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A B S T R A C T

Complex I (CI) is the largest component of the mitochondrial respiratory chain (MRC) and it is made up of 7
mitochondrial DNA (mtDNA)-encoded and at least 38 nuclear DNA-encoded subunits. Isolated CI deficiency is
the most common single enzyme deficiency in the heterogeneous group of MRC disorders and it is a relatively
common etiology of Leigh-like syndrome (LS).

With a few exceptions, descriptions of the clinical spectrum of specific mutations in CI are scarce. We here
present three unrelated Italian children who harbored the homoplasmic m.10197G>A mutation in MT-ND3
associated with reduced enzyme activity of CI in muscle. Compared with the spectrum of phenotypes seen in 13
previously described families with the same mutation, these children showed some novel clinical features. Two
of the boys presented with subacute onset of dystonia, which showed a remitting-relapsing clinical course in one
of them. The third boy presented acute symptoms consisting of speech impairment, progressive left-sided
hemiparesis, and also vertebral and arterial malformations. In all the children, molecular studies identified a
similar mutation load in tissues, and neuroimaging findings were consistent with the features seen in LS.
Functional investigations in cultured skin fibroblasts suggested low ATP production in homoplasmic cells. Our
results confirm that the m.10197G>A mutation is relevant to these patients' clinical and biochemical pheno-
types, which thus expand the array of phenotypes associated with this variant.

1. Introduction

Mitochondrial complex I (NADH ubiquinone oxidoreductase, EC
1.6.5.3, [CI]) catalyzes the oxidation of reduced NADH by CoQ, and it is
the largest complex in the mitochondrial respiratory chain (MRC).
Seven of its subunits (MT-ND1, ND2, ND3, ND4, ND5, ND6, and ND4L),
all part of the catalytic “core” of the holocomplex, are encoded by the

mitochondrial genome, whereas the remaining 38 nuclear DNA-en-
coded subunits are involved in holoenzyme catalysis, assembly, stabi-
lity and regulation [1]. Isolated CI deficiency is considered the most
common genetic defect in MRC disorders, and it is a relatively common
etiology in Leigh-like syndrome (LS), accounting for about 30% of cases
[2]. Additional, comparatively less frequent, presentations of low CI
include mitochondrial encephalomyopathy with lactic acidosis and
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stroke-like episodes (MELAS) [3], Leber hereditary optic neuropathy
(LHON), and hepatopathy [2,4], cardiomyopathy [5], and syndromic
dystonia [6], the latter presenting either in isolation or in various
combinations. Respiratory chain CI deficiency shows wide genetic and
allelic heterogeneity; most variants occur in the MT-ND1, MT-ND3 and
MT-ND5 genes [2]. Precise descriptions of the clinical and imaging
features of specific cohorts harboring the same mutation are scarce [7].
In the present study, previously described cases of the m.10197G>A
MT-ND3mutation are reviewed and three additional children harboring
this gene variant are presented. The phenotypes of these three new
cases differ from those of the previously reported ones, and therefore
expand the spectrum of features associated with m.10197G>A MT-
ND3. In vitro exploration of the possible impact of the mutation on ATP
content and energy production also allowed us to corroborate the dis-
ease-causing role of this variant.

2. Materials and methods

2.1. Participants and clinical assessments

The study was performed according to a protocol reviewed and
approved by the Tuscany Regional Pediatric Ethics committee. All the
procedures complied with the Helsinki Declaration of 1975. Genetic
studies were performed after parental written informed consent had
been obtained. The three patients we describe are part of a larger group
of 130 children with mitochondrial encephalomyopathies of unknown
etiology studied in our laboratories. The patients and their available
family members were evaluated by five clinicians (M.A.D., M.P., C.B.,
M.DiR., and F.M.S.).

