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A B S T R A C T

Alternative hemiplegia of childhood (AHC) is a rare neurodevelopmental disorder with an extensive phenotypic
variability, resulting in a challenging clinical diagnosis. About 75% of AHC cases are caused by pathogenic
variants mapping in the ATP1A3, ATP1A2 or GLUT1 gene, leaving many AHC patients clinically and genetically
undiagnosed. In this study, we report the case of a 9-year old proband clinically diagnosed with an atypical form
of AHC presenting a suspected mitochondrial etiology and an obscure genetic diagnosis. Long-range PCR fol-
lowed by next generation sequencing of the proband's mitochondrial genome identified a novel mitochondrial
variant, m.12302C > A, mapping in the MT-TL2 gene with a low heteroplasmic level in blood and fibroblasts.
Whole exome sequencing revealed three known and novel pathogenic variants with different parental in-
heritance, all involved in the mitochondrial energy metabolism and thus far not associated with AHC. Live-cell
mitochondrial metabolic study showed dysregulated mitochondrial oxidative phosphorylation pathway and
metabolic plasticity preventing an efficient switch to glycolysis to sustain ATP homeostasis, congruent with the
suspected mitochondrial etiology. In conclusion, our comprehensive genetic and metabolic analyses suggest an
oligogenic inheritance among the nuclear and mitochondrial variants for the mitochondrial etiology of proband's
atypical form of AHC, thereby providing critical insight in terms of genetic clues and bioenergetic deficit. This
approach also improves the diagnostic process of atypical form of AHC with an unclear genotype-phenotype
correlation to personalize therapeutic interventions.

1. Introduction

The rare neurodevelopmental disorder, alternating hemiplegia of
childhood (AHC) (OMIM 614820), originally described by Verret and
Steele in 1971 [1], is characterized by an extensive phenotypic varia-
bility. Thus, its clinical diagnosis is challenging, but facilitated by the
Aicardi criteria [2]: 1) onset before the age of 18 months; 2) recurrent
transient attacks of hemiplegia involving either side; 3) paroxysmal
involuntary movements, such as nystagmus, tonic attacks, dystonic
posturing, choreoathetosis, and autonomic abnormalities; 4) pro-
gressive neurological deficits, such as speech disorder, behavioral def-
icits, cognitive impairment, and developmental delay. Our under-
standing of the pathophysiological mechanisms of AHC remains

limited, thereby hindering the development of effective therapeutic
options.

The advent of next-generation sequencing led to the discovery of the
first pathogenic clue of AHC, revealing that AHC is a predominantly
sporadic disorder [3]. About 75% of AHC patients harbor a de novo
heterozygous mutation in the ATP1A3 gene encoding the alpha 3 sub-
unit of the neuronal Na+/K+ ATPase protein involved in the regulation
of neuronal excitability [4–6]. Mutations in the ATP1A2 gene encoding
for the alpha 2 subunit of the Na+/K+ ATPase protein also cause a very
small number of AHC cases (OMIM 104290) [7–9]. Thus, additional
causative genes remain to be identified, resulting in patients clinically
diagnosed with AHC of unknown etiology and molecular genetic di-
agnosis. Several studies have evoked a mitochondrial etiology in a few
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patients with AHC. Mitochondrial abnormalities have been observed by
31P magnetic resonance spectroscopy in skeletal muscle [10], while
abnormal enzyme activities of the mitochondrial oxidative phosphor-
ylation (OXPHOS) pathway were detected in skin biopsies from a
handful of AHC patients [11,12].

In this study, we report the case of a 9-year-old male proband
clinically diagnosed with an atypical form of AHC characterized by a
suspected mitochondrial etiology and an undefined genotype-pheno-
type correlation. Deep sequencing of the proband's mitochondrial
genome revealed a novel mitochondrial variant m.12302C > A map-
ping in the MT-TL2 gene coding the mt-tRNALeu(CUN), while whole
exome sequencing (WES) identified three pathogenic variants linked to
the mitochondrial energy metabolism, but not previously associated
with AHC. Live-cell mitochondrial metabolic studies showed dysregu-
lated mitochondrial oxidative phosphorylation (OXPHOS) and meta-
bolic flexibility, congruent with the proband's suspected mitochondrial
etiology.

2. Materials and methods

2.1. Subjects

This study was approved by the Institutional Review Board of the
George Washington University and Children's National Medical Center
and was conducted in accordance with the ethical principles of the
Declaration of Helsinki of 1975 (revised 1983). Patient skin biopsy was
performed after receiving written informed consent for participation in
the study and publication of the study from the legally authorized re-
presentatives (parents of the proband) included in the study.

2.2. Skin biopsy and fibroblast culture

A 3 mm skin biopsy was performed on a 9-year-old male proband,
from which dermal fibroblasts were derived in Dulbecco's Modified
Eagle Medium (DMEM; Gibco) supplemented with 2 mM glutamine,
2.5 mM pyruvate, 0.2 mM uridine, FGF-2 (10 ng/ml) and 20% fetal
bovine serum, as described [13]. Derived dermal fibroblasts were
frozen at passage 2 and never used beyond passage 10. Human primary
dermal fibroblasts from a healthy subject (Cat# GM03377E) were ob-
tained from the Coriell Cell Repositories (Camden).

