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Abstract: Several pediatric mitochondrial disorders, including Leigh syndrome (LS), impact mito-
chondrial (mt) genetics, development, and metabolism, leading to complex pathologies and energy
failure. The extent to which pathogenic mtDNA variants regulate disease severity in LS is currently
not well understood. To better understand this relationship, we computed a glycolytic bioenergetics
health index (BHI) for measuring mitochondrial dysfunction in LS patient fibroblast cells harboring
varying percentages of pathogenic mutant mtDNA (T8993G, T9185C) exhibiting deficiency in com-
plex V or complex I (T10158C, T12706C). A high percentage (>90%) of pathogenic mtDNA in cells
affecting complex V and a low percentage (<39%) of pathogenic mtDNA in cells affecting complex I
was quantified. Levels of defective enzyme activities of the electron transport chain correlated with
the percentage of pathogenic mtDNA. Subsequent bioenergetics assays showed cell lines relied on
both OXPHOS and glycolysis for meeting energy requirements. Results suggest that whereas the
precise mechanism of LS has not been elucidated, a multi-pronged approach taking into consideration
the specific pathogenic mtDNA variant, glycolytic BHI, and the composite BHI (average ratio of
oxphos to glycolysis) can aid in better understanding the factors influencing disease severity in LS.

Keywords: mitochondrial disorders; leigh syndrome; glycolysis; mitochondrial respiration; bioener-
getics health index

1. Introduction

Mitochondrial (mt) disorders represent a large group of severe genetic disorders mainly
impacting organ systems with high energy requirements [1,2]. These disorders are clinically
complex, often fatal, and occur at an estimated ratio of 1 in 5000 live births [3,4]. Although
much progress has been made since the discovery of pathogenic mtDNA, we still do not
understand whether pathogenic mtDNA directly or indirectly influences clinical severity.
Previous studies indicate that the unorthodox genetics of a pathogenic mtDNA variant
can influence clinical pathologies [5] because each mitochondrion contains hundreds of
mtDNA existing as mixtures of wild type and pathogenic mtDNA molecules within a
single cell termed as heteroplasmy. Heteroplasmy at both the cellular and tissue level is
capable of shifting the fraction of mutant mtDNA that is present within the daughter cells
by replicative segregation [6-8].
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In addition, each cell contains a varying number of mitochondria based on the energy
requirement of the specific tissue. Key processes including adenosine triphosphate (ATP)
synthesis [9], tricarboxylic acid cycle (TCA), and fatty acid beta-oxidation [10] provide
cellular ATP by transporting electrons generated from the oxidation of TCA cycle interme-
diates through the four electron transport chain (ETC) complexes coupled to the vectoral
transport of protons to generate the proton motive force used by complex V to synthe-
size ATP [9]. During the electron transfer to molecular oxygen, reactive oxygen species
(ROS) are generated by leakage of electrons in complex I and III causing oxidative stress to
cells [9-11]. ETC defects occurring from mtDNA mutations compromise mitochondrial
membrane potential and ATP synthesis via oxidative phosphorylation, and interruption
of this pathway renders cells and tissues vulnerable under disease and oxidative stress
conditions [12,13].

In this study, Leigh Syndrome (LS), a classic mitochondrial disorder, was selected to
better understand the relationship between disease severity and its associated pathogenic
mtDNA variants, heteroplasmy, and biochemical phenotypes reported in LS [2,14-21]. To
date, the mechanisms causing LS are not well understood. Studies have reported LS symp-
toms as symmetrical necrotic lesions in the brain stem, basal ganglia, and thalamus [22].
Other studies have reported lactic acidosis, psychomotor retardation, failure to thrive,
vomiting, seizures, respiratory failure, and ultimately death, thus restricting treatment
options. Many LS patients have also shown elevated lactate in blood and cerebral spinal
fluid (CSF) [23-25]. Currently, ~100 genes have been identified as monogenic causes of
LS [2,22,26,27].

Earlier studies demonstrated that a high percentage of pathogenic mtDNA causing
complex V deficiency contributes to maternally inherited LS (MILS) [21]. Results pointed
out that T8993G mutation in high abundance (>90%) in the MTATP6 gene resulted in MILS
and caused neurologic findings, including seizures, respiratory dysfunction, and rapid
fatality [19]. Recent studies in LS patients exhibiting varying levels of heteroplasmy in
pathogenic mtDNA variants in the MTATP6 gene reported hyperventilation at the onset
of the disease [28]. Seminal studies in samples containing pathogenic mtDNA variants
causing complex I deficiency showed that clinical symptoms were present even at low
levels of heteroplasmy, with heterogeneous clinical outcomes ranging from neonatal lactic
acidosis [29], optic neuropathy to LS [30] in children.

To better comprehend the clinical presentation associated with the pathogenic mtDNA
variants, heteroplasmy levels, and their biochemical defects in LS, we selected five pediatric
patient fibroblast cell lines with varying clinical presentations, from mild myopathies to
severe LS. These cell lines carried point mutations in their mtDNA at T8§993G, T9185C in
MTATP6 gene causing complex V deficiency and T10158C in MTND3 gene and T12706C
in MTNDb5 gene causing complex I deficiency. A commercially available fibroblast cell
line (BJ-FB) was used as a healthy control line. In this study, we attempt to systematically
connect pathogenic mtDNA variants and associated bioenergetic defects and propose a
composite bioenergetic health index ratio as a sensitive marker for assessing patient health
in young children suffering from Leigh syndrome.

2. Results
2.1. Clinical Information and Fibroblast Cell Line Characteristics

The clinical information of the patients from whom fibroblasts were obtained is
detailed in Table 1 [31,32]. All of the mitochondrial disease subjects selected for this study
were pediatric patients exhibiting a range of clinical symptoms from mild myopathy to LS
to severe neonatal lactic acidosis. All patients carried inherited pathogenic point mutations
in mtDNA. One subject (SBG5-FB) was diagnosed with severe neonatal lactic acidosis at
the time of disease onset and had the most impaired respiration of all fibroblast lines used
in this study. We cultured six fibroblast cell lines (five LS: SBG1-FB (MT-ATP6-T8993G),
SBG2-FB (MT-ATP6-T8993G), SBG3-FB (MT-ATP6-T9185C), SBG4-FB (MT-ND3-T10158C),
SBG5-FB (MT-ND5-T12706C) one CTL: BJ-FB) at passage eight, to minimize variability in
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results. Cells from three biological replicates from each patient line and respective control
line were passaged in culture, and samples were frozen and examined at a later time point
for genetic analysis.

Table 1. Clinical information of five patient fibroblast cell lines with pathogenic mtDNA muta-
tions [31,32] and CTL control cell line.

