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Abstract Variants in the mitochondrial genome can result in dysfunction of Complex | within
the electron transport chain, thus causing disruptions in oxidative phosphorylation.
Pathogenic variants in the MT-ND1 (NADH:ubiquinone oxidoreductase core subunit 1)
gene thatresultin Complex | dysfunction are a known cause of Leigh syndrome. The patient
is a 4-yr-old female who initially presented with generalized tonic—clonic seizures, with other
symptoms of Leigh syndrome becoming apparent after the seizures. A three-generation
pedigree revealed no family history of mitochondrial disorders. Laboratory studies were re-
markable for elevated blood lactate, alanine, and GDF15. T,-weighted magnetic resonance
imaging (MRI) revealed bilateral asymmetric signal hyperintensities in the basal ganglia,
specifically in the bilateral putamen and right caudate. Magnetic resonance spectroscopy
showed regionally elevated glucose and lactate. Mitochondrial respiratory chain enzyme
analysis on skin fibroblasts demonstrated slightly reduced Complex | function. A 16-gene
dystonia panel and chromosomal microarray analysis did not identify any disease-causing
variants. Combined exome and mitochondrial genome sequencing identified the
m.3685T > C (MT-ND1 p.Tyr127His) variant with 62.3% heteroplasmy with no alternative
cause for the patient’s condition. Mitochondrial genome sequencing of the mother demon-
strated that the m.3685T > C variant occurred de novo. The m.3685T > C variant is absent
from population databases. The tyrosine 127 residue is highly conserved, and several near-
by pathogenic variants in the MT-ND1 gene have been previously associated with Leigh
syndrome. We propose that the m.3685T > C variant is a novel mitochondrial DNA variant
that causes Leigh syndrome, and we classify this variant as likely pathogenic based on cur-
rently available information.

[Supplemental material is available for this article.]

INTRODUCTION

Oxidative phosphorylation is the process by which ATP is formed in the mitochondria. It is
characterized by an oxidative process in which electrons are transferred from NADH and
FADH, to O, by a series of electron carriers involving Complexes -IV (Brandt 2006).
Following the oxidative process, the phosphorylation process involves the transport of pro-
tons from the inner mitochondrial matrix to the inner mitochondrial membrane space with
Complex V (Brandt 2006).

Complex | is the first protein complex of the electron transport chain and is composed of
14 central protein subunits encoded by the mitochondrial as well as nuclear genomes
(Vinothkumar et al. 2014). The mitochondrial genes encoding the 14 central subunits of
Complex | are MT-ND1, MT-ND2, MT-ND3, MT-ND4, MT-ND4L, MT-ND5, and MT-ND¢,
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Table 1. Confirmed pathogenic variants in the MT-ND1 gene

Variant Amino acid change Disease association(s)

m.3376G>A p.Glu24Lys LHON MELAS overlap

m.3460G > A p.Ala52Thr LHON

m.3635G>A p.Ser110Asn LHON

m.3697G>A p.Gly131Ser MELAS/Leigh syndrome/LDYT/bilateral striatal necrosis

m.3700G >A p.Ala132Thr LHON

m.3733G>A p.Glu143Lys LHON

m.3890G > A p.Arg195GIn Progressive encephalomyopathy/Leigh syndrome/optic atrophy
m.3902_3908inv p.-Asp199_Ala201delinsGlyLysVal Myopathy/severe lactic acidosis + cardiac abnormalities/3-MGA aciduria
m.4171C>A p.Lys289Met LHON/Leigh-like phenotype

(LHON) Leber hereditary optic neuropathy, (MELAS) mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes, (LDYT) Leber’s hereditary optic
neuropathy and dystonia

whereas the nuclear genes encoding the 14 central subunits of Complex | are NDUFST,
NDUFS2, NDUFS3, NDUFS7, NDUFS8, NDUFV1, and NDUFV2 (Vinothkumar et al. 2014).
In addition, Complex | also has 30 accessory protein subunits, which are encoded by nuclear
genes. These genes include NDUFAB1, NDUFA1-3, NDUFA5-13, NDUFB1-11, NDUFC1-2,
NDUFS4-6, and NDUFV3 (Vinothkumar et al. 2014).