2.2. Morphological, genetic and biochemical analyses

A diagnostic biopsy of the deltoid muscle was performed in all three
children and processed for routine morphology and histochemistry
using standard methods. A skin punch biopsy was also performed and
fibroblasts were grown in DMEM (Dulbecco's modified Eagle's medium)

supplemented with 10% fetal bovine serum, 4.5 g/L glucose and 50 μg/
ml uridine. Total genomic DNA was obtained from the probands (ex-
tracted from different tissues, i.e. muscle, skin fibroblasts and periph-
eral blood, and from urinary sediment) and from their mothers (blood
and urinary sediment), and sequencing of the whole mitochondrial
genome from skeletal muscle was performed by massive parallel se-
quencing using Nextera technology (Illumina, San Diego, CA). An ad
hoc designed PCR-RFLP strategy was used to quantify the tissue abun-
dance of the mt.10197G>A mutation (see legend to Supplementary
Fig. S1). Respiratory chain complex activities in skeletal muscle
homogenate were measured using published spectrophotometric
methods [8]. Western blotting (WB) analysis was performed using the
following antibodies: total OXPHOS Human WB Antibody Cocktail,
NDUFA9, and SDHA. Monoclonal anti-GAPDH and β-tubulin were
employed as loading controls. All antibodies were from Abcam (Cam-
bridge, UK).

Oxygen consumption rate (OCR) was measured in adherent fibro-
blasts with an XFe24 Extracellular Flux Analyzer (Seahorse Bioscience,
Agilent, Santa Clara, CA). Cells were seeded at a density of 50× 103

cells/well and incubated for 24 h at 37 °C before starting the assay
procedure. Measurements of endogenous respiration were performed
with a non-buffered medium. After baseline recording, OCR was mea-
sured after sequentially adding oligomycin, carbonyl cyanide 4-(tri-
fluoromethoxy) phenylhydrazone (FCCP) and Rotenone/antimycin A to
reach working concentrations of 2 μM, 2 μM and 0.5/0.5 μM, respec-
tively. Post-assay plates were washed in PBS and fixed/permeabilized in
4% PFA/0.1% Triton X-100 following 4′,6-diamidino-2-phenylindole
(DAPI) staining for 10min at room temperature. Fluorescence, as a
function of number of cells, was measured for each well at 358/461 nm
Ex/Em using a SpectraMax iD3 Multi-Mode Microplate Reader
(Molecular Devices LLC, San Jose, CA). Prior to data analysis, fluores-
cence data were transferred to Seahorse Wave 2.4 Software (Agilent)
for OCR normalization performed using a Seahorse Bioscience Report
Generator. Data were expressed as pmol O2/min/relative fluorescence
units (RFU) and presented as the average of seven replicate
wells ± SD.

Fig. 1. Brain MRI of patient 1 at 6 years of age (A–C)
and patient 3 at 3 years of age (D–F). Patient 1: (A, B)
Axial FLAIR images show hyperintense lesions in the
putamina (arrowheads) and globi pallidi (thin ar-
rows), and in the right caudate body (arrow). (C)
Coronal T2-weighted image depicts involvement of
the subthalamic nuclei (empty arrows). Patient 3: (D,
E) Axial FLAIR and F) coronal T2-weighted images
show bilateral atrophy of the putamen (arrowheads)
and acute lesions in the caudate heads (arrows).
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3. Results

3.1. Case reports

The first patient (Pt1) was a 7-year-old boy, the third child of
healthy unrelated parents. His prenatal and perinatal periods were re-
ported to be unremarkable and his psychomotor development was
normal. The family history was negative both for neurological disorders
and visual impairment. At the age of 6 years, the child suddenly began
to display abnormal gait and right lower limb dystonia and stiffness,
followed by rigidity of the right upper limb with hand dystonia. Brain
MRI showed bilateral T2 and FLAIR hyperintensity of the putamina,
subthalamic nuclei and substantia nigra, associated with focal restricted
diffusion in the right caudate body. The globus pallidus was partially
involved, bilaterally (Fig. 1A–C). Routine blood tests including plasma
copper, ceruloplasmin, amino acids, urine organic acids, serum lactate,
lactate/pyruvate ratio, as well as cerebrospinal fluid analyses were all
normal. The lactate was not tested in the CSF. Neurophysiological in-
vestigations and video-EEG recording showed no abnormalities. Over
the following few months, there was a partial, spontaneous motor re-
covery leaving the child with mild dystonic postures and moderate ri-
gidity of the lower limb. At the age of 7 years, the child experienced
another spontaneous subacute episode of left lower limb dystonia.

There were no identifiable premonitory symptoms or triggers of the
sudden neurological deficit. Brain MRI showed bilateral putamen vo-
lume loss, persistent T2 hyperintensity of the right caudate body, and a
new lesion in the left caudate head (data not shown).