2.3. Genetic testing

Total genomic DNA was isolated from blood samples from the
proband and his parents to perform WES by the Medical Genetics
Laboratories at Baylor, College of Medicine. The mitochondrial genome
from the proband's blood and dermal fibroblasts derived from a skin
biopsy performed on the proband was sequenced using long-range PCR
followed by massively parallel sequencing (LR-PCR-NGS) by the
Medical Genetics Laboratories at Baylor, College of Medicine, as de-
scribed [14]. Genomic DNA was fragmented to be 350 base pair-long by
sonication, which were ligated to the Illumina multiplex PE adapters.
The adapter-ligated DNA was amplified by PCR using primers with
sequencing barcodes. and library was constructed with Agilent Exome
capture system (Agilent Technologies; Santa Clara, CA) following the
manufacturer's instructions. Sequencing was performed using an Illu-
mina HiSeq platform (Illumina: San Diego, CA) by synthesis chemistry
with paired end read length of 100 bp. As a quality control measure, the
total DNA from the proband and his parents were also analyzed by a
SNP-array (Illumina HumanExome-12v1 array). The SNP data were
compared with the WES data to ensure correct sample identification
and to assess sequencing quality. The output data from Illumin HiSeq
were converted to FastQ file by Illumina CASAVA 1.8 software and
mapped by the Burrows-Wheeler Aligner program. The variant calls
were performed using ATLAS-SNP and Atlas-indel developed by the
Human Genome Sequencing Center (HGSC) of Baylor College of

Medicine. The variant annotations were performed using the HGSC-
SNP-anno and HGSC-indel-anno. The pathogenicity of variants was
evaluated using the American College of Medical Genetics and Geno-
mics (ACMGG) guidelines by board certified molecular geneticists.
Computational analysis of nuclear variant's pathogenicity was per-
formed using PolyPhen-2 and SIFT.

For the chromosomal microarray analysis, we used a combination of
high resolution chromosomal microarray (CMA-HR) and CMA-SNP,
which contains 60,000 SNP probes to detect copy number neutral re-
gions of absence of heterozygosity. CMA-HR utilizes array-based com-
parative genomic hybridization with about 180,000 oligonucleotides
covering the whole genome at the average resolution of 30 Kb, 4200
genes with all exons covered, 700 microRNAs and the entire mi-
tochondrial genome. Quantitative imaging methods combined with
analytical software were used to identify each targeted-DNA sequence
as loss of copy number, gain of copy number or normal copy number.

2.4. Live-cell measurements of mitochondrial respiratory and glycolytic
activity

The bioenergetic status of dermal fibroblasts derived from the pa-
tient was measured using the Seahorse Extracellular Flux XFp Analyzer
(Agilent Technologies; Santa Clara, CA), as described [13]. Optimal cell
density (5000/well) and the uncoupler FCCP (fluoro 3‑carbonyl cya-
nide-methoxyphenyl hydrazine; 2 μM) were determined using the Cell
Energy Phenotype Test kit. Dermal fibroblasts were seeded in triplicate
on poly-D lysine-coated plates and incubated for 24 h at 37 °C in 5%
CO2 atmosphere. Prior to the assay, the supplemented DMEM medium
was changed to unbuffered Base Medium supplemented with 2 mM
glutamine (Invitrogen), 2 mM pyruvate (Sigma; St Louis, MO), and
7.1 mM glucose (Sigma) and adjusted to pH 7.4 with NaOH. Using the
XFp Mito Stress Test kit, oxygen consumption rate (OCR) and extra-
cellular acidification rate (ECAR) were measured under basal condi-
tions and after sequential injections of oligomycin (1 μM), FCCP (2 μM)
and a mix of rotenone and antimycin A (1 μM) following the manu-
facturer's recommendations.

Using the Seahorse XFp real-time ATP Rate assay, we simulta-
neously quantified the rate of ATP produced by the two main bioe-
nergetic pathways, OXPHOS and glycolysis, to calculate the total rate of
cellular ATP production according to the manufacturer's re-
commendations. Prior to the assay, the culture medium is switched to
the phenol-red and bicarbonate-free medium assay that contains 5 mM
HEPES, 2cmM glutamine (Invitrogen), 2 mM pyruvate (Sigma), and
7.1 mM glucose (Sigma), and adjusted to pH 7.4 with NaOH. OCR and
ECAR were measured under basal conditions and after sequential in-
jections of oligomycin (1.5 μM) and a mix of rotenone and antimycin A
(0.5 μM).