Complex | is separated into three different modules: the electron input, the electron out-
put, and the proton translocation modules (Sharma et al. 2009). The electron input module,
also known as the N or dehydrogenase module, accepts electrons from NADH (Sharma et al.
2009). The electron output module, also known as the Q or hydrogenase module, delivers
electrons to ubiquinone (Sharma et al. 2009). The proton translocation module, also known
as the P module, pumps protons across the inner membrane (Sharma et al. 2009). The
MT-ND1-encoded protein (NADH-ubiquinone oxidoreductase chain 1) functions within
the P module and has been shown to be involved in the assembly of the entire Complex |
(Sharma et al. 2009). As a whole, Complex | functions to transfer electrons from NADH to co-
enzyme Q10, which results in four protons being pumped out of the mitochondrial matrix
into the intermembrane space (Sharma et al. 2009).

The MT-ND1 gene has been associated with a multitude of conditions, including Leber
hereditary optic neuropathy (LHON), juvenile myopathy, encephalopathy, lactic acidosis,
stroke, Leber optic atrophy and dystonia, optic neuropathy, and Leigh syndrome (Lott
et al. 2013). Currently, there are 13 genetic variants of MT-ND1 that are classified as con-
firmed pathogenic variants in the MITOMAP database (Table 1; Lott et al. 2013) (accessed
10/8/2021).

Leigh syndrome is mainly a neurologic disorder resulting from defects in mitochondrial
function (Thorburn et al. 1993). Fifty percent of the patients are deceased by 3 years old.
However, forthe patients who survive to adulthood, the signs and symptoms of Leigh syndrome
are a continuous progression (Thorburn et al. 1993). During infancy, nonspecific signs and
symptoms include diarrhea, vomiting, dysphagia, and subsequent failure to thrive (Thorburn
et al. 1993). Seizures can also be seen in infants with this syndrome (Thorburn et al. 1993).
Progression to muscular debilitation, including hypotonia, dystonia, and ataxia, is frequent
(Thorburn et al. 1993). The muscles that control eye movements may degenerate, resulting
in ophthalmoparesis and nystagmus (Thorbumn et al. 1993). Hypertrophic cardiomyopathy
and asymmetric septal hypertrophy may also occur (Thorburn et al. 1993). The most common
cause of death in Leigh syndrome patients is respiratory failure (Thorburn et al. 1993).
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RESULTS

Clinical Presentation and Family History

The patient is a 4-yr-old female with congenital left-sided diaphragmatic hernia status post-
surgical repair. She has a history of generalized tonic—clonic seizures (first seizure at 16 mo of
age), fine and gross motor delay and regression, speech regression, and constipation.
Physical examination revealed gait abnormality, femoral anteversion, intoeing, fatigue, left
hemiparesis, dystonia, and tremor. The grandparents and parents of this patient have no his-
tory of mitochondrial disorders. A formal three-generation pedigree was obtained. The par-
ents denied consanguinity. The patient has one paternal half-sister, one full sister, and one
full brother, all of whom have no significant medical histories. The father has two sisters, one
of whom has a heart defect, visual problems, and speech delay. The mother has one sister
and one brother, the sister having a history of mitral valve prolapse, which resolved with treat-
ment. The maternal grandparents have hypertension.

