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Abstract

Background: The m.14487T>C mutation is recognized as a diagnostic mutation of
mitochondrial disease during the past 16 years, emerging evidence suggests that mu-
tant loads of m.14487T>C and disease phenotype are not closely correlated.
Methods: Immortalized lymphocytes were generated by coculturing the Epstein—
Barr virus and lymphocytes from m.14487T>C carrier Chinese patient with Leigh
syndrome. Fifteen cytoplasmic hybrid (cybrid) cell lines were generated by fusing
mtDNA lacking 143B cells with platelets donated by patients. Mitochondrial func-
tion was systematically analyzed at transcriptomic, metabolomic, and biochemical
levels.

Results: Unlike previous reports, we found that the assembly of mitochondrial res-
piratory chain complexes, mitochondrial respiration, and mitochondrial OXPHOS
function was barely affected in cybrid cells carrying homoplastic m.14487T>C mu-
tation. Mitochondrial dysfunction associated transcriptomic and metabolomic repro-
gramming were not detected in cybrid carrying homoplastic m.14487T>C. However,
we found that mitochondrial function was impaired in patient-derived immortalized
lymphocytes.

Conclusion: Our data revealed that m.14487T>C mutation is insufficient to cause mi-
tochondrial deficiency; additional modifier genes may be involved in m.14487T>C-
associated mitochondrial disease. Our results further demonstrated that a caution
should be taken by solely use of m.14487T>C mutation for molecular diagnosis of
mitochondrial disease.
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1 | INTRODUCTION

Mitochondrial disease is a subset of genetic disorders char-
acterized by insufficient production of mitochondrial energy,
namely adenosine triphosphate (ATP). The oxidative phos-
phorylation system (OXPHOS) plays a central role in ATP
generation by converting carbon sources, such as glucose,
to H,O and CO, during electron transfer, and in the phos-
phorylation of ADP via ATP synthase. Since 2019, over 290
genes associated with OXPHOS abnormalities have been
identified, of which 50 genes encode structural subunits
of the OXPHOS (Alston et al., 2018; Frazier, Thorburn, &
Compton, 2017; Pacheu-Grau et al., 2018). As the OXPHOS
structural subunits can be encoded in either the nuclear DNA
(nDNA) or the mitochondrial DNA (mtDNA), mitochondrial
disease can show both maternal and Mendelian inheritance
patterns.

The OXPHOS comprises five complexes and each com-
plex has a considerable number of structural subunits. There
are 45 structural subunits for respiratory chain complex
(RCO) I, 4 for RCC 11, 11 for RCC III, 14 for RCC IV, and
14 for ATP synthase (Balsa et al., 2012; Signes & Fernandez-
Vizarra, 2018). In human cells, each mitochondrion has its
own genetic material and accounts for the encoding of 13
structural subunits for OXPHOS complexes, excluding RCC
II. Before the era of next-generation sequencing (NGS),
the in-depth screening of mitochondrial disease-associated
nDNA mutations was impossible. However, since mtDNA
has a length of 16,569 bp and contains only 37 genes, the
detection of mitochondrial disease-associated mtDNA muta-
tions was relatively easy using direct Sanger sequencing of
the entire mitochondrial genome in energy-dependent tissues,
followed by radiolabeling based on mutant load analysis. In
1988, the first mitochondrial disease-causing mutation, the
m.11778G>A point mutation in MT-ND4, was identified in
a patient with Leber's hereditary optic neuropathy (LHON)
(Wallace et al., 1988). However, recently, few mtDNA muta-
tions have been reported, partly due to the fact that the mito-
chondrial disease-associated mtDNA mutation spectrum has
been well characterized (Frazier et al., 2017).

Precision diagnosis and clinical consultation for mtDNA
disease is somewhat uncertain, specifically in patients carry-
ing novel mtDNA mutations. One of the major reasons is that
most mtDNA mutations are heteroplasmic, a unique feature
of mtDNA mutations in which the mutation occupies some,
but not all, of the hundreds of mtDNA copies that one cell
can contain. The clinical symptoms appear only when the
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rate of mtDNA mutation (heteroplasmy) reaches a specific
“threshold” level (Zinchuk, Wu, & Grossenbacher-Zinchuk,
2013). However, determination of this mtDNA mutation
threshold is difficult and the mutation may be detected only
in certain affected tissues in a small portion of patients. This
may limit the diagnosis of mtDNA-associated mitochondrial
heart and brain disease and lead to false negative diagnoses
if other tissues are tested. Moreover, the lack of functional
mtDNA mutation evaluations may lead to false positive di-
agnoses (Bornstein et al., 2002). Another aspect that hin-
ders precision diagnosis and clinical consultation is that the
genotype—phenotype associations of mtDNA disease vary
between patients. The clinical severity and subtypes of mi-
tochondrial disease have been associated with the loads of
mutant mtDNA. For example, mutant loads of m.3243A>G
at 10%-30%, 50%—-90%, and 90%—100% manifest as diabe-
tes and autism, encephalomyopathy, and perinatal lethality
(Picard et al., 2014), respectively. Nevertheless, there are still
many disease phenotypes that cannot be solely explained by
mtDNA mutant loads. Modifier factors such as genetic back-
grounds and secondary gene mutations may be responsible
for the modulation of the clinical expression of mtDNA dis-
ease (Guan et al., 2006; Ji et al., 2008; Qu et al., 2009), fur-
ther complicating this complex disease.

The m.14487T>C mutation at MT-ND6, was first de-
scribed as a causative mutation of Leigh syndrome in chil-
dren from three different studies (Lebon et al., 2003; Solano
et al., 2003; Ugalde et al., 2003). To date, multiple subtypes
of mitochondrial disease, such as LHON (Eckenweiler et al.,
2015), cardiomyopathy (Dermaut et al., 2010), visual loss
(Dermaut et al., 2010), and diabetes (Dermaut et al., 2010),
have been found to be associated with m.14487T>C muta-
tion. A functional study using cybrid technology revealed that
heteroplasmic ND6 mutations at 60% caused RCC I defects
(Ugalde et al., 2003), while homoplasmic ND6 mutations
led to losses of RCC I-dependent respiration (Solano et al.,
2003). This indicates that m.14487T>C is a severe mtDNA
mutation. Notably, mutant loads of m.14487T>C and disease
phenotype are not closely correlated. Although extremely
high mutant loads in patients carrying m.14487T>C were
associated with severe mitochondrial disease such as Leigh
syndrome (Wang et al., 2009), a few patients carrying nearly
homoplasmic m.14487T>C developed mild mitochon-
drial disease, including hearing loss and LHON (Dermaut
et al., 2010). Moreover, 50% heteroplasmic m.14487T>C
was shown to cause a dramatic decrease of RCC I activity in
patients’ muscles (Malfatti et al., 2007), but RCC I activity
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was not affected in some patients with 65%—85% hetero-
plasmic m.14487T>C (Lebon et al., 2003; Leshinsky-Silver
et al., 2011; Ugalde et al., 2003). Therefore, the causative
role of m.14487T>C mutation in RCC I deficiency requires
further interpretation. Here, we generated multiple cybrid
cell lines containing either wild-type or homoplasmic mu-
tant m.14487T>C mtDNA and investigated the influence of
m.14487T>C on mitochondrial function at the biochemical
and multiomics levels. Our findings show that homoplas-
mic m.14487T>C mutations derived from Chinese patients
have minimal impact on the function of the mitochondrial
OXPHOS, suggesting that other modifier factors, such as
genetic background, may be involved in the regulation of
m.14487T>C-associated mitochondrial disease.

