresis and In Silico Analyses
See supplementary material (links.lww.com/NXG/A388).

Standard Protocol Approvals, Registrations,
and Patient Consents
This study has been approved by the regional ethical board in
Stockholm, Sweden (2014/995-32). Written informed con-
sent was obtained from the patient involved.

Data Availability
The data that support the findings of this study are available
from the corresponding author on reasonable request.

Results
Clinical History
A 46-year-old woman with no family history of neuromus-
cular disease or other clinical symptoms typically associated
with mitochondrial diseases presented with a 5-year history
of painful paresthesia and numbness, which started in her
toes but later progressed to her feet and hands. During the
same period, she also experienced fluctuating muscular
weakness in the lower and upper extremities. The initial
neurologic examination showed normal walking capacity
and a minor distal weakness in both upper and lower ex-
tremities, but no fasciculations in the extremities. The pa-
tient had reduced light touch sensibility in the lower legs,
reduced pinprick sensibility in the feet, and lack of vibration
sensibility in the ankles. The reflexes were generally re-
duced, with a total loss of ankle reflexes. The patient had no
ataxia, cranial nerve affection, or Babinski sign. Nerve con-
duction studies and quantitative sensory testing showed a
symmetric sensorimotor axonal polyneuropathy as well as
signs of small fiber involvement (table e-1, links.lww.com/
NXG/A388). The EMG showed a mostly chronic neuro-
genic pattern and no signs of myopathy (table e-2). To
screen for known etiologic causes of her sensory-pre-
dominant neuropathy we performed a comprehensive
work-up. The patient denied alcohol overconsumption.
Routine basal blood samples including serum cobalamin,
folate acid and homocysteine, oral glucose tolerance test
and serum protein electrophoresis were normal. Antibodies
for rheumatic disease (antinuclear antibodies, rheumatoid
factor and anti-neutrophils cytoplasmic antibodies) were
negative. Screening for hepatitis C, HIV, Lyme disease and
syphilis was also negative. Transglutaminase antibodies
(Celiac disease), abdominal fat biopsy and TTR gene se-
quencing (Amyloidosis) were normal. Urine trihexoside
was normal and GLA gene sequencing (Fabry disease) did
not reveal any disease-causing variants. To identify a pos-
sible inflammatory etiology, a muscle biopsy with a strict
morphologic analysis was performed. Surprisingly, the
muscle biopsy showed ragged red fibers indicating a mito-
chondrial disorder, but no signs of myositis or vasculitis. To
expand the mitochondrial investigation, the patient was
referred to the Centre for Inherited Metabolic Diseases for

further investigation, as described below. During the fol-
lowing year, the patient experienced a gradual increase in the level
of muscle weakness leading to inability to walk without using a
walking aid. A follow-up EMG at this time revealed a generalized
myopathic pattern (table e-2). Blood workup including creatine
kinase levels was normal. During the following 3 years, the patient
also experienced fluctuating bilateral blurred vision. The eye ex-
amination showed punctate retinal hemorrhages of unknown
etiology in the right eye and no optic disc changes, although visual
evoked potential revealed bilateral prolonged latencies indicating
optic nerve affection, which was assumed to be related to her
mitochondrial condition. Since then, repeated eye assessments
have been performed. The patient has a Leber miliary aneurysm
in the right retina and has received laser treatment. She has also
undergone bilateral cataract surgery as well as epiretinal mem-
brane removal and vitrectomy at her right eye. None of these
conditions are considered to be associatedwith hermitochondrial
disorder. At the time of diagnosis, investigation of other organ
systems included normal echocardiography and an auditory test.
MRI of the brain showed a slight global parenchymal atrophy, but
no white matter changes. A repeated MRI of the brain at age 58
years showed similar results. The proximal muscle weakness has
worsened during the years leading to the use of a power wheel-
chair outdoors at age 58 years, although the patient is still capable
of walking short distances without aid indoors. She complains of
muscle soreness, clumsiness in her hands, and fatigue, which
worsen with physical activity. She has tried coenzyme Q10 and
creatinine without effect. She has continuous severe neuropathic
pain and uses gabapentin and sometimes tramadol. Earlier use of
tricyclic antidepressant and duloxetine had no effect or trouble-
some side effects.