Phenotypic Analyses

A magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) of the
brain were performed. The MRI revealed bilateral asymmetric basal ganglia signal hyper-
intensities, specifically in the right caudate and bilateral putamen (Fig. 1A). The MRS of the
brain revealed high lactate and glucose levels in basal ganglia, consistent with increased
mitochondrial activity and abnormal energy metabolism (Fig. 1B). The echocardiogram
(ECQ) and electroencephalogram (EEG) were also within normal limits. The ECG revealed
normal left ventricular (LV) size and systolic function, patent foramen ovale, and normal aor-
tic valves (AVs). The EEG, performed at 2 years of age, showed asymmetry in the posterior
dominant rhythm. The posterior dominant rhythm with the patient awake and eyes closed
was a moderate voltage 8-8.5 Hz activity that reacted symmetrically to eye opening but
was asymmetric. The alpha rhythm appeared to be better modulated and maintained
on the right. No other interhemispheric voltage or frequency asymmetries were noted.
No epileptiform discharges were present. No electrographic or electroclinical seizures
were recorded. Laboratory results are shown in Table 2. The urine was negative for unusual
organic acids. The plasma carnitines were within normal limits. The plasma acylcarnitine
profile was unremarkable. GDF15 was elevated. Blood lactate was elevated. Plasma amino
acids were within normal limits with the exception of elevated alanine, which may be the
result of persistently increased lactate. Mitochondrial respiratory chain enzyme analysis was
performed at Baylor Genetics Laboratory using skin fibroblasts, and the results are shown
in Table 3. NADH:ferricyanide dehydrogenase activity was measured to be 42% of the
controlled mean. Citrate synthase activity was also found to be slightly reduced. When nor-
malized for citrate synthase activity, the NADH:ferricyanide dehydrogenase activity is ad-
justed to 69%. These results suggest slightly reduced complex | function.

Genomic Analyses

A 16-gene dystonia panel performed at an outside laboratory was negative for pathogenic
sequence variants and deletions/duplications. Chromosomal microarray analysis showed no
clinically significant copy-number gains or losses. Exome (+mtDNA capture) sequencing was
performed on peripheral blood-derived DNA with focused interpretation of genes involved
in mitochondrial disorders as well as the mitochondrial genome. A mitochondrial DNA var-
iant (M.3685T > C; Table 4) was identified with 62.3% heteroplasmy (6684 of 10,736 reads
covering the position of the variant) (Fig. 2A). The m.3685T > C variant is present within
the MT-ND1 gene and is predicted to result in a p.Tyr127His missense variant. Targeted
Sanger sequencing of patient’'s mother and two unaffected siblings (15-yr-old full sister
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Figure 1. (A) Magnetic resonance imaging (MRI) shows axial T2 FLAIR with abnormal signal in the putamen
bilaterally, as shown by the arrows. (B) Magnetic resonance spectroscopy (MRS) reveals a significantly elevated
lactate (Lac), decreased N-acetylaspartate (NAA), and elevated glucose (Glc).
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Table 2. Laboratory results

Test Source Patient values Units Reference range Interpretation
Lactate Blood 16.9 mg/dL [6.0-16.0] Increased
Organic acids Urine Negative for unusual organic acids Normal
Acylcarnitine profile Plasma Very slightly increased hexadecanoyl C16 Normal
Total carnitine Plasma 38 uMOL/L [26-78] Normal
Free camnitine Plasma 29 uMOL/L [18-61] Normal
Carnitine esters Plasma 9.0 uMOL/L [7-25] Normal
Carnitine esterified:free ratio Plasma 0.29 [0.20-0.67] Normal
GDF15 Plasma 968 pg/mL <750 Increased
Aspartic acid Plasma <5 uMOL/L [1-24] Normal
Glutamic acid Plasma 27 uMOL/L [5-150] Normal
Asparagine Plasma 37 uMOL/L [23-112] Normal
Serine Plasma 134 uMOL/L [69-187] Normal
Glutamine Plasma 583 uMOL/L [254-823] Normal
Glycine Plasma 227 uMOL/L [127-341] Normal
Histidine Plasma 72 uMOL/L [41-125] Normal
Threonine Plasma 119 uMOL/L [35-226] Normal
Citrulline Plasma 30 uMOL/L [1-46] Normal
Arginine Plasma 51 uMOL/L [10-140] Normal
Alanine Plasma 599 uMOL/L [152-547] Increased
Tyrosine Plasma 41 uMOL/L [24-115] Normal
Methionine Plasma 19 uMOL/L [7-47] Normal
Valine Plasma 200 uMOL/L [74-321] Normal
Tryptophan Plasma 39 uMOL/L [14-79] Normal
Phenylalanine Plasma 41 uMOL/L [26-91] Normal
Isoleucine Plasma 57 uMOL/L [22-107] Normal
Leucine Plasma 98 uMOL/L [49-216] Normal
Ornithine Plasma 25 uMOL/L [10-163] Normal
Lysine Plasma 103 uMOL/L [48-284] Normal