Using the XFp Glycolytic Rate Assay, we analyzed the glycolytic rate
by quantifying the total proton efflux and the glycolytic proton efflux.
Prior to the assay, the supplemented DMEM medium was changed to
the XF base medium without phenol red supplemented with 2 mM
glutamine, 10 mM glucose, 1 mM pyruvate, and 5.0 mM HEPES. OCR
and ECAR were measured under basal conditions and after sequential
injections of rotenone/antimycin A (0.5 μM) and 2-DG (50 mM).

All the data from three independent experiments, each including
three technical replicates, were normalized to cell numbers after the
assay and plotted as OCR (pmol/min/cell ± S.E.M.) and ECAR (mpH/
min/cell ± S.E.M.) as a function of time using the Seahorse
MultiReport Generator software. Statistical analyses were performed
using the unpaired student t-test with p-value of less than 0.05 con-
sidered statistically significant.

2.5. Transmission electron microscopy

Fibroblasts from the proband and a healthy subject were fixed in
2.5% glutaraldehyde (Electron Microscopy Sciences), 1%
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paraformaldehyde in 0.12 M sodium cacodylate buffer (Electron
Microscopy Sciences) for 20 min at room temperature followed by
40 min on ice, as described [15]. Samples were imaged with a FEI Talos
F200X-transmission electron microscope (Thermo Fisher).

3. Results

3.1. Clinical history

The proband, a 9-year-old boy, has a complex history of an atypical
AHC with an unclear etiology and molecular genetic diagnosis (Fig. 1).
His father is Norwegian, while his mother is of Belgian, Irish, Polish and
German descent. His parents are nonconsanguineous with no familial
history of AHC. The proband was born in Europe at 37 weeks' gestation
to a 35-year-old woman by C-section due to maternal aneurysm of
unspecified nature. He weighed 2.8 kg and measured 50 cm. He had full
body jaundice, reflux and colic until 4.5 months. Almost from birth, the
proband exhibited end-gaze nystagmus with no visual tracking until
6 months of age. However, the proband achieved normal develop-
mental milestones from ages 6 to 24 months.

At age of 2, the proband had his first neurological episode for about
six consecutive days following a flight from Europe to the USA, which
also coincided with viral gastroenteritis. He became ataxic and irritable
with a limp tone and then had emesis for several hours on each of these
six days while in Europe. Each neurological episode began by the
proband squeezing his eyes shut, as he was having trouble with his
vision. The proband underwent a brain magnetic resonance imaging
(MRI), magnetic resonance spectroscopy (MRS) electroencephalogram
and a lumbar puncture, which came back normal. While in preschool in
Europe, the proband was found unconscious by another child in a
snowdrift. He initially had a facial seizure with eye fluttering and re-
petitive opening and closing of the mouth, followed by a 20 min-long
generalized tonic-clonic seizure. Paramedics found him unresponsive
with dilated pupils for another 40 min before regaining consciousness.

For the next two days, he had difficulty communicating with his par-
ents. An EEG, performed 24 h after the event, was normal.

Following a flight from Europe to the U.S.A., the proband had a
second seizure, which was medically stopped after five minutes. While
evaluated at the Epilepsy Clinic, he subsequently had a 2-day EEG,
which revealed occasional intermittent brief burst of generalized spike
and wave activity for which he was treated with levetiracetam and flew
to Washington, D.C., his final destination. Four days after his flight, he
had a stroke-like attack with right hemiparesis, characterized by
limping and dragging of the right extremities for seven hours. While
hospitalized at Children's National Medical Center, his EEG para-
doxically showed right hemispheric (ipsilateral) slowing. He received a
course of oxcarbazepine and was discharged. Following worsening
episodes, the proband was hospitalized with absence episodes char-
acterized by cessation of activity with eye fluttering, which were tem-
porary lessened by increased dosage of oxcarbazepine. His EEG showed
quite active intermittent generalized spike and wave activity associated
with absence episodes that were activated by sleep. After a single dose
of topiramate (82 mg), he appeared unresponsive with irritability,
posturing, nystagmus and ultimately fixed and dilated pupils. EEG
monitoring ruled out status epilepticus, leaving the nature of his
symptoms unclear. During his second hospitalization, the proband re-
ceived courses of lorazepam, fosphenytoin, phenobarbital, high dose of
methylprednisolone and ultimately valproic acid (38 mg/kg/day), the
latter being the most helpful. However, the proband had an acute
episode of pancreatitis, presumably related to valproic acid, based on
normal abdominal ultrasound with no evidence of pseudocyst or pan-
creatic calcifications. Finally, the proband has had intestinal problems
characterized by chronic constipation and bloody diarrhea once a year.

At age of 3, the proband was making developmental progress de-
spite his puzzling neurological disorder of alternating hemiplegia with
an unclear etiology and molecular genetics. A mutation analysis for
AHC failed to reveal any known pathological mutations in the coding
regions of the ATPIA3 gene, found in about 75% of AHC patients. The
proband also underwent genetic testing for a comprehensive seizure
panel, which showed no pathological mutations. Due to pancreatitis
possibly due to valproic acid and allergy to oxcarbazepine, the proband
was switched to clobazam. A few weeks later, the proband had two
stroke-like episodes affecting his left side. He still had decreased bal-
ance and coordination as well as difficulties with sensory integration.
His plasma and CSF lactate levels were normal.