Biochemical and Morphologic Investigations
Show Clear Evidence of
Mitochondrial Dysfunction
Amuscle biopsy for mitochondrial investigation was conducted
in 2008 when the patient was aged 47 years. Measurement of
mitochondrial ATP production and the RC activity in mito-
chondria isolated from muscle was performed. Mitochondrial
ATP production was decreased using all substrates involving CI.
Only N,N,N',N'-Tetramethyl-p-phenylenediamine (TMPD) +
ascorbate (complex IV) and succinate + rotenone (complex
II + III + IV) showed normal activities (figure 1A). RC
activity showed markedly decreased activities for CI and CI
+ complex III. Also, complex II and II + III were slightly
reduced while the activity for complex IV was normal (figure
1B). The activities of the mitochondrial control enzymes
glutamate dehydrogenase and citrate synthase were three-
fold increased compared with the controls, indicating mi-
tochondrial proliferation in the muscle tissue (figure 1B).
Morphologic analysis was performed on muscle tissue from
the same biopsy. Gomori trichrome staining revealed nu-
merous ragged red fibers (RRFs) indicating accumulation of
abnormal mitochondria below the plasma membrane of the
muscle fiber (figure 2A). All fibers, except 1 COX-negative
fiber, were shown to be COX positive in cytochrome oxidase
staining indicating normal complex IV function of the
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mitochondria (figure 2B). Electron microscopy demon-
strated abnormal collection of mitochondria with para-
crystalline inclusions (figure 2, C and D).

Sanger Sequencing Identified aNovelMutation
m.10372A>G in Muscle Tissue
To search for the genetic cause of the disease, mtDNA
isolated from muscle was analyzed by Sanger sequencing.
The analysis detected a novel heteroplasmic mutation in
MT-ND3, m.10372A>G (predicting p.(Glu105Gly)).MT-
ND3 is one of the mtDNA-encoded subunits of CI in the
RC. The identified mutation had a high heteroplasmic level
in muscle according to the Sanger electropherogram, al-
most no wild-type mtDNA was detected (not shown).
Sanger sequencing could not detect the mutation in DNA
from blood, cultured fibroblasts, or urinary epithelial cells
from the patient.

Quantification by Last-Cycle Hot PCR Showed
High Levels of Mutated mtDNA in Muscle but
Not in Other Tissues
To further characterize the mutation, mtDNA from blood,
cultured fibroblasts, and muscle was quantified by last-cycle
hot PCR. Quantification showed 97% mutated mtDNA in
muscle and 3% in fibroblasts, but undetectable in blood
(figure 3, A and B).

Blue Native Polyacrylamide Gel
Electrophoresis Analysis of Muscle
Mitochondria Resulted in Normal Complex
I Assembly
To further characterize the muscle mitochondria carrying the
m.10372A>G mutation, blue native polyacrylamide gel elec-
trophoresis (BN-PAGE) of mitochondria isolated from the
first biopsy was conducted. No deviation in the quantity or

Figure 1 Biochemical Investigations of Mitochondria From Skeletal Muscle Biopsies in 2008 and 2016 Show Complex I (CI)
Deficiency

(A) Mitochondrial ATP production (MAPR) is de-
creased with all substrates involving CI. Only TMPD
+ ascorbate (complex IV) and succinate + rotenone
(complex II + III + IV) show normal activities. (B) CI
and CI + complex III in the respiratory chain show
markedly decreased activities. Complex II and II + III
are slightly reducedwhile the activity for complex IV
is normal. The activities of the mitochondrial con-
trol enzymes glutamate dehydrogenase and citrate
synthase are threefold increased compared with
the controls in biopsy from 2008 (not measured
2016), indicating mitochondrial proliferation in the
muscle tissue. The control group for MAPR con-
sisted of 18 individuals aged 7–70 years. For the
enzyme activity determinations, several control
groups were used, consisting of 10–119 individuals
aged 5–80 years. All controls were thoroughly cho-
sen among patients referred to the clinic for a
muscle biopsy. Inclusion criteria were normal
morphologic analysis of muscle, no pathogenic
findings in genetic analyses, and a clinical picture
not suggesting mitochondrial disease. Results di-
verging more than ±2 SDs from the average of the
control groups were considered pathologic.
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size of CI in the patient was seen compared with controls,
indicating that the mutation in MT-ND3 does not affect as-
sembly of CI (figure 4A).

