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Abstract

In this study, we report a novel perpective of metabolic consequences for the m.8993T > G variant
using fibroblasts from a proband with clinical symptoms compatible with Maternally Inherited
Leigh Syndrome (MILS). Definitive diagnosis was corroborated by mitochondrial DNA testing for
the pathogenic variant m.8993T > G in MT-ATP6 subunit by Sanger sequencing. The long-range
PCR followed by massively parallel sequencing method detected the near homoplasmic m.8993T
> G variant at 83% in the proband’s fibroblasts and at 0.4% in the mother’s fibroblasts. Our results
are compatible with very low levels of germline heteroplasmy or an apparent de novo mutation.
Our mitochondrial morphometric analysis reveals severe defects in mitochondrial cristae structure
in the proband’s fibroblasts. Our live-cell mitochondrial respiratory analyses show impaired
oxidative phosphorylation with decreased spare respiratory capacity in response to energy stress in
the proband’s fibroblasts. We detected a diminished glycolysis with a lessened glycolytic capacity
and reserve, revealing a stunted ability to switch to glycolysis upon full inhibition of OXPHOS
activities. This dysregulated energy reprogramming results in a defective interplay between
OXPHOS and glycolysis during an energy crisis. Our study sheds light on the potential
pathophysiologic mechanism leading to chronic energy crisis in this MILS patient harboring the
m.8993T > G variant.
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1. Introduction

Maternally Inherited Leigh Syndrome (MILS, OMIM 516060) is a fatal neurodegenerative
disease with an early childhood onset. It belongs to a subgroup of maternally inherited
neurodegenerative disease, referred to as striatal necrosis syndromes, based on their
characteristic bilateral lesions of the basal ganglia and brainstem with symmetrical foci of
necrosis and capillary proliferation as shown by cranial magnetic resonance imaging (MRI)

[1].

Patients with striatal necrosis syndromes show considerable clinical phenotypical variability
and harbor maternally inherited mutations in the mitochondrial M7-ATP6 gene, which
encodes the subunit 6 of the ATP synthase or complex V [2]. Among the five known
pathogenic variants, the T > G point mutation mapping at position 8993 of the mitochondrial
genome is the most frequent [3—7]. The m.8993T > G variant results in substitution of a
highly conserved leucine residue to arginine (L156R), which affects a subset of the multi-
copy mitochondrial genome, causing heteroplasmy characterized by the presence of both
wild type (WT) and mutant mitochondrial DNAs (mtDNAs) within mitochondria. In
general, the degree of heteroplasmy in combination with other factors, such as nuclear
background, dictates not only the disease severity and age of onset, but also the clinical
phenotype [2]. Patients carrying the m.8993T > G variant with a heteroplasmic load below
60% remain asymptomatic. Patients with a heteroplasmic load between 75% and 90%
exhibit clinical manifestations of neurogenic muscle weakness, ataxia, and retinitis
pigmentosa (NARP), whereas patients with a heteroplasmic load > 90% are affected with the
more severe disorder MILS [3,8]. MILS patients exhibit lactic acidosis and multisystemic
manifestations with dominant neurological symptoms, which include developmental delay,
psychomotor regression, ataxia, seizures, brainstem dysfunction, peripheral neuropathy, and
optic atrophy [9].

Even though the molecular pathogenic mechanism of MILS remains to be fully elucidated, it
has been firmly demonstrated that the m.8993T > G variant impairs ATP synthesis due to
altered assembly of the ATP synthase [10-13]. ATP synthase is the last multisubunit
complex of the mitochondrial oxidative phosphorylation (OXPHOS) pathway, where ATP
synthesis occurs from ADP and inorganic phosphate using energy from the electrochemical
proton gradient as a result of electron transport along the respiratory complexes I to V. The
efficiency by which the proton electrochemical gradient is converted to ATP is a key
functional bioenergetic parameter for determining the capacity of a cell to generate the
maximum ATP output [14]. All five OXPHOS complexes are embedded along the cristae
membrane and modulate the cristae morphology to match the energy needs of the cell
[15,16].
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ATP synthase is composed of the Fg and F4 functional domains, with the Fg domain acting
as a proton channel embedded in the mitochondrial inner membrane and the F; domain
protruding into the mitochondrial matrix and containing the catalytic site for ATP synthesis
[17]. The mitochondrial-encoded ATPase 6 (MT-ATPase 6) subunit is part of the Fo domain
and has four transmembrane helices that couple proton translocation with rotation of the Fy
subunit c-ring to convert mechanical energy into chemical energy for ATP synthesis by the
F1 domain [18]. The L156R substitution caused by the m.8993T > G variant prevents MT-
ATPase 6 to induce rotation of the c-ring, resulting in decreased ATP synthesis.