Clinical Age at

Sample Name Mutation Gene Information Diagnosis Sex
BJ-FB None - - M
SBG1-FB T8993G MTATP6 Leigh syndrome 3 years F
SBG2-FB T8993G ~ MTATP6 Developmental 4 years M
delay, abnormal gait
SBG3-FB T9185C MTATP6 Myopathy 23 years F
SBG4-FB T10158C ~ MTND3 Epilepsy, dystonic 9 years M
tetraparesis
SBG5-FB T12706C  MTND5 Severe neonatal 8 months F

lactic acidosis

2.2. High Heteroplasmy Was Detected in Disease Lines Affecting ATP Synthase and Low
Heteroplasmy Was Detected in Disease Lines Affecting NADH Dehydrogenase

Genomic DNA from different patient and healthy control samples were extracted
and mtDNA purified and sequenced (see methods section for details). The percentage of
mutant DNA was estimated using high-throughput next-generation sequencing for the
whole exome, based on approaches developed in our previous study [33] and detailed in
the methods section. The sequencing results yielded a range of total reads to be analyzed
between 64 to 302 in the different cell samples. This large sample size allows confidence
regarding the percentages measured. The results indicate high heteroplasmy levels between
96% for SBG1-FB (T8993G), 91% for SBG2-FB (T8993G), and 98% for SBG3-FB (T9185C)
cell lines containing mutations in MTATP6 gene impacting complex V. These results were
consistent with other published results on T8993G and T9185C mutations present in high
abundance (>90%) that result in MILS [19,34]. Estimation of heteroplasmy for pathogenic
mutations in mitochondrial encoded MTND3 and MTNDb5 genes of complex I indicated
low levels between 30% for SBG4-FB (T10158C) and 39% for SBG5-FB (T12706C). The low
heteroplasmy level for pathogenic mutation in the MTND5 gene was consistent with other
results in the literature [35]. Since all samples were cultured at passage eight, we observed
a lower-than-expected level of heteroplasmy for T10158C mutation in this study (Table 2).

Table 2. Quantification of heteroplasmy by next-generation sequencing. The extracted mtDNA was
sequenced using whole-exome sequencing methods. The sequencing results were compiled and
analyzed as detailed in the methods section. This allows us to compute heteroplasmic variants based
on the sequencing reads. Results demonstrate the presence of pathogenic mtDNA burden in all LS
fibroblast samples.

Sample Name Mutation TZtI:lI;;:gs Normal Variant ol;eli/iilz::i%;
SBG1-FB T8993G 136 6(T) 130(G) 96%
SBG2-FB T8993G 68 6(T) 62(G) 91%
SBG3-FB T9185C 302 6(T) 296(C) 98%
SBG4-FB T10158C 64 45(T) 19 (C) 30%
SBG5-FB T12706C 146 89(T) 57(C) 39%

2.3. Levels of Defective Enzyme Activities of the ETC Correlated with the Percentage of Pathogenic
mtDNA

ETC assays measure electron transport through individual components of the respira-
tory chain [36]. Since the mutations mainly impacted the activity of Complex I and V, we
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conducted two main assays, one rotenone sensitive and the other rotenone insensitive, to
provide measurements of the proximal portion of complex I and a measure of the function
of the entire complex [37]. Additional assays included complex III [38] and complex V
activity (described in the methods section) in these cell lines. The activity of complex I
was estimated in solubilized mitochondria by measuring rotenone sensitive mitochondrial
NADH dehydrogenase cytochrome c-reductase (NCR), which was dependent on com-
plexes I-III, and determined the electron transport from donor NADH through complex I,
ubiquinone (Q), and complex III where cytochrome c is the electron acceptor. Complex I
activity is the rate-limiting step in this assay. The second assay (NFR) is NADH ferricyanide
reductase, which measures the reduction of ferricyanide as an artificial electron acceptor,
and measures the function of the NADH dehydrogenase portion of complex L.

The results (summarized in Table 3) for cell lines with pathogenic mtDNA variants af-
fecting ATP synthase indicated a statistically significant (p < 0.05) increase in NFR activities
for SBG1-FB (T8993G) by 53%, and SBG3-FB (T9185C) by 58% when compared with the con-
trol BJ-FB cell line. NFR activity showed a 36% higher trend for the SBG2-FB (T8993G) cell
line compared with the control BJ-FB cell line. These results suggested a greater capacity for
NADH oxidation to NAD+ in these lines. Results for NCR showed increasing trends of 28%
for SBG1-FB (T8993G) and 31% for SBG3-FB (T9185C) lines compared to the control BJ-FB
cell line. The increases in NFR and NCR activities suggested a potential compensating
effect due to downstream defects in ATP synthase activity. Interestingly, the NCR activity
showed a 13% decrease, although not significantly different in the SBG2-FB line carrying
(T8993G) mutation. The activities of antimycin A-sensitive decylubiquinone-cytochrome-c
reductase (complex III) remained similar in SBG2-FB (T8993G) and SBG3-FB (T9185C) lines
compared to the control cell line indicating that complex III activity was not impacted.
However, in the SBG1-FB line carrying (T8993G) mutation, results showed a significant
reduction by ~200% in complex III activity, compared to the control BJ-FB cell line. The
activity of oligomycin-sensitive complex V activity showed decreasing trends in cell lines
affecting ATP synthase function. Given the low heteroplasmy percentage for pathogenic
mtDNA mutations affecting NADH dehydrogenase, results (summarized in Table 3) for
cell lines SBG4-FB (T10158C) and SBG5-FB (T12706C) showed decreasing trends for NFR
activities; while NCR, complex III, and oligomycin-sensitive complex V activities remained
similar to the control cell line. All the data were normalized to citrate synthase activity,
which was used as an indicator of mitochondrial mass in each line.

Table 3. Electron transport chain activity of CTL BJ-FB and five LS fibroblast cell lines. The electron transport chain
activities for NFR (proximal part of CI), NCR (distal part of CI), CIII, CV of mitochondria isolated from control and diseased
cells are normalized to citrate synthase activity measured in the same samples. Activities are expressed in nmol/mg
protein/min/CS. Results are mean +/— S.D, n = 3-5 for all individual disease lines, and n = 9 for the BJ-FB control cell line.
NCR, NADH:cytochrome c oxidoreductase; NFR, NADH:ferricyanide oxidoreductase; CS, citrate synthase; CIII, cytochrome
bcl; CV, ATP synthase. * p < 0.05 *** p < 0.001 **** p < 0.0001 vs. control.

Sample Name (O] NFR NCR CIII Ccv
CTL-BJ-FB 4222 £13.1 16.08 £ 5.5 0.051 £ 0.04 0.67 £ 0.17 0.080 £ 0.12
SBG1-FB 31.00 £5.4 34.02 £ 3.8 ¥ 0.071 £ 0.04 029 £0.16 % 0.063 £ 0.039
SBG2-FB 38.00 £ 7.4 2548 £ 8.0 0.045 £ 0.06 0.60 £ 0.20 0.030 £ 0.018
SBG3-FB 26.75 + 5.6 38.60 & 5.6 **** 0.103 £ 0.08 0.66 & 0.24 0.086 £ 0.060
SBG4-FB 4450 £9.2 15.83 + 0.92 0.053 + 0.0097 0.75 £ 0.23 0.038 £ 0.013
SBG5-FB 41.40 £ 8.26 1348 +£1.91 0.063 £ 0.014 0.50 £0.16 0.042 £ 0.0033

