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Abstract: The MELAS syndrome primarily affecting the CNS is mainly caused by the m.A3243G
mutation. The heteroplasmy in different tissues affects the phenotypic spectrum, yet the impact of
various levels of m.A3243G heteroplasmy on CNS remains elusive due to the lack of a proper neu-
ronal model harboring m.A3243G mutation. We generated induced neurons (iNs) through the direct
reprogramming of MELAS patients, with derived fibroblasts harboring high (>95%), intermediate
(68%), and low (20%) m.A3243G mutation. iNs demonstrated neuronal morphology with neurite
outgrowth, branching, and dendritic spines. The heteroplasmy and deficiency of respiratory chain
complexes were retained in MELAS iNs. High heteroplasmy elicited the elevation in ROS levels and
the disruption of mitochondrial membrane potential. Furthermore, high and intermediate hetero-
plasmy led to the impairment of mitochondrial bioenergetics and a change in mitochondrial dy-
namics toward the fission and fragmentation of mitochondria, with a reduction in mitochondrial
networks. Moreover, iNs derived from aged individuals manifested with mitochondrial fission.
These results help us in understanding the impact of various heteroplasmic levels on mitochondrial
bioenergetics and mitochondrial dynamics in neurons as the underlying pathomechanism of neu-
rological manifestations of MELAS syndrome. Furthermore, these findings provide targets for fur-
ther pharmacological approaches of mitochondrial diseases and validate iNs as a reliable platform
for studies in neuronal aspects of aging, neurodegenerative disorders, and mitochondrial diseases.

Keywords: induced neurons; mitochondrial diseases; MELAS; heteroplasmy; OXPHOS; bioener-
getics; mitochondrial dynamics

1. Introduction

Mitochondrial diseases are caused by mutations of either nuclear DNA (nDNA) or
mitochondrial DNA (mtDNA). Of the mtDNA alternations, large-scale deletions and the
point mutation of mtDNA lead to deficiencies in respiratory chain (RC) complexes im-
pairing the activity of oxidative phosphorylation (OXPHOS) for ATP synthesis [1,2].
Nearly a half of OXPHOS defects resulting from the mitochondrial tRNA mutations man-
ifest with a broad spectrum of clinical symptoms resulting from the varying involvement
of multi-system impairment [1]. Mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS) syndrome is one of the most common OXPHOS diseases
tending to develop in childhood and adulthood [3]. Although multiple organs are in-
volved, the central nervous system is primarily affected in MELAS patients. Over 80% of
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cases of MELAS syndrome are caused by a common pathologic m.A3243G mutation in
the mitochondrial tRNAte (UUR) gene (MT-TL1) [3,4]. The pathogenic m.A3243G muta-
tion causes amino acid misincorporation in the mitochondrial translation products and an
assembly defect in complex I and 1V, leading to the impairment of the OXPHOS function
[5]. The level of heteroplasmy, defined as the proportion of wild-type (normal) and path-
ogenic mtDNA co-existing in the mutant cells, inversely correlates with age-of-onset and
the phenotypic severity [6]. However, early studies in cybrids harboring nearly homoplas-
mic m.A3243G mutation showed variable extent of the translation defect and respiratory
chain deficiency, suggesting that the cybrid models may not readily recapitulate the in
vivo pathophysiology of MELAS syndrome [7-10].

Up to now, several cellular models have been used in unveiling the pathomechanism
of MELAS syndrome. Nonetheless, studies related to the impact of various levels of
m.A3243G heteroplasmy on neuronal aspect of MELAS syndrome have not been docu-
mented. In previous studies using the cytoplasmic hybrid technique, glioblastoma cybrid
clones harboring 60% and 80% m.A3243G heteroplasmy showed a significant reduction
in mitochondrial membrane potential (AWm) and a decrease in ATP production, although
the levels of reactive oxygen species (ROS) were compatible to that in wild-type controls
[11]. Similar to these discrepant findings, neuroblastoma cybrids harboring 70%
m.A3243G heteroplasmy showed a much higher expression of RC complexes L, II, and IV
than that of wild-type controls and more fragmented mitochondria compared to cybrids
harboring 100% m.A3243G heteroplasmy [12]. These findings in MELAS cybrid models
suggest that cellular pathophysiology associated with m.A3243G heteroplasmy is altered
by the tumorigenic background of cybrids. Alternatively, the development of human in-
ducible pluripotent stem cell (iPSC) technology provides a patient-specific model for mi-
tochondrial diseases. However, MELAS iPSC-derived neurons with 80% m.A3243G het-
eroplasmy showed an isolated deficiency of RC complex I, while the parental MELAS-
iPSC had a normal amount of RC complexes I, III, and IV, concomitant with elevated RC
complex II, in contrast to the parental MELAS-fibroblasts, which exhibited an isolated de-
ficiency of RC complex IV [13]. These findings indicate that the pathophysiologic charac-
teristics are altered during the reprogramming into iPSC and the differentiation into neu-
rons. Furthermore, the mitochondrial rejuvenation and improvement of mitochondrial
function during reprogramming into iPSC leads to differentiation into young neurons,
which does not recapitulate the age-dependent pathophysiological characteristics of neu-
rodegenerative diseases [14]. Recently, induced neurons (iNs) generated using direct re-
programming patient-derived fibroblasts have shown an advantage in maintaining the
age-related signature and age-specific transcriptional profiles of parental cells.[14] Several
studies have validated that iNs ensure a neuronal cellular modeling for the neurodegen-
erative diseases and mitochondrial disorders [15-17]. In a recent report, iNs harboring
75% m.A3243G heteroplasmy maintained the heteroplasmy load of the parental fibro-
blasts and showed significant low levels of bioenergetic profiles [18]. However, the impact
of various levels of m.A3243G heteroplasmy upon the neurons of MELAS syndrome re-
mained elusive. In the present study, we generated MELAS-derived iNs harboring high,
intermediate, and low m.A3243G heteroplasmy. For the first time, the impact of various
levels of heteroplasmy upon RC complexes, ROS levels, AWm, mitochondrial bioenerget-
ics, and mitochondrial dynamics in the neuronal aspect of MELAS syndrome was un-
veiled.
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2. Material and Methods
2.1. Establish of Primary Skin Fibroblasts

Primary skin fibroblasts derived from skin biopsy of four individuals harboring
m.A3243G mutations at different heteroplasmy and four age-/gender-compatible controls
were established by obtaining informed consent in compliance with the Helsinki declara-
tion and approval of the Institutional Review Board of MacKay Memorial Hospital. In
brief, fibroblasts were maintained in standard Dulbecco’s modified Eagle medium
(DMEM; Invitrogen, Grand Island, NY, USA), supplemented with 10% (v/v) fetal bovine
serum (FBS; Gibco, Grand Island, NY, USA) and 1% penicillin G/streptomycin sulfate at
37 °C, in a 5% (v/v) CO2humidified incubator.

2.2. Measurement of Mutant Heteroplasmy

Genomic DNA used in quantitative PCR (qQPCR) reactions was extracted from cells
using commercial QlAamp DNA Blood Mini Kit (Qiagen, Germantown, MD, USA) ac-
cording to the manufacturer’s instruction. The levels of heteroplasmy in mitochondrial
DNA A3243G mutation were measured using allele refractory mutation system (ARMS)-
based qPCR analysis according to previously described method [19]. In brief, each qPCR
reaction contains an aliquot of DNA sample, ARMS primers, and FastStart Essential DNA
Green Master (Roche life science, Mannheim, Germany) for PCR amplification using the
LightCycler® 96 Instrument (Roche life science). The delta (A) cycle threshold (Ct) value
was calculated as (ACr = CTwildype — CTmutant) The level of m.A3243G heteroplasmy (%)
was calculated using formula: 1/[1 + (1/2) A°T] x 100%.

2.3. Direct Reprogramming of Primary Skin Fibroblasts to iNs

Primary skin fibroblasts were converted to induced neurons (iNs) directly using
slight modifications to methods described previously.[20,21] Controls and MELAS pa-
tient-derived fibroblasts were seeded at a density of 1 x 10* cells/cm? on matrigel (BD bio-
science, Erembodegem, Belgium)-coated culture plates. The following day, fibroblasts
were transduced with lentiviral vectors containing shRNA against human PTBP1
(polypyrimidine tract-binding protein 1), selected with 1 mg/mL puromycin, and replaced
with N3 medium (Gibco) supplemented with neuronal induction factors as previously
described for 3 days [20]. The day after, the cells were switched into N3 medium supple-
mented with 2% FBS and after a further three days, the medium was replaced with
DMEM/F12 and Neurobasal medium supplemented with neural growth factors and small
molecules CHIR99021, forskolin, forsomorphin, ascorbic acid, and valproic acid (Sigma-
Aldrich, St. Louis, MO, USA) for a further 3 days as previously described [21]. Neuronal
cells were identified through the staining of antibody against Tujl (Abcam, Boston, MA,
USA) and phalloidin reagent (Abcam). Neuronal purity was calculated as the ratio of total
number of Tujl-positive cells to the total cells indicated using nuclear staining.