The second child (Pt2) was a 5-year-old boy with an unremarkable
family history. He had displayed moderate perinatal respiratory dis-
tress. He presented dysmorphic features, horseshoe kidneys, mid-aortic
syndrome, scoliosis due to vertebral malformations (Supplementary
Fig. S2), and a systolic cardiac murmur, as well as diffuse hypotonia
with limb dystonia, muscle strength reduction and atrophy. He was able
to walk only with bilateral support. Blood tests revealed increased
lactate levels (9.97 nM/L, normal < 2). The pyruvic acid levels were
not measured. The lactate was not tested in the CSF. Brain MRI per-
formed at 9months of age had demonstrated bilateral symmetrical T2
signal abnormalities with restricted diffusion at the level of the sub-
thalamic nuclei, putamen and mesial portion of the thalami (Fig. 2A–C).
Follow-up MRI study performed at 17months revealed new brainstem
lesions, with prevalent involvement of the pontine tegmentum, mid-
brain nuclei and basal ganglia (Fig. 2D). At 5 years of age neuroimaging
showed symmetrical basal ganglia atrophy and bilateral multifocal
cortico-subcortical stroke-like lesions, especially in the frontal, parietal
and insular regions, characterized by prevalent subcortical vasogenic
edema and small areas of cortical cytotoxic edema (Fig. 2G–I). MRI

Fig. 2. Brain MRI of patient 2 performed at 9months
(A–C), 17months (D–F) and 5 years of age (G–I). (A)
Axial T2-weighted image reveals bilateral symme-
trical T2 signal abnormalities at the level of the pu-
tamina (arrowheads) and mesial portion of the tha-
lami (thin arrows). (B) Corresponding diffusion-
weighted image demonstrates restricted diffusion in
the intermediate portion of the putamina (arrow-
heads). (C) Coronal T2-weighted image shows addi-
tional involvement of the subthalamic nuclei (empty
arrows). Axial T2-weighted (D) and diffusion-
weighted (E) images at 17months of age reveal new
bilateral lesions with restricted diffusion in the pu-
tamen and caudate nuclei (arrowheads). (F) Sagittal
T2-weighted image shows severe dorsal brainstem
involvement (thick arrow). (G, H) Axial FLAIR and
(I) coronal T2-weighted images performed at 5 years
of age demonstrate basal ganglia atrophy and new
hyperintense multifocal lesions in the right medial
thalamus (empty arrows) and cortico-subcortical re-
gions. The white matter volume is reduced due to
secondary ventricular dilatation and enlarged sub-
arachnoid spaces.
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spectroscopy (MRS) studies performed at the level of right basal nuclei
thalamus showed inverted lactate peaks with normal N-acetyl aspar-
tate, while at the level of left temporal cortex revealed more pro-
nounced inverted lactate peaks associated with reduction of N-acetyl
aspartate (Supplementary Fig. S3). Arterial magnetic resonance angio-
graphy was normal. This overall pattern was suggestive of a MELAS/LS
overlap syndrome with progressive cortical lesions and brain atrophy.
Subsequently, he presented episodes of absence, generalized tonic and
tonic-clonic seizures and the last EEG, performed at the age of eight
years, showed clear bilateral epileptiform anomalies on fronto-temporal
areas with tendency to spread to both sides. He is currently taking
anticonvulsant medications (Levitiracetam, Lamotrigine, and Clo-
bazam) but he is not receiving specific therapy for dystonia.

The third child (Pt3), a 4-year-old boy, was born at term to non-
consanguineous and healthy parents. He had normal prenatal and
perinatal medical histories. His psychomotor development was un-
remarkable until the age of 16months when he experienced a severe
episode of bronchopneumonia, which was followed by slight motor
regression. At 31months, his parents requested an in-depth evaluation
because of frequent falls and gait difficulty. At the age of 3 years, the
boy began to display progressive left-sided hemiparesis; this was ac-
companied by a worsening of gait, together with postural instability
and muscle weakness. Subsequently, he developed a speech disorder
(stuttering and slurred speech). Routine blood tests were unin-
formative. CSF analysis was within normal limits, CSF lactate not
tested. Brain MRI showed bilateral T2 hyperintense lesions of the pu-
tamina, caudate heads and dentate nuclei (Fig. 1D–F). Magnetic re-
sonance angiography was uninformative. MRS showed a lactate peak in
normal-appearing right fronto-parietal cortex and subcortical white
matter (Supplementary Fig. S4).

There were no reports of apparent cognitive deterioration, loss of

vision or ophthalmoplegia in any of the three patients.