2 | MATERIALS AND METHODS

2.1 | Ethical compliance

Informed consent was obtained from all three subjects under
protocols approved by the Ethical Committee of the Peking
University First Hospital, and the ID of the Ethics Committee
is 2017-217.

2.2 | Participants

Blood from three genetically unrelated patients carrying
m.14487T>C was used to generate transmitochondrial cell
lines (cytoplasmic hybrids, cybrids). All patients were clini-
cally diagnosed with mitochondrial Leigh syndrome via
physical examination, magnetic resonance imaging exami-
nation, and blood biochemical analysis. The clinical pres-
entation of all three patients is described in Table S1. All
experimental methods were carried out according to the ap-
proved guidelines of the Peking University First Hospital.

2.3 | Cybrid cells and culture conditions

Transmitochondrial cybrids were obtained by fusion of
mtDNA-less p0 human osteosarcoma 143B cells with plate-
lets, which were isolated from the blood of patients and their
mothers, as described previously (Chomyn et al., 1994). The
transformant clones were cultured in high-glucose Dulbecco's
modified Eagle's medium (Sigma-Aldrich) containing 10%
bovine calf serum (Sigma-Aldrich) at 37°C in a humidified
CO, incubator. Four clones containing two cybrids cells car-
rying homoplasmic m.14487T (L) and two cybrids cells car-
rying homoplasmic m.14487C (H) were selected from each
patient for subsequent experiments. Cybrid cells carrying
m.3697G>A in MT-ND1 were previously described (Sun, Li,
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Qiu, Fang, & Lyu, 2016). Mycoplasma contamination was
tested with a MycoAlert PLUS Mycoplasma Detection Kit
(Lonza). Mycoplasma contamination was avoided or elimi-
nated by culturing the cybrid cells with medium containing
BM-Cyclin, according to the manufacturer's instructions
(Roche).

2.4 | Karyotyping

For the cytogenetic analysis of the cybrids, the cells were
exposed to colchicines (0.2 pg/ml) for 6 hr at 37°C and
harvested routinely. Metaphases were prepared from the
cybrids with a freshly prepared cold fixative solution (3:1
methanol:acetic acid). Chromosome spread preparations
were made as previously described(Frydrychova & Marec,
2002). Preparations were stained for 30 min. Images were
acquired and analyzed under an Olympus BX41 microscope
(Olympus Corporation). Around 20 metaphase cells were
captured for analysis for each cell line.

2.5 | Mitochondrial DNA analysis

Genomic DNA was extracted using a sodium dodecyl
sulfate (SDS) lysis protocol (Sambrook & and Russell,
2001). The entire mtDNA genome from the patient was
Sanger sequenced with 24 previously reported pairs of
mtDNA primers (Rieder, Taylor, Tobe, & Nickerson,
1998). A PCR-RFLP method was used to quantify
the mutant load of m.14487T>C in clinical samples
and cybrid clones. The PCR primer sequences used in
this study were as follows: Set 1: forward (m.14232),
5’-AATCATACAAAGCCCCCGCA-3’; reverse
(m.14859), 5’-CCAAGGAGTGAGCCGAAGTT-3’; Set 2:
forward(m.14082),5’-GCATAATTAAACTTTACTTC-3’;
reverse (m.15017), 5’-AGAATATTGAGGCGCCATTG-3.
A 628-bp or 937-bp segment of PCR product was sub-
jected to complete digestion with BsaX I (NEB, New
England Biolabs) at 37°C. The m.14487C-containing
fragment was cut into two smaller fragments of 372 and
256 bp, or 407 and 530 bp, while the m.14487T-con-
taining fragment remained intact. The mutant loads of
m.14487T>C in the cybrids during culture were reex-
amined frequently by PCR-RFLP. Band intensities were
quantified by Gel-Pro Analyzer 4.0 (Media Cybernetics,
Warrendale, PA, USA). NGS technology was adopted to
further confirm the mutant load of m.14487T>C in se-
lected cybrid cells. The sequences of two pairs of long-
range PCR primers were as follows: forward_1 (m.807),
5’-ACGGGAAACAGCAGTGATTAAC-3’; reverse_1
(m.9342), 5 -CTAGTATGAGGAGCGTTATGGAGTG-
3’; forward_2 (m.8998), 5’-GTACGCCTAACCGCTAA
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CATTACT-3’; reverse_2 (m.1163), 5’-GTTTTAAGCTG
TGGCTCGTAGTG-3’. A  tetra-primer  amplifica-
tion refractory mutation system-quantitative PCR was
used to verify the mutant loads of m.3842G>A and
m.11363G>A identified by NGS. The sequences of
two pairs of PCR primer used for allele-specific quan-
titative PCR were as follows: forward_1 (m.3822, G al-
lele), 5’-CTGATTACTCCTGCCATCCTG-3’; reverse_1
(m.3997), 5-TGTTTGTGTATTCGGCTATGAAG-3’;
forward_2 (m.3714, A allele), 5-AGCCCAAACAAT
CTCATATGAAG-3’; reverse_2 (m.3867), 5°-GATA
AATCATATTATGGCCAAGGTTT-3’; forward_1 (G al-
lele) (m.11208), 5’-TATTCTACACCCTAGTAGGCTC-
3%;reverse_1(m.11386),5-AAGAGGTATCTTTACTATA
AACGC-3’; forward_2 (m.11339, A allele), 5’-TTAATAT
GACTAGCTTACACAAGAA-3’; reverse_2 (m.11478),
5’- CCGCCTAGTTTTAAGAGTACT-3’. Mutation of
m.3697G>A was confirmed by Sanger sequencing.

2.6 | Whole exome sequencing

DNA was extracted from EDTA blood samples from each
patient and their biological parents (trio) using a QIAamp
DNA Mini Kit (QIAGEN) and quantified with the Nanodrop
system (Thermo Scientific). Whole exome sequencing of the
samples was performed at Eulertechnology, Inc. (Beijing).
The pathogenicity of the variants was filtered by the consist-
ency with the recessive model of pathogenesis, allele fre-
quency and effect on protein function (Calvo et al., 2012).

2.7 | Measurement of oxygen consumption

Endogenous oxygen consumption from intact cells was de-
termined using a Clark-type oxygen electrode (Oroboros
Instruments), as described previously (Zhou et al., 2018). For
measuring oxygen consumption using the XF24 Analyzer
(Seahorse Biosciences), 4 X 10* cells were seeded and OCR
was assayed in a Seahorse XF-24 extracellular flux analyzer
by the sequential addition of 1 mM oligomycin, 1 mM car-
bonyl cyanide-p-trifluoromethoxyphenylhydrazone, and
1 mM rotenone plus I mM antimycin A (Gaude et al., 2018).

2.8 | Mitochondrial isolation and RCC
enzyme activity assay

Mitochondria from cultured cells were isolated as previously
described with minor modifications (Fernandez-Vizarra
et al., 2010). The enzyme activity of RCC I was measured
and normalized against citrate synthase as described previ-
ously (Birch-Machin & Turnbull, 2001).