2.4. Western Blotting

Cells were homogenized and lysed in T-PER™ Tissue Protein Extraction Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) supplimented with Halt™ protease inhi-
bitor cocktail (Thermo Fisher Scientific). Supernatant was collected after centrifugation
and quantified using the BCA protein assay (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Protein samples were denatured, resolved through 10% so-
dium dodecyl sulfate polyacrylamide gel electrophoresis, and transferred to PVDF mem-
brane (Millipore, Bellerica, MA, USA). The membrane was blocked in TBST [20 mMf Tris-
HCI (pH 7.5), 150 mM NacCl, 0.1% Tween 20] buffer with 0.5% nonfat milk, and incubated
with primary antibodies against subunit of respiratory chain complex I (NDUFBS;
Abcam), II (SDHB; Abcam), III (UQCR2; Abcam), IV MMTCO2; Abcam), V (ATP5AA), and
porin (Abcam), overnight at 4 °C. After washes with TBST buffer, the membrane was
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incubated with horseradish peroxidase (HRP)-conjugated secondary antibody, washed,
and visualized using Immobilon Western Chemiluminescent HRP Substrate (Millipore).

2.5. Detection of Mitochondrial Membrane Potential (AWm)

iNs were cultured in 6-well 35-mm plates, followed by incubation with mitochon-
drial potential dye, 100 nM TMRE (tetramethyl rhodamine methyl ester; Mitochondrial
Membrane Potential Assay kit ab113852; abcam) in pre-warmed DMEM medium, for 30
min at 37 °C in 5% COz incubator in the dark, counterstained with Hoechst 33342 (Sigma-
Aldrich) (1 pL/mL) for 2 min and washed with 0.2% FBS in HBSS. The fluorescent inten-
sity and image were measured with ImageXpress Micro 4 (Molecular Devices, San Jose,
CA, USA), and the mean intensity of TMRE fluorescence per cell was quantified for sta-
tistical analysis. All measurements, normalized for number of cells, were presented as
mean + SD.

2.6. Measurement of Mitochondrial Reactive Oxygen Species

Production of ROS in iNs was visualized through staining with fluorescent dye Mi-
toSox Red (Thermo Fisher Scientific) reagent. To prevent the adverse effects of MitoSOX
on mitochondrial membrane potential and mitochondrial function [22-24], iNs were in-
cubated with a submicromolar concentration of 1 uM MitoSox Red for 10 min at 37 °C in
the dark, briefly washed with 0.2% FBS in HHBS to remove the excess dye, counterstained
with Hoechst 33342 (Sigma-Aldrich) (1 uL/mL) for 2 min, and washed with 0.2% FBS in
HBSS. The fluorescent intensity was read with a microplate reader (Infinite M200PRO,
TECAN, Mannedorf, Switzerland). The mean fluorescence intensity per cell was quanti-
fied. All measurements, normalized for number of cells, were presented as mean + SD.

2.7. Cellular Bioenergetics

Induced neurons through transduction of fibroblasts with lentiviral vectors contain-
ing shRNA against human PTBP1 were seeded at a density of 2 x 10* cells/well in Seahorse
XF 24-well plate, followed by administration of small molecules for neuronal maturation
as described above, and assessed on an XF24 Analyzer (Seahorse Biosciences, North Biller-
ica, MA, USA) for measurement of mitochondrial bioenergetics. Oxygen consumption
rate (OCR) of cells was recorded in real time at baseline and after sequential additions of
1 mM oligomycin, 1 mM FCCP (Carbonyl-cyanide-p-trifluoromethoxy-phenyl-
hydrazone), and 0.4 mm com-bination of antimycin A/rotenone, respectively, as previ-
ously described [25]. OCR was used as an indicator of aerobic oxidation of glucose. The
results of OCR were normalized with protein content and expressed as pmol/min/mg pro-
tein.

2.8. Mitochondria Morphology and Network

Mitochondria morphology and network were analyzed using images processing
with Image] plugin toolset Mitochondrial Analyzer [26]. iNs were stained with Mito-
Tracker® Red CMXRos (Thermo Fisher Scientific) according to manufacturer’s instruction.
Images were captured under confocal microscope. Images of iNs after removal of back-
ground and noise were segmented, thresholded, and binarized to produce a morpholog-
ical skeleton for qualification of mitochondrial morphology and network. After this, Mi-
tochondrial Analyzer generates parameters (area, mean perimeter, aspect ratio, form fac-
tor) to quantitatively describe the mitochondrial morphology, as well as parameters
(branches, total branch length, mean branch length, branch endpoints) related to the net-
work complexity of mitochondria [26]. The aspect ratio is defined as the ratio of centerline
long axis and short axis. A minimum aspect ratio of 1 reflects a perfect circle, and an in-
crease in aspect ratio reflects a more elongated and elliptical mitochondrion [26]. The form
factor is calculated as (47t x Area/perimeter) and defined as the inverse value of circularity
to describe the mitochondria’s shape. Form factor is 1 for a circular and unbranched
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mitochondrion, and form factor increases as mitochondria elongate and develop more
branches [26]. All measurements were presented as mean + SD.

2.9. Statistical Analysis

All measurements were obtained from at least three independent experiments and
results were expressed as the mean + SD. For parametric data, one-way ANOVA, two-
way ANOVA or Student’s ¢ test was used for comparing between two groups of values
statistically. p-values less than 0.05 were considered significant.

3. Results
3.1. Generation of iNs

Primary skin fibroblast derived from three MELAS syndrome patients (M1, 7-year-
old male; M2, 17-year-old male; M3, 19-year-old male), one asymptomatic female carrier
(M4, 56-year-old female), and four age-/gender-matched controls (C1, 2, 7-year-old male;
C2, 15-year-old male; C3, 19-year-old male; C4, 50-year-old female) were used for direct
reprogramming into iNs. Fibroblasts were transinfected with lentiviral vectors encoding
shRNA against PTBP1, which is the RNA-binding protein repressing the neuronal alter-
native splicing during the embryonic CNS development, to drive cells into the neuronal
pathway [20,27]. After transduction, induced neuronal cells were treated with small mol-
ecules to facilitate neuronal maturation [21]. Twelve days after induction, cells showed
neuronal morphology and expressed immunoreactivity against neuronal marker Tuj-1.
Furthermore, the iNs were stained with phalloidin to demonstrate the filamentous actin
(F-actin) in the cell bodies, axons, and dendrites. (Figure 1A). Overall, the iNs showed a
mature neuronal morphology with outgrowth and branching neuritis with dendritic
spines.

The neuronal purity was defined based on the ratio of Tuj-1 positive cells over the
total reprogrammed cells. The neuronal purity of MELAS iNs M1, M2, M3, and M4 was
90.5%, 76.8%, 78.2%, and 85.6%, respectively. The neuronal purity of control iNs C1, C2,
C3, and C4 was 84%, 82.6%, 89.5%, and 78.5%, respectively. There was no significant dif-
ference between the MELAS iNs and control iNs (Figure 1B).
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Figure 1. Induced neurons (iNs) generated through direct reprogramming of MELAS and control
fibroblasts. (A) MELAS (M1, M2, M3, M4) and control (C1, C2, C3, C4) iNs immunostained for Tujl
and F-actin (phylloidin) reveal neuronal morphology with the neuronal soma, elaborate neurites,
and dendritic spines. The neurite and dendritic spines in the squared box are shown in high magni-
fication in under panel. (B) Neuronal purity of iNs is calculated and plotted. The results are ex-
pressed as the mean + SD of three independent experiments. Statistical significance was calculated
using Student’s t test. ns: not significant. Scale bar, 25 um.
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3.2. iNs Retained Stable m.A3243G Heteroplasmy

We examined whether m.A3243G heteroplasmy changes with direct reprogram-
ming. The m.3243G mutation was sequenced (Figure 2A) and levels of heteroplasmy (Fig-
ure 2B) were measured in three passages of MELAS-derived fibroblasts and iNs, respec-
tively, with ARMS-based quantitative PCR method. The average level of heteroplasmy in
the three passages of M1-to-M4-derived fibroblasts was 97%, 96%, 62%, and 15%, respec-
tively (Figure 2B). In corresponding with its parental fibroblasts, the average level of het-
eroplasmy in iNs through the direct reprogramming of M1 to M4 fibroblasts was 97%,
95%, 68%, and 20%, respectively (Figure 2B). Intriguingly, there was no significant differ-
ence in levels of heteroplasmy between MELAS-derived fibroblasts and its corresponding
iNs. This result indicated that the heteroplasmy of the m.A3243G mutation retained stable
through direct reprogramming.
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Figure 2. Heteroplasmy of MELAS fibroblasts and MELAS iNs. (A) Sequencing chromatogram
shows the heteroplasmic m.A3243G mutation in fibroblasts derived from MELAS patients (M1, M2,
M3, M4). (B) Heteroplasmy levels of m.A3243G mutation quantified through qPCR assay in MELAS
fibroblasts and MELAS iNs derived from MELAS fibroblasts. Results are expressed as mean + SD
of three independent experiments. Statistical significance was calculated using Student’s ¢ test. ns:
not significant.