2.4. Mitochondrial Respiration Was Disrupted in Diseased Cell Lines with Variable Spare
Respiratory Reserve Capacity

It was hypothesized that an increase in mutation burden disrupts electron transfer
(measured as oxygen consumption), leading to altered ETC activity and abnormal mi-
tochondrial bioenergetics. As shown in Figure la—c, oxygen consumption rate (OCR)
using a Seahorse XFe96 flux analyzer was measured. Analysis was conducted in all cell
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lines (n = 3-5) at passage eight, in conjunction with quantitative measurements of hetero-
plasmy levels and ETC activity. The oxidative phosphorylation properties included basal
respiration, leak, maximal respiration, and non-mitochondrial respiration after sequen-
tial injections of ATP synthase inhibitor oligomycin, the uncoupler carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazone FCCP, complex I inhibitor Rotenone, and complex III
inhibitor Antimycin A into the wells.
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Figure 1. Mitochondrial respiratory profile of CTL BJ-FB and five LS fibroblast cell lines. (a) Scheme of expected oxygen
consumption rate (OCR) under basal conditions, (b) representative OCR profile of BJ-FB, (c) representative OCR profile
of diseased SBG1-FB (MT-ATP6-T8993G), SBG2-FB (MT-ATP6-T8993G), SBG3-FB (MT-ATP6-T9185C), SBG4-FB (MT-ND3-
T10158C) and SBG5-FB (MT-ND5-T12706C) cell lines showing (d) basal respiration, (e) maximal respiration (f) non-
mitochondrial respiration after Rot/ AA injection proton leak, (g) proton leak (h) spare respiratory capacity, (i) coupling

efficiency. All parameters are in pmol/min/1000 cells. Data are mean +/— SD. Experiments were repeated at least three
times on different days under the same conditions. * p < 0.05 ** p < 0.01 *** p < 0.0001. Comparative analyses for all diseased
(SBG1-5) FBs were conducted with the healthy control BJ-FB line.
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Results showed (Figure 1d) a significant increase (17%; p < 0.0001) in basal respiration
in the SBG1-FB (T8993G) cell line, because disruption of ATP synthase function causes
the protons to leak rapidly (Figure 1g) by (195 %; p < 0.0001) to maintain the circuit; thus
signaling the cells to accelerate the demand for ATP-linked basal respiration. However,
proton leak was not increased in SBG2-FB (18993G), SBG3-FB (T9185C) cell lines, which
correlated with significantly (p < 0.0001) decreased basal respiration (Figure 1d,g) when
compared to the control line. A similar analysis was performed on the other two cell lines
SBG4-FB (T10158C) and SBG5-FB (T12706C), impacting NADH dehydrogenase function.
Results indicated a decrease by 23% and 21% in basal respiration (Figure 1d) for SBG4-FB
(T10158C) and SBG5-FB (T12706C), respectively, relative to the control. Proton leak was
also reduced (Figure 1g) in the SBG4-FB line compared to the control BJ-FB cell line.

The maximum respiration rate caused by the addition of FCCP (Figure le) showed a
significant increase by 98% (p < 0.0001) in SBG1-FB(T8993G) and 57% (p < 0.0001) increase in
SBG3-FB (T9185C) cell line compared to the control BJ-FB line, mimicking the physiological
energy demand due to a defective ATP synthase. Therefore, rapid oxidation of substrates
could occur to meet this metabolic challenge, thus stimulating the respiratory chain to
operate at maximum capacity [39,40]. However, in the SBG2-FB (T8993G) line, the observed
decrease by 18% (p = 0.0084) in maximal respiration (Figure le), indicating the cell was
unable to meet the metabolic challenge due to inefficient ATP synthase. Similarly, maximum
respiration rate was measured on SBG4-FB (110158C) and SBG5-FB (T12706C) cell lines
impacting NADH dehydrogenase function. Since the T12706C mutation disrupts the proton
translocation in the transmembrane arm of the complex I subunit [31], we expected that the
maximum rate of respiration would be severely impacted. Results indicate a mild increase
in maximum respiration by 15% (p < 0.05) in SBG4-FB (T10158C) cell line; and a severe
decrease in maximum respiration by 29% (p < 0.0001) in SBG5-FB (112706C) compared to
the control BJ-FB cell line (Figure 1e).

An important bioenergetics variable of a cell that can experience variable energy de-
mands is the spare respiratory capacity (SRC), which is the ability of the electron transport
and substrate supply to respond to an increase in ATP demand [41]. SRC is measured
by the difference between maximal respiration and basal respiration (Figure 1a). Results
showed a significant increase in spare respiratory capacity values by 137% (p < 0.0001)
in SBG1-FB (T8993G) and 142% (p < 0.0001) increase in SBG3-FB (T9185C) cell line, and a
7% (p < 0.0001) decrease in SBG2-FB (T8993G) compared with the control BJ-FB cell line.
Next, SRC values were measured in SBG4-FB (T10158C) and SBG5-FB (T12706C) cell lines
impacting NADH dehydrogenase function. We observed a significant increase by 45%
(p < 0.0001) in SRC values in SBG4-FB (T10158C) cell line and a significant decrease by 35%
(p < 0.0001) in SRC values in SBG5-FB (T12706C) cell line compared with the control BJ-FB
line (Figure 1h). This suggests that the SBG5-FB has a more severe defect in complex I
activity versus SBG4-FB. These results are in line with other studies that have shown cells
with very low SRC values have poor adaptability to stress conditions [41].

Finally, the mitochondrial respiration was inhibited by simultaneously treating cells
with rotenone and antimycin A. Non-mitochondrial respiration was measured as the
difference between basal respiration and the final values obtained after the treatment,
which is typically attributed to the non-ETC oxidases present in the cell [42]. Results
showed that non-mitochondrial respiration was significantly elevated (p < 0.0001) in all
SBG1-FB (T8993G), SBG2-FB (T8993G), SBG3-FB (T9185C) (p < 0.05), SBG4-FB (T10158C)
cell lines compared to the control BJ-FB line (Figure 1f). The non-mitochondrial respiration
was, however, similar in the SBG5-FB (T12706C) line when compared with the BJ-FB control
cell line.

2.5. Glycolytic Rate Is Significantly Increased in SBG1, 3, and 5 Fibroblast Diseased Cell Lines

The mitochondrial bioenergetics assay confirmed that all the patient lines except
SBG1-FB (T8993G) showed significant decreases (~35%) in mitochondrial ATP produc-
tion (Figure 3a) in line with other reports [19,35,43]. Since clinical data from LS patients
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showed elevated lactate levels [43], a glycolytic rate assay was performed in these lines and
compared with the control BJ-FB line. This allowed for the measurement of basal proton
efflux rate (PER), a measure of pH change from glycolysis only and not by carbon dioxide
and water in the mitochondria via the citric acid cycle and oxidative phosphorylation
(see schematics Figure 2a). At the end of the assay, basal glycolysis, glycolytic capacity,
and non-glycolytic respiration values were obtained. Basal glycolysis, a measure of basal
extracellular proton efflux (PER), was significantly elevated (p < 0.0001) by 36% in SBG1-FB
(T8993G) and 26% in SBG3-FB (T9185C) and 70% in SBG5-FB (T12706C) line compared to
the control BJ-FB line (Figure 2b). Increasing trends were observed in basal glycolysis rates
in SBG2-FB (T8993G) and SBG4-FB (T10158C) lines when compared with the control BJ-FB

cell lines.
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Figure 2. Glycolytic profile of CTL BJ-FB and five LS fibroblast cell lines. (a) a real-time profile shows the glycolytic
acidification; PER of BJ-FB and diseased SBG1-FB (MT-ATP6-T8993G), SBG2-FB (MT-ATP6-T8993G), SBG3-FB (MT-ATP6-
T9185C), SBG4-FB (MT-ND3-T10158C), and SBG5-FB (MT-ND5-T12706C) cell lines showing (b) basal glycolysis (c) glycolytic
capacity after ETC blocking using Rot/AA (d) post 2-DG (non-glycolytic acidification). Data are shown in pmol H
+/min/1000 cells as mean +/— SD. Experiments were repeated at least three times on different days under the same
conditions. * p < 0.05 **** p < 0.0001. Comparative analyses for all diseased (SBG1-5) FBs were conducted with the healthy
control BJ-FB line. PER: proton efflux rate.