Population Frequency and In Silico Analyses
The mutation was not found in 50,175 GenBank sequences
according to MitoMap24 and not in 2,704 sequences in the
Human Mitochondrial Genome Database (mtDB).25 The
mutation was predicted to be pathogenic by the prediction
tools PolyPhen2 (HumDiv: score 1.00, HumVar: score
0.99), SIFT (score: 0), and Combined Annotation De-
pendent Depletion (CADD, score 24.0), MutPred2 (altered
ordered interface, p value = 0.003), PROVEAN (score:
−6.767), and Rhapsody (score: 0.68). The residue is also
highly conserved across different species down to the CI
core subunit Nqo1 in Thermus thermophilus (figure 4B), and
all 61 mammals in the mtSNP Database mtSAP26 had glu-
tamate in the corresponding position (not shown). The
glutamate residue at position 105 is located close to the
C-terminal tail of ND3 that faces the mitochondrial matrix
(figure 4C). In a human CI structure obtained by cryogenic
electron microscopy (PDB:5XTC),27 the negatively charged
glutamate does not establish ionic contacts with any of the
predominantly hydrophobic residues in its proximity (figure
4D). Furthermore, modeling of mutant ND3 with SWISS-
MODEL28 did not cause structural changes to the protein
compared with the canonical ND3 sequence (figure 4E),
indicated by an root-mean-square deviation score of 0.001.
This suggests that the mutation does not affect the stability
of CI, but might rather have functional consequences.

Investigations of a Second Muscle Biopsy and
Cultured Myoblasts Established From
the Biopsy
To establish a cell type carrying the mutation for further
experiments, the patient was asked to undergo another
muscle biopsy in 2016 when she was aged 55 years. The
second muscle biopsy confirmed the morphologic (not
shown) and biochemical analysis (figure 1, A and B) as well
as the high mutation levels in muscle tissue (figure 3C).
Cultured myoblasts derived from the same biopsy, how-
ever, did not carry the m.10372A>G mutation (figure 3D).
To ensure that the cells in the myoblast culture from the
patient were myogenic cells, immunocytochemistry with
the myogenic marker desmin was performed (figure 3E).
Primary fibroblasts from the patient were used as control
cells for the staining (figure 3F). Sanger sequencing of the
complete mtDNA from the cultured myoblasts showed the
same sequence of m.1-16569 as for the former sequenced
muscle DNA, except for the position m.10372. The fact
that mtDNA from cultured myoblasts vs muscle tissue
from the same biopsy only differed in 1 position gave us the
opportunity to investigate the functional consequences of
this novel mutation. We therefore performed mitochon-
drial biochemical investigations of the myoblast cells.
Analysis of the patient’s myoblasts showed normal mito-
chondrial ATP production (figure 5A) and RC activity
(figure 5B) compared with control myoblasts. This indi-
cates that the previously identified CI deficiency in mus-
cle tissue from the same biopsy was caused by the
m.10372A>G mutation.

Figure 2 Morphologic Analysis and Electron Microscopy of Skeletal Muscle Showing Clear Evidence of Mitochondrial
Disease

(A) Gomori trichrome staining shows numerous ragged red
fibers, bar 50 μm (B), which are shown to be COX positive in
the combined cytochrome oxidase/succinate dehydrogen-
ase staining except for 1 fiber, which is COX negative
(marked with*), bar 50 μm. (C + D) Electron microscopy
shows abnormal mitochondria with paracrystalline inclu-
sions (marked with arrows).
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Whole-Genome Sequencing Identified High
Heteroplasmic Levels of the m.10372A>G but
No Other Mutation Explaining the Disease
The m.10372A>G mutation had been identified before the
era of massive parallel sequencing. A whole-genome se-
quencing (WGS) analysis of DNA from muscle targeting all

disease-associated genes in Online Mendelian Inheritance in
Man and all genes in Human MitoCarta 2.0 was thus per-
formed later. This was performed to exclude additional mu-
tations in nuclear genes that could potentially contribute to
the CI deficiency or the clinical symptoms of the patient. As
expected, the WGS analysis detected the former identified

Figure 3 Last-Cycle-Hot PCR (LCH-PCR), Sanger Sequencing, and Immunocytochemistry