2.9 | BN-PAGE, SDS-PAGE,
immunoblotting, and antibodies

Proteins from whole cell were extracted with RIPA lysis
buffer (Cell Signaling Technology) supplemented with a
protease inhibitor cocktail (Sigma-Aldrich). Native mito-
chondrial membrane proteins were solubilized in digitonin
(Sigma-Aldrich) at a ratio of 20-mg wet weight cells/2-mg
digitonin or in n-Dodecyl p-D-maltoside (DDM, Sigma-
Aldrich) at a ratio of 20-mg wet weight cells/1 mg DDM
in 40-uL solubilization buffer [5S0 mM sodium chloride,
50 mM imidazole, 2 mM 6-aminohexanoic acid, and 1 mM
EDTA (all from Sigma-Aldrich), pH 7.0 at 4°C]. The su-
pernatant containing the membrane proteins was retained
after centrifugation at 20,000 x g for 30 min. For mito-
chondrial OXPHOS complex analyses, 60-ug native mi-
tochondrial membrane proteins containing 0.5% Blue
G-250 (Sigma-Aldrich) and 5% glycerol were separated
by BN-PAGE (3%-11% gel), as previously described
(Wittig, Braun, & Schagger, 2006). The proteins separated
by BN-PAGE or SDS-PAGE were transferred to 0.22-um
PVDF membranes (Bio-Rad, Hercules, CA, USA) using
a semi-dry transfer system (Bio-Rad). The proteins were
probed with anti-Grim19 (ab110240; 1:1000), anti-SDHA
(ab14715; 1:1000), anti-UQCRC?2 (ab14745; 1:1000), anti-
ATP synthase subunit-o (ab14748; 1:1000), anti-MTCOI
(ab14705; 1:1000), anti-CLPP (ab124822; 1:1000), anti-
MEFEN1 (ab57602; 1:1000), anti-MFN2 (ab56889; 1:1000),
anti-OPA1 (ab42364; 1:1000), anti-DRP1 (ab184247;
1:1000), anti-PAPOLG (ab203751; 1:1000), anti-TOMM?20
(ab186734; 1:1000, all from Abcam, Cambridge, MA), anti-
AFG3L2 (AP13219a; 1:1000, ABGENT, San Diego, USA),
anti-TOMM?70 (#14528-1-AP; 1:2000), anti-AKT1 (#2938;
1:1000), anti-phospho-AKT Serd73 (#12694; 1:1000), anti-
P38 (#8690; 1:1000), anti-phospho-P38 (#4511; 1:1000),
anti-SRC  (#2109; 1:1000), anti-phospho-SRC (#2105;
1:1000), anti- p44/42 MAPK (Erk1/2) (#9102; 1:1000), anti-
phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (#4370;
1:1000), anti-JNK (#9252; 1:1000), anti-phospho-JNK
(#4668; 1:1000), anti-SOD1 (ab16831; 1:1000), anti-SOD2
(sc-133254; 1:1000), anti-Catalase (#14097; 1:1000), anti-
Thioredoxinl (#2429; 1:1000), anti-Peroxiredoxinl (#8499;
1:1000), anti-TFAM (#8076; 1:1000, all from Cell Signaling
Technology), anti-PGC-1 (sc-13067; 1:1000), anti-RXRA
(sc-553; 1:1000), anti-HSP60 (sc-376261; 1:2000), anti-
GRP75 (sc-133137; 1:1000), and anti-B-actin (sc-47778;
1:5000; all from Santa Cruz Biotechnology, Santa Cruz, CA).
Alkaline phosphatase-conjugated anti-mouse IgG (#7056;
1:2000; Cell Signaling Technology) or horseradish per-
oxidase-conjugated anti-rabbit/mouse IgG (#7074/#7076;
1:2000; Cell Signaling Technology) were used as second-
ary antibodies. Signals were detected with Clarity Western
ECL Substrate (Bio-Rad) or 5-bromo-4-chloro-3~-indolyl
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phosphate p-toluidine (20 mg/ml, Thermo Fisher Scientific)/
nitrotetrazolium blue chloride (10 mg/ml, Sigma-Aldrich).

2.10 | ATP, Mitochondrial membrane
potential and ROS measurements

ATP, mitochondrial membrane potential and ROS were
measured using an ATP measurement kit (Thermo Fisher
Scientific), the cationic fluorescent redistribution dye, te-
tramethylrhodamine methyl ester (TMRM, Thermo Fisher
Scientific), the MitoSOX and Carboxy-DCFDA dyes (both
from Thermo Fisher Scientific) respectively, as described
previously (Fang et al., 2018). The relative level of ATP, mi-
tochondrial membrane potential and ROS was normalized by
protein concentration or cell area.

2.11 | Immunofluorescence staining

Cells were cultured on coverslips and fixed with 4% paraform-
aldehyde/PBS, and then they were incubated overnight with
anti-HSP60 (1:300; Santa Cruz Biotechnology) or anti-LC3B
(1:250; Cell Signaling Technology) antibodies at 4°C in a
darkroom. After washing and incubating with a fluorescently
labeled secondary antibody, either IgG-Alexa Fluor 594 or
IgG-Alexa Fluor 488 (1:300; Cell Signaling Technology). A
final incubation was performed to stain the cells with DAPI
(Beyotime)(Zhou et al., 2018). Images were captured using
a confocal laser microscope at 600 X magnification (Nikon).
Pearson's correlation coefficients were calculated with Image
Jv2.4.1.7 using 40 cells from 10 images (four cells per image)
for each cell line (Zinchuk et al., 2013). Fragmented mito-
chondria-containing cells were quantitatively defined using
Image J, according to published criteria (Wang et al., 2016).

2.12 | Aspartate measurement

The aspartate level was measured using an aspartate assay
kit (Abcam) according to the manufacturer's instruc-
tions. Fluorescence was record by the Varioskan™ Flash
Multimode Reader (excitation/emission: 535/590 nm)
(Thermo Fisher Scientific). The relative aspartate level was
normalized against cell number.

2.13 | Cell proliferation assay

Cell Counting Kit-8% solution (Dojindo) was used for cell prolif-
eration measurement according to the manufacturer's protocol.
Briefly, 4 X 10° cells/100 pL were seeded in 96-well plates and
treated with 10 pL of Cell Counting Kit-8® solution. The optical
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density of the wells was measured at 450 nm using a Varioskan™
Flash Multimode Reader (Thermo Fisher Scientific).

2.14 | mtDNA content, mtRNA gene
expression

Genomic DNA and total RNA were extracted using standard
protocols and quantitative real-time PCR was performed with
previously reported primers(Fang et al., 2018) on a CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad) using
SYBR® Green qPCR Mastermix (Bio-Rad). Both the mtDNA
content and the mRNA levels were determined using the 2
AACD method, as previously described (Fragouli et al., 2015).

215 |
analysis

Sample preparation and transcriptome

Total RNA was isolated from each cybrid cell (n = 3) and
then the library construction and sequencing were performed
by Novogene, as described previously (Fang et al., 2018). The
number of reads of mapped gene was obtained by the standard
pipeline, differential expression analysis was performed using
the DESeq2 R package. Genes featured an adjusted p < .05 were
regarded as DEGs. To identify the DEGs between the cybrids
carrying m.14487T>C and the control cybrids, we combined two
L cybrid cells as the wild group, and two H cybrid cells as the mu-
tant group. Heatmaps were drawn using the R package pheatmap.