Bold italic type designates the laboratory values that were outside of the reference range.

Table 3. Skin fibroblast respiratory chain enzyme analysis

ETC Value (% of mean, % of mean normalized for Control = SD (nmoles/min/
Electron transport chain activities complexes citrate synthase activity) mg protein)
NADH:ferricyanide dehydrogenase | 428 (42, 69) 1026 £ 196
NADH:cytochrome ¢ reductase (total) I+ 11 131.8 (69, 115) 190+ 25
NADH:cytochrome ¢ reductase I+ 31.6 (56, 93) 56.5+15
(rotenone sensitive)

Succinate dehydrogenase Il 6.91 (99, 165) 6.98+0.98
Succinate:cytochrome c reductase I+ 11 6.33 (158, 263) 40+0.9
Cytochrome c oxidase \Y 11.3 (66, 110) 17.1+41

Citrate synthase 41 (60, 100) 67.8+14.1

(ETC) Electron transport chain, (SD) standard deviation.
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Table 4. Variant table

HGVS DNA HGVS protein Variant Predicted Parent of
Gene Chromosome reference reference type effect Genotype ClinVar ID origin
MT-ND1 Chr MT m.3685T>C p.Tyr127His Substitution ~ Missense ~ Heteroplasmic VCV001328561.1  De novo

V1) I
/\/\/\A/\/\N\/\/\/\ iy

C A A AC A C G C C

sibling #2

AW

Figure 2. (A) Exome (+mtDNA capture) sequencing identified the m.3685T > C variant with 62% hetero-
plasmy. (B) Targeted Sanger sequencing shows that the m.3685T > C variant is not detected in the mother
and two unaffected siblings. (C) Long-range polymerase chain reaction (PCR) followed by mitochondrial
DNA (mtDNA) sequencing identified the m.3685T > C variant in 8451 of 13,388 reads (63.1% heteroplasmy)
in the proband and 11 of 11,803 reads in the mother confirming that the m.3685T > C variant occurred de
novo.
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and 13-yr-old full brother) from peripheral blood showed no evidence for the m.3685T > C
variant (Fig. 2B). Long-range polymerase chain reaction (PCR) mitochondrial DNA
(mtDNA) sequencing was performed on peripheral blood as an orthogonal confirmation
(Fig. 2C), which identified the m.3685T >C variant with 63.1% heteroplasmy (8451 of
13,388 reads) in the proband. In contrast, the m.3685T >C variant was not identified in
the mother (11 of 11,803 reads). Whole exome analysis did not find an alternative cause
for the patient’s condition.

The m.3685T > C variant has not been previously reported in individuals with mitochon-
drial disease to our knowledge and was absent from the MITOMAP database (Lott et al.
2013) and the gnomAD v3.3.1 data set (Karczewski et al. 2020). The MT-ND1 p.Tyr127His
missense change is predicted to be pathogenic (APOGEE score =0.6) (Castellana et al.
2017). The tyrosine 127 residue is highly evolutionarily conserved and is present in 11 other
species examined down to Drosophila melanogaster and Caenorhabdlitis elegans using
Alamut Visual analysis software (SOPHIA GENETICS). According to the specifications for mi-
tochondrial variant interpretation (Richards et al. 2015; McCormick et al. 2020), the m.3685T
> C variant is classified as likely pathogenic because it has been shown to occur de novo
(PS2), is absent from control subjects (PM2), and is predicted to be damaging at the protein
level (PP3).