In this study, we report a proband with a near homoplasmic m.8993T > G variant presenting
clinical symptoms compatible with MILS. Our results from long-range PCR followed by
deep sequencing are compatible with the conclusion of an apparent de novo m.8993T > G
variant or very low level of germline heteroplasmy. Our functional metabolic studies provide
the first evidence that the proband’s fibroblasts harboring the m.8993T > G variant not only
exhibit impaired mitochondrial OXPHQOS pathway, but also diminished glycolysis as a
consequence of a reduced glycolytic capacity and reserve as well as a stunted compensatory
glycolysis response. We provide evidence that the proband harboring the m.8993T > G
variant dysregulate the metabolic switch from OXPHOS to glycolysis during an energy
crisis.

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 only after receiving written informed consent with permission to
study the derived dermal fibroblasts.

2.2. Skin biopsy and fibroblast culture

Skin biopsy was performed on the 13-month-old proband and his 36-year-old mother.
Dermal fibroblasts were derived from 3 mm skin biopsy 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. Uridine has previously been
indicated to preserve respiratory chain deficiencies in cultured fibroblasts [19]. Derived
fibroblasts were frozen at passage 2 and never used beyond passage 10. Human primary
dermal fibroblasts from healthy donors (GM00302C, 10-month-old; GM03349C; 10-year-
old; GM03377E, 19-year-old) were obtained from the Coriell Cell Repositories (Camden,
NJ).

2.3. DNA purification and determination of heteroplasmy

DNA was extracted from blood and dermal cultured fibroblast using the QlAamp DNA mini
kit according to the manufacturer’s recommendations (Qiagen). Heteroplasmy was
determined by Sanger for blood DNA or by a Long-Range PCR (LR-PCR)-based Next
Generation Sequencing approach [20,21].
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2.4. Transmission electron microscopy

Fibroblasts from the proband and his mother were fixed in 2.5% glutaraldehyde (Electron
Microscopy Sciences), 1% paraformaldehyde in 0.12 M sodium cacodylate buffer (Electron
Microscopy Sciences) for 20 min at room temperature followed by 40 min on ice. Cells were
then fixed for one hour in 1% osmium tetroxide (Electron Microscopy Sciences) followed by
en-bloc staining overnight in 1% aqueous uranyl acetate. The cells were dehydrated through
a series of ethyl alcohol/deionized water solutions and propylene oxide before infiltration
with Embed 812 epoxy resin. Blocks were cured for 48 h at 60 °C. Polymerized blocks were
trimmed and 70 nm ultrathin sections were cut with a diamond knife on a Leica Ultramicut
EM UCY7 and transferred onto 200 mesh copper grids. Sections were counterstained with 1%
ethanolic uranyl acetate for 10 min and lead citrate for 2 min. Samples were imaged with a
FEI Talos F200X-transmission electron microscope (FEI Company) operating at an
accelerating voltage of 80 kV equipped with a Ceta™ 16M camera.

2.5. Analysis of mitochondrial respiratory and glycolytic activities

Bioenergetic status was measured using the Seahorse Extracellular Flux XFp Analyzer
(Seahorse Bioscience, Agilent Technologies). Optimal cell density (5000/well) and the
uncoupler FCCP (fluoro 3-carbonyl cyanide-methoxyphenyl hydrazine; 2 pM) were
determined using the Cell Energy Phenotype Test kit. Skin fibroblasts were seeded in
triplicate on poly-D lysine-coated plates and incubated for 24 h at 37 °C in 5% CO,
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), and/or 7.1 mM glucose (Sigma) depending on the assay and adjusted to at pH 7.4
with NaOH for 1 h at 37 °C. Using the XFp Mito Stress Test kit, OCR (oxygen consumption
rate) and ECAR (extracellular acidification rate) were measured under basal conditions and
after sequential injections of oligomycin (1 pM), FCCP (2 uM) and a mix of rotenone and
antimycin A (1 pM) following the manufacturer’s recommendations. Using the XFp
Glycolysis Stress Test kit, we measured the glycolytic functions under basal and stress
conditions after sequential injections of glucose (10 mM), oligomycin (1 uM) and 2-DG (50
mM). Using the Glycolytic Rate Assay kit, we determined the total proton efflux and the
glycolytic proton efflux by measuring the OCR and ECAR values. 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 uM final concentration) and 2-DG (50 mM final concentration).
The data from three independent experiments were normalized to cell numbers quantified
after the assay and plotted as OCR (pmol/min/cell + S.D.) and ECAR (mpH/min/cell + S.D.)
as a function of time using the Seahorse Report Generator software. Statistical analyses were
performed using the unpaired student #test with p-value of < 0.05 considered statistically
significant.
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3. Results