2.16 |
profiling

Sample preparation and metabolomic

Cells (n = 6 for each cybrid) were plated in high-glucose
Dulbecco's modified Eagle's medium. After 48 hr, the cells
were collected and snap frozen in liquid nitrogen. Samples
were sent to Metabolon, Inc. for metabolomic profiling.
Principal component analysis was used to display the overall
differences. Differences between groups in the abundance of
metabolites were assessed by Welch's two-sample ¢ test for
the multivariate model analysis. Differences were considered
statistically significant at p < .05.

2.17 | Statistical analysis

All experiments were performed in triplicate and were per-
formed independently at least three times for each cybrid cell.
Data are presented as the mean =+ standard error of the mean.
Significance was estimated using either an independent
Student's # test (number of comparations = 1) or a One-Way
ANOVA (number of comparations >2) for cybrid data, except
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for the NGS data and metabolomics data. For m.14487T>C, a
significant difference between mutant cybrids and wild-type
cybrids was accepted only when all comparations in the One-
Way ANOVA met the criterion of p < .05. For m.3697G>A,
the null hypothesis was rejected when p < .05.

2.18 | Accession numbers

The data that support the findings of this study are available
on request from the corresponding author. All data including
WES data, transcriptome data are deposited in the GEO data-
base (accession number: GSE131741).

3 | RESULTS
3.1 | Validation of m.14487T>C cybrid cell
model

To generate m.14487T>C cybrid cells, three unrelated pa-
tients carrying m.14487T>C but no other disease-causing

mtDNA mutations were recruited. Mutant load analysis
using polymerase chain reaction restriction fragment length
polymorphism (PCR-RFLP) showed 85%, 95%, and 100%
m.14487C in the blood of patient 1, patient 2, and patient
3, respectively, whereas m.14487C was absent in the blood
of all maternal subjects (Figure la—c). In family 2, homo-
plasmic m.14487C was detected in the buccal mucosa of
the patient and no such mutation was detected in his mother
(Figure 1b). Mutation detection in other tissues was not per-
formed but both clinical presentation (Table S1) and genetic
analysis (Figure la—c) indicated the onset of m.14487T>C-
related mitochondrial disease, according to published reports
(Eckenweileretal.,2015; Lebon etal.,2003; Leshinsky-Silver
et al., 2011; Solano et al., 2003; Ugalde et al., 2003; Wang
et al., 2009). Decreased cellular respiration (Figure 1d) and
mitochondrial RCC assembly (Figure le,f) in immortalized
lymphocytes from two patients carrying m.14487T>C were
confirmed when compared with control lymphocytes. These
preliminary results agreed with previously published reports
that m.14487T>C mutation contributes to mitochondrial ab-
normality. To verify the effects of the mtDNA m.14487T>C
mutation on mitochondrial function, we established a study
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B: 0% BM: 0% B:0%
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143B rhoO cell Platelet from patient
B:100% we
BM 100% 4 Fusion /
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FIGURE 1 Construction of m.14487T>C cybrid model. (a—c) Three family pedigrees are shown as P1 (a), P2 (b), and P3 (c). Mutant load

analysis using polymerase chain reaction restriction fragment length polymorphism showed the mutant percentage of m.14487C in the blood and
buccal mucosa (P2) (b) from patient 1 (a), patient 2 (b), and patient 3 (c) and their maternal subjects. B: blood; BM: buccal mucosa. (d) Oxygen
consumption rate (OCR) in lymphocytes obtained from patient 2, patient 3, and two healthy controls. Base: basal mitochondrial respiration; oligo:
uncoupled mitochondrial respiration, measured in the presence of oligomycin (2 pg/mL); Basal-oligomycin: ATP-linked mitochondrial respiration,
calculated by subtracting OCR in the presence of oligomycin from basal OCR. (e-f) Respiratory chain supercomplexes in lymphocytes obtained from
patient 2 (e), patient 3 (f), and a healthy control. Digitonin-solubilized cell lysates were analyzed by Blue Native PAGE/immunoblotting. Complexes
I-V were probed with antibodies against Grim19, SDHA, UQCRC2, COXI, and ATP5a, respectively. (g) A strict standard to select cybrid clones
with or without m.14487T>C mutations. Different colors represent different mutations in the mtDNA. Blue: m.14487T; red: m.14487C; purple and
green: private mutations. All experiments were performed independently at least thrice. Data are presented as means + SEM. ***p < .001
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model by generating cybrids with and without m.14487T>C
mutation, following a strict standard (Figure 1g). Generally,
for each patient, cybrids carrying homoplasmic m.14487T
or m.14487C were selected from dozens of clones using
PCR-RFLP (Figure Sla). Next, NGS of the mitochondrial
genome was performed in all 12 cybrids (four per patient) for
the following purposes: a. to ensure the selection of cybrid
clones containing homoplasmic m.14487T or m.14487C,
otherwise, candidate clones with homoplasmic m.14487T or
m.14487C indicated by PCR-RFLP were recruited until NGS
verified that homoplasmic m.14487T or m.14487C cybrids
had been selected; and b. to avoid the use of cybrids with
somatic mtDNA mutations or clonal expansions of mtDNA
mutations other than m.14487T>C during cybrid clone selec-
tion. As shown in Tables S2 and S3, homoplasmic m.14487T
or m.14487C was confirmed and no other private mtDNA
mutations were detected in the cybrids from patient 1 or 2.
Unexpectedly, we did find a private m.3842G>A (53.78%)
mutation with a considerable mutant load in one cybrid from
patient 3 (L3-#1) (Table S4), which was further confirmed
by allele-specific quantitative PCR (74%). Bioinformatics
analysis showed that a codon for an evolutionarily conserved
amino acid tryptophan (W) was replaced with a terminator
codon in cells with m.3842G>A mutations (Figure S1b).
L3-#1 was therefore not used in this study. Furthermore, an-
other private mtDNA mutation, m.11363G>A, was detected
in H3-#1 with a low mutant load (16.7%) (Table S4) and con-
firmed by allele-specific quantitative PCR (7%). Although
bioinformatics analysis indicated that an evolutionally con-
served amino acid Alanine (A) was replaced by threonine
(T) at position 202 in the cell with m.11363G>A mutation
(Figure Slc), we included this cybrid for further study (with
caution), while the mutant load was low. Moreover, karyo-
typing was performed in all 12 cybrids and no significantly
differences were observed between the cybrids from any pa-
tients (Table S5). Lastly, experimental conditions throughout
this work were quality controlled using cybrids with homo-
plasmic m.3697G>A mutations, a mutation that has long
been associated with RCC I deficiencies and mitochondrial
disease such as Leigh Syndrome, mitochondrial encephalo-
myopathy, lactic acidosis, and stroke-like episodes (Kirby
et al., 2004; Negishi et al., 2014).