Nearby variants (m.3697G>A [MT-ND1 p.Gly131Ser] and m.3688G>A [MT-ND1
p.Ala128Thr]) have been previously reported in individuals with Leigh syndrome (Valente
et al. 2009; Negishi et al. 2014). The m.3697G > A variant is classified as a confirmed path-
ogenic variantin the MITOMAP database (Table 1; Lott et al. 2013), which has been reported
in association with MELAS, Leigh Syndrome, Leber hereditary optic neuropathy and dysto-
nia, and bilateral striatal necrosis. The m.3700G > A (p.Ala132Thr) variant is also classified as
a confirmed pathogenic variant in the MITOMAP database (Table 1; Lott et al. 2013) in as-
sociation with Leber hereditary optic neuropathy.

Treatment Outcomes

The patient was prescribed a mitochondrial cocktail consisting of riboflavin, levocarnitine,
and coenzyme Q10 for ~2 yr. However, these medications were discontinued because of
perceived lack of benefit.

DISCUSSION

The criteria used to establish the diagnosis of Leigh syndrome have undergone several revi-
sions over time (Thorburn et al. 1993; Rahman et al. 1996; Baertling et al. 2014, Lake et al.
2016). According to Thorburn et al. (1993), a diagnosis of Leigh syndrome is suggested
based on clinical features, laboratory findings, radiographic findings, histopathology, and re-
spiratory chain enzyme studies. The clinical criteria include progressive neurologic disease,
developmental delay in both motor and intellectual aspects, and signs and symptoms of
brainstem and/or basal ganglia disease (nystagmus, ataxia, optic atrophy, dystonia).
Laboratory findings include elevated lactate as well as elevated alanine secondary to persis-
tently elevated lactate. Imaging findings include bilateral symmetric hypodensities in the
basal ganglia on CT scan, bilateral symmetric hyperintense signal abnormality in the brain
stem and/or basal ganglia by T,-weighted MRI, and regional lactate elevation detected
by MRS. Finally, biochemical testing performed on skeletal muscle and/or skin fibroblasts
showing deficiency in the activity of one or more of the respiratory chain enzyme complexes
is also suggestive of Leigh syndrome.

The patient described in this report initially presented with generalized tonic—clonic sei-
zures, followed by speech and motor regression, gait abnormalities, left hemiparesis,
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constipation, dystonia, and muscle hypotonia. Blood lacate, alanine, and GDF15 were
found to be increased. MRI showed asymmetric hyperintensities in the basal ganglia,
while MRS detected elevated lactate in this region. Enzyme studies performed on skin
fibroblasts showed an apparent subtle decrease in Complex | function, but this decrease
did not meet the level of reduction in enzyme activity frequently observed in respiratory
chain disorders (Bernier et al. 2002). A diagnosis of suspected Leigh syndrome was given
based on these findings. However, the asymmetric appearance of the MRI hyperintensities
in the basal ganglia was noted to be atypical (Bonfante et al. 2016). Additionally, while
skin fibroblast enzyme testing was suggestive of a subtle isolated Complex | deficiency, skel-
etal muscle studies are reported to be more likely to show a clear enzyme defect (Thorburn
et al. 1993).