At age of 4, the proband exhibited many signs and symptoms con-
sistent with attention deficit hyperactivity disorder (ADHD), which
further complicated his clinical history of alternating hemiplegia, a
receptive and expressive language delay, visual motor delay, and minor
neuromotor dysfunction. While on clobazam, he had four to six small
myoclonic jerks with a tonic episode as well as two stroke-like episodes
affecting his left arm, each lasting 10 min without loss of consciousness.

After turning 6, his seizures stopped and his episodes of alternating
hemiplegia improved. Neurological exams showed normal strength,
tone and cranial nerves. Cognitively, he had decreased attention span
and limited ability to follow instructions. At the age 7, the proband
showed easy fatigability to the point that the use of a wheel chair was
recommended for long distances in order to preserve his energy levels
for necessary activities and short-term exercises. Such exercise intol-
erance suggests a mitochondrial etiology. Thus, the proband underwent
a cardiac evaluation, which failed to reveal any evidence of cardio-
myopathy and arrhythmias.

At the age of 9, the proband still exhibits a very complex clinical
history with an unclear etiology, molecular genetic diagnosis. For the
last two years, he has not had a seizure-like episode while on clobazam.
He now displays clinical symptoms suggestive of a mitochondrial en-
ergy disorder, including exercise intolerance, easy fatigability and de-
velopmental regression. His brain MRI remains normal (Fig. 2).

Fig. 1. Highlights of the proband's clinical history. Abbreviations: m: month; y:
year.
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3.2. Genetic diagnosis

Since his epilepsy panel and AHC mutation analysis came back
negative, WES and CMA were performed using blood samples. CMA was
normal and did not reveal any copy number changes associated with
known microdeletion or microduplication syndromes (data not shown).
The proband's mitochondrial genome sequencing by LR-PCR-NGS using
the proband's blood and dermal fibroblasts did not uncover large
structural rearrangements, large deletions or deleterious mitochondrial
variants. We detected the rare homoplasmic variant, m.13933A > G,
maping in the ND5 gene was reported in Mitomap (www.mitomap.org)
as a polymorphism with a frequency of 2700:4 (Table 1). However, our
analysis revealed a novel mitochondrial variant of uncertain sig-
nificance, m.12302C > A, mapping in the MT-TL2 gene that encodes
the mt-tRNALeu(CUN) (Table 1). This nucleotide change is located in the
anti-codon loop of the mt-tRNALeu(CUN) immediately adjacent to the
anticodon triplet. Its low heteroplasmic level was detected in blood

(2.67%) and dermal fibroblast (2.7%) derived from a skin biopsy per-
formed on the proband (Table 1).

WES revealed three variants mapping in the galactose-1 phosphate
uridylyltransferase (GALT) gene consistent with Duarte Galactosemia
(Table 2). The lack of elevated galactose-1-phosphate levels and normal
levels of GALT (4.7 nmol/h/mg) in the proband was consistent with
Duarte Galactosemia, which is not related to the proband's clinical
presentation of AHC. The pathogenic variant p.Q188R (rs 75,391,579)
was inherited from the father, while the pathogenic variants c.-119_-
166delGTCA (rs 111,033,640) and p.N314D (rs 2,070,074) were in-
herited from the mother (Table 2). In addition, the proband harbored
the pathogenic variant, p.G2434R (rs121918593), inherited from the
mother, which maps in the ryanodine receptor protein (RYR1) gene,
known to be linked to malignant hyperthermia susceptibility (OMIM
145600) (Table 2) [16].

WES revealed three variants involved in the mitochondrial ATP
metabolism, substantiating the proband's clinical symptoms suggestive
of a mitochondrial etiology (Fig. 1; Table 2). The novel paternally in-
herited variant p.L18F (c.52C > T), which was confirmed by Sanger
sequencing, maps in the PNKD gene encoding the myofibrillogenesis
regulator 1 (MR-1) protein with a mitochondrial localization. The
mutated amino acid leucine at position 18 is conserved among various
species (Fig. 3A) and maps in the N-terminal 39 amino acid-long mi-
tochondrial targeting sequence necessary for mitochondrial localization
of the MR-1 protein [17]. Our computational analysis using PolyPhen-2
predicted the p.L18F variant to be probably damaging with a score of
0.999. The maternally inherited missense variant p.T207M
(rs139334277) maps in the MTO1 gene encoding the mitochondrial
tRNA translation optimization 1, known to cause combined oxidative
phosphorylation deficiency 10 (COXPD10; OMIM 614702). The novel
paternally inherited variant, p.P63L (c.188C > T), maps in the NDUFA2
gene encoding the NADH ubiquinone oxidoreductase subunit A2, one of
the accessory subunits of the OXPHOS complex I, known to cause mi-
tochondrial complex I deficiency nuclear type 13 manifesting as Leigh
syndrome (OMIM 618235) [18] [Hoefs et al. 2008]. The mutated amino
acid proline, which maps at the end of a beta strand, is conserved
among various species (Fig. 3B). PolyPhen-2 predicted the p.P63L
variant to be probably damaging with a score of 0.999.