3.2 | Homoplasmic m.14487T>C mutations
do not affect mitochondrial RCC I or
supercomplex assembly in cybrid cells

The m.14487T>C mutation was shown to impaired RCC 1
assembly in both cybrid cells and tissues biopsies (Ugalde
etal., 2003). To verify the causative role of m.14487T>C mu-
tation, we determined the RCC level in cybrid cells derived
from three patients carrying homoplasmic m.14487T>C
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mutations. Unexpectedly, the steady-state levels of RCC
I, RCC III, RCC 1V, and mitochondrial complex V in the
m.14487C cybrid cells were similar to those in paired con-
trol m.14487T cybrid cells (Figure 2a—c). As one study had
claimed that only mitochondrial supercomplexes contain as-
sembled and activated holo-RCC I in 143B cells (Moreno-
Lastres et al., 2012), we asked if the super assembly of RCC
I + I or RCC I + MI+IV, was affected by m.14487T>C.
However, the steady-state levels of these mitochondrial su-
percomplexes were not changed by m.14487T>C mutation
in the cybrids derived from patient 1 (Figure 2d), patient 2
(Figure 2e), or patient 3 (Figure 2f). Notably, by adopting
the same Blue Native polyacrylamide gel electrophoresis
(BN-PAGE)/immunoblot technology conditions, decreased
RCC I-containing supercomplexes were found in cybrid cells
with homoplasmic m.3697G>A mutations (Figure S2), sug-
gesting that the conditions used in this study were reliable.
Taken together, these findings provide biochemical evidence
indicating that m.14487T>C mutations may not be enough
to impair RCC and mitochondrial supercomplex assembly
in our cybrid models. Therefore, it is not surprising that
both the mtDNA-lacking 143B cells and the cybrids carry-
ing m.3697A cannot grow well in galactose medium when
compared with wild-type 143B cells and cybrids carrying
m.3697G, respectively (Figure 2g,h), while the growth ca-
pacity of cybrids carrying m.14487C in galactose is compara-
ble to that of cybrids carrying m.14487T (Figure 2i-k).

3.3 | The homoplasmic m.14487T>C
mutation does not affect mitochondrial
function in cybrid cells

Since some mtDNA mutations impair mitochondrial function
without changing RCC assembly (Malfatti et al., 2007), we
then asked if m.14487T>C mutation impaired mitochondrial
respiration without affecting RCC I assembly in our cybrid
models. Unexpectedly, we did not see significant alterna-
tions in endogenous mitochondrial respiration, ATP-linked
mitochondrial respiration (basal respiration and oligomycin-
resistant respiration), or respiratory control ratios (defined by
basal respiration/oligomycin-resistant respiration) in mutant
cybrids compared with wild-type cybrids (Figure 3a—c). To
validate the effect of m.14487T>C mutation on mitochon-
drial respiration, we performed mitochondrial respiration as-
says in cybrid cells using Seahorse XF Analyzers, another
well-established platform for measuring the oxygen con-
sumption rate (OCR) in live cells. Consistently, we did not
see any change of OCR in mutant cybrids compared with
paired wild-type cybrids derived from patient 1 (Figure 3d,e);
however, homoplasmic m.3697G> A mutations did consider-
ably impair OCR, especially ATP-linked OCR (Figure 3f,g),
indicating that the OCR measurement platforms we used in
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FIGURE 2 Homoplasmic m.14487T>C mutations do not affect mitochondrial RCC T or supercomplex assembly in cybrid cells. (a—c)

Respiratory chain single complexes in cybrids containing m.14487T>C mutations from patient 1 (a), patient 2 (b), and patient 3 (c) and their paired

control cybrids. (d—f) Respiratory chain supercomplexes in cybrids containing m.14487T>C mutations from patient 1 (d), patient 2 (e), and patient

3 (f) and their paired control cybrids. In (a—f), Digitonin-solubilized cell lysates were analyzed by Blue Native PAGE/immunoblotting. Complexes
I-V were probed with antibodies against Grim19, SDHA, UQCRC2, COXI, and ATP5a, respectively. SC: supercomplex. (g—h) Cell proliferation
showing that both mtDNA-lacking 143B cells (g) and cybrids carrying m.3697A (h) did not grow well in galactose medium when compared with

wild-type 143B cells and cybrids carrying m.3697G, respectively. (i—k) Cell proliferation showing the growth capacity of cybrids containing

m.14487T>C mutations from patient 1 (i), patient 2 (j), and patient 3 (k) are comparable with the paired control. All experiments were performed
independently at least thrice. Data are presented as means + SEM. *p < .05, **p < .01, ***p < .001, ****p < .0001

this study were reliable. Moreover, we failed to detect any
RCC I deficiencies in the mutant cybrids when checking the
enzyme activity of RCC I (Figure 3h). Similarly, mitochon-
drial membrane potential, which is closely associated with
the function of RCCs, was not altered in mutant cybrids com-
pared with wild-type cybrids (Figure 3i-k). Additionally, cel-
lular ATP levels were similar between mutant and wild-type
cybrids (Figure 31-n), whereas ATP levels were 50% lower
in cybrids containing homoplasmic m.3697G>A mutations
than in their paired control cybrids (Figure 30), further dem-
onstrating that a m.14487T>C mutation has a minimal effect
on mitochondrial function.

3.4 |

An impaired mitochondrial OXPHOS may lead to the
overactivation of mitochondrial quality-control (MQC)
systems at the molecular or organelle level to compensate
for and restore mitochondrial function (Moehle, Shen, &
Dillin, 2019; Zinchuk et al., 2013). Therefore, it would be
informative if MQC features were tested in wild-type and

Mitochondrial quality control systems
were not affected by m.14487T>C mutation

mutant cyprids. Given that molecular MQC is regarded
as the first line of defense in this process, we first de-
termined the levels of molecular MQC marker proteins
in m.14487T/C and m.3697G>A cybrids. As shown in
Figure 4a, red panel, overactivation of molecular MQC
was found in m.3697A cybrids but not in m.14487C cy-
brids, when compared with their paired control cybrids.
Next, we asked whether MQC at the organelle level was
altered in mutant cybrids. Our results revealed that the
expression levels of fission and fusion marker proteins,
the long and short forms of OPA1, MFN1/2, and DRPI,

were similar in both m.14487C- and m.3697A-containing
cybrids, when compared with their paired control cybrids
(Figure 4a, blue panel). Furthermore, the percentages of

tubular/fragmented mitochondria were similar between
mutant (m.14487T>C or m.3697G>A) and control cy-

brids (Figure 4b-e). This suggests that mitochondrial

fission and fusion may not be affected by m.14487T>C
or m.3697G>A mutation. In addition, we found that the
colocalization coefficient of LC3B and mitochondria was
not affected in cybrids with m.14487T>C or m.3697G>A
mutations (Figure 4f-i). In addition, mitochondria mass
was similarly unaffected by m.14487T>C (Figure 4;j
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FIGURE 3 The homoplasmic m.14487T>C mutation does not affect mitochondrial function in cybrid cells. (a—c) Oxygen consumption rates
(OCRs) in cybrids containing m.14487T>C mutations from patient 1 (a), patient 2 (b), and patient 3 (c) and their paired control cybrids. Base:
basal mitochondrial respiration; oligo: uncoupled mitochondrial respiration, measured in the presence of oligomycin (2 pg/mL); Basal-oligomycin:
ATP-linked mitochondrial respiration, calculated by subtracting OCR in the presence of oligomycin from basal OCR. Basal/oligomycin: respiratory
control ratio, calculated by dividing OCR in the presence of oligomycin by basal OCR. (d,f) Mitochondrial OCR was determined in cybrids from
patient 1 containing m.14487T>C mutations (d) or m.3697G>A (f) mutations, and their paired control cybrids (n = 5). (e, g) The ATP-linked