The addition of mitochondrial inhibitors, rotenone, and antimycin A, forced cells to
compensate solely through the glycolytic pathway. Glycolytic capacity, a measure of this
compensatory change in cellular metabolism, increased by 34%, 25%, and 37% (p < 0.0001)
in SBG1-FB (T8993G), SBG3-FB (T9185C), and SBG5-FB (T12706C) lines, respectively, when
compared to the control BJ-FB cell line (Figure 2c), further supporting the glycolytic
dependence of these cell lines. As observed with the basal glycolysis, glycolytic capacity in
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OCR (pmol/min/1,000 cells)

the SBG2-FB (T8993G) and SBG4-FB (T10158C) cell lines were not significantly different
from the control BJ-FB cell line. Finally, post-2-DG acidification was recorded after treating
the cells with 2-deoxyglucose, to inhibit glycolysis. Post-2-DG acidification, a measure
of proton efflux not associated with either mitochondrial respiration or glycolysis, rose
by 44% in SBG1-FB (T8993G), 12% in SBG2-FB (T8993G), and 91% in SBG3-FB (T9185C)
(p < 0.05) cell lines with a defective ATP synthase function (Figure 2d). The post-2-DG
acidification was unchanged compared to the control line in SBG4-FB (T10158C) while 11%
elevated (p < 0.05) in SBG5-FB (T12706C) mutant fibroblast cell lines.

2.6. Mitochondrial ATP Synthesis Rate Is Decreased While Glycolytic ATP Synthesis Rate Is
Elevated in Diseased Cell Lines

The defect in the function of ATP synthase or NADH dehydrogenase resulted in a
decrease in mitochondrial ATP synthesis rate (Figure 3a) and a subsequent increase in
glycolytic ATP synthesis rate (Figure 3b). As expected, we observed significant decreases in
mitochondrial ATP synthesis rate (p < 0.05) by 29% in SBG2-FB (T8993G), 19% in SBG3-FB
(T9185C), 30% SBG4-FB (T10158C), and 37% in SBG5-FB (T12706C) lines compared to the
control BJ-FB cell lines. Although SBG1-FB (T8993G) had a 14% increase in mitochondrial
ATP synthesis rate, it was due to compensatory oxygen flux [44]. The glycolytic ATP
production rate was increased by 43% in SBG1-FB (T8993G), 36% in SBG3-FB (T9185C), and
60% in SBG5-FB (T12706C) when compared to control BJ-FB cells, supporting the prediction
that dysfunctional mitochondrial-derived ATP, results in activation of adaptive pathways
of ATP production. The glycolysis ATP rate was similar in SBG2-FB (T8993G) and SBG4-FB
(T10158C) cell lines compared with the control cells (Figure 3b) with less severe defects.
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Figure 3. Production of ATP in BJ-FB and five LS fibroblast cell lines. The LS lines are SBG1-FB (MT-ATP6-T8993G),
SBG2-FB (MT-ATP6-T8993G), SBG3-FB (MT-ATP6-T9185C), SBG4-FB (MT-ND3-T10158C), and SBG5-FB (MT-ND5-T12706C),
impacting the function of ATP synthase or NADH dehydrogenase. (a) Mitochondrial ATP rate and (b) Glyco-ATP rate.
Data are shown in pmol H +/min/1000 cells as mean +/— SD. Experiments were repeated at least three times on different

days under the same conditions. **** p < 0.0001. Comparative analyses for all diseased (SBG1-5) FBs were conducted with

the healthy control BJ-FB line. OCR: oxygen consumption rate. PER: proton efflux rate.

2.7. Glycolytic Bioenergetic Health Index (BHI) Is a Sensitive Marker for Predicting Disease
Severity in All Cell Lines

To understand the relationship between disease severity and cellular markers of mi-
tochondrial dysfunction, a single value concept termed “bioenergetics health index or
BHI” was recently proposed as a biomarker for measuring overall mitochondrial dysfunc-
tion [45,46]. The BHI value was based on mitochondrial bioenergetics parameters and
captured positive aspects of bioenergetics function (SRC and ATP-linked respiration) and
contrasted these with potentially deleterious aspects (non-mitochondrial oxygen consump-
tion and proton leak) shown in the formula in (Figure 4a) [45]. In this study, the BHI based
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on mitochondrial parameters were designated as ‘mitoBHI.” Individual ‘mitoBHI" values
as per the formula in Figure 4a was highest for SBG3-FB (T9185C) at 1.92, followed by
SBG1-FB (T8993G) at 1.83 and 1.61 for both SBG2-FB (T8993G) and SBG4-FB (T10158C),
and SBG5-FB (T12706C) had a reduced value of 1.46, while the control BJ-FB cell line was
estimated to be at 1.61 (Figure 4b). The ‘mitoBHI" values in this study were found to be
highly variable.

2.5+ | |
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Figure 4. Composite Bioenergetic Health Index (BHI) ratio for BJ-FB and five LS fibroblast cell lines. The LS lines are
SBG1-FB (MT-ATP6-T8993G), SBG2-FB (MT-ATP6-T8993G), SBG3-FB (MT-ATP6-T9185C), SBG4-FB (MT-ND3-T10158C), and
SBG5-FB (MT-ND5-T12706C) impacting the function of ATP synthase or NADH dehydrogenase. (a) The formula used to
calculate the MitoBHI and GlycoBHI (b) Mito-BHI values were quantitated based on four bioenergetic parameters: mitoATP

production, spare reserve capacity, proton leak and non-mitochondrial respiration. Glyco-BHI values were quantitated

based on four glycolytic parameters: Basal glycolysis (Basal PER), compensatory glycolysis, mitochondrial acidification
(MitoPER), and post 2-DG acidification. ** p < 0.01 **** p < 0.0001.