Fig. 2. Brain magnetic resonance imaging of the proband at the age of 9. The
panel illustrates the T2-weighted image at the level of the basal ganglia and
thalamus, showing a lack of lesions. The posterior position (p) is indicated.

Table 1
Comprehensive mtDNA analysis by massively parallel sequencing using blood sample from the proband.

Nucleotide Gene Base Change Base Percentage Codon Amino Acid Change Mitomap Comments

207 OH G > A G:0.3 > A:99.3 reported mtDB, 1752:123
263 HV2 A > G A:0.2 > G:99.0 reported mtDB, 6:1861
303 OH, CSB2 insC/CC/CCC insC/CC/CCC:99.0 reported 303_309insC/insCC/insCCC
311 OH, CSB2 insC insC:99.0 reported 311_315insC
750 MTRNR1 (12S) A > G A:0.3 > G99.5 reported mtDB, 22:2682
1438 MTRNR1 (12S) A > G A:0.1 > G99.6 reported mtDB,84:2620
2706 MTRNR2 (16S) A > G A:0.1 > G99.7 reported mtDB, 525:2178
4769 ND2 A > G A:0.2 > G:99.6 ATA > ATG M100M reported mtDB, 30:2674
7028 COI C > T C:0.3 > T:99.5 GCC > GCT A375A reported mtDB,505:2199
7930 COII A > G A:0.3 > G:99.5 GGA > GGG G115G reported mtDB, 2701:2
8014 COII A > T A:0.2 > T:99.4 GTA > GTT V143G reported mtDB, 2696:4
8020 COII G > A G:0.4 > A:98.3 CCG > CCA P145P reported mtDB, 2609:95
8860 ATP6 A > G A:0.2 > G:99.6 ACA > GCA T112A reported mtDB, 6:2698
12,302 tRNALeu(CUN) C > A C:97.2 > A:2.67 Not in mitomap Not in mtDB
13,933 ND5 A > G A:0.3 > G:99.4 ACA > GCA T533A reported mtDB, 2700:4
14,470 ND6 T > C T:78.7 > C:21.2 GGA > GGG G68G reported mtDB, 2628:68
15,218 CYTB A > G A:0.2 > G:99.6 ACA > GCA T158A reported mtDB, 2665:38
15,326 CYTB A > G A:0.2 > G:99.6 ACA > GCA T194A reported mtDB, 17:2687
16,067 HV1, d-loop C > T C:0.4 > T:99.6 reported mtDB, 1864:3
16,362 HV1 T > C T:0.1 > C:99.6 reported mtDB, 1422:444

The novel mitochondrial variant, m.12302C > A (mt-tRNALeu(CUN)), which was detected at a low level of heteroplasmy (2.67%) in blood and in dermal fibroblasts
(2.7%), is highlighted in yellow, while the rare homoplasmic variant, m.13933A > G, reported as a polymorphism in Mitomap is highlighted in grey.
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3.3. Functional studies of the ATP metabolism

In light of the analyses of the proband's nuclear and mitochondrial
genomes by massively parallel sequencing along with the suspected
AHC mitochondrial etiology, we investigated the proband's ATP meta-
bolism using dermal fibroblasts. As a control subject, we used com-
mercially available dermal fibroblasts from a healthy subject whose
metabolic profile has already been characterized and comparable to
two other healthy subjects [13] [Uittenbogaard et al., 2018]. We uti-
lized the Seahorse Extracellular Flux XFp analyzer for live-cell mea-
surement of OCR, a key functional indicator of the mitochondrial en-
ergy metabolism. We performed the real-time live-cell Mitochondrial

Stress Test assay to accurately measure OXPHOS bioenergetic para-
meters (Fig. 4A, B). Even though the basal and ATP-linked respiration
levels were normal in the proband's fibroblasts, we detected a sig-
nificant deficit in two key bioenergetic parameters responsible to sti-
mulate the OXPHOS metabolism upon energy demand to avert an ATP
crisis (Fig. 4C). We quantified the maximal respiratory capacity elicited
by the protonophore FCCP and found a 27% decrease when compared
to that of the healthy subject. More notably, the proband's fibroblasts
exhibited a 60% loss of spare respiratory capacity, which severely
curtailed the proband's bioenergetic capacity to thwart an energy crisis
(Fig. 4C). Collectively, our results indicate that the proband's fibroblasts
only have the bioenergetic capacity to ensure basal ATP homeostasis,

Table 2
Results of Whole Exome Sequencing using proband's fibroblasts.