OCR was calculated by subtracting average OCR in the presence of oligomycin from basal OCR cybrids from patient 1 containing m.14487T>C
mutations (e) or m.3697G>A (g) mutations, and their paired control cybrids (n = 5). (h) Relative mitochondrial respiratory chain complex activities
measured for complex I in cybrids containing m.14487T>C and their paired control cybrids. Respiratory chain complex activities were normalized
against citrate synthase activity. (i—k) Relative mitochondrial membrane potential (MMP) in cybrids containing m.14487T>C mutations from
patient 1 (i), patient 2 (j), and patient 3 (k) and their paired control cybrids. MMP was normalized against protein concentration. (I-o) Relative ATP

content in cybrids containing m.14487T>C mutations from patient 1 (1), patient 2 (m), and patient 3 (n) or m.3697G>A (o) mutations and their

paired control cybrids. ATP content was normalized against protein concentration. All experiments were performed independently at least thrice.

Data are presented as means + SEM. **p < .01, ***p < .001

and k) or m.3697G>A (Figure 4j). Our findings suggest
that mitophagy was not activated by m.14487T>C or
m.3697G>A mutation in cybrid cells. Collectively, our
data demonstrate that MQC machineries were partially
activated in cybrids containing m.3697G>A but not in
cybrids containing m.14487C, which may lead us to be-
lieve that mitochondrial function was minimally affect by
m.14487T>C mutation.

3.5 | Homoplasmic m.14487T>C mutation
does not change ROS-mediated mitochondrial
retrograde signaling

Increased reactive oxygen species (ROS) production has
been found in cybrid cells with European m.14487T>C
(Gonzalo et al., 2005). However, ROS generation, as

determined using either the mitochondrial ROS probe
MitoSOX (Figure Sa—c) or the cellular ROS probe carboxy-
DCFDA (Figure 5d-f), was not affected by m.14487T>C
mutation in this study. However, m.3697A-containing
cybrids generated more cellular ROS than m.3697G-con-
taining cybrids (Figure 5g). As antioxidant systems may
compensate for and alleviate the oxidative stress caused
by mitochondrial abnormality, we determined the levels
of antioxidant enzymes in all cybrid cells. As shown in
Figure 5h, neither the mitochondrial nor the cellular anti-
oxidant activities differed between the cybrids containing
m.14487T>C or m.3697G>A mutations and their paired
control cybrids. This suggests that mitochondrial oxidative
stress was not altered in cybrids with m.14487T>C muta-
tions, probably due to the fact that mitochondrial function
is minimally affected by Chinese m.14487T>C mutations.
Consistently, the analysis of five classic ROS-activated
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control (MQC) systems in all cybrid cells. The red panel shows the molecular MQC systems, and the blue panel shows MQC at the organelle
level. All cell lysates were analyzed by western blot with antibodies against Hsp60, GRP75, CLPP, AFG3L2, MEN1, MFN2, OPA1, and DRP1.
Actin was used as the internal control. (b—d) Stacked bar plot showing the percentages of cybrid cells with or without m.14487T>C mutations
from patient 1 (b), patient 2 (c), and patient 3 (d) with fragmented mitochondria (n = 100). Images show the mitochondrial morphology in mutant
cybrids and paired control cybrid cells from patient 1 (b), patient 2 (c), and patient 3 (d). All cybrid cells were probed with HSP60 (red). (e)
Stacked bar plot showing the percentages of cybrid cells with or without m.3697G>A mutations with fragmented mitochondria (n = 100). Images
show the mitochondrial morphology in cybrid cells with or without m.3697G>A mutations. (f—h) Scatter plot showing the Pearson's correlation
coefficients of LC3B (green) and HSP60 (red) colocalization in cybrids with or without m.14487T>C from patient 1 (f), patient 2 (g), and patient
3 (h). Colocalization degree: extremely weak, —1.0 ~ —0.27; very weak, —0.26 ~ —0.09; moderate, —0.1 ~ 0.48; strong, 0.49 ~ 0.84; and very
strong, 0.85 ~ 1.0. Images show the colocalization of endogenous LC3B and mitochondria in cybrids with or without m.14487T>C from patient

1 (f), patient 2 (g), and patient 3 (h). All cybrids were probed with LC3B (green) and HSP60 (red) antibodies; nuclei were stained with DAPI
(blue). (i) Scatter plot showing the Pearson's correlation coefficients of LC3B (green) and HSP60 (red) colocalization in cybrids with or without
m.3697G>A. Images show the colocalization of endogenous LC3B and mitochondria in cybrids with or without m.3697G>A. (j) Western blotting
showing relative amounts of Tomm?20 and Tomm70 in whole-cell extracts. (k) Relative mitochondrial citrate synthase activity in cybrids with or
without m.14487T>C. Activity was normalized against mitochondrial protein concentration. Images were acquired using a confocal laser scanning
microscope; representative images (600x) are shown. Scale bar: 50 pm. All experiments were performed independently at least thrice. Data are
presented as means + SEM

mitochondria-to-nucleus retrograde signaling pathways ROS-mediated mitochondria-to-nucleus retrograde signal-
revealed that ROS-responsive mitochondrial signaling ing pathways were minimally affected by m.14487T>C
was not affected by m.14487T>C mutation, whereas p38, mutation, further demonstrating that mitochondrial func-
SRC, and JNK were overactivated by m.3697G>A muta- tion is less affected by Chinese m.14487T>C mutation
tion (Figure 5i). Taken together, our findings indicate that than its European counterpart.
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FIGURE 5 Homoplasmic m.14487T>C mutation does not change ROS-mediated mitochondrial retrograde signaling. (a—c) Relative

mitochondrial ROS level in cybrids containing m.14487T>C mutations from patient 1(a), patient 2 (b), and patient 3 (c) and their paired control

cybrids. (d—f) Relative cellular ROS level in cybrids containing m.14487T>C mutations from patient 1(d), patient 2 (e), and patient 3 (f) and their

paired control cybrids. (g) Relative cellular ROS level in cybrids with or without m.3697G>A mutations. (h) Analysis of mitochondrial and cellular

antioxidant activity in cybrids with or without m.14487T>C mutations. Cell lysates were analyzed by western blot with antibodies against SODI,

SOD2, Catalase, Thioredoxinl, and Peroxiredoxinl. Actin was used as the internal control. (i) Analysis of mitochondrial-to-nucleus pathways in
cybrids with or without m.14487T>C mutations. Cell lysates were analyzed by western blot with antibodies against AKT, p-AKT (Ser473), P38,
p-P38, SRC, p-SRC, Erk1/2, p-Erk1/2, JNK, and p-JNK. All experiments were performed independently at least thrice. Data are presented as

means + SEM. ¥**%p < .0001

3.6 | Transcriptome profiles were minimally
affected by homoplasmic m.14487T>C
mutations in cybrid cells

