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ABSTRACT

In this report, we investigated the molecular mecha-
nism underlying a deafness-associated m.5783C > T
mutation that affects the canonical C50-G63 base-
pairing of T�C stem of tRNACys and immediately ad-
jacent to 5′ end of light-strand origin of mitochon-
drial DNA (mtDNA) replication (OriL). Two dimen-
sional agarose gel electrophoresis revealed marked
decreases in the replication intermediates includ-
ing ascending arm of Y-fork arcs spanning OriL
in the mutant cybrids bearing m.5783C > T muta-
tion. mtDNA replication alterations were further ev-
idenced by decreased levels of Pol�A, Twinkle and
SSBP1, newly synthesized mtDNA and mtDNA con-
tents in the mutant cybrids. The m.5783C > T muta-
tion altered tRNACys structure and function, includ-
ing decreased melting temperature, conformational
changes, instability and deficient aminoacylation of
mutated tRNACys. The m.5783C > T mutation im-
paired the 5′ end processing efficiency of tRNACys

precursors and reduced the levels of tRNACys and
downstream tRNATyr. The aberrant tRNA metabolism
impaired mitochondrial translation, which was espe-
cially pronounced effects in the polypeptides harbor-
ing higher numbers of cysteine and tyrosine codons.
These alterations led to deficient oxidative phospho-
rylation including instability and reduced activities of
the respiratory chain enzyme complexes I, III, IV and

intact supercomplexes overall. Our findings highlight
the impact of mitochondrial dysfunction on deafness
arising from defects in mitochondrial DNA replication
and tRNA metabolism.

INTRODUCTION

Mutations in mitochondrial DNA (mtDNA) have been as-
sociated with a wide spectrum of human diseases including
neuromuscular disorders, diabetes, vision failure as well as
hearing loss (1–5). Human mitochondrial DNA (mtDNA)
is circular, double-strand molecule with 16.6 kb and com-
posed of heavy (H)- strand encoding 2 rRNAs and 14
tRNAs and 12 polypeptides for essential subunits of ox-
idative phosphorylation system (OXPHOS), and light (L)-
strand coding for eight tRNAs and one polypeptide (ND6)
(6,7). Human mitochondrial genome contains two con-
served origins of DNA replication (heavy-strand origin,
OriH, at positions 110–441 at D-loop region, and light-
strand origin, OriL at positions 5721–5798 containing the
37 bp at 3′ end anti-sense strand of tRNACys gene, 32 bp
noncoding sequence and 9 bp of 5′ end anti-sense strand
of tRNAAsn gene) (8–10). The strand-displacement model
(SDM) and alternative and partially overlapping models
have been suggested for mtDNA replication, catalyzed by
own replication machinery including DNA polymerase �
(Pol� ), Twinkle helicase and single stranded DNA bind-
ing protein (mtSSB) (8–11). mtDNA bi-directionally pro-
duces the polycistronic H- and L- strand transcripts, cat-
alyzed by the mitochondrial transcription machinery and
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resultant polycistronic transcripts are processed to release
13 mRNAs, 22 tRNAs and 2 rRNAs essential for mito-
chondrial translation (12–15). In particular, the processing
of mitochondrial tRNAs from the primary transcripts re-
quired the precise cleavage of tRNAs at their 5′ ends, cat-
alyzed by RNase P, and 3′ terminal mediated by RNase
Z, respectively (16–18). The defects in mitochondrial RNA
metabolism have been linked to sensorineural hearing loss
that often occurs as a consequence of damaged or defi-
cient inner ear hair cells (5,19). The deafness-associated 12S
rRNA 1555A > G and 1494C > T mutations at the A site of
ribosomes make the human mitochondrial ribosomes more
bacteria-like and alter binding sites for aminoglycosides and
mitochondrial translation (20–22). These deafness-linked
tRNA mutations such as m.7516DelA and m.4295A > G
impacted their structure and functions including the pro-
cessing of the tRNAs from the primary transcripts, stability
of folded secondary structure, charging of tRNA, or codon-
anticodon interaction in the process of mitochondrial trans-
lation (23–32). However, the pathogenic mechanisms under-
lying defects in mitochondrial RNA metabolism still remain
elusive.

Most recently, a homoplasmic 5783C > T mutation in mi-
tochondrial tRNACys gene was identified in one Han Chi-
nese family with maternal inheritance of deafness from a
large cohort of Chinese hearing-impaired probands (32).
As shown in Figure 1, the m.5783C > T mutation lo-
cates at a highly conserved cytosine at position 50 (C50)
of T�C stem of tRNACys and immediately adjacent to 5′
end of OriL at positions 5721–5798 containing the 37 bp of
3′ end anti-sense strand of tRNACys gene (33–36). Unlike
only impacts of other deafness-linked mtDNA mutations
on tRNA structure and function (23–31), the m.5783C > T
mutation may cause pleiotropic effects on mitochondrial
DNA replication and tRNA metabolism. The effects of the
m.5783C > T mutation on mtDNA replication were evalu-
ated by neutral two dimensional agarose gel electrophore-
sis technique in the cybrids, generated by transferring mito-
chondria from lymphoblastoid cell lines from one Chinese
family into mtDNA-less ρo206 cells (37–39). The method
involves separating restriction enzymes digested replication
intermediates of different mtDNA mass and hybridizing
with probes to allow an examination of replication interme-
diates in specific mtDNA regions (40). The change of C50-
G63 base-pairing with U50-G63 base-pairing at T�C stem
of tRNACys by m.5783C > T mutation may perturb the
structure and function of tRNACys and subsequently impair
mitochondrial translation and oxidative phosphorylation.
The impact of m.5783C > T mutation on tRNACys struc-
ture and function was assessed for the processing of tRNA
precursors, stability and aminoacylation of mitochondrial
tRNAs. These cell lines were further examined for the effect
of the m.5783C > T mutation on the mitochondrial protein
synthesis, stability and activities of oxidative phosphoryla-
tion system.

MATERIALS AND METHODS

Subjects and audiological examinations

One hearing-impaired Chinese Han pedigree for this study
was ascertained at the Otology Clinic of the Children’s Hos-

pital, Zhejiang University School of Medicine, as described
previously (32). This study was in compliance with the Dec-
laration of Helsinki. Informed consent, blood samples and
clinical evaluations were obtained from all participants and
families, under protocols approved by Ethic Committees of
Zhejiang University School of Medicine. Audiological and
neurological examinations of hearing impairment were per-
formed as detailed previously (41). All available members of
the pedigree and control subjects were evaluated at length to
identify both personal and family medical history of hear-
ing loss, the history of the use of aminoglycosides and other
clinical abnormalities.

Analysis of mitochondrial DNA

Genomic DNA was isolated from whole blood of par-
ticipants using QIAamp DNA Blood Mini Kit (Qia-
gen, No. 51104). The subject’s DNA fragments span-
ning the tRNACys gene were PCR amplified by use of
oligodeoxynucleotides corresponding to mtDNA at po-
sitions 5751–5843 and then analyzed by direct sequenc-
ing (42). Sanger sequence analyses of entire mtDNAs of
proband WZD117 III-7 and one Chinese control subject
(C62) were undertaken as described previously (43). The
presence and amount of m.5783C > T mutation from mem-
bers of the Chinese pedigree and derived cell lines were
examined as detailed elsewhere (42). These sequence re-
sults were compared with the updated consensus Cam-
bridge sequence (GenBank accession number: NC 012920)
(6).

mtDNA contents in various cell lines were mea-
sured with Southern blot and quantitative real-time
PCR (qPCR) analyses, as detailed elsewhere (44). For
Southern blotting analysis, 1 �g of genomic DNA
was digested with BamHI, run on a 1% agarose gel
and then electroblotted onto a positively charged nylon
membrane (Roche) for the hybridization analysis with
digoxigenin (DIG)-labeled oligodeoxynucleotide probes.
Probes were synthesized by PCR DIG Probe Synthe-
sis Kit (Roche) with following primers: D-loop 5′-
TACGTTCAATATTACAGGCGAAC-3′ (sense) and 5′-
TTGCTTTGAGGAGGTAAGCTAC-3′ (anti-sense); 18S
rRNA 5′-TACCTGGTTGATCCTGCCAG-3′ (sense) and
5′-TCGGGAGTGGGTAATTTGC-3′ (anti-sense), respec-
tively.

For qPCR assays, 50 ng of genomic DNA from
various cell lines were used in each reaction using
Universal SYBR Green Master (Roche Applied Sci-
ence, Mannheim, Germany) with primers for mtDNA
(300 nM each) in a 7900 HT Fast Real-time PCR
System (Applied Biosystems) and for β-actin for nor-
malization. The following primers were used: mtDNA
5′-TCACCCTATTAACCACTCA-3′ (sense) and 5′-
AGACAGATACTGCGACATA-3′ (anti-sense); β-actin
5′-TCACCCACACTGTGCCCATCTACGA-3′ (sense)
and 5′-CAGCGGAACCGCTCATTGCCAATGG-3′ (an-
tisense). mtDNA contents were calculated using the ��Ct
method whereby all D-loop (mtDNA target) Ct values were
first normalized to β-actin. Data from multiple experiments
were analyzed using the procedure as described elsewhere
(44).
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Figure 1. A schema of genome map of human mitochondria and location of m.5783C > T mutation. (A) H-strand encodes 12S rRNA, 16S rRNA, 12
mRNAs and 14 tRNAs and L-strand codes for 8 tRNAs and ND6 mRNA. The heavy strand origin (OH) is located in the strand-displacement loop (D-
loop) and the origin for the light strand (OL) is located in a cluster of tRNAs, two-thirds of the genome away. (B) The OL at position 5721–5798 (37 bp at 3′
end anti-sense strand of tRNACys gene, 32 bp noncoding sequence and 9 bp of anti-sense strand of tRNAAsn gene) and adjacent sequences. The adenine at
position 5826 is a sharing nucleotide that acts as the 5′end of tRNACys and 3′end of tRNATyr genes, respectively. (C, D) Cloverleaf structures of tRNACys

and tRNATyr were derived from Florentz et al. (2003) (33). (E) Stem-loop structure of OL and adjacent sequences required for L-strand replication (34,35).
The m.5783C > T mutation, RNA primer initiation and RNA to DNA transition sites are indicated.