Gene Disease Variant Nucleotide Inheritance pattern Zygosity Reference Classification

GALT Galactosemia p.Q188R c.563 A > G AR Het
(paternal)

rs75391579 Pathogenic

GALT Galactosemia N/A c.-119_-116delGTCA AR Het
(maternal)

rs111033640 Pathogenic

GALT Galactosemia p.N314D c.940 A > G AR Het
(maternal)

rs2070074 Pathogenic

RYR1 Malignant hyperthermia Susceptibility p.G2434R c.7300G > A AD Het
(maternal)

rs121918593 Pathogenic

PNKD Paroxysmal nonkinesigenic dyskenesia p.L18F c.52C > T AD Het
(maternal)

Novel variant VUS

MTO1 Combined oxidative phosphorylation deficiency p.T207M c.620C > T AR Het
(Maternal)

rs139334277 VUS

NDUFA2 Leigh Syndrome/
Complex I deficiency

p.P63L c.188C > T AR Het
(paternal)

Novel variant VUS

Abbreviation: AD: Autosomal dominant; AR: Autosomal recessive; Het: Heterozygous; VUS: Variant of Unknown Significance.

Fig. 3. Sequence alignment of mammalian homologs of the PKND (A) and NDUFA2 (B) proteins showing conservation of the mutated amino acids depicted with a
bracket.
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which is insufficient to avoid an ATP crisis upon high energy ex-
penditure as a result of the profound deficit in spare respiratory capa-
city.

We next examined the rate of ATP production in the proband's fi-
broblasts from the two major pathways glycolysis and OXPHOS. We
took advantage of the Seahorse XFp Real-Time ATP rate assay, which
allows concurrent quantification of rates of ATP production from these
two pathways in live cells. Both OCR and ECAR were simultaneously
measured upon injection of oligomycin, an inhibitor of the ATP syn-
thase, followed by injection of rotenone and antimycin A to fully inhibit
mitochondrial ATP production (Fig. 5A). As expected, the basal rate of
ATP production from OXPHOS in the proband's fibroblasts was iden-
tical to that of a healthy subject's fibroblasts (Fig. 5B), confirming our
results from the Mitochondrial Stress Test assay (Fig. 4). However, we

detected a 41% decrease in the basal rate of ATP production from
glycolysis. Collectively, our results reveal a distinct energy phenotype
of the proband's fibroblasts when compared to that of healthy fibro-
blasts.

We further investigated the glycolytic metabolism in the proband's
fibroblasts using the Glycolysis Rate assay. It directly and accurately
assesses glycolytic activity by correlating one-to-one with lactate ac-
cumulation. The total Proton Efflux Rate (PER) and the Glycolytic
Proton Efflux Rate (GlycoPER) were measured using both OCR and
ECAR values in order to account for mitochondrial (CO2) acidification
from the mitochondrial TCA cycle making up for some of the acid-
ification of the medium (Fig. 6A, B) [19]. In the absence of mitochon-
drial OXPHOS inhibitors, the proband's fibroblasts exhibited a severe
decrease in basal glycolysis by 52% when compared to that of healthy
fibroblasts (Fig. 6C). This is further corroborated by the proband's fi-
broblasts having a lower %PER from basal glycolysis than the healthy
fibroblasts (Fig. 6C). We next investigated whether the proband's fi-
broblasts could undergo metabolic reprogramming toward glycolysis
following an energy crisis provoked by full inhibition of mitochondrial
ATP production by rotenone and antimycin A. We found that the pro-
band's fibroblasts exhibited a reduced compensatory glycolytic re-
sponse by 34% when compared to that of healthy fibroblasts. Our
collectively results reveal that the proband's fibroblasts could not
switch to glycolysis upon an acute OXPHOS metabolic crisis to sustain
ATP homeostasis.

3.4. Mitochondrial morphometric analysis of the proband's fibroblasts

In light of the dysregulated mitochondrial energy phenotype of the
proband's fibroblasts, we investigated by transmission electron micro-
scopy whether the proband's mitochondria exhibited ultrastructural
defects. As expected, fibroblasts from the healthy subjects contain
healthy long mitochondria with numerous cristae and an electron-dense
mitochondrial matrix. The proband's fibroblast harbor mitochondria
with normal and abnormal morphology (Fig. 7A). Healthy mitochon-
dria are elongated with a normal ultrastructural morphology char-
acterized by numerous cristae and a highly electron dense mitochon-
drial matrix (Fig. 7B). In contrast, the diseased mitochondria exhibited

Fig. 4. The proband's fibroblasts exhibit an impaired bioenergetic capacity. A. Profile of the oxygen consumption rate (OCR) adapted from the Agilent Technologies
brochure of the Mitochondrial Stress Test. B. OCR profiles of the proband (red) and healthy subject (blue). C. Quantitative data of basal respiration, ATP-linked
respiration, maximal respiration, and spare respiratory capacity. The healthy subject is shown in blue while the the proband is illustrated in red. Data are represented
as means ± S.E.M., n = 3 of independent experiments, each with three technical replicates. * indicates statistically significant differences with a p value of 0.0001.