3.1. Clinical manifestations

The proband was born full term via NSVD, weighing 3.9 kg. There were no prenatal nor
postnatal complications. His mother received prenatal care. She was positive for group B
strep and received in-trapartum antibiotics. There were no maternal or fetal infections noted.
There were no maternal complications or bleeding noted. He developed normally up to four
months of age when he received a set or vaccines (diphtheria, tetanus, and acellular pertussis
vaccine; Haemophilus in-fluenza type b vaccine; inactivated poliovirus vaccine;
pneumococcal conjugate vaccine; and rotavirus vaccine). He then appeared to be floppy with
little to no energy. At six months of age, he had another set of vaccines and stopped
breastfeeding and smiling. At seven months of age, he had regressed and was
developmentally delayed. At nine months of age, his initial electroencephalogram (EEG)
suggested an encephalopathy with generalized slowing. His first brain MRI scan revealed
symmetric areas of T2/FLAIR signal change and diffusion restriction involving the bilateral
basal ganglia, thalami and midbrain consistent with Leigh Syndrome (Fig. 1A). Laboratory
testing performed during his initial visit demonstrated elevated lactate levels (54.4 mg/dL),
increased plasma levels of the amino acid alanine (687.9 pmol/L), and elevated levels of L3
acylcarnitine (1.03 umol/L) in keeping with a mitochondrial disease. He was started on
riboflavin, thiamine, coenzyme Q10 and carnitine. His subsequent medical course was
notable for development of infantile spasms requiring treatment with Clobazam, Topiramate,
and Levetiracetam. He was also started on a Mitochondrial cocktail and Vitamin D.

He also developed cortical blindness, apnea, and oral motor dysfunction requiring
gastrostomy tube feeding. Following an inter-current illness with flu-like symptoms, his
feeding abilities regressed and his seizures increased. Although he recovered, he remained
slightly below his previous baseline. At two years of age, his development remained that of a
newborn since he was unable to roll, sit or stand. He had no language and failed to use his
hands in a purposeful manner. On examination, he had poor visual tracking, drooling and
decreased gag response. He had both truncal and appendicular hypotonia. DTRs were 2+
without clonus.

Clinically, brief tonic extension of the upper extremities was noted. His subsequent EEG
showed focal features, especially left occipital, and modified hypsarhythmia pattern. There
were multifocal posterior dominant spike discharges and marked background discontinuity,
dis-organization and slowing. A third EEG showed generalized and bi-occipital slowing
frequent rhythmic high amplitude sharp discharges bilateral occipital regions (O1 and 02),
at times near continuous, cluster of brief tonic seizures captured on this EEG. His EEG
indicated voltage attenuation with superimposed faster frequency activity predominantly in
the right hemisphere for about 4 s. These are consistent with a generalized and focal diffuse
epileptic encephalopathy. His follow-up MRI taken a few months after his flu-like episode
showed marked progressive cortical atrophy, resulting in ventriculomegaly (Fig. 1B). In
addition, his T2 weighted axial image revealed increased T2 signal bilaterally in the
putamen, consistent with mitochondrial encephalopathy (Fig. 1B).
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3.2. Identification of an apparent de novo mitochondrial m.8993T > G variant in the
proband’s fibroblasts

Initial Sanger-based sequence analysis of the mitochondrial genome (MtDNA) from the
blood samples revealed a homoplasmic m.8993T > G variant in the proband, but this variant
was not detected in the mother, suggesting a possible de novo mutation that became near or
homoplasmic in one generation. In order to determine its degree of heteroplasmy with great
accuracy, we analyzed the mtDNA from dermal cultured fibroblasts using a LR-PCR-based
Next Generation Sequencing (NGS) approach [20,21]. This analysis revealed near
homoplasmic levels (83%) of the m.8993T > G variant in the proband (Fig. 2). In contrast,
we detected 1 out of 250 reads in the mother’s fibroblasts, amounting to a very low level of
heteroplasmy estimated at 0.4%. Such very low levels of heteroplasmy are within
experimental error (Fig. 2) even though the LR-PCR-based NGS method can accurately
calculate the level of heteroplasmy from as low as 1 read per 20,000 [20,21]. Thus, our
results are compatible with either an apparent de novo mutation in the proband or very low
levels of maternal germline mosaicism, two genetic scenarios that cannot be currently
discriminated despite the increased sensitivity of the genomic technology.