Since the results obtained with the diseased cells also demonstrated a reliance on
glycolysis, we introduced a similar concept that we have designated as ‘glycoBHIL.” Sim-
ilar to the ‘mitoBHI,” the “glycoBHI" captures positive aspects of glycolysis (Basal PER,
compensatory glycolysis) and contrasts these with potentially deleterious non-glycolytic
parameters (mitoPER and post 2DG-acidification) (Figure 4a). The first term in the numera-
tor for the glycoBHI is the Basal PER, which refers to the proton efflux rate in live cells by
glycolysis only. The second term in the numerator, compensatory glycolysis, is the rate of
glycolysis in cells after the addition of mitochondprial inhibitors, which inhibits mitochon-
drial bioenergetics and drives compensatory changes in the cell to use glycolysis to meet
the cells’” energy demands. For the denominator, the mitoPER refers to the contribution of
the mitochondria to oxygen consumption and proton production, which is non-glycolytic.
The final term in the denominator is the post-2-DG-acidification, which includes other
sources of extracellular acidification that are not attributed to glycolysis or mitochondrial
TCA activity, as well as any residual glycolysis not fully inhibited by 2-DG. The terms a,
b, ¢, and d in both ‘mitoBHI" and “glycoBHI" are exponents (linear in log-space), which
modify the relative weighting of the respiratory parameters [46]. Individual glycolytic
‘glycoBHI’ values (Figure 4b) were calculated using the four parameters as per the for-
mula in Figure 4a. All ‘glycoBHI” values for diseased FBs were statistically significant
and higher when compared with the control BJ-FB line (Figure 4b). The high “glycoBHI’
values corresponded to 3.09, 2.97, and 2.95 for SBG3-FB (T9185C), SBG5-FB (T12706C), and
SBG1-FB (T8993G), respectively, which aligns with high basal glycolysis values (Figure 2b).
In support of the basal glycolysis and glycolytic capacity data (Figure 2b,c), the ‘glycoBHI’
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values were 2.65 and 2.52 for SBG2-FB (T8993G) and SBG4-FB (T10158C), respectively.
Consistent with our findings, the ‘glycoBHI’ values exhibited a 25%, 12%, 31%, 7%, and
26% increase for SBG1-FB, SBG2-FB, SBG3-FB, SBG4-FB, and SBG5-FB, respectively, when
compared with the control BJ-FB cell line (Figure 4b).

3. Discussion

To better understand and connect the mitochondrial dysfunction contributing to
clinical severity in LS, we selected five patient fibroblast lines from young children with
mtDNA variants with clinical presentations ranging from mild myopathies to severe LS.
The three cell lines contained pathogenic mtDNA with point mutations in the MT-ATP6
gene [SBG1-FB(T8993G), SBG2-FB(T8993G), SBG3-FB(T9185C)] affecting the function of
ATP synthase. The other two cell lines contained pathogenic mtDNA with point mutations
in the MT-ND3 gene [SBG4-FB(T10158C)] and the MT-ND5 gene [SBG5-FB(T12706C)],
affecting the function of complex I. A commercially available fibroblast cell line (BJ-FB)
was used as the control line to minimize variability, and all experiments were designed
and analyzed at the same early passage (P8) in this study.

In this study;, for the first time, we introduced ‘glycoBHI” as a more significant and
sensitive indicator of the cells (Figure 4b) that have mitochondrial dysfunction. In our
study, we noted that the mitoBHI was highly variable, perhaps due to the mtDNA variants,
heteroplasmy, or the functional aspects of the specific bioenergetics parameters. Since the
disease fibroblasts had adapted and were dependent on both OXPHOS and glycolysis, we
also computed one composite BHI ratio (‘mitoBHI'/‘glycoBHI’), based on the averages
of the individual replicates associated with the mitoBHI and the glycoBHI for each line.
This allowed us to evaluate the overall ability of the cell to meet energy demand due to
its diseased state. In this study, we estimated the values to be 0.68 for the control BJ-FB,
0.64 for SBG4-FB, 0.62 for SBG3-FB, 0.62 for SBG1-FB, 0.61 for SBG2 and 0.49 for SBG5-FB.
With the value for BJ-FB set at 100 (normal), the composite BHI ratio values were 94 for
SBG4-FB (mild), 91 for SBG3-FB (intermediate), 91 for SBG1-FB (intermediate), 89 for
SBG2-FB (intermediate) and 72 for SBG5-FB (severe), respectively (Figure 5).

Given the clinical variability and bioenergetic differences among patients with mi-
tochondrial disorders, and LS in particular (as illustrated in Figure 5), an important first
step was to comprehensively analyze the range of bioenergetic parameters regulating
BHI ratio across the five lines and compare it with the BJ-FB control. By using the XFe96
extracellular flux analyzer, we were able to measure OCR as an indicator of mitochondrial
respiration and PER for glycolysis. Mitochondrial and glycolysis specific inhibitors were
used to measure different parameters such as basal respiration, ATP turnover, maximal
respiration, spare respiratory reserve capacity, proton leak, non-mitochondrial respiration,
proton efflux rate, compensatory glycolysis, and ATP production rates in real-time.

In this study, we analyzed two major pathways involved in cellular respiration and
ATP production. The first, mitochondrial respiration (OXPHOS), the pathway of ATP
generation in the presence of oxygen. The second, basal glycolysis (PER), is the cell’s
pathway to synthesize ATP, which is non-mitochondrial. Overall, results demonstrate that
SBG2-FB (T8993G), SBG3-FB (T9185C), SBG4-FB (T10158C), and SBG5-FB (T12706C) have
decreased mitochondrial respiration and ATP production, while SBG1-FB (18993G) cell
line was driven by compensatory oxygen flux, most likely due to proton leak across the
inner mitochondrial membrane. Although all diseased FBs adapted to the mitochondrial
defects with variable increases in the glycolytic pathway, SBG1-FB, SBG3-FB, and SBG5-FB
showed significantly higher basal glycolysis (Figure 2b), glycolytic capacity (Figure 2c);
and ‘glycoBHI” (Figure 4b) when compared to the control BJ-FB. SBG2-FB and SBG4-FB
showed only a mild increase in basal glycolysis (Figure 2b) and ‘glycoBHI" (Figure 4b)
values when compared with the control BJ-FB. A question then may arise as to why do
SBG1-FB, SBG3-FB, and SBG5-FB cells activate the glycolytic pathway? What was the
mechanism driving it?
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Figure 5. A model for predicting disease severity in LS. Our results indicate that during stress triggered by specific
pathogenic mtDNA variants or other factors, cells SBG4-FB (MT-ND3-T10158C) with high spare reserve capacity (SRC),
low heteroplasmy, and high composite BHI ratio exhibit delayed onset and mild clinical symptoms. However, as SRC and
composite BHI ratio decreases, cells SBG5-FB (MT-ND5-T12706C) are unable to handle stress and exhibit early-onset and
severe clinical symptoms despite low heteroplasmy levels. Whereas cells carrying pathogenic disease mtDNA variants
in ATP6 gene SBG1-FB (MT-ATP6-T8993G), SBG2-FB (MT-ATP6- T8993G), SBG3-FB (MT-ATP6-T9185C) exhibit very high
heteroplasmy levels, lower composite BHI ratio when compared with control BJ-FB, and can be grouped as ‘intermediate’ in
disease severity.

We hypothesized that SRC values were an important contributing factor in the cell’s
decision to compensate for the lowered mitochondrial ATP rate and activate the glycolytic
pathway. In support of our hypothesis, previous studies reported that a decrease in
SRC negatively affects cardiac muscles, making them more vulnerable to bioenergetic
exhaustion [47]. Studies on mouse myocytes and iPSC-derived myocytes further support
the importance of SRC in cell survival [48]. Other studies also showed that SRC depends on
the oxidation of glucose-derived pyruvate [41,48], which is then oxidized into Acetyl-CoA
and enters the TCA cycle to produce reduced electron carries, NADH and FAD, which
enters the ETC complex to ultimately produce ATP, via the ATP synthase. In line with
these findings, results in this study indicated that the LS diseased cell lines demonstrated
a decrease in mitochondrial ATP synthesis rate (Figure 3a), prompting a need to activate
the glycolysis pathway, perhaps for continued maintenance of high SRC levels (137%
and 142%), seen in SBG1-FB (T8993G) and SBG3-FB (T9185C) cells (Figure 1h). However,
SBG5-FB (T12706C) cells displayed significantly low (35%) SRC levels (Figure 1h) yet very
high (70%) glycolysis rate (Figure 2b). In this scenario, the cells likely have a severe defect
in complex I [31] and switch to the glycolysis pathway to satisfy the energy requirement of
the cells. Therefore, the low SRC levels perhaps diverted the fate of pyruvate to produce
lactate during glycolysis, which supports the clinical outcomes associated with LS [31]. The
other cell line with significantly low (7%) SRC levels below the threshold (Figure 1h) was
SBG2-FB (T8993G). Here the cells triggered a mild increase in basal glycolysis (Figure 2b)
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to generate pyruvate for minimally maintaining SRC levels. SRC is measured as oxygen
consumption in the presence of uncoupler-FCCP and is an indicator of ETC’s capacity to
move protons from the mitochondrial matrix into the intermembrane space [49] in the
uncoupled state [44]. Therefore, increasing defects in ATP synthase compromised the
ETC capacity, leading to a collapse in membrane potential with a concomitant increase in
complex I activity indicated by NFR (Table 3).