Fig. 5. The proband and a healthy subject display distinct energy metabolic
phenotypes. A. Schematic representation of the Agilent Seahorse XFp Real-Time
ATP rate assay. Both OCR and ECAR of live fibroblasts derived from the pro-
band or a healthy subject are simulatenously measured upon compound in-
jections of mitochondrial inhibitors, oligomycin followed by a mixture of ro-
tenone and antimycin A. B. Quantification of ATP basal rate from glycolysis
(blue for the healthy subject and red for the proband) and mitochondrial
OXPHOS metabolism (blue hatched column for the healthy subject and red
hatched column for the proband). Data are represented as means ± S.E.M.,
n = 3 of independent experiments, each with three technical replicates. * in-
dicates statistically significant differences with a p value of 0.0001.
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rare and short cristae that appeared disorganized and a less electron
dense matrix (Fig. 7C). In addition, the proband's fibroblasts have en-
doplasmic reticulum (ER) with enlarged saccules, indicative of ER stress
(Fig. 7). Thus, our mitochondrial morphometric findings are congruent
with our live-cell OCR measurements showing a decreased mitochon-
drial bioenergetic capacity (Fig. 4).

4. Discussion

Our study reports a patient clinically diagnosed with an atypical
form of alternating hemiplegia of childhood (AHC) presenting symp-
toms suggestive of a mitochondrial etiology and of an unclear genotype-
phenotype correlation given the absence of the ATP1A3 ATP1A2 and

Fig. 6. The proband's fibroblasts exhibit altered proton efflux rate. A. Schematic representation of the Agilent Seahorse XFp Glycolytic Rate assay adapted from the
Agilent Technologies brochure. B. Profiles of the proton efflux rate (PER) of the proband (red) and a healthy subject (blue). C. Quantitative analysis of three key
bioenergetic markers for glycolysis: basal glycolysis, %PER from basal glycolysis, and compensatory glycolysis (healthy subject in blue and proband in red). Data are
represented as means ± S.E.M., n = 3 of independent experiments, each with three technical replicates. * and **indicate statistically significant differences with a p
value of 0.0001 or 0.0008, respectively.

Fig. 7. Mitochondrial morphometric analysis of the proband's fibro-
blasts by transmission electron microscopy. A. The proband's fibro-
blasts harbor a mixed population of mitochondria with normal (white
arrow) and abnormal (white arrowhead) cristae morphology. Scale
bar = 500 nm. B. Mitochondria with a normal cristae morphology and
density (white arrow). Enlarged saccule of the endoplamic reticulum is
indicated by a white asterisk. Scale bar = 500 μm. C. High magnifi-
cation of mitochondria harboring cristae of altered density and length
(white arrowhead). Scale bar = 200 μm. The scale bar is indicated at
the bottom left corner of each micrograph.
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GLUT1 pathogenic variants, known to account for the majority of
sporadic AHC cases [4–6,20,21]. Although the proband harbors three
distinct pathogenic variants mapping in the GALT gene detected by
WES, his galactosemia-related symptoms have no bearing on his clinical
presentation of atypical AHC. Our WES analysis has yielded valuable
genetic clues on the mitochondrial etiology of this atypical AHC by
highlighting three variants detected in the PNKD, MTO1 and NDUFA2
nuclear genes, all involved in the mitochondrial energy metabolism. LR-
PCR-NGS did not detect large structural rearrangements or deletions,
nor any known pathogenic variants associated with a primary mi-
tochondrial disease, such as MELAS (Mitochondrial Encephalopathy
with Lactic Acidosis and Stroke-like episodes), thereby substantiating
the normal brain MRI of the proband [22]. However, the proband's
mitochondrial genome harbored a novel mitochondrial variant of un-
known significance, m.12302C > A, which targets the MT-TL2 gene
encoding the mitochondrial tRNALeu(CUN), essential for mitochondrial
protein translation. Unless the m.12302C > A variant is expressed at
much higher levels of heteroplasmy in affected organs, such as muscles
and brain, than in blood and dermal fibroblasts, it is unlikely to be the
primary variant responsible for the overall mitochondrial etiology of
AHC. However, we cannot exclude its potential secondary role in the
AHC phenotypic manifestation when combined with the nuclear var-
iants in the PNKD, MTO1 and NDUFA2 genes, all affecting the OXPHOS
metabolism.

Although the pathogenic mechanisms of AHC have remained enig-
matic, several studies have reported some mitochondrial dysfunctions
in patients with AHC by MRS and muscle biopsy to measure enzymatic
activities of the mitochondrial chain complexes, key players of the
OXPHOS metabolism [11,12,23–25]. The original studies could not
quantify this critical bioenergetic parameter in the absence of the
Seahorse technology, which might have underestimated the number of
patients with AHC with mitochondrial OXPHOS deficit. A recent WES-
based study reports the presence of a homozygous TANGO2 (transport
and Golgi organization 2 homolog) pathogenic variant in a patient with
AHC of unknown genetic diagnosis [26]. The TANGO2 protein being
localized in mitochondria influences the mitochondrial energy meta-
bolism [27,28].