Cell lines and culture conditions

Immortalized lymphoblastoid cell lines were generated
from one hearing-impaired proband (III-7) carrying the
m.5783C > T mutation and one genetically unrelated
Chinese control individual (C62) belonging to the same
mtDNA haplogroup H2 but lacking the mutation. These
cell lines were grown in RPMI 1640 medium with 10% fetal
bovine serum (FBS). The bromodeoxyuridine (BrdU) resis-
tant 143B.TK− cell line was grown in Dulbecco’s modified
Eagle’s medium (DMEM) (Life Technologies) (containing
4.5 mg of glucose and 0.11 mg pyruvate/ml), supplemented
with 100 �g of BrdU/ml and 5% FBS. The mtDNA-less
ρo206 cell line, derived from 143B.TK− was grown under
the same conditions as the parental line, except for the ad-
dition of 50 �g of uridine/ml. Transformation by cytoplasts
of mtDNA-less ρo206 cells using one affected subject (III-
7) carrying the m.5783C > T mutation and one control in-
dividual (C62) was performed as described elsewhere (37–
39). All cybrid cell lines constructed with enucleated lym-
phoblastoid cell lines were maintained in the same medium

as the 143B.TK− cell line. Three mutant cybrids (III-7.5,
III-7.6 and III- 7.9) carrying the m.5783C > T mutation and
three control cybrids (C62.4, C62.6 and C62.7) lacking the
mutation with similar mtDNA copy numbers and the same
karyotype were used for the biochemical characterization
described below.

Analysis of mtDNA replication

Analysis of mtDNA replication by neutral 2D agarose gel
electrophoresis was carried out as detailed previously (9,40).
Briefly, mtDNAs were obtained from mitochondria isolated
from cybrids by phenol/chloroform extraction. Eight mi-
crograms of mtDNAs from various cell lines were digested
with AccI, DraI, BclI and ApaI, respectively, and loaded on
0.4% agarose gel (1D gel), and run at 8 V for 24 h at room
temperature. The DNA-containing lanes were cut, rotated
90◦ and casted around the gel slices with 1% agarose con-
taining 0.5 mg/ml ethidium bromide (EtBr) (2D gel). 2D
gels were run at 120 V for 4 h at 4◦C and then electroblot-
ted onto a positively charged nylon membrane (Roche) for
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the hybridization analysis with DIG-labeled oligodeoxynu-
cleotide probes a, b, c and d (fragments corresponding to
mtDNA positions 16 343–150, 3120–3560, 5450–5932 and
10 436–11 601), respectively (9).

Southwestern analysis for measurement of the nascent
mtDNA in cell lines were performed as described previously
(45). Nascent mtDNA was labeled by incubating cybrids
cells with 10 �M of BrdU in fresh medium for 24 h. Total
genomic DNAs were extracted and processed as for South-
ern blots, except post-transfer, the membranes were blocked
with 10% BSA and probed with anti-BrdU antibody (Pro-
teintech, 66241-1-lg) to detect newly synthesized mtDNA.
After probing for incorporated BrdU, the membrane was
further probed with a DIG-labeled 18S rRNA probe as de-
scribed above.

UV melting assays

UV melting assays were carried out as described elsewhere
(29,46). The wild type and mutant tRNACys transcripts
were generated by in vitro transcription by T7 RNA poly-
merase (Promega) using synthetic DNA oligonucleotides
as templates. The sequences of oligonucleotides were 5′-
TAATACGACTCACTATAAGCTCCGAGGTGATTT
TCATATTGAATTGCAAATTCGAAGAAGCAGCT
TCAAACCTGCCGGGGCTT-3′ (wild type);

5′TAATACGACTCACTATAAGCTCCGAGGTGAT
TTTCATATTGAATTGCAAATTCGAAGAAGTAGCT
TCAAACCTGCCGGGGCTT-3′ (mutant). The tRNACys

transcripts were diluted in the buffer including 50 mM
sodium phosphate (pH 7.0), 50 mM NaCl, 5 mM MgCl2
and 0.1 mM EDTA. Absorbance against temperature
melting curves were measured at 260 nm with a heating
rate of 1◦C /min from 25 to 95◦C through Agilent Cary
100 UV Spectrophotometer.

Mitochondrial RNase P and RNase Z cleavage assays

The wild type and mutant precursors of tRNACys corre-
sponding to mtDNA at positions 5862 (5′) to 5761 (3′)
for 5’ end processing assay or 5826 (5′) to 5725 (3′) for 3’
end processing assay were cloned into the pCRII-TOPO
vector carrying SP6 and T7 promoters (Clonetech). After
HindIII digestion, the RNA substrates (105 nt) were tran-
scribed with T7 RNA polymerase, in the presence of 10
�M ATP, CTP, GTP and UTP, pH 7.5 and 10 units RNase
inhibitor at 20◦C. Transcripts were purified by denaturing
polyacrylamide gel electrophoresis (PAGE) (8 M urea, 8%
polyacrylamide/bisacrylamide [19:1]) and were dissolved in
1 mM EDTA. Mitochondrial RNase P was reconstituted
from purified recombinant proteins MRPP1, MRPP2 and
MRPP3 as described previously (17). The reaction mixtures
were incubated in 40 �l of reaction buffer containing 20 mM
HEPES (pH 7.6), 20 mM KCl, 2 mM MgCl2, 2mM DTT,
0.1 mg/ml bovine serum albumin, 80 �M S-adenosyl me-
thionine, 1 U RiboLock RNase Inhibitor (Thermo Fisher
Scientific), 300 ng pre-tRNAs, 800 nM MRPP1/2. The re-
action mixes were pre-incubated at 30◦C for 15 min, and
the reaction was initiated by addition of MRPP3 and pre-
tRNA substrates with subsequent incubation at 30

◦
C. Af-

ter 5, 10, 15, 20 and 25 min, 5 �l of aliquots were with-
drawn and stopped by addition of 5 �l loading buffer (85%

formamide, 10 mM EDTA). Mitochondrial RNase Z was
reconstituted from purified recombinant proteins ELAC2
as detailed elsewhere (16,47). The reaction procedures were
the same as RNase P, except incubated in assay buffer with
800 nM ELAC2 instead of MRPP3. Reaction products
were resolved via denaturing PAGE, then electroblotted
onto a nylon membrane (Roche) and hybridized with DIG-
labeled oligodeoxynucleotide probes for tRNACys precur-
sors. DIG-labeled probes were generated by using DIG-
oligonucleotide Tailing kit (Roche). The hybridization and
quantification of density in each band were performed as
detailed previously (25).

Mitochondrial tRNA analysis

Total mitochondrial RNAs were obtained from mitochon-
dria isolated from various cybrid cell lines (∼2.0 × 107

cells), as described previously (48). The tRNA Northern
blot analysis was performed as detailed elsewhere (46).
DIG-labeled oligodeoxynucleotide probes specific for 22
mitochondrial tRNAs and 5S rRNA were as detailed else-
where (15). The hybridization and quantification of density
in each band were carried out as detailed previously (46).

For the aminoacylation assays, total mitochondrial
RNAs were isolated under acid conditions, and 4 �g of total
mitochondrial RNAs were electrophoresed at 4

◦
C through

an acid (pH 5.0) 10% polyacrylamide-8 M urea gel to sepa-
rate the charged and uncharged tRNA as detailed elsewhere
(46,49). To further distinguish nonaminoacylated tRNA
from aminoacylated tRNA, samples of tRNAs were deacy-
lated by being heated for 10 min at 60◦C at pH 8.3 and then
run in parallel (46,49). The gels were then electroblotted
onto a positively charged nylon membrane (Roche) for the
hybridization analysis with oligodeoxynucleotide probes as
described above. Quantification of density in each band was
performed as detailed previously (46).

For the tRNA mobility shift assay, 2 �g of total mi-
tochondrial RNAs were electrophoresed through a 10%
polyacrylamide native gel at 4◦C with 50 mM Tris–glycine
buffer. After electrophoresis, the gels were treated according
to the Northern blot analysis as described above (29,46).

tRNA half-life measurements were performed as detailed
elsewhere (50). Briefly, various cell lines were incubated in
the DMEM medium, supplemented with 5% FBS and 250
ng/ml EtBr for 4, 6, 8, 24 h, respectively. Ten micrograms
of total cellular RNAs, extracted as above, were subjected
to Northern blot tRNA analysis as detailed above.