3.3. Mitochondrial morphometric analysis of fibroblasts derived from the proband and his

mother

Since the ultrastructure and morphology of cristae control the mitochondrial bioenergetic
functions [22], we investigated by transmission electron microscopy whether mitochondria
from the pro-band’s fibroblasts exhibited ultrastructural alterations of mitochondria when
compared to those of his mother. The mother’s fibroblasts exhibited mitochondria with a
normal ultrastructural morphology characterized with numerous and closely apposed cristae
and a highly electron dense mitochondrial matrix (Fig. 3A). Furthermore, we observed
mitochondrial fission-fusion events, indicative of normal mitochondrial dynamics (Fig. 3A).
In contrast, most mitochondria from the proband’s fibroblasts have very few and short
cristae that appear disorganized, while some mitochondria are devoid of cristae (Fig. 3B).
Some mitochondria had enlarged cristae lumen width, a morphological characteristic
associated with defective OXPHOS activity. In addition, some mitochondria exhibit
abnormal “onion-like” concentric cristae, suggestive of abnormal cristae junctions between
the inner boundary membrane and the cristae membrane (Fig. 3B). A similar morphological
defect of mitochondrial cristae has been reported in muscle cells derived from patients
affected with the MERRF mitochondrial disease [23]. Ultimately, mitochondrial identity
needs to be confirmed by immune-gold electron microscopy [24]. Finally, the proband’s
mitochondria consistently display a weak electron dense mitochondrial matrix (Fig. 3).
Thus, our mitochondrial morphometric findings are consistent with the genetic diagnosis of
a near homoplasmic m.8993T > G variant in the proband and absence of this variant in his
mother.

3.4. Functional outcome of the near homoplasmic m.8993T > G variant on mitochondrial

respiration

Since the m.8993T > G variant affects the mitochondrial-encoded subunit ATPase 6 of the
ATP synthase, we next investigated its functional impact on the OXPHOS metabolism in
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fibroblasts derived from the 13-month-old proband. We used the Seahorse Extracellular Flux
XFp analyzer for live-cell measurement of the oxygen consumption rate (OCR), a key
functional indicator of the mitochondrial ATP-coupled respiration. We initially determined
the optimal cell seeding density and the concentration of the uncoupler compound FCCP
using the cell energy phenotype kit (data not shown). We measured several key
mitochondrial bioenergetics parameters of the OXPHOS pathway (Fig. 4A, B). As a control
subject, we used dermal fibroblasts derived from a 10-month-old healthy infant. We also
included additional control fibroblasts from two healthy subjects even though they were not
age-matched, the GMO00377E from a 19-year-old male subject and the GM03349C from a
10-year-old male child. We found that the mother’proband exhibited a similar mitochondrial
respiration profile than the three controls, while the proband had a subtantially impaired
OCR profile when compared to his mother and the three control subjects (Fig. 4B). We
found a 40% decrease in the basal OCR of the MILS fibroblasts when compared to that of a
10-month-old healthy infant (Fig. 4C). By exposing the fibroblasts to oligomycin, an
inhibitor of the ATP synthase, we detected a 36% decrease in ATP-linked respiration (Fig.
4C). The proband’s fibroblasts exhibited a similar response to saturated concentration of
oligomycin (1 uM) than the controls, congruent with a previous study [25]. Next, we
measured the maximal respiratory capacity evoked by FCCP, which disrupts the proton
gradient across the inner mitochondrial membrane. We found a decrease in the maximal
respiration capacity and spare respiratory capacity by 32% and 20%, respectively, indicating
that the proband’s fibroblasts have a diminished energy capacity to respond to stress (Fig.
4C).

We compared the mitochondrial bioenergetics functions of the proband with those of his
mother (Fig. 4D). The proband exhibited a decrease in basal OCR, maximum respiratory
capacity, and ATP-linked respiration by 32%, 20%, and 40%, respectively (Fig. 4E).
Interestingly, the spare respiratory capacity remained unaltered between the proband and
mother (Fig. 4E). Collectively, our bioenergetics results reveal that the p.L156R MT-ATP6
subunit of ATP synthase significantly alters the overall OXPHOS pathway with respiratory
defects related to respiratory complexes of the electron transfer chain that did not bear any
mutations.