Our live cell metabolic study provides the first evidence of a defi-
cient energy metabolism due to a dysregulated interplay between gly-
colysis and OXPHOS, which may contribute to the progressive nature of
the proband's AHC symptoms. The proband's fibroblasts exhibit a di-
minished metabolic plasticity preventing an efficient switch from
OXPHOS to glycolysis to sustain ATP homeostasis under conditions
mimicking an ATP crisis. The proband's fibroblasts display a diminished
basal glycolysis, a deficit further exacerbated by a stunted compensa-
tory glycolytic reserve response.

More notably, the proband's dermal fibroblasts display a dysregu-
lated OXPHOS characterized by a major deficit in spare respiratory
capacity, hindering their ability to avert an ATP crisis upon energy
demand. This metabolic disturbance is keenly relevant to the fatig-
ability, exercise intolerance, mental exhaustion and developmental re-
gression exhibited by the proband (Fig. 1). Firing neurons utilize up to
80% of the spare respiratory capacity to prevent bioenergetic exhaus-
tion [29]. Similarly, skeletal muscle cells are particularly susceptible to
loss of the spare respiratory capacity, which leads to reduced physical
activities and ultimately to sarcopenia [30]. The OXPHOS profile of the
proband's fibroblasts is consistent with the mitochondrial morpho-
metric analysis showing the presence of both normal and abnormal
mitochondria in his fibroblasts. Mitochondria with a normal mor-
phology display numerous cristae with a normal ultrastructure, while
those with a perturbed morphology exhibit an altered cristae organi-
zation in terms of density and length. Since cristae house the OXPHOS
machinery [31], abnormal crista ultrastructure has been correlated
with dysfunctions in respiratory capacity [32].

The dysregulated OXPHOS signature of the proband's fibroblasts is
also congruent with the WES results showing variants mapping in three

genes relevant to OXPHOS metabolism. Of interest is the novel pater-
nally inherited PNKD variant with an autosomal dominant mode of
inheritance, which targets a highly conserved leucine residue mapping
in the mitochondrial leading sequence of the encoded protein MR-1
[17]. Similarly to the proband's fibroblasts, fibroblasts from pediatric
patients with paroxysmal nonkinesigneic dyskinesias (PNKD) caused by
other PKND variants also exhibit a reduced maximal respiration and
spare respiratory capacity without affecting the basal and ATP-linked
respiration [17,33]. However, the fact that the proband's father is
asymptomatic suggests that this novel PNKD variant cannot by itself
induce OXPHOS dysregulation, leading to the AHC phenotypic ex-
pressivity in the proband. The father also harbors a novel heterozygous
NDUFA2 variant with an autosomal recessive inheritance pattern. By
itself it cannot not alter OXPHOS activity, as only homozygous or
compound heterozygous NDUFA2 variants induce a severe complex I
deficiency in patients with leukoencephalopathy or Leigh syndrome
[18,34,35]. This is most likely due to the fact that NDUFA2 is an ac-
cessory subunit involved in the last step of complex I biogenesis to favor
complex I stability rather than its activity [36–39].

Thus, our genetic analyses suggest three potential genetic etiologies
to the AHC phenotypic expressivity in the proband is most likely caused
by the combinatorial effects from nuclear variants inherited both from
the father and mother, primarily detected in genes known to alter the
mitochondrial energy metabolism. Since the asymptomatic mother so-
lely harbors the heterozygous MTO1variant with an autosomal re-
cessive transmission pattern, it is plausible that it acts as modifier of
expressivity by exacerbating the metabolic phenotypic expression of the
PNKD and NDUFA2 variants. This MTO1 variant is detected in a gene
encoding the mitochondrial tRNA translation optimization 1, known to
cause combined oxidative phosphorylation deficiency 10 (COXPD10;
OMIM 614702).

In summary, our metabolic and genetic studies suggest four possible
genetic scenarios to modulate the phenotypic expressivity of this aty-
pical AHC to be deciphered in our future studies: 1) synergistic het-
erozygosity among the three identified heterozygous nuclear variants
and the mitochondrial variant m.12302C > A potentiating its low
heteroplasmy; 2) synergistic heterozygosity due to all heterozygous
variants affecting mitochondrial functions; 3) the heteroplasmic levels
of the novel m.12302C > A variant of unknown clinical significance
could be elevated in the affected tissues, such as brain and muscle; and
4) yet to be identified nuclear DNA defects that could be intronic or
regulating RNA expression, which could be identified by whole genome
sequencing. Thus, our studies provide novel insights into the patho-
physiological mechanisms of AHC with a suspected mitochondrial
etiology and undefined genotype-phenotype correlation. Our results
also shed light on the impact of dysregulated metabolic reprograming
on the progressive nature of the proband's mitochondrial phenotype,
thereby providing clues to advance our understanding of the clinical
phenotypic heterogeneity characteristic of AHC. This will lead to the
recruitment of these patients in existing clinical studies targeted for
mitochondrial diseases and ultimately to the design of novel ther-
apeutic strategies.
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