(A) LCH-PCR analysis. HphI digested
mitochondrial DNA (mtDNA) in blood
from the patient (lane 1), skeletal mus-
cle from the patient biopsy from 2008
(lane 2), cultured fibroblasts from the
patient (lane 3), wild-type control (lane
4), and undigested wild-type control
DNA (lane 5). The mutation is hetero-
plasmic, and quantification shows het-
eroplasmy of 97% in muscle and 3% in
fibroblasts, but none in blood. (B) The
expected fragment sizes after HphI di-
gestion of normal andmutatedmtDNA
are shown. (C) Sanger sequencing of
mtDNA from skeletal muscle from pa-
tient biopsy from 2016 shows high
heteroplasmic level ofm.10372A>G. (D)
Sanger sequencing of mtDNA from
myoblasts from 2016 biopsy cannot
detect the mutation. (E + F) Patient’s
myoblasts and fibroblasts immunos-
tained for alpha-tubulin (green) and
myogenic marker desmin (red). Nuclei
counterstained with 4',6-diamidino-2-
phenylindole (blue). Scale bar = 100μm.
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MT-ND3mutation at a high heteroplasmic level, but no other
disease-causing mutation in any known nuclear disease gene
was found that could explain the phenotype.

Discussion
Here, we have identified a novel heteroplasmic mutation inMT-
ND3, m.10372A>G (p.Glu105Gly), coding for a subunit in CI
of the RC, in a Caucasian woman presenting with sensorimotor
axonal polyneuropathy as an initial symptom at age 41 years.

To be considered pathogenic, mtDNA-encoded CI mutations
must fulfill a number of accepted criteria in the CI mutation
pathogenicity scoring system.29 This system is based on pa-
rameters such as biochemical defect in multiple and affected
tissues, functional studies in, e.g., single-fiber and/or cybrid
studies, the number of cases reported, heteroplasmy level of the
variant, segregation with disease in the family, and finally
conservation scores of the amino acid position. In our case, CI
deficiency of the mitochondrial RC, numerous RRF, and par-
acrystalline inclusions were shown in muscle tissue, from 2

different biopsies, carrying the mutation. Single-fiber and/or
cybrid studies were not possible to perform in this case because
only 1 COX-negative fiber was found in the muscle. However,
the fact that themutationwas lost inmyoblasts from the patient
provided a different opportunity for functional studies. Mea-
surement of mitochondrial ATP production and RC activity in
mitochondria isolated from cultured myoblasts, not carrying
the mutation, was completely normal compared with controls.
This confirms that the biochemical defect segregates with the
mutation in the different investigated tissues from the patient,
strengthening the pathogenicity of the mutation. Last-cycle hot
PCR analysis showed the mutation to be heteroplasmic at a
high level in muscle (97%), low level in cultured fibroblasts
(3%), and not detectable in blood, urinary epithelial cells, or
cultured myoblasts. Previous studies have shown that both
pathogenic point mutations and single, large-scale mtDNA
deletions, present in high heteroplasmy levels in patient skeletal
muscle, have been absent in the patients’ cultured myoblasts,
suggesting that the mutations are not present or are at very low
levels in muscle satellite cells.30–32 Levels of mutant mtDNA in
blood and fibroblasts in these cases were also absent or at
extremely low levels, comparable to observations made in the

Figure 4 Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) and In Silico Analyses

(A) BN-PAGE of mitochondria isolated
from skeletal muscle from the patient
andcontrols (C1andC2).Nodeviation in
the quantity or size of complex I (CI) in
the patient was seen compared with
controls, indicating that the mutation in
MT-ND3 does not affect assembly of CI.
Lanes 3 and 4 represent patients not
included in this study. (B) Clustal omega
alignment of different species shows
that the residue E105 is highly con-
served down to the T thermophilus ho-
molog Nqo1. (C) Location of ND3 in a
human CI structure (PDB: 5XTC) seen
from 2 different angles, relative to the
mitochondrial matrix and in-
termembrane space. E105 is highlighted
within the dotted square close to the C-
terminus. In the right view, ND1 is not
shown. The residueE105 is locatedclose
to thematrix side of ND3 just before the
C-terminal tail in proximity to ND6 and
ND1. (D) Detailed view of E105 indicates
that there are no potential interactors in
its proximity on ND3 (orange), ND1
(gray), or ND6 (turquoise). (E) Super-
imposed SWISS-MODEL predictions of
the canonical ND3 sequence (gray) and
ND3.E105G (plumb) are structurally
identical.
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patient described here. However, a study of several cases of
sporadic mtDNA deletions detected a similar level of deleted
mtDNA in both mature muscle and muscle satellite cells.33 In
the majority of those patients, the deletions were shown to be
completely lost in the transition from satellite cells to myo-
blasts, which also is a possible explanation for the loss of the
mutation in our case. Muscle biopsies from relatives from the
patient would have been required for segregation analysis, but
unfortunately, this was not possible. BN-PAGE of mitochon-
dria isolated from muscle showed normal size and quantity of
CI, indicating that the mutation does not affect assembly of CI.
Other pathogenic mutations inMT-ND3 such as m.10158T>C
and m.10191T>C have been shown to result in moderately
reduced amounts or fully assembled CI and a decrease in en-
zyme activity.17 Those mutations are located in the loop con-
necting the first and second transmembrane helix of ND3,
which is involved in the Active/Deactive transition of the en-
zyme.34 The proposed reason forCI dysfunction caused by those
mutations has thus been impaired catalytic turnover of CI rather
than structural destabilization.35 It has also been shown that
locking of this loop of ND3 in Yarrowia lipolytica disengages
proton pumping.36 Our modeling of the mutationm.10372A>G
(p.(Glu105Gly)) positioned close to the C-terminal tail of ND3