Transcriptome profiling is a sensitive strategy used to un-
cover changes in mitochondrial to nucleus signaling due to
minor alternations in mitochondrial OXPHOS function (Picard
et al., 2014). We hypothesized that even a minor alternation
in OXPHOS function could remold transcriptome profiles in
m.14487T>C mutant cybrids, when compared with control cy-
brids. As shown in Figure S3a—c, the transcriptome profile re-
vealed a considerable number of differentially expressed genes
(DEGs) (IFCl >1.5, P, < 0.05) between the m.14487T and
m.14487C cybrids, of which 925 upregulated and 531 down-
regulated genes (Figure S3a), 587 upregulated and 1,266 down-
regulated genes (Figure S3b), and 1,062 upregulated and 845
downregulated genes (Figure S3c) were identified in m.14487T
cybrids as compared with m.14487C cybrids derived from pa-
tients 1, 2, and 3, respectively. However, these DEGs were
significantly enriched in only 3 and 1 KEGG pathways from
patient 1 and patient 3, respectively, and none of them were re-
lated to the mitochondrial or mitochondrial retrograde signaling
pathways (Table S6). This indicates that most of these DEGs

are biologically nonrelevant. Although the DEGs between the
m.14487T and m.14487C cybrids derived from patient 2 were
significantly enriched in 10 KEEG pathways, no evidence of
their involvement in metabolism pathways was identified and
some of the bioinformatically enriched pathways, such as the
PI3K-AKT and MAPK pathways, were experimentally ex-
cluded (Table S6; Figure 4i). Because the false negative effects
of KEGG pathway enrichment can lead to a lack of signifi-
cantly enrichment of metabolic pathways (Chen et al., 2017),
we manually analyzed gene expressions related to glycolysis
(Figure 6a), the tricarboxylic acid cycle (TCA) (Figure 6b),
fatty acid oxidation (Figure 6c), and the pentose phosphate
pathway (PPP) (Figure 6d). However, we failed to detect any
TCA- or pentose phosphate pathway-related DEGs between the
m.14487T- and m.14486C-containing cybrids (mean IFCl > 1.5,
P4 < 0.05) (Figure 6b,d). Furthermore, gene expression re-
lated to glycolysis and fatty acid oxidation were barely affected
since only a few DEGs (indicated by a dotted box in the Figure)
(mean [FCI > 1.5, P,4; < 0.05) were detected in some, but not all,
of the mutant cybrids (Figure 6a,c). Taken together, our results
suggest that the gene expression related to metabolic perfor-
mance was minimally affected in cells carrying m.14487T>C
mutations, when compared with control cells.
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FIGURE 6 Transcriptome profiles were minimally affected by homoplasmic m.14487T>C mutations in cybrids cells. (a—d) Heatmap
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Next, we analyzed the RNA levels of 25 transcription
factors (Dominy & Puigserver, 2013), which may compen-
sate for and restore mitochondrial function in cybrids with
m.14487T>C mutations, but few of them were significantly
affected by m.14487T>C mutation (as indicated by a dot-
ted box in the Figure) (IFCI >1.5, P4 < 0.05) (Figure 6e).
Moreover, the protein analysis of four mitochondrial biogen-
esis-related transcription factors excluded the contribution of
the patient 3-derived m.14487T>C mutation on mitochon-
drial transcription factor A (TFAM) levels (Figure 6f), and
supported the notion that there is no compensatory boost of
mitochondrial biogenesis in cybrids carrying m.14487T>C
mutations (Figure 6f). Moreover, although mtDNA copy
number was not affected (Figure 6g) and a slightly increase
of mtRNA level was observed in patient 3-derived cybrids
with m.14487T>C (Figure 61), neither mtDNA copy number
(Figure 6g-I) nor mtRNA level (Figure 6j—k) were signifi-
cantly altered in cybrids carrying m.14487T>C mutations
derived from patients 1 and 2, when compared with their
paired control cybrids. Notably, a significantly increase of

mtRNA level was observed in cybrids with 3697G>A when
compared with their paired control cells (Figure 6m). Taken
together, our results suggest that the comparable mitochon-
drial OXPHOS function between m.14487T and m.14487C
cybrids is not because of a compensatory boost of mitochon-
drial biogenesis in the m.14487C cybrids.

3.7 | Metabolic features were minimally
affected by homoplasmic m.14487T>C
mutations in cybrid cells

Changes in mitochondrial OXPHOS function are closely as-
sociated with metabolic reprogramming. Even a mild change
in the OXPHOS within the normal range is sufficient to gen-
erate substantial changes in metabolites (Latorre-Pellicer
et al., 2016). It is likely that metabolomics could be a sensi-
tive and useful tool to evaluate possible changes in OXPHOS
function. Therefore, we profiled metabolic features in cybrids
with and without the given mtDNA mutations (m.14487T>C
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and m.3697G>A). Principal component analysis revealed a
differential metabolic profile in cells with m.3697G>A when
compared with control cells (Figure 7a), whereas the met-
abolic profiles of the cells with and without m.14487T>C
mutation were shared (Figure 7b). This suggests that meta-
bolic features may not be affected by m.14487T>C muta-
tion. Furthermore, the metabolic pathways of glycolysis
(Figure 7c¢), TCA (Figure 7d), and PPP (Figure 7e), which
are tightly controlled by the OXPHOS, were barely affected
by m.14487T>C mutation (Figure 7f). However, all three
of these pathways were significantly altered in cells carry-
ing m.3697G>A when compared with control cells (Figure
7g-j). Moreover, the levels of amino acids, including aspar-
tate, glutamine, methionine, phenylalanine, serine, and ty-
rosine, were significantly affected by m.3697G>A mutation
(Figure 7k), while none of these amino acids were affected
by m.14487T>C mutation (Figure 71). Notably, although de-
creased levels of aspartate have long been associated with
OXPHOS deficiencies, both mass spectrometry and biochem-
istry-based aspartate determination supported the notion that
aspartate was upregulated in cells with m.3697G>A when

compared with paired control cells (Figure 71 and Figure S4),
indicating that the methods and experimental conditions we
used in this study were reliable. Taken together, our results
suggest that mitochondrial OXPHOS function was barely af-
fected in cybrid cells carrying Chinese m.14487T>C muta-
tions, and our metabolomic results suggest that m.14487T>C
does not affect mitochondrial-associated metabolic features.

4 | DISCUSSION

In the past two decades, dozens of rare mtDNA mutations
were identified as being associated with mitochondrial dis-
ease (Bannwarth et al., 2013). Unlike nDNA, mitochondrial
diseases caused by heteroplasmic mtDNA mutations are
clinically heterogeneous due to the heteroplasmic features of
mtDNA at the molecular, cellular, tissue, and organ levels.
For homoplasmic mtDNA mutations such as m.14484T>C
and m.1555A>G, which have slight impacts on mitochon-
drial function, nuclear modifier genes including mitochon-
drial tRNA-specific 2-thiouridylase 1 (Guan et al., 2006) and
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tyrosyl-tRNA synthetase 2 (Jiang et al., 2016) may be in-
volved in causing varied clinical phenotypes in patients from
the same pedigree. In this study, we confirmed that patient-
derived lymphocytes with almost homoplasmic m.14487T>C
mutations have decreased mitochondrial respiration and
RCC I-related supercomplex assembly. However, it seems
that homoplasmic m.14487T>C mutation has minimal ef-
fects on mitochondrial function in a transmitochondrial cy-
brid model. We believe that some currently unknown nuclear
modifier genes may act synergistically with m.14487T>C
to cause RCC I deficiency. Notably, m.14487T>C mutation
has been functionally confirmed as a causative mutation for
RCC T deficiency using similar transmitochondrial strate-
gies as used in this study (Solano et al., 2003; Ugalde et al.,
2003). Considering that the only difference between Ugalde
et al.’s study model and ours is that they used a European-
derived mtDNA genetic background (mtDNA haplogroup)
and we used an East Asian one (Gonzalo et al., 2005; Solano
et al., 2003; Ugalde et al., 2003), it is probable that mtDNA
haplogroup may also contribute to the pathogenic role of
m.14487T>C.