Lastly, a modest increase (Figure 1h) in SRC levels in SBG4-FB (T10158C) cells com-
pared with the control BJ-FB line. SBG4-FB (T10158C) cells did not increase basal glycolysis
(Figure 2b) for ATP synthesis because of the milder complex I defect or low heteroplasmy
levels of 30% (Table 2). Here, we showed for the first time in LS the importance of SRC as
a balancing factor in promoting cell adaptability due to functional mitochondrial defects.
More importantly, for the first time, we also demonstrate the relevance of glycolysis and
the ‘glycoBHI" as a very significant and sensitive index of mitochondrial defects in the LS
diseased lines.

Taking all the cellular dysfunction in LS patient cells into consideration, we have
attempted to group the clinical severity presented in Table 1 and Figure 5 into severe,
intermediate, and mild categories. In this study, we note that the most severely affected line
is SBG5-FB (T12706C), based on the comprehensive assessment of bioenergetic parameters
(Figures 1-4). The SBG5 (112706C) showed a decrease in integrated respiration present
in in situ, intact mitochondria (Figure 1d,e) respiring on endogenous substrates. This
mitochondrial defect surprisingly was not due to a decrease in complex I enzyme activity
measured in solubilized membranes (Table 3). The increase in basal glycolysis confirmed
the physiologic impact of the observed decrease in integrated respiration (Figure 2b). The
cell respiration assays confirmed that SBG5-FB (T12706C) exhibited the lowest composite
BHI ratio value of 72 (Figure 5) due to decreased SRC and high glycolysis. Furthermore,
the maximal respiration (Figure 1e) and SRC (Figure 1h) were significantly reduced (~35%)
when compared to the healthy control BJ-FB, leading to a low ‘mitoBHI" of 1.46 (Figure 4b).
In order to compensate for the loss in mitochondrial ATP production by OXPHOS, the
SBG5-FB (T12706C) cells adapt and increase glycolysis derived ATP (Figure 3b), leading to
a high ‘glycoBHI’ value of 2.97 (Figure 4b). It is thus not surprising that our findings are in
agreement with the clinical diagnosis of ‘severe neonatal lactic acidosis” and resulting in a
fatality at 9.5 months within a month of clinical diagnosis [31]. The identification of the
specific mechanism of the defect will require further investigation.

Based on our comprehensive assessment of the different bioenergetic parameters, we
grouped three cell lines SBG1-FB (T8993G), SBG2-FB (T8993G), and SBG3-FB (19185C), as

‘intermediate” with respect to the severity of the disease. Detailed below are the subtle

dissimilarities between the three lines to distinguish the bioenergetic differences that
contribute to the composite BHI ratios. The first intermediate-to-severe diseased line was
SBG2-FB (T8993G) with a clinical diagnosis of ‘developmental delay and abnormal gait’
(Figure 5). Although SBG2-FB (T8993G) carries the same mutation as SBG1-FB (T8993G),
the patient exhibited different levels of disease severity reflected in the glycoBHI of 2.64
and a composite BHI ratio value of 89 (Figure 5). Other studies from our laboratory
have also shown that an additional uncoupling defect exists in the SBG2-FB cell, which
affects the mitochondrial structure and could explain some of the observed bioenergetics
differences between SBG1-FB and SBG2-FB [50,51]. We also observed a decrease of 29%
in mitochondrial ATP synthesis rate (Figure 3a), the SRC (7%) (Figure 1h), and maximal
respiration (18%) (Figure 1e) when compared with the control BJ-FB line. When the SRC is
consumed and decreases below the threshold, the mitochondria can no longer respond to
energetic demand; thus likely contributing to developmental defects in high-energy tissues
such as the brain, heart, and muscle.

The second intermediate diseased line is SBG1-FB (18993G), with a clinical diagnosis
as LS (Figure 5) [32], a “glycoBHI" of 2.95, and a composite BHI ratio of 91 (Figure 5).
Furthermore, the maximal respiration rate increased significantly by 98% (Figure 1le) and
SRC by 137% (Figure 1h) when compared to the control BJ-FB line. However, results
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also showed an increase in proton leak by 195% when compared with the control BJ-FB
(Figure 1g), indicating a “pathological level of uncoupling of the respiration state’ [44]. Thus
the mitochondria appear to compensate by significantly increasing the basal glycolysis
(PER) by 36% (Figure 2b) to preserve the ATP production rate (Figure 3a). However, the
increase in glycolytic capacity by 34% (Figure 2c) and the trend to increased glycolytic ATP
production rate (Figure 3b) support that glycolytic compensation is likely incomplete. It is
also possible that the pyruvate is diverted to produce lactate to preserve glycolytic rates,
leading to elevated blood lactate levels as seen in LS patients [2,22].

The third intermediate-to-mild disease variant is SBG3-FB (T9185C), in which the
patient was diagnosed at age 23 years with ‘mild myopathy” (Figure 5). The cell respiration
assays confirmed that SBG3-FB (T9185C) exhibited the highest increase in SRC (142%)
(Figure 1h) and increased maximal respiration (57%) (Figure 1le), compared to the control BJ-
FB; while the glycolytic ATP was mildly elevated (Figure 3b), accompanied by a glycoBHI
of 3.09 and composite BHI ratio of 91 (Figure 5), representing a milder form of LS. The
significant increase in post-2DG-acidification (Figure 2d) indicates the possibility of other
pathways not attributed to glycolysis or TCA cycle activity being activated to maintain
high SRC levels and is worthy of future investigation.

Finally, the mild disease variant is SBG4-FB (T10158C) with a clinical diagnosis of
‘epilepsy, dystonic tetraparesis,” a glycoBHI of 2.52, and a composite BHI ratio of 94
(Figure 5). Furthermore, we observed a slight increase in maximal respiration (15%)
(Figure le) and SRC (Figure 1h), which indicated that the cells were barely able to meet
energy demands by either increasing ATP production within the mitochondria (Figure 3a)
or by adapting to the glycolytic pathway. The glycolytic capacity (Figure 2c) and basal
glycolysis (PER) (Figure 2b) were only mildly higher when compared with the control line,
possibly contributing to a very mild clinical phenotype in the LS patient.