3.5. Functional outcome of the near homoplasmic m.8993T > G variant on the glycolysis

pathway

We next assessed the contribution of the glycolysis pathway to meet the energy demand in
the proband’s fibroblasts. We initiated our analysis by measuring basal extracellular
acidification rate (ECAR) between the proband and a 10-month-old healthy infant using the
glycolysis stress test assay (Fig. 5A and B). The cells were starved for glucose for 1 h prior
to injecting glucose in order to measure bulk acidification as an indicator of glycolytic
activity. The proband’s fibroblasts exhibited a non-statistically significant decrease in ECAR
upon injection of glucose when compared to control healthy fibroblasts (Fig. 5C). We next
evaluated the maximal glycolytic capacity by exposing the fibroblasts to oligomycin, which
inhibits ATP synthase and therefore respiratory ATP production. We detected a 59%
reduction in glycolytic capacity in the proband when compared to that of a healthy infant
(Fig. 5C), indicating that the proband’s fibroblasts could not increase glycolysis sufficiently
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to compensate for the inhibition of mitochondrial ATP production, as healthy fibroblasts did.
Finally, upon inhibition of the glucose metabolism v7/a exposure to 2-deoxyglucose (2-DG),
we observed a 79% reduction in glycolytic reserve in the proband’s fibroblasts, when
compared to that of a healthy infant (Fig. 5C). We next compared the glycolytic activity
between the mother and the proband and found that the proband’s fibroblasts exhibited
lower glycolytic capacity and reserve by 57% and 78%, respectively, than the mother’s
fibroblasts (Fig. 5D, E).

Since bulk acidification measured by the Glycolysis Stress Test assay ECAR does not
discriminate between mitochondrial acidification as a by-product of the tricarboxylic acid
cycle (TCA) cycle and acidification from glycolysis-derived lactate, the glycolytic rate is
overestimated. During mitochondrial respiration, TCA produces CO, that is exported
outside the cells to give rise by hydration to six carbonate ions and protons, thereby
substantially contributing to the acidification of the medium [26]. Thus, we performed the
complementary Glycolysis Rate assay, which measures the glycolytic proton production rate
(Gly-coPER) instead of bulk acidification (ECAR). The GlycoPER correlates one-on-one
with lactate accumulation, a precise and direct measurement of glycolytic activity. The
Glycolytic Rate assay was performed under physiological conditions in the absence of the
stressor, glucose starvation, and upon blocking the mitoxondrial OXPHOS pathway at the
complexes | and Il via injection of rotenone and antimycin A, thereby precluding
mitochondrial acidification [27]. We found that the glycolytic proton efflux rate of the MILS
fibroblasts decreases by 57% when compared to that of healthy fibroblasts, indicating a
significant decrease in basal glycolysis (Fig. 6C). We next assessed the compensatory
glycolysis response upon blocking the mitochondrial OXPHOS, which indicates the ability
of the cells to switch to glycolysis to produce ATP. We found that MILS fibroblasts
exhibited a significantly diminished compensatory glycolysis by 63% when compared to
that of healthy fibroblasts (Fig. 6C). This diminished glycolytic response is consistent with
the 79% reduction in glycolytic reserve quantified using the glycolysis stress test assay (Fig.
5C). Finally, we found that the MILS fibroblasts had half of the amount of mitochondrial
acidification than healthy fibroblasts (Fig. 6B, C), consistent with the observed 40%
decrease in mitochondrial OXPHOS metabolism (Fig. 4C). We next compared the glycolytic
response between the mother and the proband and detected a decrease in basal glycolysis
and compensatory glycolysis by 32% and 35%, respectively, in the proband (Fig. 6D, E).
Additionally, we detected a significant decrease by 33% decrease in mitochondrial
acidification in the proband (Fig. 6E), congruent with the observed reduction in
mitochondrial OXPHQS functions (Fig. 4 E). Thus, our collective metabolic results show
that the proband’s fibroblasts harboring the m.8993T > G variant exhibit a stunted ability to
switch to glycolysis to compensate for defective OXPHOS activities.