in the mitochondrial matrix, indicates that Gly105 does not alter
the protein structure compared with the canonical Glu105. Yet,
the molecular relevance of this single negatively charged gluta-
mate residue is unknown. Acidic residues like glutamate con-
tribute to proton pumping37 or hydration of the complex.38

Similarly, one could argue that Glu105 is involved in the rear-
rangement of ND3 during CI energy conversion and might thus
be of relevance to the fourth proton pathway in the membrane
arm, attributed to a region close to ND1, ND6, andND3.39 This
could explain why p.Glu105Gly does not affect CI stability but
rather has functional consequences through the loss of negative
charge and gain of hydrophobicity.

The mutation has not previously been reported in MitoMap24

or the mtDB25 and is predicted to be pathogenic, using Poly-
Phen2, SIFT, and CADD. The extent of conservation was
assessed with themtSNPDatabasemtSAP,26 which showed that
there was no variation at this amino acid position in any of the 61
mammals in the database. There was, however, variation in 2 of 4
amino acid residues surrounding the amino acid residue. Ap-
plication of the pathogenicity scoring system placed the muta-
tion in the group of probably pathogenic, with a score of 29 of
possible 40 points, where a score of 30 or more is required for
the category pathogenic. Segregation analysis in the family would
have given the mutation another 3 points with a total score of 32
points.WGS did not identify any other variant that could explain
the CI deficiency or the clinical symptoms of the patient, further
supporting pathogenicity.

In summary, we describe a novel mtDNA mutation,
m.10372A>G in MT-ND3, with a striking tissue-specific dis-
tribution. The mutation is present at high levels in muscle
tissue but is lost in cultured myoblasts, providing an unusual
opportunity to investigate its functional consequences. Our
data strongly suggest that the identified mutation is patho-
genic and responsible for the CI deficiency and clinical
symptoms of the patient. This extends the clinical phenotypes
of MT-ND3 mutations as well as the known genetic aetiol-
ogies of mitochondrial polyneuropathy, highlighting the im-
portance of mitochondrial investigation, including muscle
biopsy, in patients presenting with seemingly idiopathic pol-
yneuropathy, especially with coexisting muscle weakness.
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Figure 5 Biochemical Investigation of Mitochondria From
Cultured Myoblasts Shows Normal Function

(A) Mitochondrial ATP production is normal with the substrates involving CI,
glutamate + malate, and pyruvate + malate compared with 8 healthy age-
matched controls. (B) All complexes in the respiratory chain show normal
activities compared with 6 healthy age-matched controls.
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5. Züchner S, Mersiyanova IV, Muglia M, et al. Mutations in the mitochondrial GTPase
mitofusin 2 cause Charcot-Marie-Tooth neuropathy type 2A. Nat Genet 2004;36:
449–452. doi:10.1038/ng1341.

6. Feely SME, Siskind CE, Sottile S, et al. MFN2 mutations cause severe phenotypes in
most patients with CMT2A. Neurology 2011;76:1690–1696.

7. Garone C, Tadesse S, Hirano M. Clinical and genetic spectrum of mitochondrial
neurogastrointestinal encephalomyopathy. Brain 2011;134:3326–3332. doi:10.1093/
brain/awr245.

8. Karadimas CL, Vu TH, Holve SA, et al. Navajo neurohepatopathy is caused by a
mutation in the MPV17 gene. Am J Hum Genet 2006;79:544–548.