3.2. Laboratory investigations

Histochemical analysis of muscle biopsy samples was uninformative
in Pt1, revealed slightly reduced oxidative metabolism in Pt2, and
showed mild lipid accumulation with subsarcolemmal mitochondrial
proliferation in Pt3 (not shown). Spectrophotometric determination of
MRC complex activities in muscle and WB both showed a slight and
isolated deficiency of CI in all cases (residual activity was 72%, 78%
and 54% normal in Pt1, Pt2 and Pt3, respectively). In all the patients,
whole mtDNA direct sequencing identified the m.10197G>A/
p.Ala47Thr mutation in the MT-ND3 subunit of CI. Ad hoc designed
PCR-RFLP analyses revealed virtually homoplasmic mutation levels in
blood, muscle, skin fibroblasts and urinary sediment in Pt1 (data not
shown) and Pt2, whereas Pt3 showed a mutation load of> 95%. The
mother of Pt1 repeatedly refused genetic testing, while the asympto-
matic mother of Pt2 harbored nearly absent mutant mitochondrial
genomes, and Pt3's mother presented extremely low levels of mutant
genomes in blood and a mutation load of 6.8% in urinary sediment
(Supplementary Fig. S1). No additional maternal relatives could be
examined. Using microscale oxygraphy to evaluate the impact of the
mutation on mitochondrial respiration, in patient 3's fibroblasts we
observed significantly reduced basal and maximal respiratory capa-
cities, together with a low mitochondrial ATP output (Fig. 3A–B). Si-
milar results were seen in the other two children (data not shown).

4. Discussion

Mutations in mtDNA in children result in highly variable clinical
phenotypes including, among others, LS, lethal infantile mitochondrial

Fig. 3. Microrespirometry in skin fibroblasts from patient 3. Basal respiration indicates the energetic demand of the cell under baseline conditions. The decrease in
oxygen consumption rate (OCR) upon injection of the ATP synthase inhibitor oligomycin represents the portion of basal respiration used to drive ATP production.
The maximal oxygen consumption rate attained by adding the uncoupler FCCP, mimicking a physiological “energy demand”, indicates the maximum rate of
respiration that the cell can achieve. The fraction of non-mitochondrial oxygen consumption is measured after complete inhibition of the mitochondrial respiratory
chain by a mix of antimycin A and rotenone. (A) Kinetic microscale oxygraphy graphs depicting OCR means± SEM generated using the Seahorse Biosciences
extracellular flux analyzer. (B) Metabolic parameters obtained from OCR profiling and reported as means and SD in histograms. Data refer to three independent
experiments. CTRLs: cells from healthy controls; Pt: cells from patient 3. Statistical significance was calculated using an unpaired t-test to compare controls and
patient group. **p < .01; *p < .05.
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disease (fatal congenital lactic acidosis), isolated cardiomyopathy, iso-
lated hepatopathy, and MELAS syndrome [9]. However, genotype and
clinical manifestations remain poorly correlated in this setting. Several
variants clustered in CI genes recur in unrelated families with isolated
biochemical deficiencies, but descriptions of the full sets of associated
clinical and imaging phenotypes tend to be scarce, although there are a
few exceptions (e.g., m.13513G>A in MT-ND5, m.10191T>C in MT-
ND3, the common LHON mutation m.11778G>A inMT-ND4). In other
cases, such as the m.10197G>A mutation in MT-ND3 identified in the
patients here reported, mutations are judged to be disease related or not
solely on the basis of in silico criteria or their high frequency in specific
populations or haplogroups [10–13]. In these cases, in vitro or in vivo
functional evidence is needed to establish the true pathogenic sig-
nificance of the mutations.

The present investigation of three new children presenting the
m.10197G>A mutation in MT-ND3 allows us to confirm the close link
between abundant mutant mitochondrial genomes and impaired basal
and maximal respiratory capacity in tissues showing low CI activity.
Although none of the patients' mothers seemed to harbor the mutation
at significant levels, it should be noted that an apparent de novo origin
of the m.10197G>A mutation has previously been described [9].
Combining the microscale oxygraphy results with those of biochemical
studies in muscle, we observed that almost homoplasmic mutant
mtDNA levels impair CI activity and reduce maximal respiration by
30% (Fig. 3B). These data are in keeping with the location of the
m.10197G>A mutation at a protein region critical for conformational
changes occurring during CI catalytic turnover [14].