4. Discussion

In this study, we report the comprehensive metabolic signature of a proband harboring the
m.8993T > G variant in the MT7-ATPase 6 gene responsible to cause the NARP/MILS
syndrome. Despite the well-established consensus that the m.8993T > G variant alters the
rate of ATP synthesis, little is known about its global impact on the mitochondrial and
glycolytic metabolism in patient-derived cells. Previously, the bioenergetic impact of the m.
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8993T > G variant was evaluated in the absence of the input from the nuclear genome since
these studies were performed using the m8993. T > G cybrid system, the yeast model, or
sub-mitochondrial particles isolated from platelets of patients [10,13,28-33]. Herein, we
provide the first comprehensive functional analysis of mitochondrial respiratory and
glycolytic functions in patient-derived fibroblasts harboring a near homoplasmic m.8993T >
G variant. Our mitochondrial morphometric analysis combined with our live-cell
mitochondrial respiratory analysis demonstrate a functional link among disrupted
mitochondrial ultrastructure, impaired mitochondrial OXPHQS efficiency, and diminished
glycolytic response, preventing an efficient switch from OXPHOS to glycolysis in the pro-
band carrying a near homoplasmic m.8993T > G variant.

The subtle discrepancy in the degree of m.8993T > G heteroplasmy between blood and
fibroblasts may be owing to: (a) Sanger analysis is not quantitative, which usually has a
background of 20% removed, qualifying a heteroplasmy level of 83% to be near
homoplasmic; (b) although we used cultured fibroblasts below 10 passages, repetitive
culturing of fibroblasts has been shown to reduce the heteroplasmic level of mtDNA mutant;
and (c) there may be a difference in the degree of heteroplasmy between blood and skin
fibroblasts. Our LR-PCR-NGS results are consistent with an apparent de novo variant or
very low levels of germline heteroplasmy. The frequency of de novo variants is low with
only four cases of de novom.8993T > G variant among a total of 105 patients [34]. It is
worth emphasizing that the de novo status of these variants may results from the technique
used to quantify heteroplasmy. Until recently, heteroplasmy was assessed by Sanger
sequencing, which lacks sensitivity to detect low levels of heteroplasmy, resulting in variants
being labeled as de novo with a one-generation jump from zero to near 100%. With the
advent of deep sequencing, detecting very low levels of heteroplasmy is now feasible with
the highly sensitive and accurate long-range PCR followed by massively parallel
sequencing, thereby bringing into question the previously reported de novo variants. These
variants may result from very low levels of germline heteroplasmy, thereby affecting their
heritability frequency. Thus, the highly sensitive LR-PCR-NGS method allows for a
comprehensive and accurate assessment of heteroplasmy, thereby clarifying the low
frequency of apparent de novo mutations in future studies and making it possible to perform
longitudinal studies using multiple tissues from patients affected with a mitochondrial
disease due to a mitochondrial DNA mutation.

The near homoplasmic pathogenic m.8993T > G variant disrupts the shape and number of
mitochondrial cristae with mitochondria being devoid of cristae or with altered cristae
morphology, such as short cristae/or concentric-lamellar cristae. Furthermore, the proband’s
fibroblasts contain small mitochondria when compared to those of the mother’s fibroblasts,
consistent with dysregulated mitochondrial dynamics and abnormal cristae ultrastructural
morphology. An earlier electron microscopy study reported the presence of unusual cristae
in mitochondria from a patient carrying the m.8993T > G variant [35]. Ultrastructural
defects of mitochondrial cristae have also been observed in a Drosophila ATP6 mutant
model harboring mitochondria with numerous short, round cristae and a honeycomb
appearance [36]. The nuclear-mitochondrial crosstalk may lend a potential explanation for
the difference in cristae morphology between the human MILS fibroblasts and the
Drosophila mutant model. The dynamin-related GTPase Optic Atrophy 1 (OPA1) located in
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the mitochondrial inner membrane also plays a critical role in both cristae architecture and
mitochondrial fusion [22,37,38].

The structural role of ATP synthase as one of the main regulators of cristae morphology has
been well-established in several non-pathological mammalian cellular and yeast systems
[15,16,39,40]. Deletion or knockdown of the subunit e or g, both involved in the formation
of ATP synthase dimerization and oligomerization, promotes onion-like concentric
mitochondrial cristae [41-43]. Yeast cells treated with the /n vivo cross-linker DsRed, which
affects ATP synthase oligomerization, harbor mitochondria either devoid of cristae or with
concentric lamellar cristae, thereby lending further support to the role of ATP synthase as a
key determinant of the cristae topology [44]. Furthermore, electron cryotomography-based
studies have unraveled the intertwined functional and morphological roles of ATP synthase
dimerization by demonstrating that rows of ATP synthase dimers are concentrated at the tip
of the mitochondrial cristae, resulting in membrane curvature where a local gradient of
protons is created to optimize mitochondrial ATP synthesis [45,46].