9. Martin-negrier M, Sole G, Jardel C, Vital C, Ferrer X, Vital A. TWINKLE gene
mutation: report of a French family with an autosomal dominant progressive external
ophthalmoplegia and literature review. Eur J Neurol 2011;18:436–441. doi:10.1111/j.
1468-1331.2010.03171.x.

10. Harrower T, Stewart JD, Hudson G, et al. POLG1 mutations manifesting as au-
tosomal recessive axonal Charcot-Marie-Tooth disease. Arch Neurol 2008;65:
133–136.

11. Olive M. NARP-MILS syndrome caused by 8993 T > G mitochondrial DNA muta-
tion: a clinical, genetic and neuropathological study. Acta Neuropathol 2006;111:
610–616. doi:10.1007/s00401-006-0040-5.

12. Uziel G, Moroni I, Lamantea E, et al. Mitochondrial disease associated with the
T8993G mutation of the mitochondrial ATPase 6 gene: a clinical, biochemical,
and molecular study in six families. J Neurol Neurosurg Psychiatry 1997;63:
16–22.

13. Adda ED, Comi GP. Familial mtDNAT8993C transition causing both the NARP and
the MILS phenotype in the same generation. J Neurol 2003;250:1498–1500. doi:10.
1007/s00415-003-0246-6.

14. Pitceathly RDS, Sweeney MG, Woodward C, et al. Genetic dysfunction of MT-ATP6
causes axonal Charcot-Marie-Tooth disease. Neurology 2012;79:1145–1154.

15. Finsterer J. Inherited mitochondrial neuropathies. J Neurol Sci 2011;304:9–16. doi:
10.1016/j.jns.2011.02.012.

16. Gilhuis HJ, Schelhaas HJ, Cruysberg JRM, Zwarts MJ. Demyelinating polyneuropathy
in Leber hereditary optic neuropathy. Neuromuscul Disord 2006;16:394–395. doi:10.
1016/j.nmd.2006.03.006.

17. Mcfarland R, Kirby DM, Fowler KJ, et al. De novo mutations in the mitochondrial
ND3 gene as a cause of infantile mitochondrial encephalopathy and complex I de-
ficiency. Ann Neurol 2004;55:58–64.

18. Fortunato F, Bordoni A, Papandreou U. A new mitochondrial DNAmutation in ND3
gene causing severe Leigh syndrome with early lethality. Pediatr Res 2004;55:
842–846. doi:10.1203/01.PDR.0000117844.73436.68.

19. Mukai M, Nagata E, Mizuma A, Yamano M, Sugaya K. Adult-onset mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke (MELAS)-like encephalopathy
diagnosed based on the complete sequencing of mitochondrial DNA extracted from
biopsied muscle without any myopathic changes. Intern Med 2017;56:95–99. doi:10.
2169/internalmedicine.56.7301.

20. Chae JHEE, Lee JINS, Kim KIJ, et al. A novel ND3 mitochondrial DNA mutation in
three Korean children with basal ganglia lesions and complex I deficiency. Pediatr Res
2007;61:622–624. doi:10.1203/pdr.0b013e3180459f2d.

21. El-hattab AW, Zarante AM, Almannai M, et al. Therapies for mitochondrial diseases
and current clinical trials. Mol Genet Metab 2017;122:1–9. doi:10.1016/j.ymgme.
2017.09.009.

22. Clandinin MT, Glerum DM. Nutritional cofactor treatment in mitochondrial
disorders. J Am Diet Assoc 2003;103:1029–1038. doi:10.1053/jada.2003.50196.

23. Wibom R. Measurement of ATP production and respiratory chain enzyme activities in
mitochondria isolated from small muscle biopsy samples. Anal Biochem 2002;311:139–151.

24. MITOMAP. A human mitochondrial genome database. 2018. Available at: mitomap.
org. Accessed June 22, 2020.

25. Ingman M, Gyllensten U. mtDB: human mitochondrial genome database, a resource
for population genetics and medical sciences. Nucleic Acids Res 2006;34:749–751.
doi:10.1093/nar/gkj010.

26. Tanaka M, Takeyasu T, Fuku N, Li-Jun G, Kurata M. mtSNP: a database of human
mitochondrial genome polymorphisms. Ann N Y Acad Sci 2004;1011:7–20. doi:10.
1196/annals.1293.002.

27. Guo R, Zong S, Wu M, Gu J, Yang M. Architecture of human mitochondrial re-
spiratory megacomplex I2III2IV2. Cell 2017;170:1247–1257.e2. doi:10.1016/j.cell.
2017.07.050.