The pathogenic role of m.14487T>C in mitochondrial
disease is very well accepted, and the mutation fulfills all
criteria for it is pathogenicity (Gonzalez-Vioque, Bornstein,
Gallardo, Fernandez-Moreno, & Garesse, 2014; Zaragoza,
Brandon, Diegoli, Arbustini, & Wallace, 2011). Recently,
the first preimplantation genetic diagnosis for m.14487T>C
was performed for the birth of a clinically asymptomatic boy
(Sallevelt et al., 2017). That is to say, any new conclusions re-
lated to the pathogenic role of m.14487T>C should be made
very carefully. Transmitochondrial technology is frequently
used to evaluate the contribution of mtDNA to OXPHOS
function since noise from the nuclear genetic background
is adjusted for (Schon, DiMauro, & Hirano, 2012; Wilkins,
Carl, & Swerdlow, 2014) (Figure 1g). Using this model, both
disease-causative mtDNA mutations and false positive mito-
chondrial disease-related mtDNA mutations were identified
(Bornstein et al., 2002). In this study, we used transmitochon-
drial technology to test mitochondrial function in cybrids car-
rying m.14487T>C with additional cautions. An expanded
number of cybrid clones and karyotyping were used to rule
out potential nuclear influences in this study. Furthermore,
we applied NGS to exclude private mutations during cy-
brid cell colonialization. Strikingly, two mtDNA mutations,
m.3842G>A and m.11363G>A, were found in two cybrid
cells derived from patient 3. Neither had been previously re-
ported or maternally inherited. As neither of these mutations
were detected via NGS sequencing of the blood of patient 3 or
her mother, they were unlikely, although still possible, caused
by a clonal expansion event during cybrid cell colonialization
(Gorman et al., 2015; Greaves et al., 2014; Lakshmanan et al.,
2018). It is possible that transmitochondrial procedures or cy-
brid cell colonialization may introduce a considerable number

of de novo mtDNA mutations. Although the mechanisms
underlying the role of transmitochondrial technology in the
derivation of de novo mutations need further investigation,
mtDNA resequencing using NGS is recommended to exclude
such mutations when making cybrid models. Biochemical
evidence, such as decreased mitochondrial respiration, im-
paired OXPHOS enzymatic activity, or cells failing to grow
in a galactose medium, are sufficient to claim a mitochondrial
disorder in vitro. However, negative results in these biochem-
ical indexes are not sufficient to exclude mitochondrial ab-
normality due to the possibility of compensatory effects on
mitochondrial biogenesis (Liemburg-Apers, Schirris, Russel,
Willems, & Koopman, 2015; Pacheu-Grau et al., 2018; Van
Bergen et al., 2011). Mitochondrial to nuclear signaling plays
a central role in the response to OXPHOS impairment (Chae
et al.,, 2013). For example, increased mitochondrial ROS
may be repressed by increasing the level of ROS-responsive
NRF2, a master transcriptional regulator of antioxidant genes
(Nguyen, Nioi, & Pickett, 2009). In addition, increased mito-
chondrial ROS and decreased ATP production may activate
NRF1 and AMPK, respectively, to provide a compensatory
boost to mitochondrial function via a transcriptional increase
in the abundance of the mitochondrial master regulators,
PPARGCI1A alpha and PPAR-alpha (Liu & Butow, 2006).
Therefore, it is necessary to exclude any possible compensa-
tory responses due to mitochondrial damage in m.14487T>C
cybrids. In this study, we examined mitochondrial to nuclear
signaling at both the RNA and protein levels (Figures 4 and
5) and no mitochondria-related compensatory events were ob-
served in the m.14487T>C cells. Transcriptional reprogram-
ming related to metabolic pathways such as glycolysis can be
achieved in cells with even minor changes in mitochondrial
function (Picard et al., 2014); however, the transcriptional
performance of the metabolic pathways did not differ be-
tween m.14487T and m.14487C cybrids, which was further
confirmed by metabolome profiling. Since the threshold level
for mitochondrial OXPHOS damage to induce transcriptome
and metabolome reprogramming is unknown, we cannot
identify to what degree OXPHOS function is being affected
by m.14487T>C mutation. However, it is likely that tran-
scriptional and metabolic reprogramming can be observed in
cells with altered OXPHOS function before the appearance of
biochemical evidence, such as the oxygen consumption index
(Latorre-Pellicer et al., 2016; Picard et al., 2014).

In the theory of mitochondrial evolution medicine,
mtDNA haplogroup plays an important role in the devel-
opment of metabolic and degenerative disease (Fang et al.,
2018; Wallace, 2005). Molecular epidemiology studies have
shown that mtDNA haplogroup differently affects the clini-
cal penetrance of LHON worldwide (Brown, Sun, & Wallace,
1997; Hudson et al., 2007; Wallace et al., 1988). A subse-
quent functional study revealed that mtDNA haplogroup dif-
ferentially modulated the assembly kinetics of the OXPHOS
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(Pello et al., 2008). In evolution, the characteristics of mtDNA
can be shaped and influenced by nuclear genetic background
in order to minimize the incompatibility of nDNA and mtD-
NA(Wei et al., 2019). And the individuals carrying mtDNA
deleterious variant with mismatched nuclear—mtDNA ge-
nome are more likely to be pathological. This convincingly
explains why m.14487T>C was functionally characterized
as a damaging mutation in previous cybrid models but not
in ours. However, further studies are needed to explore the
contribution of other East Asian mtDNA haplogroups to
m.14487T>C. While m.14487T>C mutation itself has a min-
imal effect on mitochondrial RCC I deficiency, unless in a
combined patient nuclear genetic background, all the avail-
able evidence drives us to believe that nuclear modifier genes
contribute to the pathogenicity of m.14487T>C. To identify
secondary nDNA mutations related to m.14487T>C, we per-
formed trio whole exome sequencing in family 2 and whole
exome sequencing in an additional three patients, including
patient 3. Unfortunately, we failed to detect any candidate mu-
tations in the genes of RCC I or its assembled factors, follow-
ing the published filtration strategy (Calvo et al., 2012). Thus,
the identity of the nuclear modifier genes remains unknown.

In conclusion, we show that m.14487T>C with an East
Asian mtDNA haplogroup has a minimal effect on mitochon-
drial function, and unknown nuclear modifier genes may be
involved in regulating the pathogenicity of this mutation.
Although further studies are needed to fully understand the
role of m.14487T>C in mitochondrial disease, our find-
ings partly clarify the underlying mechanisms by which the
clinical features related to m.14487T>C display individual
heterogeneity.
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