Western blot analysis

Western blot analysis was performed as detailed previ-
ously (26). Twenty micrograms of total cell proteins ob-
tained from various cell lines were denatured and loaded
on sodium dodecyl sulfate (SDS) polyacrylamide gels.
The gels were electroblotted onto a polyvinylidene di-
fluoride (PVDF) membrane for hybridization. The an-
tibodies used for this investigation were from Abcam
[TOM20 (ab56783), Total OXPHOS Human WB Antibody
Cocktail (ab110411), Proteintech [β-actin (20536-1-AP),
Twinkle (13435-1-AP), SSBP1 (12212-1-AP), ABclonal
[Pol�A (A1323), ELAC2 (A7128), TRNT1 (A17699),
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MRPP2 (A0959)], Invitrogen [POLRMT (PA5-28196)] and
BOSTER [TFAM (BA2827)]. Peroxidase AffiniPure goat
anti-mouse IgG and goat anti-rabbit IgG (Jackson) were
used as secondary antibodies and protein signals were de-
tected using the ECL system (CW- BIO). Quantification of
density in each band was performed as detailed elsewhere
(26).

Mitochondrial translation assays

Pulse-labeling of the mutant and control cell lines for 30
min with [35S] methionine-[35S] cysteine in methionine-free
DMEM in the presence of emetine, electrophoretic analysis
of the translation products, and quantification of radioac-
tivity in the whole-electrophoretic patterns or in individual
well-resolved bands were carried out as detailed previously
(39,51).

Blue native gel electrophoresis and assays of activities of res-
piratory chain complexes

Blue native gel electrophoresis (BN-PAGE) and in-gel activ-
ity assay were performed by using mitochondrial proteins
isolated from mutant and control cybrid cell lines, as de-
tailed elsewhere (52–54). The enzymatic activities of respi-
ratory chain complexes I, II, III and IV from various cell
lines were assayed as described previously (54,55).

Statistical analysis

Statistical analysis was carried out using the unpaired, two-
tailed Student’s t-test contained in the Microsoft-Excel pro-
gram or Macintosh (version 2019). Differences were consid-
ered significant at a P < 0.05.

RESULTS

Clinical presentations and derived cell lines of a hearing-
impaired Chinese pedigree

One Han Chinese hearing-impaired proband (WZD117-
III-7) carrying the m.5783C > T mutation was identified
among 2651 Chinese hearing-impaired probands but absent
in 574 Chinese normal hearing controls (32). He suffered
from severe hearing loss (78 dB and 79 dB at right and left
ears, respectively; a slop-shaped pattern) at the age of 23
year old. Clinical evaluations of members of the Chinese
pedigree exhibited the maternal inheritance of hearing loss
(Supplemental Figure S1). Five of 13 matrilineal relatives
exhibited a variable degree of hearing impairment (two with
moderate hearing loss and three with severe hearing loss),
whereas none of the other members in this family had hear-
ing loss (Supplemental Figure S2 and Supplemental Table
S1). The age-at-onset of hearing loss ranged from 20 to 46
years, with an average of 32 year old. There was no evidence
that any of the other members of this family had any other
causes to account for hearing loss. These matrilineal rela-
tives showed no other clinical presentations. Further anal-
ysis showed that the m.5783C > T mutation was present
in homoplasmy in all matrilineal relatives but not in other
members of this family (Supplemental Figure S1B, C).

Immortalized lymphoblastoid cell lines were de-
rived from one affected matrilineal relative carrying the
m.5783C > T mutation (III-7; male, 26 years) and from
one genetically unrelated control subject (C62, female, 25
years) lacking the m.5783C > T mutation belonging to the
same mtDNA haplogroup H2 (Supplemental Table S2).
Cybrids were generated by transferring mitochondria from
lymphoblastoid cell lines into mtDNA-less ρo206 cells (37–
39). These cybrid clones were subsequently analyzed for
the presence and levels of the m.5783C > T mutation (42).
After culturing for two weeks, three mutant cybrids and
three control cybrids with similar mtDNA copy numbers
and the same karyotype (Supplemental Figure S3) were
used for the biochemical characterization described below.

Defects in mtDNA replication

In the SDM model, replication initiates at OriH and contin-
ues around approximately two-thirds of the genome (∼11
kb) until reaching OriL, whereby L-strand synthesis com-
mences in the opposite direction resulting in unidirectional
fork progression from each distinct origin (8–11). We used
neutral 2D agarose gel electrophoresis technique to investi-
gate the effect of m.5783C > T mutation on mtDNA repli-
cation by examining replication intermediates in specific
mtDNA regions. As shown in Figure 2, equal amounts (8
�g) of mtDNAs isolated from mutant and control cybrids
after culturing for two weeks were digested with AccI, DraI,
BclI and ApaI, subjected to 2D agarose gel electrophore-
sis and hybridized them with DIG-labeled oligodeoxynu-
cleotide probes a, b, c and d, respectively. As shown in Fig-
ure 2B and C, 2.8 kb AccI fragment (nt 15 255−1504) span-
ning OriH and 1.85 kb DraI fragment (nt 10 417–12 271)
revealed similar patterns of mtDNA replication intermedi-
ates that formed archetypal bubble arcs in the AccI frag-
ment and fork arcs in the DraI fragment between mutant
and control cybrids. The mutant cybrids exhibited signif-
icant reductions in the replication intermediates including
∼66% (P < 0.001) decreases in the ascending arm of Y-fork
arcs in 4 kb BclI fragment (nt 3658–7657) spanning OriL
and 22% (P = 0.009) reductions in the fork arcs in the 3 kb
ApaI fragment (nt 1446–4431), as compared with those in
the control cybrids.

We assessed the amount of newly synthesized mtDNA in
mutant and control cybrids using Southwestern blot anal-
ysis in the presence BrdU. In fact, BrdU, an analog of the
nucleoside thymidine, is incorporated into replicating DNA
and can be detected using anti-BrdU antibodies (45). In this
assay, BrdU is only incorporated into the mitochondrial but
not nuclear DNA in these cybrids, which was thymidine ki-
nase 1 deficient. The labeled mtDNA was probed with anti-
BrdU antibody and then hybridized with nucleus-encoding
18S rRNA as the loading control. As shown in Figure 2D,
the nascent BrdU-labeled mtDNA levels in the mutant cy-
brids were decreased as compared to those in control cy-
brids. For comparison, the average levels of BrdU-labeled
mtDNA in the various cybrids were normalized to the av-
erage levels of 18S rRNA in the same cell lines for refer-
ence. Three mutant cybrid cell lines showed average 15% less
BrdU incorporation than did three control cybrids, indicat-
ing slower mtDNA replication in mutant cybrids.
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Figure 2. mtDNA replication analysis. (A) Schematic representation of fragments digested by AccI, DraI, BclI and ApaI, and hybridized with probes a,
b, c and d, respectively. (B) Replication intermediates in specific DNA regions. Eight micrograms of mtDNAs from various cell lines were digested with
AccI, DraI, BclI and ApaI, and the resultant fragments were separated in a 0.4% agarose gel. A gel slice was then cut, embedded into a 1% agarose gel
and subjected to a second-dimension gel electrophoresis. The 2D gel is then blotted and hybridized with DIG labeled probes a, b, c and d, respectively.
(C) Schematic representation of the cleaved replication bubble and Y arc formed by mtDNA replication intermediates. (D) South-western analysis of
mtDNA replication. BrdU incorporation into mtDNA was analyzed 24 h post-injection and bands were quantified from the same blot. The nuclear 18S
rRNA gene was probed to control for loading. Representative bands are shown for clarity of comparison. (E) Western blot analysis of proteins related to
mtDNA replication: Pol�A, Twinkle, SSBP1, POLRMT and TFAM with β-actin as a loading control in the mutant cell lines and control cell lines. (F)
Quantification of proteins. Average relative values of Pol�A, Twinkle, SSBP1, POLRMT and TFAM were normalized to the average values of β-actin in
various cell lines. The values for the latter are expressed as percentages of the average values for the control cell lines. The average of three independent
determinations for each cell line is shown. The error bars indicate two standard deviations. P indicates the significance, according to the t-test, of the
differences between mutant and control cell lines.

We then examined the levels of components of mitochon-
drial replisome complex [Pol�A, Twinkle, SSBP1], POL-
RMT (RNA polymerase) and TFAM (mitochondrial tran-
scription factor A) using Western blot analysis (10,14). As
shown in Figure 2E and F, the mutant cell lines revealed
marked decreases in the levels of Pol�A (61.5%), Twinkle
(31.4%) and SSBP1 (54.4%), as compared with those in
the control cell lines. However, the levels of POLRMT and
TFAM in mutant cell lines were comparable with those in
control cell lines. These data further support the impact of
m.5783C > T mutation on the mtDNA replication.

Decreases in the mtDNA contents

To further investigate the effect of m.5783C > T mutation
on mtDNA replication, we measured mtDNA contents in
the various cell lines using Southern blot and qPCR as-
says. We performed Southern blot analysis by isolating total
DNA from mutant and control cybrids after culturing from
1 to 14 weeks, digesting with restriction enzyme BamHI,
separating them by electrophoresis, blotting, and hybridiz-
ing with DIG-labeled probes specific for D-loop region and
18S rRNA as the normalization (56). As shown in Figure
3A, the levels of mtDNA contents in mutant cybrids ex-
hibited progressive decreases during culturing first 7 weeks,
but not further reductions until 14 weeks, as compared with

control cybrids. For comparison, the average amount of
mtDNA in the various cell lines were normalized to the av-
erage levels of 18S rRNA in the same cell lines for reference.
Relative mtDNA contents were expressed as percentages of
the value for various weeks of day 0 in each gel. As shown
in Figure 3B, the average levels of mtDNA in three mutant
cell lines cultured from 1 to 14 weeks were 91.9%, 83.8%,
79.0%, 76.3%, 67.9%, 62.6%, 55.6%, 61.1%, 46.3%, 43.7%,
53.1%, 47.6%, 55.5% and 54.9% related to the mean values
of those in three control cybrids, respectively (Figure 3B).