Our live-cell bioenergetic functional results demonstrate that the near homoplasmic m.8993
T > G variant induces a profound decline in ATP-linked respiration supporting our
morphometric findings of altered mitochondrial cristae architecture and the functional role
of dimerized ATP synthase as proton trap to generate a local proton sink for effective ATP
synthesis [46]. Increased pH in the mitochondrial matrix has previously been reported in
T8993G mutant cybrids, which may be explained by altered topography of cristae
membranes and local proton gradient in the cristae space [31]. In the case of the m.8993T >
G variant, the proton trap is affected given the key role of the subunit ATPase 6 for
dimerization of ATP synthase [47]. Several studies have demonstrated that defect in ATP
synthesis associated with the m.8993T > G variant is the result of incomplete assembly
rather than degradation of Complex V [18,25,26]. The F1 sub-complex is a stable assembly
intermediate waiting to bind the mitochondrial encoded AT-Pase 6 subunit to conclude
complex V assembly [17]. Furthermore, the substitution of leucine with arginine at the
position 156 of the ATP synthase does not prevent competent proton translocation through
Fo, but rather affects its coupling with ATP synthesis in lymphocytes from patients harboring
the m.8993T > G variant [18].

The proband’s fibroblasts also exhibit a decreased basal respiration as a result of decline in
substrate oxidation congruent with the drop in mitochondrial acidification due to decreased
COy, production from the mitochondrial tricarboxylic acid cycle. Consistent with
mitochondrial dysfunction is the decrease in maximum respiration detected upon exposure
to the protonophore FCCP. Thus, the functional bioenergetic consequences of the m.8993T >
G variant are not confined to ATP synthase, but rather expand to the other upstream
respiratory complexes. Our results are in keeping with the reported decreased complex I, 111,
and IV biochemical activities in muscle biopsies from NARP/MILS patients with a high
heteroplasmy load of the m.8993T > G variant [48,49]. Compromised biochemical activities
of the complexes I, 111, and IV have also been detected in 8993T > G cybrids, suggesting that
impaired respiratory activities of those complexes devoid of any pathogenic mutations are
not dictated by the nuclear genome [13,30]. In the presence of the m.8993T > G variant, the
spare respiratory capacity is decreased, indicating that the proband’s fibroblasts lack the
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ability to respond to a sudden increase in energy demand, substantiating the severe lactic
acidosis measured in the proband and his clinical symptoms associated with chronic energy
deficit.

Until now, the bioenergetics consequences of the p.L156R of ATP6 on the glycolytic
pathway have not been investigated. Our study provides a novel perpective of metabolic
consequences of the m.8993T > G variant not previously examined by showing that this
pathogenic variant greatly impacts the glycolytic pathway by lessening the glycolytic
capacity and reserve. Most importantly, our novel and unexpected metabolic results reveal
that the proband’s fibroblasts harboring the m.8993T > G variant had a diminished ability to
switch to glycolysis upon full inhibition of the mitochondrial OXPHOS pathway. Thus, this
variant in the proband prevents an efficient metabolic switch from OXPHOS to glycolysis,
which is critical to maintain ATP production under conditions simulating an acute ATP
crisis. Similarly, we observed a stunted glycolytic response during glucose starvation, which
has clinical relevance in light of the feeding difficulties linked to the MILS disease.
Therefore, the overall decreased glycolytic activities combined with a deficient metabolic
switch most likely lead to aggravated clinical manifestations, significant disability and
premature death.

In conclusion, the near homoplasmic m.8993T > G variant provokes severe defects in the
mitochondrial ultrastructure of the cristae membranes with detrimental functional
bioenergetic consequences on the mitochondrial OXPHOS pathway. Moreover, the
proband’s fibroblasts display a defective interplay between the two energy metabolic
pathways, OXPHOS and glycolysis. Collectively, our results provide insight on the potential
pathogenic mechanism of the m.8993T > G variant leading to chronic energy crisis in this
MILS patient and set the stage for future studies to confirm this metabolic disturbance in a
cohort of patients harboring the same variant and to ultimately design novel therapeutic
avenues.
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Fig. 1.