In the present study, as well as adding new biochemical information
on this particular mtDNA variant, we also expanded the spectrum of

clinical features associated with it, adding impaired speech, relapsing-
remitting episodes of focal dystonia and stroke-like episodes (the latter
reported, to date, in a single work [15]) to the previously described
array of clinical presentations. Reviewing published data on patients
harboring the m.10197G>A mutation [2,10,15–20] we observed that
clinical data, when available, mainly consisted of stable dystonia (38%
of patients) associated (in 31% of these cases) with hypotonia or gait
ataxia, and less commonly, seizures (20% of patients), dysarthria (15%
of patients), or variable neuromuscular involvement (Fig. 4; Supple-
mentary Table S1). In a single large family, Leber dystonia was ob-
served [17]. Neuroimaging findings, when available, were suggestive of
LS or MELAS/LS overlap syndrome, as in our cases. The relatively high
frequency of dystonic postures at onset or early in the disease course, as
seen in two of our patients, and remitting-relapsing course, as seen in
one of them, seem to distinguish this variant from other mtDNA-asso-
ciated CI deficiency changes, regardless of the relatively unspecific
neuroimaging data. Indeed, highly similar MRI features have been de-
scribed in patients harboring the m.13513G>A mutation in MT-ND5
[7], in whom sudden onset of dystonia has never been reported. In the
era of precision medicine, our data, identifying sudden-onset and re-
lapsing movement disorders as highly specific features of the
m.10197G>A variant, could facilitate new diagnoses in children with
similar manifestations.

The acute, at times remitting-relapsing, clinical course was docu-
mented in our cases by follow-up brain imaging, but the precise me-
chanism underlying these features remains unclear. We are tempted to
speculate that the high levels of the mutation we measured in periph-
eral tissues were equally high in the basal ganglia, and impeded the
functional and structural stability of mutated mitochondria in the

Fig. 4. Literature review of main clinical presenta-
tions associated with the MT-ND3 m.10197G>A.
Data were compared with those detected in the re-
latively more common m.13513 G>A mutation in
MT-ND5. (A) Frequency of clinical features asso-
ciated with the MT-ND3 m.10197G>A mutation
expressed as percentages. *Others: neuromuscular
involvement, strabismus, growth retardation, anor-
exia, emotional lability, psychomotor regression and
hearing loss. (B) Frequency of MT-ND5 m.13513
G>A-associated clinical presentations expressed as
percentages. *Others: neuromuscular involvement,
strabismus, respiratory disturbance, gastrointestinal
dysmotility, Wolff-Parkinson-White syndrome, car-
diomyopathy, emotional lability, psychomotor re-
gression, retinal dystrophy and hearing loss.
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putamen. Whether this leads to a transient decrease in energy demands
locally, and correlates with relapses of clinical manifestations remains
to be demonstrated, but a similar process is thought to occur in the
context of LS, both during seizures and/or in the presence of high fever.
Importantly, some degree of metabolic energy impairment and mi-
tochondrial dysfunction is also found in other rare movement disorders
characterized by sudden attacks of involuntary movements [21].

A final observation can be drawn from the sudden-onset motor
impairment seen in Pt2. This child had manifestations mimicking
MELAS associated with LS-like brain MRI, a combination already de-
scribed in children carrying the m.13513G>A mutation in MT-ND5
[15,22–24]. These features are likely the consequence of “metabolic”
strokes, characterized on MRI by slowly progressive spread of cortico-
subcortical lesions with mixed cytotoxic and vasogenic edema, crossing
vascular boundaries and evolving in regional brain atrophy with
normal intracranial arteries [25,26] The same patient showed several
extracranial malformative features, including renal and vertebral
anomalies consistent with a VACTERL-like phenotype (see Supple-
mentary Fig. S2). Of note, congenital anomalies have been described in
several patients with mitochondrial disorders, but are likely under-re-
cognized and underreported [27,28]. The underlying mechanism is not
well understood, although it has been hypothesized that the abnormal
embryonal development might be the result of reduced energy supply
that could affect the rate of cell divisions [29].

To summarize, the m.10197G>A mutation appears to be a rela-
tively common mitochondrial mutation associated with low ATP output
and basal ganglia involvement on neuroimaging. Sudden onset of dys-
tonic postures in young children or teens with LS-/MELAS-like MRI
features should lead the clinicians caring for them to consider this
mutation.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jns.2019.02.010.
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