We then examined the mtDNA contents by quantitative
PCR using total genomic DNA as template. In particu-
lar, mtDNA contents were measured using DNA segments
spanning the D-loop region as mtDNA targets and β-actin
as the normalization. As shown in Figure 3C, the average
mtDNA contents in three mutant cybrids cultured from
1 to 14 weeks were 95.4%, 89.4%, 83.2%, 72.6%, 64.5%,
59.9%, 52.9%, 61.6%, 55.8%, 48.9%, 59.4%, 50.3%, 52.6%
and 51.8% related to average values of three control cybrids,
respectively. These results indicated that m.5783C > T mu-
tation affected mtDNA contents.

Alterations in the stability and conformation of tRNACys

It was hypothesized that the m.5783C > T mutation al-
ters the structure and function of tRNACys. The stabil-
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Figure 3. Quantification of mtDNA contents. (A) Southern blot analysis of mtDNA. Equal amounts (1 �g) of genomic DNA from mutant and control
cybrids after culturing from time 0 to 14 weeks were digested with BamH I, fractionated by electrophoresis through a 1.8% agarose gel, transferred onto
a positively charged membrane, and hybridized with DIG-labeled probes specific for mtDNA D-Loop region and 18S rRNA as an internal control. (B)
Quantification of mtDNA contents. Average relative mtDNA contents per cell were normalized to the average contents per cell of 18S rRNA in mutant
and control cybrids. Relative mtDNA contents were expressed as percentages of the value for various weeks of those taken at zero time in each gel. The
calculations were based on three independent experiments. (C) Measurement of mtDNA contents by qPCR. Mitochondrial DNAs from mutant and control
cybrids after culturing from time 0 to 14 weeks were normalized to β-actin encoded by nuclear gene. The calculations were based on three independent
experiments. Graph details and symbols are explained in the legend to Figure 2.

ity of transcripts of wild-type and mutant tRNACys was
evaluated by the measurement of the melting temperatures
(Tm) by calculating the derivatives of absorbance against
a temperature curve. As shown in Figure 4A, the Tm val-
ues for wild-type (C50) and mutant (T50) transcripts were
43.5 ± 0.2◦C and 41.5 ± 0.5◦C, respectively. This suggested
that the m.5783C > T mutation affected the stability of
tRNACys. These transcripts were then assessed for confor-
mation change by PAGE analysis under denaturing and na-
tive conditions. As shown in Figure 4B, the wild-type (C50)
tRNACys transcript migrated slightly faster than the mutant
(U50) tRNACys transcript under the native condition, while
there was no migration difference between wild-type (C50)
and mutant (U50) tRNACys transcripts under denaturing
conditions. To further test whether the m.5783C > T muta-
tion affects the conformation of tRNACys, total mitochon-
drial RNAs were electrophoresed through a 10% polyacry-
lamide gel (native condition) in Tris borate-EDTA buffer
and then electroblotted onto a positively charged nylon
membrane for hybridization analysis with oligodeoxynu-
cleotide probes for tRNAGlu, tRNALeu(UUR) and tRNAMet,

respectively. As shown in Figure 4C, electrophoretic pat-
terns showed that the tRNACys in three mutant cybrids
carrying the m.5783C > T mutation migrated slower than
those of three control cybrids lacking this mutation.

To further evaluate whether the m.5783C > T muta-
tion impairs tRNA metabolism, we subjected mitochon-
drial RNAs from mutant and control cybrids to North-
ern blots and hybridized with DIG-labeled oligodeoxynu-
cleotide probes for 8 tRNAs including tRNACys, tRNATyr

derived from the L-strand transcripts and 14 tRNAs in-
cluding tRNAThr, tRNALeu(UUR) and tRNASer(AGY) derived
from the H-strand transcripts as well as a nucleus-encoded
5S rRNA (under denaturing condition) (15,25). As shown
in Figure 4D and Supplemental Figure S4, there was no
migration difference in electrophoretic patterns of 22 tR-
NAs between mutant and control cybrids under denaturing
condition. As shown in Figure 4D, the amount of tRNACys

and tRNATyr in three mutant cell lines was markedly de-
creased compared with those in three control cell lines. For
comparison, the average levels of each tRNA in the con-
trol or mutant cybrids were normalized according to the
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Figure 4. Analysis of conformation and stability of tRNACys. (A) Thermal stability of wild type (C50) and mutant (T50) tRNACys transcripts. Melting
profiles of WT and MT tRNACys transcripts measured at 260 nm with a heating rate of 1

◦
C/min from 25 to 95

◦
C (dotted lines). First derivative (dA/dT)

against temperature curves were shown to highlight the Tm value transitions (solid lines). (B) Assessment of conformation changes by PAGE analysis of
tRNACys transcripts under denaturing and native conditions. The transcripts of WT and MT tRNACys were electrophoresed through native or denaturing
polyacrylamide gel, electroblotted, and hybridized with DIG-labeled oligonucleotide tRNACys probe. (C, D) Northern blot analysis of tRNAs under
native or denaturing conditions. Two micrograms of total mitochondrial RNA from various cell lines were electrophoresed through polyacrylamide gel,
electroblotted, and hybridized with DIG-labeled oligonucleotide tRNA probes for: (C) tRNACys, tRNAleu(UUR) and tRNAMet under native condition. (D)
tRNACys, tRNATyr, tRNAAsn, tRNAPhe, tRNAAsp, tRNALeu(UUR), tRNAAla, tRNAThr and 5S rRNA under denaturing conditions. (E) Quantification
of tRNA levels under denaturing condition. Average relative tRNAs content per cell were normalized to the average content per cell of 5S rRNA in three
mutant cybrids and three control cybrids. The values for the latter are expressed as percentages of the average values for the control cybrids. Graph details
and symbols are explained in the legend to Figure 2.

level of 5S rRNA. As shown in Figure 4E, the average lev-
els of tRNACys and tRNATyr in three mutant cybrids were
55.6% (P < 0.001) and 61.2% (P < 0.001) of mean values
of three control cybrids, respectively. However, the average
levels of other 20 tRNAs in the mutant cybrids were compa-
rable with those in control cybrids (Figure E, Supplemen-
tal Figure S4). The reductions in the levels of tRNACys and
tRNATyr m.5783C > T mutation may be due to the im-
paired processing of tRNACys precursors, as the adenine at
position 5826 is the sharing nucleotide that acts as the 5′
end of tRNACys and 3′ end of tRNATyr genes, respectively
(6,33).

Shortened half-life of tRNACys

To further evaluate whether m.5783C > T mutation affected
the stability of tRNACys, we treated the various cell lines
with EtBr (250 ng/ml) to block mitochondrial RNA synthe-
sis and extracted total cellular RNA at various time points
after the addition of drug. We then subjected mitochondrial
RNAs from various cell lines to Northern blot analysis and
hybridized them with a DIG-labeled oligodeoxynucleotide

probes specific for tRNACys, tRNALeu(UUR) and 5S rRNA
as a loading control. As shown in Figure 5, the life span
of tRNACys were decreased as compared to those in con-
trol cybrids. For comparison, tRNA half-life was calculated
through the best least-squares line fit. The average half-life
of tRNACys in three mutant cybrid cell lines were 66.6%
(P = 0.001) of mean values of three control cybrids. How-
ever, there were no significant differences in the half-lives of
tRNAleu(UUR) between mutant and control cell lines. These
results further supported that m.5783C > T mutation has a
significant effect on the stability of tRNACys

.

Impaired the 5′ end processing of tRNACys precursor

We explored an in vitro processing system to assess the ef-
fect of m.5783C > T mutation on the 5′ end or 3′ end
processing of tRNACys precursors. For the 5′ end process-
ing assays, the wild type and mutant tRNACys precursors
corresponding to mtDNA at positions 5761–5862 were in-
cubated with mitochondrial RNase P, which was reconsti-
tuted from purified recombinant proteins MRPP1, MRPP2
and MRPP3 (Figure 6A), and precursors corresponding
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Figure 5. Decay kinetics of tRNA in three mutant cybrids and three control cybrids. (A) Mutant and control cell lines were treated with EtBr at various time
courses. Total RNAs were isolated, electrophoresed through polyacrylamide gel, electroblotted, and hybridized with DIG-labeled oligonucleotide tRNA
probes for tRNACys, tRNALeu(UUR) and 5S rRNA, respectively. (B) tRNA levels were measured using Image J and expressed as a fraction of the signal
obtained from a panel of replicates taken at zero time (the time at which EtBr was added) were converted to logarithms on the assumption of first-order
decay kinetics. All hybridization signals were normalized to 5S rRNA as the loading control. The data plotted represent the mean ± 2S.D. (error bars) of
three independent experiments. Lines of best fit (least squares method) are shown, R2 for the two panels (from top left, tRNACys to tRNALeu(UUR)) being
0.981, 0.913, 0.978 and 0.976, respectively. Graph details and symbols are explained in the legend to Figure 2.

to mtDNA at positions 5725–5826 were incubated with
RNase Z (Figure 6B) at various various time courses, re-
spectively (16,17,25,30). No qualitative processing alter-
ations of the mutant tRNACys precursors were observed,
but the 5’ end processing efficiencies of the mutant tRNACys

transcripts were mildly decreased, as compared with those
of wild-type counterparts (Figure 6C). The processing effi-
ciencies of mutant tRNACys transcripts catalyzed by RNase
P were 59.7% of those in their wild-type counterparts (Fig-
ure 6D). However, there were no differences in the 3′ end
processing efficiencies between mutant and wild-type coun-
terparts (Figure 6E, F). As shown in Figure 6G and H,
the effect of m.5783C > T mutation on 5′ end tRNA pro-
cessing was further evidenced by upregulated MRPP2 (sub-
unit of mitochondrial RNase P) in the mutant cybrids, as
compared with control cybrids. However, there were no dif-
ferences in the levels of ELAC2 (C terminal domain of
RNase Z) and CCA-adding enzyme TRNT1 between mu-
tant and control cybrids. These results demonstrated that
the m.5783C > T mutation perturbed the 5′ end but not the
3′ end processing of tRNACys precursors.