3.3. RC Complexes Deficiency in MELAS iNs

Mitochondrial DNA A3243G mutation causes amino acid misincorporation in trans-
lation, leading to RC assembly defects and deficiency of complexes I and IV [5,28]. In ac-
cord with this notion, we analyzed the RC complexes in both MELAS fibroblasts and iNs
through western blotting (Figure 3A,C). As anticipated, the fibroblasts of M1 and M2 har-
boring high heteroplasmy showed profound deficiency of complexes I (6% and 6% of
norm, respectively) and IV (10% and 2% of norm, respectively), and M3 fibroblasts with
intermediate heteroplasmy showed moderate deficiency of complexes I (30% of norm)
and IV (40% of norm), while levels of RC complexes of M4 fibroblasts with low hetero-
plasmy were compatible with that of normal controls (Figure 3B). Furthermore, M2 fibro-
blasts showed deficiency of complex III (40% of norm) and M3 fibroblasts showed upreg-
ulation of complex V (135% of norm). In line with the findings in fibroblasts, M1 and M2
iNs presented with profound deficiency of complexes I (6% and 3% of norm, respectively)
and IV (8% and 7% of norm, respectively), similar to that noted in its parental fibroblasts
(Figure 3D). M3 iNs showed more obvious deficiency of complexes I (13% of norm) and
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IV (26% of norm) than that observed in parental M3 fibroblasts. The levels of RC com-
plexes in M4 iNs were indistinguishable with that of the controls. These findings indicated
the tissue-specific vulnerability to mitochondrial heteroplasmic mutations.
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Figure 3. Expression of respiratory chain complexes in MELAS fibroblasts and MELAS iNs. (A)
Western blotting analysis of respiratory chain complexes I-V in fibroblasts derived from controls
(C1, C2, C3, C4) and MELAS (M1, M2, M3, M4) patients. (B) Quantification of respiratory complexes
in fibroblasts after normalization to porin. Results are expressed as mean * SD of three independent
experiments. (C) Western blotting analysis of respiratory chain complexes I-V in iNs derived from
control (C1, C2, C3, C4) and MELAS (M1, M2, M3, M4) fibroblasts. (D) Quantification of respiratory
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chain complexes in iNs after normalization to porin. Results are expressed as mean + SD of three
independent experiments. Statistical significance was calculated through two-way ANOVA. *p <
0.05 and *** p < 0.001 vs. control.

3.4. High Heteroplasmy Increased ROS Production

Deficiency of RC complexes impairs the mitochondrial function leading to the over-
production of ROS in the form of superoxide anion or hydrogen peroxide, resulting in
cellular dysfunctions and initiation of apoptosis, senescence, and cell death in CNS. To
understand the impact of m.A3243G heteroplasmy on the production of ROS, MELAS iNs
were stained with MitoSOX Red (Figure 4A). It was noted that M1 and M2 iNs, both with
high levels of m.A3243G mutation heteroplasmy, had excessive levels of superoxide com-
pared with that of control iNs (Figure 4B). M3 iNs with intermediate heteroplasmy had a
mildly reduced level of superoxide and M4 iNs with low heteroplasmy had levels of su-
peroxide compatible with that of the control iNs.

* k%
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€ £ E
S10 —= 210 210
5 5 5
305 Zos D 0.5
o o o
w [I'S w
0.0 0.0 0.0
M1 c2 M2 Cc3 M3 Cc4 M4

Figure 4. Elevation in mitochondrial superoxide in MELAS iNs. (A) A representative image of iNs
staining with MitoSox Red for detection of mitochondrial superoxide. (B) Quantification of levels of
mitochondrial superoxide in control (C1, C2, C3, C4) and MELAS (M1, M2, M3, M4) iNs. Results
are expressed as mean + SD of three independent experiments. Statistical significance was calculated
using Student’s f test. * p < 0.05 and *** p < 0.001 vs. control. ns: not significant. Scale bar, 20 um.
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3.5. Reduction in AWm in iNs with High Heteroplasmy

Depolarization of mitochondrial membrane potential is frequently associated with
increase in ROS in the pathogenesis of mitochondrial diseases. Accordingly, we measured
the AWm through staining iNs with TMRE (Figure 5A), which is a voltage-sensitive fluo-
rescent dye accumulating in mitochondria evenly. As expected, and in accord with the
findings of excessive production of ROS, both M1 and M2 iNs showed a significant reduc-
tion in AYm compared to that of the control iNs (Figure 5B). The AWm of both M3 and M4
iNs was indistinguishable from that of the control iNs. Taken together, high m.A3243G
heteroplasmy induced excessive ROS production and depolarization of AWm in MELAS
iNs, while MELAS iNs with intermediate and low heteroplasmy was able to maintain ho-
meostasis of ROS production and AWm.

M2 M3 M4

M1 C2 M2 C3 M3 c4 M4

Figure 5. Disruption of mitochondrial membrane potential in MELAS iNs. (A) A representative im-
age of iNs staining with TMRE for detection of mitochondrial membrane potential. Cells were coun-
terstained with Hoechst. (B) Quantification of levels of mitochondrial membrane potential in con-
trols (C1, C2, C3, C4) and MELAS (M1, M2, M3, M4) iNs. Results are expressed as mean + SD of
three independent experiments. Statistical significance was calculated using Student’s t test. ** p <
0.001 vs. control. ns: not significant. Scale bar, 20 um.

3.6. Impact of Heteroplasmy on the Bioenergetics

To determine the impact of m.A3243G heteroplasmy on mitochondrial respiration
activity, the OCR in the iNs was monitored in real time using the Seahorse XF Analyzer.
Bioenergetic assessment was determined through monitoring the OCR after serial addi-
tion of the RC complexes inhibitors (Figure 6A). The oxygen consumption due to basal
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respiration, ATP-production, maximal respiration, and spare respiratory capacity was de-
termined accordingly (Figure 6B).

In the assessment of oxygen consumption at basal condition (basal respiration), M1
and M2 iNs showed 78% and 69% reduction in OCR, respectively, and M3 iNs showed 74
% reduction in OCR compared to the controls (Figure 6C). The M4 iNs maintained the
basal respiration compatible with the controls (Figure 6C).
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Figure 6. Bioenergetics profiles of MELAS iNs. (A) General scheme depicting oxygen consumption
rate (OCR) following sequential addition of oligomycin (ATP synthase inhibitor), FCCP (uncou-
pler), and Rotenone + Antimycin A (electron transport chain inhibitors) in cells to derive parameters
of mitochondrial respiration. (B) Representative profile of bioenergetic analysis in control (C1, C2,
C3, C4) and MELAS (M1, M2, M3, M4) iNs measured with a Seahorse XF-24 flux analyzer. (C) Pa-
rameters of bioenergetic profiles including basal respiration, ATP production respiration, maximal
respiration, and spare respiration capacity are plotted. Results are expressed as mean + SEM of three
independent experiments: * p < 0.05 and *** p < 0.001 vs. control. (D) comparison of mitochondrial
bioenergetics between teens control (C2 + C3), aged control C3, and aged M4 iNs. (E) comparison of
mitochondrial energetics between MELAS iNs. Results are expressed as mean + SEM. Statistical sig-
nificance was calculated using two-way ANOVA (C), and one-way ANOVA (D,E): *p < 0.05, * p
< 0.01, and **p < 0.001.

Subsequential addition of complex V inhibitor oligomycin allowed the measurement
of oxygen consumption used for synthesizing ATP (ATP production respiration) in cells.
The M1, M2, and M3 iNs showed 90%, 73%, and 82% reduction in OCR, respectively, in
ATP production respiration compared to controls, while that of M4 iNs was in accord with
the controls (Figure 6C).

The maximal uncoupled respiration (maximal respiration) of the mitochondrial elec-
tron transport process for energy generation was estimated through promoting maximal
OCR from additions of chemical uncoupling agents FCCP preceded by the inhibition of
oxidative phosphorylation using oligomycin (Figure 6C). The results demonstrated that
the reduction in maximal respiration was in line with the levels of heteroplasmy in iNs.
The M1 iNs had the most pronounced decrease (91.2% reduction) of maximal respiration,
followed by the M2 iNs with a 78.2% decrease and the M3 iNs with a 59% decrease in
OCR with respect to the corresponding control, while the M4 iNs had a moderate lower
level of maximal respiration, but without significant difference, than that of the control
(Figure 6C).