28. Waterhouse A, Bertoni M, Bienert S, et al. SWISS-MODEL: homology modelling of
protein structures and complexes. Nucleic Acids Res 2018;46:W296–W303. doi:10.
1093/nar/gky427.

29. Mitchell AL, Elson JL, Howell N, Taylor RW, Turnbull DM. Sequence variation in
mitochondrial complex I genes: mutation or polymorphism? J Med Genet 2006;43:
175–179. doi:10.1136/jmg.2005.032474.

30. Clark KM, Bindoff LA, Lightowlers RN, et al. Reversal of a mitochondrial DNA
defect in human skeletal muscle. Nat Genet 1997;16:222–225. doi:10.1038/
ng0797-222.

Appendix Authors

Name Location Contribution

Helene
Bruhn, MSc

Karolinska Institutet,
Stockholm, Sweden

Performed cell and molecular
biology laboratory work,
interpreted data, and
drafted the manuscript
for intellectual
content

Kristin
Samuelsson,
MD, PhD

Karolinska Institutet,
Stockholm, Sweden

Evaluated and collected
patient data, interpreted
data, and revised the
manuscript for intellectual
content

Florian A.
Schober, MSc

Karolinska Institutet,
Stockholm, Sweden

Performed in silico analyses,
interpreted data, and revised
the manuscript for intellectual
content

Martin
Engvall, MD

Karolinska Institutet,
Stockholm, Sweden

Interpreted data and revised
the manuscript for intellectual
content

Nicole Lesko,
PhD

Karolinska Institutet,
Stockholm, Sweden

Interpreted data and revised
the manuscript for intellectual
content

Rolf Wibom,
PhD

Karolinska Institutet,
Stockholm, Sweden

Interpreted data and revised
the manuscript for intellectual
content

Inger
Nennesmo,
MD, PhD

Karolinska University
Hospital, Stockholm,
Sweden

Evaluated morphologic data,
interpreted data, and revised
the manuscript for intellectual
content

Javier Calvo-
Garrido, PhD

Karolinska Institutet,
Stockholm, Sweden

Performed cell laboratory
work, interpreted data, and
revised the manuscript for
intellectual content

Rayomand
Press, MD,
PhD

Karolinska Institutet,
Stockholm, Sweden

Interpreted data and revised
the manuscript for intellectual
content

Henrik
Stranneheim,
PhD

Karolinska Institutet,
Stockholm, Sweden

Interpreted data and revised
the manuscript for intellectual
content

Christoph
Freyer, PhD

Karolinska Institutet,
Stockholm, Sweden

Interpreted data and revised
the manuscript for intellectual
content

Anna Wedell,
MD, PhD

Karolinska Institutet,
Stockholm, Sweden

Designed and conceptualized
the study, interpreted data,
and revised the manuscript for
intellectual content

Anna
Wredenberg,
MD, PhD

Karolinska Institutet,
Stockholm, Sweden

Designed and conceptualized
the study, interpreted data,
and revised the manuscript for
intellectual content

Neurology.org/NG Neurology: Genetics | Volume 7, Number 2 | April 2021 9

https://dx.doi.org/10.1016/S1474-4422(13)70158-3
https://dx.doi.org/10.1016/S1474-4422(13)70158-3
https://dx.doi.org/10.1038/ng796
https://dx.doi.org/10.1038/ng798
https://dx.doi.org/10.1016/j.nbd.2009.09.011
https://dx.doi.org/10.1016/j.nbd.2009.09.011
https://dx.doi.org/10.1038/ng1341
https://dx.doi.org/10.1093/brain/awr245
https://dx.doi.org/10.1093/brain/awr245
https://dx.doi.org/10.1111/j.1468-1331.2010.03171.x
https://dx.doi.org/10.1111/j.1468-1331.2010.03171.x
https://dx.doi.org/10.1007/s00401-006-0040-5
https://dx.doi.org/10.1007/s00415-003-0246-6
https://dx.doi.org/10.1007/s00415-003-0246-6
https://dx.doi.org/10.1016/j.jns.2011.02.012
https://dx.doi.org/10.1016/j.jns.2011.02.012
https://dx.doi.org/10.1016/j.nmd.2006.03.006
https://dx.doi.org/10.1016/j.nmd.2006.03.006
https://dx.doi.org/10.1203/01.PDR.0000117844.73436.68
https://dx.doi.org/10.2169/internalmedicine.56.7301
https://dx.doi.org/10.2169/internalmedicine.56.7301
https://dx.doi.org/10.1203/pdr.0b013e3180459f2d
https://dx.doi.org/10.1016/j.ymgme.2017.09.009
https://dx.doi.org/10.1016/j.ymgme.2017.09.009
https://dx.doi.org/10.1053/jada.2003.50196
http://www.mitomap.org
http://www.mitomap.org
https://dx.doi.org/10.1093/nar/gkj010
https://dx.doi.org/10.1196/annals.1293.002
https://dx.doi.org/10.1196/annals.1293.002
https://dx.doi.org/10.1016/j.cell.2017.07.050
https://dx.doi.org/10.1016/j.cell.2017.07.050
https://dx.doi.org/10.1093/nar/gky427
https://dx.doi.org/10.1093/nar/gky427
https://dx.doi.org/10.1136/jmg.2005.032474
https://dx.doi.org/10.1038/ng0797-222
https://dx.doi.org/10.1038/ng0797-222
http://neurology.org/ng