Aberrant aminoacylation of tRNACys

To investigate whether the m.5783C > T mutation affected
the aminoacylation of tRNACys, we examined the aminoa-
cylation properties of tRNACys, tRNAThr, tRNALeu(UUR),
tRNAIle and tRNASer(AGY) by the use of electrophoresis in
an acidic urea PAGE system to separate uncharged tRNA
species from the corresponding charged tRNA, electroblot-
ting and hybridizing with the tRNA probes as described

above. As shown in Figure 7A, the upper and lower bands
represented the charged and uncharged tRNA, respectively.
The electrophoretic mobility of either charged or uncharged
tRNACys in mutant cell lines migrated slightly slower than
those of control cell lines. To further distinguish non-
aminoacylated tRNA from aminoacylated tRNA, samples
of tRNAs were deacylated by being heated for 10 min at
60◦C at pH8.3 and then run in parallel. Only one band
(uncharged tRNA) was present in both mutant and con-
trol cell lines after deacylating. As shown in Figure 7B, the
efficiencies of aminoacylated tRNACys in three mutant cell
lines were 73.5% of the average values of three control cell
lines, while there were no obvious differences in the elec-
trophoretic mobility and levels of tRNAThr, tRNALeu(UUR),
tRNAIle and tRNASer(AGY) between mutant and control cell
lines.

Impairment of mitochondrial protein synthesis

To examine whether the aberrant tRNA metabolism caused
by m.5783C > T mutation impaired mitochondrial transla-
tion, mutant and control cybrids were labeled for 30 min
with [35S]methionine-[35S]cysteine in methionine-free regu-
lar DMEM medium in the presence of 100 �g/ml of eme-
tine to inhibit cytosolic protein synthesis (51). Figure 8A
showed typical electrophoretic patterns of translation prod-
ucts from mutant and control cell lines. Patterns of mtDNA-
encoded polypeptides of mutant cybrids harboring the
m.5783C > T mutation were qualitatively identical to those
of the control cybrids, in terms of electrophoretic mobility
of the various polypeptides. However, cell lines carrying the
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Figure 6. In vitro assay for the processing of mitochondrial tRNACys precursors. (A, B) tRNACys precursors for 5′ or 3′ end processing assays. Thirty-six
nucleotides (nt) of 5′ and 3′ end leaders of tRNACys were shown, including the m.5783C > T substitution. (C) In vitro 5′ end processing assays. Processing
assays with mitochondrial RNase P were carried out in parallel for wild type and mutant substrates. Samples were withdrawn and stopped after 5, 10, 15,
20 and 25 min, respectively. Reaction products were resolved by denaturing polyacrylamide gel electrophoresis and reacted with a chemiluminescent sub-
strate CDP-Star™ to detect the chemiluminescent. The graph shows the results of a representative experiment reaction. (D) Relative processing efficiencies
of tRNACys precursors catalyzed by RNase P. The relative processing efficiencies were calculated from the initial phase of the reaction. The calculations
were based on three independent determinations. (E) In vitro 3′ end processing assays. Processing assays with mitochondrial RNase Z were undertaken
in parallel for wild-type and mutant substrates. Samples were withdrawn and stopped after 5, 10, 15, 20 and 25 min, respectively. Reaction products were
resolved by denaturing polyacrylamide gel electrophoresis and reacted with a chemiluminescent substrate CDP-Star™ to detect the chemiluminescent. The
graph shows the results of a representative experiment reaction. (F) Quantification of the efficiencies of tRNACys precursors catalyzed by RNase Z. The
relative processing efficiencies were calculated from the initial phase of the reaction. The calculations were based on three independent determinations. (G)
Western blot analysis of tRNA processing related proteins MRPP2, ELAC2 and TRNT1 with β-Actin as a loading control. (H) Quantification of MRPP2,
ELAC2 and TRNT1. Average relative values of MRPP2, ELAC2 and TRNT1 were normalized to the average values of β-Actin in various cell lines. The
values for the latter are expressed as percentages of the average values for the control cell lines. The average of three independent determinations for each
cell line is shown. Graph details and symbols are explained in the legend to Figure 2.
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Figure 7. In vivo aminoacylation assays. (A) Ten micrograms of total cellular RNA purified from six cell lines under acid conditions were electrophoresed
at 4◦C through an acid (pH 5.0) 10% polyacrylamide-8 M urea gel, electroblotted, and hybridized with a DIG-labeled oligonucleotide probe specific for
the tRNACys. The blots were then stripped and rehybridized with probes for tRNATyr, tRNALeu(UUR), tRNAIle and tRNASer(AGY), respectively. The
samples from one control (C62-7) and mutant (III-7.9) cell lines were deacylated (DA) by heating for 10 min at 60◦C at pH 8.3 and electrophoresed as
above. Aminoacylation assays for tRNACys were carried out in parallel for aminoacylated and deacylated samples. (B) Qualification of aminoacylated
proportions of tRNAs in the mutant and control cell lines. The calculations were based on three independent determinations. Graph details and symbols
are explained in the legend to the Figure 2.

m.5783C > T mutation displayed significant decreases in
the total rate of labeling of mitochondrial translation prod-
ucts relative to those of the control cell line. As shown in
Figure 8B, the overall levels of 13 mitochondrial transla-
tion products in three mutant cybrids were 76.9%, relative
to the mean values measured in three control cybrids. In
particular, the average levels of ND1, ND2, ND3, ND4,
ND4L, ND5, ND6, CYTB, CO1, CO2, CO3, ATP6 and
ATP8 in the mutant cybrids were 73.1%, 78.1%, 105.0%,
67.1%, 85.2%, 55.7%, 74.2%, 64.1%, 52.6%, 76.1%, 76.4%,
92.3% and 100.3% of those in the control cybrids, respec-
tively.

As shown in Supplemental Table S3, the reductions in
labeling of various polypeptides did not vary in relation-
ship to the number or proportion of cysteine or tyrosine
codons or proportion of cysteine + tyrosine codons in the
corresponding mRNAs. As shown in Figure 8C, the ex-
perimentally determined labeling rates of all polypeptides,
when related to the number of cysteine + tyrosine codons
in the corresponding mRNAs, conformed well (P < 0.001)
to the equation Rx = −2.2662x + 104.31, whose parame-
ters have been optimized to make the best fit to the data. Rx

is the level of labeling of a polypeptide having x number of
Cys + Tyr residues in the mutant cybrids relative to the level
in the control cybrids.

Alterations in the stability and activities of OXPHOS com-
plexes

We examined the consequence of the m.5783C > T mu-
tation on the assembly and activities of OXPHOS com-
plexes. Mitochondria isolated from various cell lines were
separated by blue native polyacrylamide gel electrophore-
sis (BN-PAGE) and Western blot analysis (52–54). As
illustrated in Figure 9A, the mutant cell lines carrying

m.5783C > T exhibited aberrant assembly of intact super-
complexes and complex I, III, IV and V, respectively. As
shown in the Figure 9B, the average levels of supercom-
plexes (SC), complexes I (CI), complex III (CIII), complex
IV (CIV) and complex V (CV) in three mutant cybrids were
43.46%, 45.50%, 78.55%, 59.41% and 64.09% of those in
three control cybrids after normalization to TOM20, re-
spectively. However, the levels of complex II (CII) in mu-
tant cell lines were comparable with those in control cell
lines. The lower levels of the respiratory complexes I, III and
IV may be due to the misfolded and/or misassembled these
complexes (53).

We then analyzed the stability and activities of complexes
I, II and IV using the in-gel activity assay. Mitochondrial
membrane proteins isolated from mutant and control cy-
brids were separated by BN-PAGE and stained with specific
substrates of complexes I, II and IV (47,54). Defective as-
sembly of intact supercomplexes and complexes I, IV were
further confirmed in mutant cybrids carrying m.5783C > T
mutation, as compared with control cybrids (Figure 9C and
D). In particular, the average in-gel activities of complexes
I and IV of three mutant cybrids were 54.64% and 71.18%,
relative to the average values of three control cybrids, re-
spectively. In contrast, the average in-gel activities of com-
plexes II in these mutant cybrids were comparable with
those of those control cybrids.