The difference between the maximal and basal respiration is interpreted as a meas-
urement of the spare respiratory capacity. In line with the measurement of maximal res-
piration, the spare respiratory capacity in MELAS iNs was remarkably reduced in the M1
with a 95.5% decrease, followed by the M2 cells with an 82% decrease, and the M3 cells
with a 51% decrease in OCR as respect to the corresponding control (Figure 6C). Consist-
ently, the M4 iNs showed a moderately reduced level of spare respiration, albeit without
a significant difference in comparison with that of the control (Figure 6C). Overall, the
MELAS iNs harboring high (>95%) and intermediate (68%) m.A3243G heteroplasmy
showed an impairment of the mitochondrial function. While the MELAS iNs harboring
low m.A3243G heteroplasmy maintained the mitochondrial respiration compatible with
that of the control.

Furthermore, the mitochondrial function was compared between the teen controls
(C2 and C3), aged control (C4), and aged MELAS M4 iNs (Figure 6D). The aged C4 iNs
showed a significantly moderate reduction in basal respiration and ATP production, alt-
hough an increase in spare respiratory capacity, in respect to the teen controls (C2 and
C3). Similarly, the aged M4 iNs showed a significant decrease in basal respiration in re-
spect to the teenager controls. This result indicated the decreased mitochondrial function
in neurons derived from aged individuals in comparison to young individuals. While the
ATP production and the maximal respiration of the aged M4 iNs were moderately re-
duced without significant difference in respect to the teen controls, suggesting an adaptive
regulation using mitochondrial-nuclear communication to maintain homeostasis during
aging [29].

Additionally, we compared the mitochondrial function between the MELAS iNs. It
showed that the M4 iNs harboring low m.A3243G heteroplasmy had significantly better
mitochondrial function compared to that of the iNs harboring high (M1 and M2) and in-
termediate (M3) heteroplasmy (Figure 6E). This result was parallel with the activity of the
RC complexes in the MELAS iNs.
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3.7. Impact of Heteroplasmy on Mitochondria Dynamics

To understand the impact of m.A3243G heteroplasmy on the mitochondrial mor-
phology in the iNs, the mitochondria were labelled with the MitoTrackerRed (Figure 7A),
visualized under a confocal microscopy, and analyzed quantitatively using the Image]J
plugin Mitochondrial Analyzer. The morphological characteristics of mitochondria size
were defined by area and perimeter, and the shape of the mitochondria was defined by
the form factor and aspect ratio [26]. The smaller values of area, perimeter, aspect ratio,
and form factor indicate the mitochondria dynamics shifting toward fission and fragmen-
tation. Herein, the M1 and M2 iNs harboring high heteroplasmy showed a remarkable
and significant reduction in mitochondrial area, perimeter, form factor, and aspect ratio
in respect with the controls (Figure 7B). Similarly, the M3 iNs harboring intermediate het-
eroplasmy had a significant reduction in mitochondrial perimeter, form factor, and aspect
ratio in comparison with the control, and the average area of the mitochondrion were
smaller, but without significant difference, as respect to the control (Figure 7B). The M4
iNs harboring low heteroplasmy had a mitochondrial size indistinguishable from that of
the control iNs, albeit showing a reduction in mitochondrial shape in respect to the con-
trol. Of note, both the M4 iNs and C4 iNs were derived from the aged individuals and
showed a significant reduction in mitochondrial area, perimeter, form factor, and aspect
ratio in respect to the C2 and C3 iNs derived from the teen individuals (Figure 7B). Over-
all, the MELAS iNs harboring high and intermediate heteroplasmy showed mitochondrial
fission and fragmentation in comparison to the filamentous mitochondria of the controls.



Cells 2023, 12, 15 14 of 21
M3 M4
3 C4

=

SV13IN >

C1

|043U0)

B . Mean Area Mean Perimeter Aspect Ratio Form Ratio
20 30 3 4
25 .
12 20 2 sk | [Hrx | [FFE 3
) =] 2 *%
510 * Kk E1s wowene | [sesn| [F** 5 T 2| [F**| |rexx ek
10 1
5 1
5
0 0 0 0
CIM1 C2M2 C3IM3 C4 M4 CIML C2M2 C3IM3 C4 M4 C1M1 C2M2 C3M3 C4 M4 CIM1 C2M2 C3IM3 C4 M4
Branches Branch Length . Mean Branch Length Branch End Point
6 €20 is 3
£ Pt £ &
= Z 45 £4 & *kk
54 i = I 2o | |FFF| |sws
= 5 g 3| |Fxk| [Hwen E
4 =10 dok = . E
£ Ik kk & KKk s
g2 §' 5 *kk 2 1
= = =1
o z = s
£ 0 Zo Zo
CIM1 C2M2 C3M3 C4M4 =  CIMI C2M2 C3M3 C4 M4 £ CIM1 C2M2 C3M3 C4M4 = CIM1 C2M2 C3IM3 C4 M4
C . Mean Area Mean Perimeter Aspect Ratio Form Factor
- *%k 40 |—|*** 5 *dkk 6 2ol
Kok 3/ A — = 1 [ ek
s =l " 1 %% I
~_ 20 25 T o 9 T *%
£ e 3 T — 9
§15 —|— = 20 = - = r 1
10 15 T =2 =g -
10 1
2 5
0 0 v T 0 0
C2+3 c4 M4 C2+3 Cc4 M4 C2+3 c4 M4 C2+3 Cc4 M4
Teens 50y/o 56ylo Teens 50y/o 56ylo Teens 50ylo 56y/o Teens 50ylo 56y/o
Branches Branch Length _g Mean Branch Length Branch End Point
= =
= **%k% 9
& Fkk 30 Wk 2T T a2ma §5 Fkk
g M1 g T 1 Fe] [ 5. T 1
B 5 = © =4
g4 | sl T 54 B8 e
g 3 T £15 = S
= =) = 3 5 [ —_——
g 2 g 10 <2 2
] - w4
. . ;
o g0 T - 20 z
C2+3 c4 M4 = C2+3 C4 M4 g C2+3 C4 M4 o C2+3 C4 M4
Teens 50y/o 56ylo Teens 50ylo 56ylo Teens 50y/o 56yio Teens 50y/o 56yio



Cells 2023, 12, 15

15 of 21

Figure 7. Alternation of mitochondrial dynamics in MELAS iNs. (A) Representative image of mito-
chondrial morphology in iNs staining with MitoTracker® Red CMXRos. (B) Quantitative analysis of
mitochondrial morphology and network parameters in control (C1, C2, C3, C4; n = 11~14 neurons
each group) and MELAS (M1, M2, M3, M4; n=12~15 neurons each group) iNs. Results are expressed
as mean * SD of three independent experiments: * p < 0.05, ** p < 0.01, and **p < 0.001 vs. control.
(C) comparison of mitochondrial morphology between teen controls (C2 + C3), aged control C3, and
aged M4 iNs. Results are expressed as mean + SD of three independent experiments. Statistical sig-
nificance was calculated using two-way ANOVA (B), and one-way ANOVA (C): *p < 0.05, *p <
0.01, and *** p < 0.001. Scale bar, 20 um.

Furthermore, the network complexity of mitochondria was described quantitatively
by analyzing the number of branches, total branch length, mean branch length, and num-
ber of branch end points [26]. The results showed a significant decrease in mitochondrial
branches in the M2 iNs compared to that of the control, and that of the M1, M3, and M4
iNs were decreased but without reaching a significant difference in respect to the controls
(Figure 7B). Of note, the mitochondrial network parameters of the total branch length,
mean branch length, and the amount of branch end points were significantly reduced in
the M1, M2, and M3 iNs in respect to the controls. The M4 iNs had mitochondrial network
parameters compatible with that of the control. Overall, the MELAS iNs harboring high
and intermediate heteroplasmy had a significant reduction in the complexity of the mito-
chondrial network.

Furthermore, mitochondrial morphology and network complexity were compared
between the teen controls (C2 and C3), aged control (C4), and the aged MELAS M4 iNs
(Figure 7C). It showed that the parameters related to mitochondrial morphology and net-
work complexity of the C4 and M4 iNs were significantly reduced in respect to the teen
controls (Figure 7C). This finding is in line with the findings of previous studies in that
the iNs derived from the aged donor fibroblasts display a variety of mitochondrial aging
phenotypes [30].