4. Materials and Methods
4.1. Fibroblast Cell Culture

The clinical information associated with the 5 patient fibroblasts is summarized in
Table 1. The first (SBG1) patient was a girl with a clinical presentation of Leigh syndrome,
while the second (SBG2) patient was a boy with a clinical presentation of developmental
defects. Pathogenic mtDNA mutation T8993G was present in the ATP6 gene in both the
patient cell lines. The third (SBG3) patient was a girl with a mild clinical myopathy with
pathogenic mtDNA mutation T9185C was present in the ATP6 gene. The fourth (SBG4)
patient was a boy with clinical presentation of epilepsy with pathogenic mtDNA mutation
T10158C present in mitochondrial ND3 gene, the core subunit of complex I. The fifth
(SBGD) patient was a girl with clinical presentation of severe neonatal lactic acidosis with
pathogenic mtDNA mutation T12706C present in mitochondrial ND5 gene, in the core
subunit of complex I. Unaffected healthy control (BJ-FB-ATCC® CRL-2522™) fibroblast
cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA,
USA).

Cultures of healthy control and 4 patient-derived diseased fibroblast cell lines were
maintained in a fibroblast expansion medium that consisted of minimal essential medium
(MEM) (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS) (GE healthcare—HyCloneTM ; Chicago, IL, USA) and 2mM L-glutamine (Thermo
Fisher Scientific, Waltham, MA, USA). All cell lines were cultured and maintained at 37 °C
in a humidified atmosphere of 5% CO;. The culture medium was replenished every 2 days
and passaged when cells reached 80% confluence. Fibroblasts were enzymatically passaged
in 0.05% Trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA, USA). All experiments
were performed with cells at passage 8 for consistency and to minimize experimental
variability.
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4.2. Next-Generation Sequencing for Heteroplasmy Analysis

Frozen cell pellets from different samples containing ~2 x 10° cells were thawed and
processed. The QIAamp DNA mini kit (Qiagen, Valencia, CA, USA) manufacturer protocol
was followed to extract total DNA, which resulted in elution of 100 pL of distilled water
(dH20) and total DNA from all cells. The 100 uL solution containing the genomic DNA
was further treated with 1 pL. of RNaseA for 1 h at 37 °C to avoid RNA contamination.
The gDNA was quantified using DeNovix UV /Vis Spectrophotometer (DeNovix Inc.,
Wilmington, DE, USA). A blank of 1.0 pL of dH20 was used to establish a zero, and 1.0 pL
of each sample was used to determine the concentration.

The DNA concentration was verified using a Qubit fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA). Instead of the standard DNA fragmentation, an enzymatic
fragmentation was performed using the KAPA Frag Enzyme from the KAPA HyperPlus
Library Preparation Kit (KAPA Biosystems, Wilmington, MA, USA). This alternative
was performed to increase yield during the fragmentation step. Fragmented DNA was
purified using Ampure beads (Beckman Coulter, Brea, CA, USA). DNA libraries were
prepared using the Accel-NGS 2S Plus DNA Library Kit (Swift Biosciences, Ann Arbor,
MI, USA). Ten PCR cycles were carried out during the Library Amplification step. The
final libraries were analyzed with a 2100 Bioanalyzer to assess library size distribution
(Agilent Technologies, Santa Clara, CA, USA). DNA libraries were quantified with the
KAPA Library Quantification Kit to ensure accuracy (KAPA Biosystems). Based on the
gPCR results, the DNA libraries were compiled in equimolar amounts and sequenced with
the HiSeq 2500 using TruSeq v3 reagents according to the 2 x 100 bp protocol (Illumina,
San Diego, CA, USA).

Heteroplasmy fractions were extracted from the FASTQ files as previously described
T8993G [52]. Briefly, we first filtered out reads that were likely to be nuclear mitochondrial
sequences (NuMTs). NuMTs are DNA sequences that are harbored in the nuclear genome
but closely match sequences in the mitochondrial genome [53]. Specifically, reads that
aligned, using the Burrows—Wheeler Alignment Tool [54], with up to one mismatch to the
nuclear reference sequence GRCh38 (having removed the mitochondrial revised Cambridge
reference sequence (rCRS) [55], were excluded from downstream analysis. The resulting
reads were realigned to rCRS, and read counts of the mutant and wild-type alleles were
extracted using SAMtools mpileup [56]. From these counts, the mutant heteroplasmy level
was computed as: (mutant allele counts)/(total counts).

4.3. Mitochondrial Oxygen Consumption Detection, Glycolysis Function Test, and Bioenergetics
Health Index (BHI)

In this study, we evaluated the metabolic state in the patient-derived fibroblasts to
further understand the influence of mtDNA mutations on cellular bioenergetics. Changes
in oxygen consumption were measured in real-time using an XFe96 extracellular flux
analyzer. Seahorse XF96 Cell Mito Stress Test Kit and glycolytic rate assay kit (Agilent,
Santa Clara, CA, USA) were used as per the manufacturer’s instructions. Prior to use
in XFe9%6, fibroblasts were detached using mild trypsin and seeded into the plates with
a previously optimized number of 20,000 cells per well. All fibroblasts were seeded in
10-12 replicate wells per plate, with the experiment repeated at least 4-5 times.

The cells were supplemented with 180 pL Mito-stress complete Seahorse medium,
after which the cells were incubated in a non-CO, incubator at 37 °C for one hour. Res-
piration was measured using the classic mitochondrial inhibitors, specific for complex I
and III subunits, such as Rotenone and Antimycin A (0.5 uM final concentrations each).
Maximum respiration was measured by the addition of an uncoupler carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazone- FCCP (0.7 uM final concentration); and Oligomycin
(1 uM final concentration) was added to measure proton leak. The readouts were normal-
ized to cell numbers and analyzed using the Seahorse XF96 Wave software (ver 2.6, Agilent,
Santa Clara, CA, USA).
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Given the presence of point mutations impacting ATP6, ND5, and ND3, we also ana-
lyzed glycolytic function in all fibroblasts. A classical glycolytic rate assay was performed
using the XFe96 based on the following procedure: (1) cells were cultured in buffered
(5 mM HEPES bulffer) Seahorse medium supplemented with glucose and pyruvate; (2) the
proton efflux rate (PER) was measured after the addition of saturating amounts of glucose;
(3) rotenone and antimycin A were added to inhibit mitochondrial-derived ADP phospho-
rylation; and (4) 2-DG was added to inhibit glycolysis. The different assay parameters:
basal glycolysis, compensatory glycolysis, total proton efflux, and post 2-DG acidification,
were normalized to cell number and analyzed using Seahorse XFe96 Wave software.