To further evaluate the effect of the m.5783C > T mu-
tation on oxidative phosphorylation, we measured the ac-
tivities of respiratory chain complexes by the use of iso-
lating mitochondria from mutant and control cybrids. The
activity of complex I (NADH ubiquinone oxidoreductase)
was determined through the oxidation of NADH with
ubiquinone as the electron acceptor (55,57). The activity
of complex II (succinate ubiquinone oxidoreductase) was
examined by the artificial electron acceptor DCPIP. The ac-
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Figure 8. Analysis of mitochondrial translation. (A) Representative gel for electrophoretic patterns of the mitochondrial translation products of six cell
lines labeled for 30 min with [35S]-methionine in the presence of 100 �g/ml of emetine and corresponding Coomassie Brilliant Blue stained gel used as
loading controls. Samples containing equal amounts of proteins (30 �g) were run in SDS/polyacrylamide gradient gels. CO1, CO2 and CO3 indicate
subunits I, II and III of cytochrome c oxidase; ND1, ND2, ND3, ND4, ND4L, ND5 and ND6, subunits 1, 2, 3, 4, 4L, 5 and 6 of the respiratory chain
reduced nicotinamide-adenine dinucleotide dehydrogenase; ATP6 and ATP8, subunits 6 and 8 of the H+-ATPase; and CYTB, apocytochrome b. (B)
Quantification of the rates of mitochondrial translation labeling. The rates of mitochondrial protein labeling in the mutant cybrids were expressed as
percentages of the value for average values of three control cybrids in each gel. (C) Relationship between average relative levels of synthesis of the 13
polypeptides in the mutant cell lines and the number of cysteine plus tyrosine codons. Lines of best fit (least squares method) are shown, R2 = 0.941. The
curve shown describes the equation: Rx = −2.2662x + 104.31, whose parameters have been optimized to make the best fit to the data. Rx is the level of
labeling of a polypeptide having x number of Cys + Tyr residues in mutant cell lines relative to the level in control cell lines. Graph details and symbols are
explained in the legend to Figure 2.
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Figure 9. Analysis of OXPHOS complexes. (A) The steady-state levels of five OXPHOS complexes by Blue-Native gel electrophoresis. Thirty micrograms
of mitochondrial proteins from mutant and control cell lines were electrophoresed through a Blue-Native gel, electroblotted and hybridized with antibody
cocktail specific for subunits of each OXPHOS complex as well as Tom20 as a loading control. (B) Quantification in the levels of complexes I, II, III,
IV, V and supercomplexes (SC) in mutant and control cell lines. The calculations were based on three independent experiments. (C) In-gel activity of
complexes I, II and IV. Twenty micrograms of mitochondrial proteins from various cell lines were used for BN-PAGE, and the activities of complexes were
measured in the presence of specific substrates (NADH and NTB for complex I, sodium succinate, phenazine methosulfate, and NTB for complex II, and
DAB and cytochrome c for complex IV). (D) Quantification of in-gel activities of complexes I, II and IV. The calculations were based on three independent
determinations in each cell line. (E) Enzymatic activities of respiratory chain complexes. The activities of respiratory complexes were investigated by enzy-
matic assay on complexes I, II, III and IV in mitochondria isolated from various cell lines. The calculations were based on four independent determinations
in each cell line. Graph details and symbols are explained in the legend to Figure 2.

tivity of complex III (ubiquinone cytochrome c oxidoreduc-
tase) was measured through the reduction of cytochrome c
by using D-ubiquinol-2 as the electron donor. The activ-
ity of complex IV (cytochrome c oxidase) was monitored
through the oxidation of cytochrome c. As shown in Fig-
ure 9E, the average activities of complexes I, III, and IV
in three mutant cybrids were 52.35%, 59.65% and 70.68%
of the mean values measured in three control cybrids, re-
spectively, while the average activity of complex II in three
mutant cybrids was comparable with those in three control
cybrids.

DISCUSSION

In this study, we demonstrated the profound impact of
deafness-associated m.5783C > T mutation on mitochon-
drial DNA replication and tRNA metabolism contributing
to the pathological process of deafness. The m.5783C > T
mutation resides at a highly conserved cytosine at position
50 (C50) of T�C stem of tRNACys and adjacent to 5′ end of
OriL spanning mtDNA positions at 5721–5798 containing
the 37 bp of 3′ end anti-sense strand of tRNACys gene, 32
bp noncoding sequence and 9 bp of 5′end anti-sense strand
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of tRNAAsn gene (34–36). Human OriL consists of a stem-
loop structure comprising a 12 nt loop and an 11 bp stem
carrying RNA primer initiation for binding POLRMT and
5′end flanking sequences for L-strand replication (34,35,58–
60). In the SDM model, replication initiates at OriH and
continues around approximately two-thirds of the genome
(∼11 kb) until reaching OriL that a single-stranded stem-
loop structure is formed, whereby L-strand synthesis com-
mences in the opposite direction, resulting in unidirectional
fork progression from each distinct origin (8–11). There-
fore, it was hypothesized that the m.5783C > T mutation
affected L-strand mtDNA replication. In vitro replication
analysis showed that the substitution of C to T at position
5783 reduced the efficiency of the L-strand replication (34).
In the present study, neutral 2D agarose gel electrophore-
sis revealed significant reductions in the replication inter-
mediates including marked decreases in the ascending arm
of Y-fork arcs in 4 kb BclI fragment (nt 3658–7657) span-
ning OriL and mild reductions in the fork arcs in the 3 kb
ApaI fragment (nt 1446–4431) in the mutant cybrids. By
contrast, 2.8 kb AccI fragment (nt 15 255−1504) spanning
OriH and 1.85 kb DraI fragment (nt 10 417–12 271) revealed
similar patterns of mtDNA replication intermediates that
formed archetypal bubble arcs in the AccI fragment and
fork arcs in the DraI fragment between mutant and control
cybrids. Southwestern blot analysis in the presence BrdU
showed mild reductions in the amount of newly synthesized
mtDNA in the mutant cybrids bearing m.5783C > T muta-
tion, as compared with the control cybrids. The mtDNA
replication defects were further evidenced by ∼50% de-
creases in the levels of components of mtDNA replica-
tion machinery: Pol�A, Twinkle and SSBP1 in the mu-
tant cybrids. In fact, alterations in the Twinkle, SSBP1 and
polymerase POLG caused distinct replication stalling phe-
notypes and reduced mtDNA copy numbers (60–62). In
this study, both Southern blot and qPCR assays showed
that the levels of mtDNA contents in mutant cybrids ex-
hibited progressive decreases until 50% during culturing
first 7 weeks, but not further reductions until 14 weeks, as
compared with control cybrids. These data suggested that
50% reductions in mtDNA contents may be the threshold
level for respiration defects in the mutant cybrids bearing
m.5783C>T mutation. The decreases in mtDNA contents
were likely due to the slower mtDNA replication caused
by the m.5783C > T mutation. These data demonstrated
that the m.5783C > T mutation impaired the mtDNA
replication, specifically for reducing efficiencies of L-strand
replication.

The m.5783C > T mutation destabilized the canonical
C50-G63 base-pairing within T�C stem of mitochondrial
tRNACys. Thus, we hypothesized that the m.5783C > T mu-
tation impacted the structure and function of this tRNA,
including alterations in the conformation, processing of
tRNA precursors, stability and aminoacylation. In fact,
the Tm in mutant tRNACys molecule was 2◦C lower than
those in the WT counterpart. The instability of the mu-
tant tRNA molecule was further evidenced by the drasti-
cally reduced levels and half-life of tRNACys in the mu-
tant cell lines carrying the m.5783C > T mutation, as
in the case of tRNAHis 12201T > C mutation (50). Fur-
thermore, the m.5783C > T mutation caused the confor-
mational change of tRNACys, suggested by slower elec-

trophoretic mobility of mutated tRNA with respect to the
WT molecule in vitro or ex vivo, consistent with the confor-
mational changes of tRNAGlu carrying the m.14692A > G
mutation (29). Notably, the mutant cybrids carrying the
m.5783C > T mutation revealed significant decreases in
the level of tRNATyr but not those in tRNAAsn and other
tRNAs. On the L-strand transcripts, an adenine at posi-
tion 5826 is a sharing nucleotide that acts as the 5′ end
of tRNACys and 3′ end of tRNATyr, while there was a
32 bp noncoding sequence junction between tRNACys and
tRNAAsn (6). The in vitro processing assays revealed that
the m.5783C > T mutation impaired the 5′ end but not the
3′ end processing of tRNACys precursors. Hence, impaired
5′ end processing of tRNACys caused by m.5783C > T mu-
tation contributed to the decreased levels of tRNACys and
tRNATyr but did not affect the other tRNAs on the L-strand
transcripts. These data were in contrast with the observa-
tions that the aberrant 5′ end processing of tRNASer(UCN)

caused by m.7516DelA mutation yielded the decreased lev-
els of tRNASer(UCN) and downstream 5 tRNAs, and of
tRNAGln caused by m.4401A > G mutation resulted in re-
duced levels of all 8 tRNAs and ND6 mRNA from the
L-strand transcripts (15,25). Moreover, the cell lines bear-
ing the m.5783C > T mutation displayed reduced aminoa-
cylation efficiency of tRNACys, with respect to the wild-
type cell lines, comparable with those in cell lines harbor-
ing 59A >G mutation at T-loop of tRNAIle (30). Therefore,
the pleiotropic effects of m.5783T > C mutation on tRNA
metabolism including the 5′ end processing of tRNACys

precursor, stability and aminoacylation of tRNACys con-
tributed to marked reductions in the steady-state levels of
tRNACys and tRNATyr.