4. Discussion

Herein, we used the state-of-the-art iNs generated through the direct reprogramming
of somatic cells technology to provide a neuronal model of MELAS syndrome. The ME-
LAS iNs exhibited the morphology of matured neurons and retained the levels of hetero-
plasmy and the expression of RC complexes. Specifically, we report the in-depth pheno-
typing of mitochondrial function and mitochondrial morphology in theMELAS iNs har-
boring various levels of heteroplasmy to unveil the hitherto unknown impact of hetero-
plasmy on the neuronal phenotype of MELAS syndrome.

It is noted that the heteroplasmic mtDNA mutation levels increase during passages
of cell expansion and undergo a bimodal segregation in the process of reprogramming
into iPSC and neuronal differentiation [25]. However, the maintenance of stable hetero-
plasmy levels is crucial for determining the consequent association with the phenotype.
In present studies, we determined the heteroplasmy levels of m.A3243G mutation in both
the parental MELAS-fibroblasts and the fibroblast-derived MELAS-iNs. Our results
showed that the heteroplasmy levels in the MELAS iNs were compatible with that of the
parental MELAS fibroblasts and that both cell clones remained at stable heteroplasmic
levels during the experiments, suggesting the iNs as a stable platform for mtDNA-muta-
tion associated studies. Following these findings, we then asked whether the heteroplas-
mic levels link with the expression of RC complexes, given that the m.A3243G mutation
causes mt-tRNA translational defects resulting in a deficiency of RC complexes I and IV.
As expected, the expressions of complexes I and IV were reduced profoundly in the ME-
LAS-iNs and parental fibroblasts harboring high heteroplasmy, decreased remarkably in
the MELAS iNs and parental fibroblasts harboring intermediate heteroplasmy, and were
compatible with that of control in the MELAS iNs and parental fibroblasts harboring low
heteroplasmy. The decrease in the RC complex’s expression is parallel with the hetero-
plasmy in both the MELAS iNs and fibroblasts and the RC complexes deficiency is
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apparent when a certain threshold of heteroplasmy is reached. Furthermore, the current
results, together with our previous studies with MELAS fibroblasts and MELAS iPSC,
demonstrated a discrepancy in the RC complex’s deficiency between the MELAS fibro-
blasts, iPSC, and iNs harboring equivalent heteroplasmy [25,31]. These findings indicate
that mtDNA maintenance, transcript, and expression vary in different tissues leading to
the tissue-specific manifestation of mitochondrial diseases [32]. Furthermore, the nDNA-
encoded proteins involved in mt-tRNA maturation modify the expression of mtDNA mu-
tations in the mt-tRNA genes, leading to the heterogeneity of mitochondrial pathophysi-
ologies [33].

Under normal physiological conditions, the majority of endogenous ROS is produced
in mitochondria during the generation of energy through the electron transport chain of
complexes I and III [34]. While under pathological conditions, an imbalance between mi-
tochondrial ROS production and removal leads to the elevation in ROS levels, triggering
further ROS formation, which causes perceptible mitochondria and cell injury underlying
the pathogenesis of mitochondrial diseases [34]. Several studies have indicated that the
defect in complex I leads to the elevation in cellular ROS levels and has been associated
with a broad spectrum of mitochondrial diseases, such as MELAS syndrome and Leigh
syndrome, and neurodegenerative pathologies [34]. Given that the MELAS-iNs showed
complexes I and IV deficiency, an increase in ROS production in these cells is to be ex-
pected. In agreement with these findings, significant elevation in the ROS levels was ob-
served in the MELAS-iNs harboring high heteroplasmy concomitant with a profound de-
ficiency oin complex I. Notably, MELAS-iNs harboring intermediate heteroplasmy had
ROS levels comparable to that of the control, although these neuronal cells showed 87%
reduction in complex I. In contrast to our MELAS-iNs, previous studies with MELAS-
fibroblasts harboring low (30% and 43%, respectively) m.A3243G heteroplasmy demon-
strated a significant increase in ROS levels [35,36]. Glioblastoma cybrids harboring 80%
m.A3243G heteroplasmy had ROS levels compatible with that of the control cybrids [11].
These findings indicate that the impact of m.A3243G heteroplasmy on the production and
removal of intracellular ROS levels is heterogeneous between tissues and that the physi-
ological levels of ROS in different tissues highly depends on the energy loads to meet the
cellular response [34]. Moreover, the nuclear genetic factors and mitochondrial haplog-
roups modify the production of ROS and the adaptive response to counteract oxidative
stress, leading to a heterogeneous threshold between individuals with same heteroplasmy
in eliciting the pathological phenotype [37,38].

It has been noted that fulminant elevation in ROS induces a prolonged opening of
mitochondrial permeability transition pores, leading to a simultaneous disruption of
AWm [34]. Although it was noted that the m.A3243G mutation causes an increase in ROS
levels and a decrease in AWm in mutant fibroblasts [35,36], its impact on neuronal cells to
elicit mitochondrial depolarization has not been elucidated yet. In the current study, we
observed a significant reduction in AWYm in those MELAS-iNs harboring high m.A3243G
heteroplasmy. Furthermore, those MELAS-iNs containing higher ROS levels showed
more reduction in AWm. This finding is in agreement with previous studies relating to
complex I-deficient patient-derived fibroblasts in that there is a significant inverse corre-
lation between AWm and cellular ROS levels [39]. Additionally, the MELAS-iNs bearing
an intermediate m.A3243G heteroplasmy concomitant with an 87% reduction in complex
Iactivity showed ROS levels and AWm comparable to that of the control. Previous studies
with MELAS-fibroblasts harboring 43% m.A3243G heteroplasmy concomitant with a 65%
reduction in complex I activity revealed a dissipation in AWm [35]. These results suggest
the threshold of m.A3243G heteroplasmy and levels of complex I activity required to elicit
mitochondrial dysfunction varies between tissues. Additionally, the adaptive response to
compensate for the imbalance of the redox environment is heterogeneous in different tis-
sues and in different parts of the same tissues [34].

It has been noted that the deficiency of RC complexes causes an elevation in ROS, a
decrease in AWm, and a reduction in bioenergetics. However, the association of m.A3243G
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mutation and impaired bioenergetics was demonstrated in limited studies using MELAS
patient-derived fibroblasts and iPS cells harboring a high heteroplasmic mutation load
[25,31,36]. Moreover, studies related to the impact of m.A3243G mutation on mitochon-
drial respiratory function in patient-derived neuronal cells is limited to a report of ME-
LAS-derived induced neurons carrying 75% heteroplasmy, a report of MELAS-iPSC de-
rived neurons cells bearing 65% heteroplasmy, and a report of MELAS-iPSC-derived neu-
ral progenitor cells bearing 95% heteroplasmy [18,40,41]. Nonetheless, these previous
studies did not document the influence of various levels of m.A3243G heteroplasmy on
the bioenergetic status among patient-derived neuronal cells. In the current study, we first
reported the correlation between the mitochondrial respiratory profiles and m.A3243G
heteroplasmy ranging from high (>95%), intermediate (68%), to low (20%) levels in the
MELAS-iNs. The bioenergetic parameters including basal respiration, ATP-linked respi-
ration, maximal respiration, and spare respiratory capacity were significantly decreased
in the MELAS-iNs harboring the high and intermediate heteroplasmy of the m.A3243G
mutation. Notably, the MELAS-iNs carrying a low m.A3243G heteroplasmy had mito-
chondrial respiration comparable to that of the control, while the MELAS-iNs harboring
high m.A3243G mutation showed a most remarkable reduction in respiratory profiles.
Moreover, the reduction in bioenergetics is parallel with the reduction in the RC complex’s
activity in the MELAS-iNs, confirming the close link between m.A3243G heteroplasmy
levels, complex’s activity, and mitochondrial dysfunction.