The mitochondrial-derived bioenergetic health index (mitoBHI), a composite index of
mitochondrial quality, was determined using the formula in Figure 4a, where a, b, ¢, and d
exponents modify the relative weight of each respiratory parameter and by default were
equivalent to 1 in this experiment. The glycolytic BHI (glycoBHI), an index of glycolytic
respiration, was determined using the formula in Figure 4a. The composite BHI index was
calculated by taking a ratio of the means of mitoBHI and glycoBHL

4.4. Measurement of Electron Transport Chain Activity

The activity of electron transport chain complexes I, III, and V was measured in
frozen-thawed, detergent-solubilized fibroblast cell lines. The overall approach of Hoppel
and colleagues was used [57,58]. The assay was optimized for the use of smaller volume
incubations (300 uL) with preliminary experiments first using isolated mouse heart mito-
chondria, followed by the use of H9¢2 cardiomyoblast cells. In these initial experiments,
the solubilization method and volumes used preserved complex activity compared to the
use of larger assay volumes and greater amounts of mitochondrial and cellular protein.
The amount of cell protein used was based on initial work that established linear ranges
of total enzyme activity vs. protein content. The fibroblast cell lines SBG 1-5 and control
non-diseased fibroblasts were maintained as above. They were pelleted by centrifuga-
tion [400x g] and flash-frozen with liquid nitrogen. They were shipped by overnight
express from SI to EJL and immediately placed at —80 °C. On the day of the experiment
cells (approximately 2-5 million cells) were thawed on ice, suspended, and centrifuged at
10,000 rcf. The supernatant was removed, and pellets were suspended in 4 °C mannitol
(220 mM)-sucrose (70 mM)-MOPS (5 mM) buffer with Na,EDTA (2 mM), pH 7.4. Sodium
cholate hydrate (5 g/100 mL Milli-Q water) was added, the mixture briefly vortexed, 2 ad-
ditional volumes of MSM-EDTA were added to decrease the final cholate concentration to
1%. Protein content was measured using the Lowry assay. Citrate synthase activity was
measured using 10 pg of cell protein by the oxaloacetate mediated reduction of DTNB at
412 nm. Complex I activity was assessed using NADH:ferricyanide oxidoreductase (NFR)
and NADH:cytochrome ¢ oxidoreductase (NCR; rotenone sensitive). NFR was measured
using the artificial electron acceptor potassium ferricyanide using 50 pug of cell protein at
340 nm by following the decrease in NADH content. NCR was measured by following the
rotenone-sensitive reduction of cytochrome c using the increase in absorbance at 550 nm
using 100 ug of cell protein. NCR measures the activities of complex I and III with complex
I the rate-limiting step. Complex III activity (decylubiquinol: cytochrome ¢ oxidoreductase,
antimycin A sensitive) was measured using 50 pug of cell protein at 550 nm by following the
increase in the content of reduced cytochrome c. Complex V activity (oligomycin sensitive)
was measured using 45 pg of cell protein using a commercially available kit (Cayman
Chemical, Ann Arbor, MI, USA) according to the manufacturer’s instructions.

4.5. Statistical Analysis

In order to ensure scientific rigor and reproducibility, for the bioenergetics analysis, an
ANOVA design accounting for 4-5 biological and 10-12 technical replicated from control
(BJ-FB) and diseased (SBG1-FB, SBG2-FB, SBG3-FB, SBG4-FB, SBG5-FB) that were nested
within groups was used to identify any differences with respect to control BJ-FBs. Post-hoc
Tukey HSD tests were used to identify differences among specific groups. Data were
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presented as the mean =+ standard deviation (SD) and were analyzed using the GraphPad
Prism 8 software (GraphPad Software, San Diego, CA, USA). A p < 0.05 was considered
significant.

5. Conclusions

Based on the overall analysis of the five diseased patient-specific fibroblasts, the
‘glycoBHI" emerged as a sensitive indicator of mitochondrial defects as the cells had
switched ‘on’ the glycolytic pathway. As shown in Figure 4b, glycoBHI was significantly
increased in all the cell lines compared to control BJ-FB and was indeed sensitive to
mitochondprial dysfunction.

We also computed the ‘composite BHI ratio” oxphos/glycolysis because the cell lines
were utilizing both oxphos (although highly defective) and glycolysis pathways to maintain
the energy requirements in the individual cell line. As noted in Figure 5, the composite
BHI ratio (100 was deemed healthy), while the decreased composite BHI ratio (72 was
unhealthy), and indicative of a very disease. Two important parameters associated with the
composite BHI ratio were basal glycolysis (PER), which was a measure of mitochondrial
defect, and SRC, which was an indicator of the cell’s capacity to adapt to the defect.

Another important consideration is pathogenic mtDNA variants and heteroplasmy
levels associated with the specific mtDNA variant. The current study indicates that in addi-
tion to the bioenergetic parameters, there must be consideration of the specific pathogenic
mtDNA variant, rather than solely relying on the percentage heteroplasmy. In line with
previous studies [21,32,59], we also measured a high heteroplasmy for pathogenic mtDNA
MT-ATP6 variants SBG1-FB: 96%); SBG2-FB: 91%; SBG3-FB: 98%, that is associated with LS,
and impacting ATP synthase function. As other studies have reported [32,59], the clinical
phenotype for SBG1-FB-MT-ATP6-T8993G was classic ‘LS’, while for SBG2-FB MT-ATP6-
T8993G was ‘developmental delay, abnormal gait’; and for SBG3-FB-MT-ATP6-T9185C
a mild myopathy and late disease onset. Despite the high heteroplasmy and identical
mutation, the composite BHI ratio was able to distinguish the different MT-ATP6 variants
with regard to the disease severity.

Previous studies [29,60] showed that the pathogenic MT-ND3-T10158C and MT-ND5-
T12706C mtDNA variants have also been observed in patients exhibiting LS phenotype. In
the current study, heteroplasmy was measured to be 30% in the SBG4-FB-MT-ND3-T10158C.
The subtle increase in SRC (Figure 1h), lowered basal respiration (Figure 1d) and basal
glycolysis (Figure 2b) was in line with a milder metabolic defect manifested as epilepsy
and muscle weakness for the patient from whom SBG4-FB was derived. Heteroplasmy was
measured at 39% in SBG5-FB-MT-ND5-T12706C, associated with the most severe clinical
phenotype. Previous studies reported varying heteroplasmy levels (from 30-70%) for this
mtDNA variant with severe clinical phenotypes associated with LS, which indicates that
even a low mutation burden could contribute to disease severity [61-63]. The present
study demonstrates that SBG5-FB exhibited low SRC (Figure 1h); low mitochondrial
ATP production (Figure 3a), very high glycolytic ATP production (Figure 3b); and high
basal glycolysis (Figure 2b), which was in line with the observed clinical phenotype of
neonatal lactic acidosis. In the current study, we showed that low heteroplasmy in SBG4-
FB-MT-ND3-T10158C contributed to a milder clinical phenotype, while in SBG5-FB-MT-
ND5-T12706C contributed to a very severe phenotype in the context of LS. However, the
composite BHI ratio emerged as a comprehensive biomarker based on the value of 94 for
SBG4-FB- MT-ND3-T10158C and 72 for SBG5-FB-MT-ND5-T12706C and correlated with
the severity of the clinical phenotype (Figure 5). Overall, these results suggest that as long
as the precise mechanism of LS has not been elucidated, a multi-pronged approach that
takes into consideration the specific pathogenic mtDNA variant, along with a composite
BHI ratio, can aid in better diagnosis and understanding the factors influencing disease
severity and rapid fatality in LS.

Another possibility suggested by our work beyond mitochondrial disorders is in-
corporating the composite BHI ratio as a measure of overall mitochondrial health and
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fitness in different cell types utilizing both glycolytic and oxidative phosphorylation path-
ways to maintain energy production. Specifically, in adult metabolic disorders such as
diabetes, cancer, or obesity, our findings here suggest that drugs that target mitochondrial
SRC [64—-67] could hold promise as therapeutic potential and might warrant further study
for their ability to alter ATP levels and restore the BHI ratio to physiological levels.
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