Br%\in magnetic resonance imaging of the proband. (A) The left panel illustrates the T2
weighted image performed at four months of age showing bilateral symmetric lesions in
basal ganglia and thalami, while the right panel depicts the corresponding FLAIR imaging
showing T2 hypersensitivities characteristic of Leigh Syndrome. (B) The left panel
illustrates the T2 weighted image perfomed at nine months of age showing progressive
cortical atrophy and resulting ventriculomegaly. In addition, there is increased T2 signal
bilaterally in the putamen (dashed arrows) and insula (black arrows). The right panel shows
the corresponding FLAIR imaging.
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Fig. 2.

Dgtection of the m.8993T > G variant by LR-PCR-based next generation sequencing in
fibroblasts of the proband and his mother. (A) Gel electrophoresis of the LR-PCR products
from the proband and his mother. The size of the amplicon product is 16.6 kb. (B) The piled-
up LR-PCR/massively parallel sequencing (MPS) result of the proband reveals that there are
83% T > G at the m.8993 position. (C) The piled-up LR-PCR/massively parallel sequencing
(MPS) result of the proband’s mother indicates that all nucleotides at the m.8993 position
are T’s. (D) Pedigree tree with the proband identified by an arrow. Percentages indicate the
proportion of m.8993T > G variant in blood (B) and fibroblasts (F) of the proband and his
mother.
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Fig. 3.
The m.8993T > G variant alters the morphology and abundance of cristae. (A)

Mitochondrial morphometric analysis by transmission electron microscopy using dermal
fibroblasts of the proband’s mother. The scale bar is indicated at the bottom right corner of
each micrograph. (B) Mitochondrial morphometric analysis by transmission electron
microscopy using dermal fibroblasts of the proband. The scale bar is indicated at the bottom
right corner of each micrograph. The white arrows indicate mitochondria with abnormal
cristae, while black arrows concentric cristae.
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Fig. 4.

Impaired mitochondrial respiration functions in the fibroblasts of the proband. (A) Profile of
the oxygen consumption rate (OCR) adapted from the Agilent Technologies brochure of the
Mitochondrial Stress Test. (B) Compared OCR responses among the proband, his mother,
and three healthy control subjects. (C) Quantitative data between the proband and the age-
matched control (10-month-old infant) of basal respiration, ATP-linked respiration, maximal
respiration, and spare respiratory capacity. Data are represented as means + S.D., n = 3 of
three independent experiments. * and ** indicate statistically significant differences with a p
value of 0.005 and <0.0012, respectively, between the proband and healthy infant. (D)
Quantitative data between the proband and his mother of basal respiration, ATP-linked
respiration, maximal respiration, and spare respiratory capacity. Data are represented as
means + S.D., n = 3 of independent experiments. * and ** indicate statistically significant
differences with a p value of 0.0003 and <0.0019, respectively, between the proband and his
mother.
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Fig. 5.
Impaired glycolytic activity in the proband’s fibroblasts. (A) Profile of the extracellular

acidification rate (ECAR) adapted from the Agilent Technologies brochure of the Glycolysis
Stress Test. (B) Compared ECAR responses between the proband and a healthy infant. (C)
Quantitative data of glycolysis, glycolytic capacity, and glycolytic reserve. Data are
represented as means + S.D., n = 3 of independent experiments. * and ** indicate
statistically significant differences with a p value of 0.0005 and 0.0001, respectively,
between the proband and healthy infant. (D) Compared ECAR responses between the
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proband and his mother. (E) Quantitative data of glycolysis, glycolytic capacity, and
glycolytic reserve. Data are represented as means + S.D., n = 3 of independent experiments.
* and ** indicate statistically significant differences with a p value of 0.0026 and 0.0005,
respectively, between the proband and his mother.
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Fig. 6.

Altered glycolytic adaptation in the fibroblast’s proband. (A) Schematic representation of
proton efflux adapted from the Agilent Technologies brochure of the Glycolytic Rate Test.
(B) Compared proton efflux rate between the proband and healthy infant. (C). Quantitative
data of basal glycolysis, compensatory glycolysis, and mitochondrial acidification. Data are
represented as means + S.D., n = 3 of independent experiments. * and ** indicate
statistically significant differences with a p value of 0.001 and <0.0005, respectively,
between the proband and healthy infant. (D) Compared proton efflux rate between the
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proband and his mother. (E). Quantitative data of basal glycolysis, compensatory glycolysis,
and mitochondrial acidification. Data are represented as means + S.D., n = 3 of independent
experiments. * and ** indicate statistically significant differences with a p value of 0.002
and <0.0006, respectively, between the proband and his mother.
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