Dynamic changes in mitochondrial morphology are frequently observed in cells re-
sponding to the alternation of bioenergetic status. It has been shown that the inhibition of
complex L, I, III, or V causes mitochondrial fragmentations and cell death [42,43]. In pre-
vious studies, MELAS-fibroblasts and MELAS-iPS cells harboring more than 80% hetero-
plasmy in the m.A3243G mutation showed a reduction in bioenergetic function as well as
mitochondrial fragmentation [25,44]. However, the influence of various levels of
m.A3243G heteroplasmy on mitochondrial morphology in neurons has not been docu-
mented. Herein, we quantitatively measured the mitochondrial size and shape as well as
the overall connectivity and morphological complexity of the mitochondrial network to
unveil the formation of fragmented and filamentous mitochondria in the MELAS-iNs. In
parallel with the reduction in bioenergetics, the MELAS-iNs bearing high and intermedi-
ate heteroplasmy showed characteristics of fragmented mitochondria through the signif-
icant reduction in mitochondrial area, perimeter, aspect ratio, and form factor as well as
mitochondrial connection and branching degree compared to the filamentous mitochon-
dria in the control-iNs. This finding agrees with previous studies concerning MELAS-
skeletal muscles and MELAS-cybrids in that mitochondrial dysfunction resulting from
pathogenic mtDNA variants leads to mitochondrial fragmentation [45]. In this study, a
decrease in OXPHOS capacity in the MELAS-iNs resulted in an increase in ROS levels,
dissipation of AWm, reduction in bioenergetics, and mitochondrial fragmentation. Of
note, both the MELAS-iNs bearing low heteroplasmy and its counterpart control-iNs were
derived from aged individuals and revealed mitochondrial fragmentation concurrent
with a moderate decrease in basal and ATP production respiration. It has been suggested
that the fission of mitochondria acts as an adaptive mechanism to mitigate bioenergetic
insufficiency during aging [46]. Overall, our studies indicate the shift of mitochondrial
dynamics toward fission and fragmentation in MELAS neurons harboring high and inter-
mediate heteroplasmy and neurons derived from aged individuals. It has been noted that
in the fragmentation status, dysfunctional mitochondria are segregated from the func-
tional mitochondrial network to reduce further mtDNA damage via oxidative stress de-
rived from the damaged mitochondria [45]. Several studies have documented the parallel
changes in oxidative stress and mitochondrial dynamics. It has shown that patient-de-
rived fibroblasts with severe complex I deficiency showed a prominent increase in ROS
levels and fragmented mitochondria, while fibroblasts with moderate deficiency of com-
plex I activity displayed a moderate increase in ROS levels concurrent with normal mito-
chondrial morphology [47]. The mechanism to regulate mitochondrial dynamics in
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response to mitochondrial dysfunction has been elucidated in several studies. In a Dro-
sophila model for wound healing, high levels of ROS triggers Drp1 (dynamin-related pro-
tein 1)-mediated fragmentation of mitochondria, while low levels of ROS promotes fusion
and network formation in mitochondria [48]. In keeping with this note, previous studies
with MELAS-fibroblasts harboring 82% m.A3243G heteroplasmy demonstrated elevation
in Drp1 expression concurrent with highly fragmentated mitochondria [44]. Moreover, it
has been noted that elevated ROS levels trigger the depolarization of AWm and mitochon-
drial fragmentation, suggesting the participation of ROS levels and AWm in modeling the
mitochondrial dynamics [49]. Studies in mammalian cells further indicated that mitochon-
drial fragmentation is stimulated through the activation of the proteolytic cleavage of
OPAL1 (optic atrophy-1), an essential factor for mitochondrial fusion and the maintenance
of inner membrane structure, in a AWYm-dependent manner [50]. Consistent with this note,
previous studies with MELAS-muscle fibers revealed that the dissipation in AWm induces
the proteolytic processing of OPA1 concomitant with the fragmentation of mitochondria
[45]. Collectively, all these notes indicated that the activation of Drpl via ROS and the
downregulation of OPA1 via the dissipated AWm contribute to the shift of mitochondrial
dynamics toward fragmentation in MELAS cells. Nonetheless, the inhibition of mitochon-
drial fragmentation promotes an excessive increase in intracellular ROS levels and cell
death in MELAS-fibroblasts [44]. Mitochondrial transplantation recovers bioenergetics
and mitochondrial morphology in osteosarcoma MELAS-cybrids and treatment with cell-
permeable exogenous antioxidant restores mitochondrial network in rhabdomyosarcoma
cybrids harboring m.A3243G mutation [51,52]. Accordingly, these findings suggested that
sequestration of the dysfunctional mitochondrial from the healthy mitochondria through
mitochondrial fission could be a cytoprotective strategy to reduce cellular cytotoxicity in
MELAS cells. Furthermore, the genetic and/or pharmacological modulation of bioenerget-
ics and oxidative stress provide promising therapeutic approaches to restore mitochon-
drial dynamic balance in MELAS syndrome and mitochondrial diseases.

5. Conclusions

In summary, our studies showed that the iNs, through the direct reprogramming of
the MELAS patient-derived fibroblasts, exhibited the neuronal phenotype, retained the
status of m.A3243G heteroplasmy concurrent with the deficiency of RC complexes, and
adopted the donor age-dependent phenotype. We first demonstrated the impact of vari-
ous levels of m.A3243G heteroplasmy on the expression of RC complexes, neuronal ROS
levels, AWm, bioenergetic profiles, and mitochondrial morphology and network in neu-
rons. High and intermediate levels of m.A3243G heteroplasmy in neurons resulted in an
impairment of RC complexes, reduction in mitochondrial respiration, and fragmentation
of mitochondrion. The impairment of bioenergetics and the imbalance of mitochondrial
dynamics contribute to the pathomechanism of the neurological phenotype of MELAS
syndrome and the concurrent elevation in ROS levels, and the disruption of A¥m con-
tributes to the initiation of an early onset neurological manifestation. Our studies vali-
dated iNs as a reliable platform for studies in the neuronal aspects of neurodegenerative
disorders and mitochondrial diseases. These results help us in understanding the impact
of various heteroplasmic levels on mitochondrial bioenergetics and dynamics in neurons
and in underlying the pathomechanism of the neurological manifestations of MELAS syn-
drome. Furthermore, these findings provide targets for further pharmacological ap-
proaches concerning mitochondrial diseases.

Author Contributions: D.-S.L. contributed to the study conception and design. C.-S.H. and T.-S.H.
provided expert advice and resources. Material preparation, data collection and analysis were per-
formed by Y.-W.H.,, T-H.L., Z.-D.H., T.-Y.W. and T.-J.W. The first draft of the manuscript was writ-
ten by D.-S.L. and all authors commented on previous versions of the manuscript. All authors have
read and agreed to the published version of the manuscript.



Cells 2023, 12, 15 19 of 21

Funding: This work was supported by the National Science and Technology Council [NSTC-109-
2314-B-195-015-MY3, NSTC-109-2314-B-195-014-MY2] and grants from Mackay Memorial Hospital
[MMH-E-110-02, MMH-E-111-02].

Data Availability Statement: The datasets used and/or analyzed during the current study available
from the corresponding author on reasonable request.

Acknowledgments: We thank the National RNAi Core Facility at Academic Sinica in Taiwan for
providing shRNA reagents and related services.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Brandon, M.C.; Lott, M.T.; Nguyen, K.C.; Spolim, S.; Navathe, S.B.; Baldi, P.; Wallace, D.C. MITOMAP: A human mitochondrial
genome database —2004 update. Nucleic Acids Res. 2005, 33, D611-D613. https://doi.org/10.1093/nar/gki079.

DiMauro, S.; Schon, E.A. Mitochondrial respiratory-chain diseases. N. Engl. |. Med. 2003, 348, 2656-2668.

Goto, Y.; Nonaka, I.; Horai, S. A mutation in the tRNA(Leu)(UUR) gene associated with the MELAS subgroup of mitochondrial
encephalomyopathies. Nature 1990, 348, 651-653. https://doi.org/10.1038/348651a0.

Ruiz-Pesini, E.; Lott, M.T.; Procaccio, V.; Poole, ].C.; Brandon, M.C.; Mishmar, D.; Yi, C.; Kreuziger, J.; Baldi, P.; Wallace, D.C.
An enhanced MITOMAP with a global mtDNA mutational phylogeny. Nucleic Acids Res. 2007, 35, D823-D828.
https://doi.org/10.1093/nar/gkl927.

Sasarman, F.; Antonicka, H.; Shoubridge, E.A. The A3243G tRNALeu(UUR) MELAS mutation causes amino acid
misincorporation and a combined respiratory chain assembly defect partially suppressed by overexpression of EFTu and EFG2.
Hum. Mol. Genet. 2008, 17, 3697-3707. https://doi.org/10.1093/hmg/ddn265.

Mariotti, C.; Savarese, N.; Suomalainen, A.; Rimoldi, M.; Comi, G.; Prelle, A.; Antozzi, C.; Servidei, S.; Jarre, L.; DiDonato, S.; et
al. Genotype to phenotype correlations in mitochondrial encephalomyopathies associated with the A3243G mutation of
mitochondrial DNA. J. Neurol. 1995, 242, 304-312. https://doi.org/10.1007/BF00878873.

Chomyn, A.; Martinuzzi, A.; Yoneda, M.; Daga, A.; Hurko, O.; Johns, D.; Lai, S.T.; Nonaka, I.; Angelini, C.; Attardi, G. MELAS
mutation in mtDNA binding site for transcription termination factor causes defects in protein synthesis and in respiration but
no change in levels of upstream and downstream mature transcripts. Proc. Natl. Acad. Sci. USA 1992, 89, 4221-4225.

Janssen, G.M.; Maassen, J.A.; van Den Ouweland, J.M. The diabetes-associated 3243 mutation in the mitochondrial
tRNA(Leu(UUR)) gene causes severe mitochondrial dysfunction without a strong decrease in protein synthesis rate. J. Biol.
Chem. 1999, 274, 29744-29748. https://doi.org/10.1074/jbc.274.42.29744.