The m.5783C > T mutation-induced alterations in
mtDNA replication and tRNA metabolism resulted in im-
pairment of mitochondrial translation and subsequently
deficient oxidative phosphorylation. In this study, variable
decreases (an average decreases of ∼23%) in 13 mtDNA-
encoded polypeptides were observed in the mutant cybrids
carrying the m.5783C > T mutation, comparable effects
seen in cells bearing the m.4401A > G or m.7516DelA
mutation (15,25). Strikingly, mutant cybrids carrying the
m.5783C > T mutation revealed marked reductions (53%
to 67%) in the levels of 4 polypeptides (ND4, ND5, CO1
and CYTB) harboring higher numbers of cysteine and ty-
rosine codons. By contrast, the levels of ND6, ATP6 and
ATP8 with lower numbers of cysteine and tyrosine codons
in mutant cybrids were comparable with those in control
cybrids. As shown in the Supplementary Table S3, the re-
duced levels of these polypeptides in mutant cybrids were
significantly correlated with the numbers of cysteine and ty-
rosine, in agreement with previous study in cells carrying
the tRNALys 8344A > G mutation (63). The impaired syn-
thesis of mtDNA encoding subunits of OXPHOS gave rise
to the instability of complexes I, III, IV and V as well as
intact supercomplexes observed in the mutant cell lines car-
rying m.5783C > T mutation. In fact, each OXPHOS com-
plex comprised of mtDNA-encoded subunit(s) and nuclear-
encoded subunits, except complex II (64). These mtDNA-
encoded subunits appear to act as seeds for building new
complexes, which requires nuclear-encoded subunit import
and assembly with the assistance of assembly factors (64).
As a consequence, these defects yielded the reduced activi-
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ties of these respiratory chain enzyme complexes. In partic-
ular, the impaired synthesis of ND4, ND5, CO1 and CYTB
and CO3 was responsible for the decreased activities of
complexes I, III and IV, respectively. The resultant respi-
ratory deficiencies diminished mitochondrial ATP produc-
tion and membrane potential, increased the ROS produc-
tion and induced mitochondrial-dependent apoptotic death
(25,30,50). These mitochondrial dysfunctions may lead to
damaged or deficient inner ear hair cells that are particu-
larly vulnerable to neurodegeneration related to oxidative
phosphorylation, thereby contributing to the development
of hearing loss (65–67). The hearing specific phenotypes
of this tRNA mutation may be attributed to the tissue-
specificity of OXPHOS via tRNA metabolism or modula-
tion of nuclear modifier genes (68–71).

In summary, we demonstrated the profound impact
of deafness-associated m.5783C > T mutation on mito-
chondrial DNA replication and tRNA metabolism con-
tributing to the pathological process of hearing loss. The
m.5783C > T mutation altered the mtDNA replication,
specifically for reducing efficiencies of L-strand replica-
tion. The m.5783C > T mutation led to profound impact
on tRNA metabolism including the instability, deficient
aminoacylation and aberrant 5′ end processing of tRNA
precursors. These failures in mtDNA replication and tRNA
metabolism resulted in impairment of mitochondrial trans-
lation and subsequently deficient oxidative phosphoryla-
tion necessary for hearing function. Our findings provide
new insights into the pathophysiology of maternal trans-
mission of deafness arising from defects in mitochondrial
DNA replication and tRNA metabolism.

DATA AVAILABILITY

The authors declare that [the/all other] data supporting the
findings of this study are available within the article [and its
supplementary information files].

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We are grateful to Ms. Jiji Sun’s technical support and pa-
tients and their family members for their participation.

FUNDING

National Key Research and Development Program
[2021YFC2700902, 2018YFC1004802] from the Ministry
of Science and Technology of China (to M.X.G.); Na-
tional Natural Science Foundation of China [82030028
to M.X.G., 81700922 to F.M. and 82071063 to J.Z.].
Funding for open access charge: National Key research
and Development Program Grants [2021YFC2700902,
2018YFC1004802] from the Ministry of Science and Tech-
nology of China (to M.X.G.); National Natural Science
Foundation of China [82030028 to M.X.G.].
Conflict of interest statement. None declared.

REFERENCES
1. Wallace,D.C. (2005) A mitochondrial paradigm of metabolic and

degenerative diseases, aging, and cancer: a dawn for evolutionary
medicine. Annu. Rev. Genet., 39, 359–407.

2. Schon,EA., DiMauro,S. and Hirano,M. (2012) Human
mitochondrial DNA: roles of inherited and somatic mutations. Nat.
Rev. Genet., 13, 878–890.

3. Taylor,R.W. and Turnbull,D.M. (2005) Mitochondrial DNA
mutations in human disease. Nat. Rev. Genet., 6, 389–402.

4. Suzuki,T., Nagao,A. and Suzuki,T. (2011) Human mitochondrial
tRNAs: biogenesis, function, structural aspects, and diseases. Annu.
Rev. Genet., 45, 299–329.

5. Guan,M.X. (2011) Mitochondrial 12S rRNA mutations associated
with aminoglycoside ototoxicity. Mitochondrion, 11, 237–245.

6. Anderson,S., Bankier,A.T., Barrell,B.G., de Bruijn,M.H.,
Coulson,A.R., Drouin,J., Eperon,I.C., Nierlich,D.P., Roe,B.A.,
Sanger,F. et al. (1981) Sequence and organization of the human
mitochondrial genome. Nature, 290, 457–465.

7. Attardi,G. and Schatz,G. (1988) Biogenesis of mitochondria. Annu.
Rev. Cell Biol., 4, 289–333.

8. Clayton,D.A. (1991) Replication and transcription of vertebrate
mitochondrial DNA. Annu. Rev. Cell Biol., 7, 453–478.

9. Holt,I.J., Lorimer,H.E. and Jacobs,H.T. (2000) Coupled leading- and
lagging-strand synthesis of mammalian mitochondrial DNA. Cell,
100, 515–524.

10. Yasukawa,T. and Kang,D. (2018) An overview of mammalian
mitochondrial DNA replication mechanisms. J. Biochem., 164,
183–193.

11. Falkenberg,M. (2018) Mitochondrial DNA replication in mammalian
cells: overview of the pathway. Essays Biochem. 62, 287–296.

12. Montoya,J., Gaines,G.L. and Attardi,G. (1983) The pattern of
transcription of the human mitochondrial rRNA genes reveals two
overlapping transcription units. Cell, 34, 151–159.

13. Ojala,D., Montoya,J. and Attardi,G. (1981) tRNA punctuation model
of RNA processing in human mitochondria. Nature, 290, 470–474.

14. Scarpulla,R.C. (2008) Transcriptional paradigms in mammalian
mitochondrial biogenesis and function. Physiol. Rev., 88, 611–638.

15. Zhao,X., Cui,L., Xiao,Y., Mao,Q., Aishanjiang,M., Kong,W., Liu,Y.,
Chen,H., Hong,F., Jia,Z. et al. (2019) Hypertension-associated
mitochondrial DNA 4401A>G mutation caused the aberrant
processing of tRNAMet, all 8 tRNAs and ND6 mRNA in the
light-strand transcript. Nucleic Acids Res., 47, 10340–10356.

16. Brzezniak,L.K., Bijata,M., Szczesny,R.J. and Stepien,P.P. (2011)
Involvement of human ELAC2 gene product in 3′ end processing of
mitochondrial tRNAs. RNA Biol., 8, 616–626.

17. Reinhard,L., Sridhara,S. and Hällberg,B.M. (2017) The
MRPP1/MRPP2 complex is a tRNA-maturation platform in human
mitochondria. Nucleic Acids Res., 45, 12469–12480.

18. Sanchez,M.I., Mercer,T.R., Davies,S.M., Shearwood,A.M.,
Nygard,K.K., Richman,T.R., Mattick,J.S., Rackham,O. and
Filipovska,A. (2011) RNA processing in human mitochondria. Cell
Cycle, 10, 2904–2916.

19. Chen,C. and Guan,M.X. (2022) Genetic correction of TRMU allele
restored the mitochondrial dysfunction-induced deficiencies in
iPSCs-derived hair cells of hearing-impaired patients. Hum. Mol.
Genet.ddac096.

20. Guan,M.X., Fischel-Ghodsian,N. and Attardi,G. (1996) Biochemical
evidence for nuclear gene involvement in phenotype of
non-syndromic deafness associated with mitochondrial 12S rRNA
mutation. Hum. Mol. Genet., 5, 963–971.

21. Zhao,H., Young,W.Y., Yan,Q., Li,R., Cao,J., Wang,Q., Li,X.,
Peters,J.L., Han,D. and Guan,M.X. (2005) Functional
characterization of the mitochondrial 12S rRNA C1494T mutation
associated with aminoglycoside-induced and nonsyndromic hearing
loss. Nucleic Acid Res., 33, 1132–1139.

22. Qian,Y. and Guan,M.X. (2009) Interaction of aminoglycosides with
human mitochondrial 12S rRNA carrying the deafness-associated
mutation. Antimicrob. Agents Chemother., 53, 4612–4618.