31. Moraes CT, Schon EA, DiMauro S, Miranda AF. Heteroplasmy of mitochon-
drial genomes in clonal cultures from patients with Kearns-Sayre syndrome.
Biochem Biophys Res Commun 1989;160:765–771. doi:10.1016/0006-
291X(89)92499-6.

32. Fu K, Hartlen R, Johns T, Genge A, Karpati G, Shoubridge EA. A novel heteroplasmic
tRNA(leu(CUN)) mtDNA point mutation in a sporadic patient with mitochondrial
encephalomyopathy segregates rapidly in skeletal muscle and suggests an approach to
therapy. Hum Mol Genet 1996;5:1835–1840. doi:10.1093/hmg/5.11.1835.

33. Spendiff S, RezaM,Murphy JL, et al. Mitochondrial DNA deletions in muscle satellite
cells: implications for therapies. Hum Mol Genet 2013;22:4739–4747. doi:10.1093/
hmg/ddt327.

34. Galkin A, Meyer B, Wittig I, et al. Identification of the mitochondrial ND3 subunit as a
structural component involved in the active/deactive enzyme transition of respiratory
complex I. J Biol Chem 2008;283:20907–20913. doi:10.1074/jbc.M803190200.

35. Fiedorczuk K, Sazanov LA. Mammalian mitochondrial complex I structure and disease-
causing mutations. Trends Cell Biol 2018;28:835–867. doi:10.1016/j.tcb.2018.06.006.

36. Cabrera-Orefice A, Yoga EG, Wirth C, et al. Locking loop movement in the ubiqui-
none pocket of complex I disengages the proton pumps. Nat Commun 2018;9:4500.
doi:10.1038/s41467-018-06955-y.

37. Di Luca A, Gamiz-Hernandez AP, Kaila VRI. Symmetry-related proton transfer
pathways in respiratory complex I. Proc Natl Acad Sci USA 2017;114:E6314–E6321.
doi:10.1073/pnas.1706278114.

38. Haapanen O, Sharma V. Role of water and protein dynamics in proton pumping
by respiratory complex I. Sci Rep 2017;7:1–12. doi:10.1038/s41598-017-
07930-1.

39. Wirth C, Brandt U, Hunte C, Zickermann V. Structure and function of mitochondrial
complex I. Biochim Biophys Acta 2016;1857:902–914. doi:10.1016/j.bbabio.2016.02.
013.

10 Neurology: Genetics | Volume 7, Number 2 | April 2021 Neurology.org/NG

https://dx.doi.org/10.1016/0006-291X(89)92499-6
https://dx.doi.org/10.1016/0006-291X(89)92499-6
https://dx.doi.org/10.1093/hmg/5.11.1835
https://dx.doi.org/10.1093/hmg/ddt327
https://dx.doi.org/10.1093/hmg/ddt327
https://dx.doi.org/10.1074/jbc.M803190200
https://dx.doi.org/10.1016/j.tcb.2018.06.006
https://dx.doi.org/10.1038/s41467-018-06955-y
https://dx.doi.org/10.1073/pnas.1706278114
https://dx.doi.org/10.1038/s41598-017-07930-1
https://dx.doi.org/10.1038/s41598-017-07930-1
https://dx.doi.org/10.1016/j.bbabio.2016.02.013
https://dx.doi.org/10.1016/j.bbabio.2016.02.013
http://neurology.org/ng