Dunbar, D.R.; Moonie, P.A ; Jacobs, H.T.; Holt, L.]. Different cellular backgrounds confer a marked advantage to either mutant
or wild-type mitochondrial genomes. Proc. Natl. Acad. Sci. USA 1995, 92, 6562-6566. https://doi.org/10.1073/pnas.92.14.6562.
van den Ouweland, ].M.; Maechler, P.; Wollheim, C.B.; Attardi, G.; Maassen, J.A. Functional and morphological abnormalities
of mitochondria harbouring the tRNA(Leu)(UUR) mutation in mitochondrial DNA derived from patients with maternally
inherited diabetes and deafness (MIDD) and progressive kidney disease. Diabetologia 1999, 42, 485-492.
https://doi.org/10.1007/s001250051183.

Sandhu, ].K; Sodja, C.; McRae, K.; Li, Y.; Rippstein, P.; Wei, Y.H.; Lach, B.; Lee, F.; Bucurescu, S.; Harper, M.E.; et al. Effects of
nitric oxide donors on cybrids harbouring the mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes
(MELAS) A3243G mitochondrial DNA mutation. Biochem. ]. 2005, 391, 191-202. https://doi.org/10.1042/B]J20050272.
Desquiret-Dumas, V.; Gueguen, N.; Barth, M.; Chevrollier, A.; Hancock, S.; Wallace, D.C.; Amati-Bonneau, P.; Henrion, D.;
Bonneau, D.; Reynier, P.; et al. Metabolically induced heteroplasmy shifting and I-arginine treatment reduce the energetic defect
in a neuronal-like model of MELAS. Biochim. Biophys. Acta 2012, 1822, 1019-1029. https://doi.org/10.1016/j.bbadis.2012.01.010.
Hamalainen, R.H.; Manninen, T.; Koivumaki, H.; Kislin, M.; Otonkoski, T.; Suomalainen, A. Tissue- and cell-type-specific
manifestations of heteroplasmic mtDNA 3243A > G mutation in human induced pluripotent stem cell-derived disease model.
Proc. Natl. Acad. Sci. USA 2013, 110, E3622-E3630. https://doi.org/10.1073/pnas.1311660110.

Povea-Cabello, S.; Villanueva-Paz, M.; Suarez-Rivero, ].M.; Alvarez-Cordoba, M.; Villalon-Garcia, I.; Talaveron-Rey, M.; Suarez-
Carrillo, A.; Munuera-Cabeza, M.; Sanchez-Alcazar, J.A. Advances in mt-tRNA Mutation-Caused Mitochondrial Disease
Modeling: Patients’ Brain in a Dish. Front. Genet. 2020, 11, 610764. https://doi.org/10.3389/fgene.2020.610764.

Vierbuchen, T.; Ostermeier, A.; Pang, Z.P.; Kokubu, Y.; Sudhof, T.C.; Wernig, M. Direct conversion of fibroblasts to functional
neurons by defined factors. Nature 2010, 463, 1035-1041. https://doi.org/10.1038/nature08797.

Pang, Z.P.; Yang, N.; Vierbuchen, T.; Ostermeier, A.; Fuentes, D.R.; Yang, T.Q.; Citri, A.; Sebastiano, V.; Marro, S.; Sudhof, T.C.;
et al. Induction of human neuronal cells by defined transcription factors. Nature 2011, 476, 220-223.
https://doi.org/10.1038/nature10202.

Ladewig, J.; Mertens, J.; Kesavan, J.; Doerr, J.; Poppe, D.; Glaue, F.; Herms, S.; Wernet, P.; Kogler, G.; Muller, F.J.; et al. Small
molecules enable highly efficient neuronal conversion of human fibroblasts. Nat. Methods 2012, 9, 575-578.
https://doi.org/10.1038/nmeth.1972.



Cells 2023, 12, 15 20 of 21

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Povea-Cabello, S.; Villanueva-Paz, M.; Villalon-Garcia, I.; Talaveron-Rey, M.; Alvarez-Cordoba, M.; Suarez-Rivero, ].M.; Montes,
M.A.; Rodriguez-Moreno, A.; Andrade-Talavera, Y.; Armengol, ].A.; et al. Modeling Mitochondrial Encephalomyopathy, Lactic
Acidosis, and Stroke-like Episodes Syndrome Using Patient-Derived Induced Neurons Generated by Direct Reprogramming.
Cell. Reprogram. 2022, 24, 294-303. https://doi.org/10.1089/cell.2022.0055.

Bai, R.K.; Wong, L.J. Detection and quantification of heteroplasmic mutant mitochondrial DNA by real-time amplification
refractory mutation system quantitative PCR analysis: A single-step approach. Clin. Chem. 2004, 50, 996-1001.
https://doi.org/10.1373/clinchem.2004.031153.

Lim, S.M.; Choi, W.].; Oh, KW.; Xue, Y.; Choi, ].Y.; Kim, S.H.; Nahm, M.; Kim, Y.E; Lee, J.; Noh, M.Y.; et al. Directly converted
patient-specific induced neurons mirror the neuropathology of FUS with disrupted nuclear localization in amyotrophic lateral
sclerosis. Mol. Neurodegener. 2016, 11, 8. https://doi.org/10.1186/s13024-016-0075-6.

Hu, W,; Qiu, B.; Guan, W.; Wang, Q.; Wang, M.; Li, W.; Gao, L.; Shen, L.; Huang, Y.; Xie, G.; et al. Direct Conversion of Normal
and Alzheimer’s Disease Human Fibroblasts into Neuronal Cells by Small Molecules. Cell Stem Cell 2015, 17, 204-212.
https://doi.org/10.1016/j.stem.2015.07.006.

Murphy, M.P.; Bayir, H.; Belousov, V.; Chang, C.J.; Davies, K.J.A.; Davies, M.].; Dick, T.P.; Finkel, T.; Forman, H.J.; Janssen-
Heininger, Y.; et al. Guidelines for measuring reactive oxygen species and oxidative damage in cells and in vivo. Nat. Metab.
2022, 4, 651-662. https://doi.org/10.1038/s42255-022-00591-z.

Roelofs, B.A.; Ge, S.X,; Studlack, P.E.; Polster, B.M. Low micromolar concentrations of the superoxide probe MitoSOX uncouple
neural mitochondria and inhibit complex Iv. Free Radic. Biol. Med. 2015, 86, 250-258.
https://doi.org/10.1016/j.freeradbiomed.2015.05.032.

Kauffman, M.E; Kauffman, M.K,; Traore, K.; Zhu, H.; Trush, M.A ; Jia, Z.; Li, Y.R. MitoSOX-Based Flow Cytometry for Detecting
Mitochondrial ROS. React. Oxyg. Species Apex 2016, 2, 361-370. https://doi.org/10.20455/r0s.2016.865.

Lin, D.S.; Huang, Y.W.; Ho, C.S.; Hung, P.L.; Hsu, M.H.; Wang, T.]J.; Wu, T.Y,; Lee, T.H.; Huang, Z.D.; Chang, P.C,; et al.
Oxidative Insults and Mitochondrial DNA Mutation Promote Enhanced Autophagy and Mitophagy Compromising Cell
Viability in Pluripotent Cell Model of Mitochondrial Disease. Cells 2019, 8, 65. https://doi.org/10.3390/cells8010065.

Chaudhry, A.; Shi, R.; Luciani, D.S. A pipeline for multidimensional confocal analysis of mitochondrial morphology, function,
and dynamics in pancreatic beta-cells. Am. ]J.  Physiol.  Endocrinol.  Metab. 2020, 318, E87-E101.
https://doi.org/10.1152/ajpend0.00457.2019.

Yeom, K.H.; Mitchell, S.; Linares, A.].; Zheng, S.; Lin, C.H.; Wang, X.J.; Hoffmann, A.; Black, D.L. Polypyrimidine tract-binding
protein blocks miRNA-124 biogenesis to enforce its neuronal-specific expression in the mouse. Proc. Natl. Acad. Sci. USA 2018,
115, E11061-E11070. https://doi.org/10.1073/pnas.1809609115.

Janssen, G.M.; Hensbergen, P.J.; van Bussel, F.J.; Balog, C.I; Maassen, J.A.; Deelder, A.M.; Raap, AK. The A3243G
tRNALeu(UUR) mutation induces mitochondrial dysfunction and variable disease expression without dominant negative
acting translational defects in complex IV subunits at UUR codons. Hum. Mol. Genet. 2007, 16, 2472-2481.
https://doi.org/10.1093/hmg/ddm203.

Zhu, D.; Li, X,; Tian, Y. Mitochondrial-to-nuclear communication in aging: An epigenetic perspective. Trends Biochem. Sci. 2022,
47, 645-659. https://doi.org/10.1016/j.tibs.2022.03.008.