The m.3685T > C variant identified in this individual is a missense variant (p.Tyr127His)
within the MT-ND1 gene that was found to be heteroplasmic and was de novo based on test-
ing of the mother. To the best of our knowledge, this variant is novel and has not been pre-
viously detected in individuals with disease or in population controls. Computational
prediction suggests that the p.Tyr127His variant may impact protein function. While the
m.3685T > C variant is currently classified as likely pathogenic by ACMG-AMP criteria with
specifications for mitochondrial variants (Richards et al. 2015; McCormick et al. 2020), addi-
tional reports will be needed to definitively establish its pathogenicity. It is notable that MT-
ND1 encodes a component of Complex |, which is likely to explain the slightly reduced
Complex | activity identified by enzymatic testing.

Nearby variants present in the same loop between transmembrane domains of
NADH-ubiquinone oxidoreductase chain 1 [m.3688G>A (p.Ala128Thr), m.3697G>A
(p.Gly131Ser), m.3700G > A (p.Ala132Thr)] were previously reported to be pathogenic for
Leigh syndrome (Thorburn etal. 1993; Negishi etal. 2014). The presence of these pathogen-
ic variants within close proximity highlights the functional importance of this loop region
within the protein. The m.3697G > A (p.Gly131Ser) variant was shown to result in the disrup-
tion of the assembly of Complex | with subsequent degradation of the unincorporated sub-
units, which disrupted the entire process of electron transfer from NADH to ubiquinone
(Kirby et al. 2004). We speculate that the m.3688G >A (p.Ala128Thr) and m.3700G > A
(p.Ala132Thr) variants as well as the m.3685T > C (p.Tyr127His) variant may result in a similar
disruption in the assembly of Complex |, thereby disrupting the transfer of electrons from
NADH to ubiquinone.

METHODS

Neuroimaging

MRI was performed on a 3T scanner. MRS was performed with specifications as follows: sin-
gle-voxel point-resolved spectroscopy (PRESS) with an echo time (TE) of 35 msec, a repeti-
tion time (TR) of 1.5 sec (for 1.5T) and 2 sec (for 3T), and 128 signal averages was used for all
acquisitions.

Chromosomal Microarray

Chromosomal microarray (CMA) analysis is performed using the Affymetrix CytoScan HD mi-
croarray and analyzed using Affymetrix Chromosome Analysis Suite software using the
GRCh37/hg19 genome build. This platform is sensitive to reliably detect copy-number alter-
ations 50 kb and larger.
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Sanger Sequencing

Sanger sequencing was performed using the BigDye Terminator v1.1 (Life Technologies) on
an automated fluorescent sequencer (ABI 3730 Genetic Analyzer, Applied Biosystems).
This assay was validated to detect variants down to 12.5% variant allele fraction. The primer
sequences used were as follows (5 — 3'): F-ATATACAACTACGCAAAGGCC, R-TAAAG
GAGCCACTTATTAGTAATG. Sequences of the specific exon were compared to the
NC_012920.1 mitochondrial DNA reference sequence.

Next-Generation Sequencing

The exome (+mtDNA capture) sequencing library was generated using the Agilent
SureSelect Human All Exon V6 plus a custom mitochondrial genome capture kit (Falk
et al. 2012). Captured DNA fragments were then sequenced using the lllumina Nextseq
500 sequencing system with 2 x 101 base pair (bp) paired-end reads. Single-nucleotide var-
iants (SNVs) and small insertions and deletions (<10 bp) were detected by mapping and
comparing the DNA sequences with the human reference genome (GRCh37/hg19). The
rare nuclear DNA variants (minor allele frequency < 1%) within protein-coding regions and
splice-site junctions (5 bp into introns) and any rare mitochondrial DNA variants with
<0.5% MitoMap GB frequency were further annotated and analyzed using Agilent Alissa
Interpret 5.2.

The long-range PCR mtDNA sequencing library was generated as described (Kaneva
et al. 2020). Sequencing was performed on an lllumina MiSeq sequencer with 2 x 101 bp
paired-end reads.

Sequencing coverage metrics are provided in Supplemental Table 1.

ADDITIONAL INFORMATION
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The variant described here has been submitted to ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/) and can be found under accession number VCV001328561.1.
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