Kim, Y.; Zheng, X.; Ansari, Z.; Bunnell, M.C; Herdy, J.R.; Traxler, L.; Lee, H.; Paquola, A.C.M.; Blithikioti, C.; Ku, M.; et al.
Mitochondrial Aging Defects Emerge in Directly Reprogrammed Human Neurons due to Their Metabolic Profile. Cell Rep. 2018,
23, 2550-2558. https://doi.org/10.1016/j.celrep.2018.04.105.

Lin, D.S.; Kao, S.H.; Ho, C.S.; Wei, Y.H.; Hung, P.L.; Hsu, M.H.; Wu, T.Y.; Wang, T.J.; Jian, Y.R.; Lee, T.H.; et al. Inflexibility of
AMPK-mediated metabolic reprogramming in mitochondrial disease. Oncotarget 2017, 8, 73627-73639.
https://doi.org/10.18632/oncotarget.20617.

Herbers, E.; Kekalainen, N.J.; Hangas, A.; Pohjoismaki, J.L.; Goffart, S. Tissue specific differences in mitochondrial DNA
maintenance and expression. Mitochondrion 2019, 44, 85-92. https://doi.org/10.1016/j.mito.2018.01.004.

Pearce, S.F.; Rorbach, J.; Van Haute, L.; D’Souza, A.R.; Rebelo-Guiomar, P.; Powell, C.A.; Brierley, L; Firth, A.E.; Minczuk, M.
Maturation of selected human mitochondrial tRNAs requires deadenylation. Elife 2017, 6, 27596.
https://doi.org/10.7554/eLife.27596.

Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release. Physiol. Rev.
2014, 94, 909-950. https://doi.org/10.1152/physrev.00026.2013.

Cotan, D.; Cordero, M.D.; Garrido-Maraver, J.; Oropesa-Avila, M.; Rodriguez-Hernandez, A.; Gomez Izquierdo, L.; De la Mata,
M.; De Miguel, M; Lorite, ].B.; Infante, E.R.; et al. Secondary coenzyme Q10 deficiency triggers mitochondria degradation by
mitophagy in MELAS fibroblasts. FASEB ]. 2011, 25, 2669-2687. https://doi.org/10.1096/fj.10-165340.

Chung, C.Y,; Singh, K; Kotiadis, V.N.; Valdebenito, G.E.; Ahn, ].H.; Topley, E.; Tan, J.; Andrews, W.D.; Bilanges, B.; Pitceathly,
R.D.S,; et al. Constitutive activation of the PI3K-Akt-mTORC1 pathway sustains the m.3243 A > G mtDNA mutation. Nat.
Commun. 2021, 12, 6409. https://doi.org/10.1038/s41467-021-26746-2.

Rovcanin, B.; Jancic, J.; Pajic, J.; Rovcanin, M.; Samardzic, J.; Djuric, V.; Nikolic, B.; Ivancevic, N.; Novakovic, I.; Kostic, V.
Oxidative Stress Profile in Genetically Confirmed Cases of Leber’s Hereditary Optic Neuropathy. . Mol. Neurosci. 2021, 71,
1070-1081. https://doi.org/10.1007/s12031-020-01729-y.



Cells 2023, 12, 15 21 of 21

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Chakrabarty, S.; Govindaraj, P.; Sankaran, B.P.; Nagappa, M.; Kabekkodu, S.P.; Jayaram, P.; Mallya, S.; Deepha, S.; Ponmalar,
J.N.J; Arivinda, H.R,; et al. Contribution of nuclear and mitochondrial gene mutations in mitochondrial encephalopathy, lactic
acidosis, and stroke-like episodes (MELAS) syndrome. J. Neurol. 2021, 268, 2192-2207. https://doi.org/10.1007/s00415-020-10390-
9.

Distelmaier, F.; Visch, H.J.; Smeitink, J.A.; Mayatepek, E.; Koopman, W.J.; Willems, P.H. The antioxidant Trolox restores
mitochondrial membrane potential and Ca? -stimulated ATP production in human complex I deficiency. ]. Mol. Med. 2009, 87,
515-522. https://doi.org/10.1007/s00109-009-0452-5.

Yang, Y.; Wu, H,; Kang, X,; Liang, Y.; Lan, T,; Li, T,; Tan, T.; Peng, J.; Zhang, Q.; An, G,; et al. Targeted elimination of mutant
mitochondrial DNA in MELAS-iPSCs by mitoTALENS. Protein Cell 2018, 9, 283-297. https://doi.org/10.1007/s13238-017-0499-y.
Klein Gunnewiek, T.M.; Van Hugte, E.].H.; Frega, M.; Guardia, G.S.; Foreman, K.; Panneman, D.; Mossink, B.; Linda, K.; Keller,
J.M.; Schubert, D.; et al. m.3243A > G-Induced Mitochondrial Dysfunction Impairs Human Neuronal Development and Reduces
Neuronal Network Activity and Synchronicity. Cell Rep. 2020, 31, 107538. https://doi.org/10.1016/j.celrep.2020.107538.
Galloway, C.A.; Lee, H.; Yoon, Y. Mitochondrial morphology-emerging role in bioenergetics. Free Radic Biol. Med. 2012, 53, 2218~
2228. https://doi.org/10.1016/j.freeradbiomed.2012.09.035.

Benard, G.; Bellance, N.; James, D.; Parrone, P.; Fernandez, H.; Letellier, T.; Rossignol, R. Mitochondrial bioenergetics and
structural network organization. J. Cell Sci. 2007, 120, 838-848. https://doi.org/10.1242/jcs.03381.

Tokuyama, T.; Hirai, A.; Shiiba, L; Ito, N.; Matsuno, K.; Takeda, K.; Saito, K.; Mii, K.; Matsushita, N.; Fukuda, T.; et al.
Mitochondrial Dynamics Regulation in Skin Fibroblasts from Mitochondrial Disease Patients. Biomolecules 2020, 10, 450.
https://doi.org/10.3390/biom10030450.

Duvezin-Caubet, S.; Jagasia, R.; Wagener, ].; Hofmann, S.; Trifunovic, A.; Hansson, A.; Chomyn, A.; Bauer, M.F.; Attardi, G.;
Larsson, N.G.; et al. Proteolytic processing of OPA1 links mitochondrial dysfunction to alterations in mitochondrial morphology.
J. Biol. Chem. 2006, 281, 37972-37979. https://doi.org/10.1074/jbc.M606059200.

Sharma, A.; Smith, H.J.; Yao, P.; Mair, W.B. Causal roles of mitochondrial dynamics in longevity and healthy aging. EMBO Rep.
2019, 20, e48395. https://doi.org/10.15252/embr.201948395.

Koopman, W.J.; Verkaart, S.; Visch, H.J.; van Emst-de Vries, S.; Nijtmans, L.G.; Smeitink, J.A.; Willems, P.H. Human
NADH:ubiquinone oxidoreductase deficiency: Radical changes in mitochondrial morphology? Am. J. Physiol. Cell. Physiol. 2007,
293, C22-C29. https://doi.org/10.1152/ajpcell.00194.2006.

Muliyil, S.; Narasimha, M. Mitochondrial ROS regulates cytoskeletal and mitochondrial remodeling to tune cell and tissue
dynamics in a model for wound healing. Dev. Cell 2014, 28, 239-252. https://doi.org/10.1016/j.devcel.2013.12.019.

Fan, X.; Hussien, R.; Brooks, G.A. H202-induced mitochondrial fragmentation in C2C12 myocytes. Free Radic. Biol. Med. 2010,
49, 1646-1654. https://doi.org/10.1016/j.freeradbiomed.2010.08.024.

Ishihara, N.; Fujita, Y.; Oka, T.; Mihara, K. Regulation of mitochondrial morphology through proteolytic cleavage of OPAL.
EMBO ]. 2006, 25, 2966-2977. https://doi.org/10.1038/sj.emboj.7601184.

Chang, J.C.; Hoel, F.; Liu, KH.; Wei, Y.H.; Cheng, F.C; Kuo, S.J.; Tronstad, K.J.; Liu, C.S. Peptide-mediated delivery of donor
mitochondria improves mitochondrial function and cell viability in human cybrid cells with the MELAS A3243G mutation. Sci.
Rep. 2017, 7, 10710. https://doi.org/10.1038/541598-017-10870-5.

Vergani, L.; Malena, A ; Sabatelli, P.; Loro, E.; Cavallini, L.; Magalhaes, P.; Valente, L.; Bragantini, F.; Carrara, F.; Leger, B.; et al.
Cultured muscle cells display defects of mitochondrial myopathy ameliorated by anti-oxidants. Brain 2007, 130, 2715-2724.
https://doi.org/10.1093/brain/awm151.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