23. Guan,M.X., Enriquez,J.A., Fischel-Ghodsian,N., Puranam,R.S.,
Lin,C.P., Maw,M.A. and Attardi,G. (1998) The deafness-associated
mitochondrial DNA mutation at position 7445, which affects
tRNASer(UCN) precursor processing, has long-range effects on
NADH dehydrogenase subunit ND6 gene expression. Mol. Cell.
Biol., 18, 5868–5879.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac720#supplementary-data


9468 Nucleic Acids Research, 2022, Vol. 50, No. 16

24. Toompuu,M., Yasukawa,T., Suzuki,T., Hakkinen,T., Spelbrink,J.N.,
Watanabe,K. and Jacobs,H.T. (2002) The 7472insC mitochondrial
DNA mutation impairs the synthesis and extent of aminoacylation of
tRNASer(UCN) but not its structure or rate of turnover. J. Biol. Chem.,
277, 22240–22250.

25. Xiao,Y., Wang,M., He,Q., Xu,L., Zhang,Q., Meng,F., Jia,Z.,
Zhang,F., Wang,H. and Guan,M.X. (2020) Asymmetrical effects of
deafness-associated mitochondrial DNA 7516delA mutation on the
processing of RNAs in the H-strand and L-strand polycistronic
transcripts. Nucleic Acids Res., 48, 11113–11129.

26. Gong,S., Peng,Y., Jiang,P., Wang,M., Fan,M., Wang,X., Zhou,H.,
Li,H., Yan,Q., Huang,T. et al. (2014) A deafness-associated tRNAHis

mutation alters the mitochondrial function, ROS production and
membrane potential. Nucleic Acids Res., 42, 8039–8048.

27. Fan,W., Zheng,J., Kong,W., Cui,L., Aishanjiang,M., Yi,Q., Wang,M.,
Cang,X., Tang,X., Chen,Y. et al. (2019) Contribution of a
mitochondrial tyrosyl-tRNA synthetase mutation to the phenotypic
expression of the deafness-associated tRNASer(UCN) 7511A>G
mutation. J. Biol. Chem., 294, 19292–19305.

28. Wang,M., Peng,Y., Zheng,J., Zheng,B., Jin,X., Liu,H., Wang,Y.,
Tang,X., Huang,T., Jiang,P. et al. (2016) A deafness-associated
tRNAAsp mutation alters the m1G37 modification, aminoacylation
and stability of tRNAAsp and mitochondrial function. Nucleic Acids
Res., 44, 10974–10985.

29. Wang,M., Liu,H., Zheng,J., Chen,B., Zhou,M., Fan,W., Wang,H.,
Liang,X., Zhou,X., Eriani,G. et al. (2016) A deafness- and
diabetes-associated tRNA mutation causes deficient
pseudouridinylation at position 55 in tRNAGlu and mitochondrial
dysfunction. J. Biol. Chem., 291, 21029–21041.

30. Meng,F., Zhou,M., Xiao,Y., Mao,X., Zheng,J., Lin,J., Lin,T., Ye,Z.,
Cang,X., Fu,Y. et al. (2021) A deafness-associated tRNA mutation
caused pleiotropic effects on the m1G37 modification, processing,
stability and aminoacylation of tRNAIle and mitochondrial
translation. Nucleic Acids Res., 49, 1075–1093.

31. Meng,F., He,Z., Tang,X., Zheng,J., Jin,X., Zhu,Y., Ren,X., Zhou,M.,
Wang,M., Gong,S. et al. (2018) Contribution of the tRNAIle

4317A→G mutation to the phenotypic manifestation of the
deafness-associated mitochondrial 12S rRNA 1555A→G mutation.
J. Biol. Chem., 293, 3321–3334.

32. Zheng,J., Bai,X., Xiao,Y., Ji,Y., Meng,F., Aishanjiang,M., Gao,Y.,
Wang,H., Fu,Y. and Guan,M.X. (2020) Mitochondrial tRNA
mutations in 887 Chinese subjects with hearing loss. Mitochondrion,
52, 163–172.

33. Florentz,C., Sohm,B., Tryoen-Toth,P., Putz,J. and Sissler,M. (2003)
Human mitochondrial tRNAs in health and disease. Cell Mol. Life
Sci., 60, 1356–1375.

34. Hixson,J.E., Wong,T.W. and Clayton,D.A. (1986) Both the conserved
stem-loop and divergent 5′-flanking sequences are required for
initiation at the human mitochondrial origin of light-strand DNA
replication. J. Biol. Chem., 261, 2384–2390.

35. Sarfallah,A., Zamudio-Ochoa,A., Anikin,M. and Temiakov,D.
(2021) Mechanism of transcription initiation and primer generation
at the mitochondrial replication origin OriL. EMBO J., 40, e107988.

36. Yasukawa,T., Yang,M.Y., Jacobs,H.T. and Holt,I.J. (2005) A
bidirectional origin of replication maps to the major noncoding
region of human mitochondrial DNA. Mol. Cell, 18, 651–662.

37. King,M.P. and Attardi,G. (1989) Human cells lacking mtDNA:
repopulation with exogenous mitochondria by complementation.
Science, 246, 500–503.

38. Guan,M.X., Fischel-Ghodsian,N. and Attardi,G. (2001) Nuclear
background determines biochemical phenotype in the
deafness-associated mitochondrial 12S rRNA mutation. Hum. Mol.
Genet., 10, 573–580.

39. Li,X., Fischel-Ghodsian,N., Schwartz,F., Yan,Q., Friedman,R.A.
and Guan,M.X. (2004) Biochemical characterization of the
mitochondrial tRNASer(UCN) T7511C mutation associated with
nonsyndromic deafness. Nucleic Acids Res., 32, 867–877.

40. Reyes,A., Yasukawa,T., Cluett,T.J. and Holt,I.J. (2009) Analysis of
mitochondrial DNA by two-dimensional agarose gel electrophoresis.
Methods Mol. Biol., 554, 15–35.

41. Zhao,H., Li,R., Wang,Q., Yan,Q., Deng,J.H., Han,D., Bai,Y.,
Young,W.Y. and Guan,M.X. (2004) Maternally inherited
aminoglycoside-induced and nonsyndromic deafness is associated

with the novel C1494T mutation in the mitochondrial 12S rRNA
gene in a large Chinese family. Am. J. Hum. Genet., 74, 139–152.

42. Feigenbaum,A., Bai,R.K., Doherty,E.S., Kwon,H., Tan,D.,
Sloane,A., Cutz,E., Robinson,B.H. and Wong,L.J.C. (2006) Novel
mitochondrial DNA mutations associated with myopathy,
cardiomyopathy, renal failure, and deafness. Am. J. Med. Genet. A,
140, 2216–2222.

43. Rieder,M.J., Taylor,S.L., Tobe,V.O. and Nickerson,D.A. (1998)
Automating the identification of DNA variations using quality-based
fluorescence re-sequencing: analysis of the human mitochondrial
genome. Nucleic Acids Res., 26, 967–973.

44. Ylikallio,E., Page,J.L., Xu,X., Lampinen,M., Bepler,G., Ide,T.,
Tyynismaa,H., Weiss,R.S. and Suomalainen,A. (2010)
Ribonucleotide reductase is not limiting for mitochondrial DNA
copy number in mice. Nucleic Acids Res., 38, 8208–8218.

45. Ling,F., Niu,R., Hatakeyama,H., Goto,Y.I., Shibata,T. and
Yoshida,M. (2016) Reactive oxygen species stimulate mitochondrial
allele segregation toward homoplasmy in human cells. Mol. Biol.
Cell, 27, 1684–1693.

46. Zhou,M., Xue,L., Chen,Y., Li,H., He,Q., Wang,B., Meng,F.,
Wang,M. and Guan,M.X. (2018) A hypertension-associated
mitochondrial DNA mutation introduces an m1G37 modification
into tRNAMet, altering its structure and function. J. Biol. Chem., 293,
1425–1438.

47. Ji,Y., Nie,Z, Meng,F., Hu,C., Chen,H., Jin,L., Chen,M., Zhang,M.,
Zhang,J., Liang,M. et al. (2021) Mechanistic insights into
mitochondrial tRNAAla 3′-end metabolism deficiency. J. Biol. Chem.,
297, 100816.

48. King,M.P. and Attardi,G. (1993) Post-transcriptional regulation of
the steady-state levels of mitochondrial tRNAs in HeLa cells. J. Biol.
Chem., 268, 10228–10237.

49. Enriquez,J.A. and Attardi,G. (1996) Analysis of aminoacylation of
human mitochondrial tRNAs. Methods Enzymol., 264, 183–196.

50. Gong,S., Wang,X., Meng,F., Cui,L., Yi,Q., Zhao,Q., Cang,X.,
Cai,Z., Mo,J.Q., Liang,Y. et al. (2020) Overexpression of
mitochondrial histidyl-tRNA synthetase restores mitochondrial
dysfunction caused by a deafness-associated tRNAHis mutation. J.
Biol. Chem., 295, 940–954.

51. Chomyn,A. (1996) In vivo labeling and analysis of human
mitochondrial translation products. Methods Enzymol., 264, 197–211.

52. Jha,P., Wang,X. and Auwerx,J. (2016) Analysis of mitochondrial
respiratory chain super-complexes using blue native polyacrylamide
gel electrophoresis (BN-PAGE). Curr. Protoc. Mouse Biol., 6, 1–14.

53. Chen,D., Zhang,Z., Chen,C., Yao,S., Yang,Q., Li,F., He,X., Ai,C.,
Wang,M. and Guan,M.X. (2019) Deletion of Gtpbp3 in zebrafish
revealed the hypertrophic cardiomyopathy manifested by aberrant
mitochondrial tRNA metabolism. Nucleic Acids Res., 47, 5341–5355.

54. Fan,W., Jin,X., Xu,M., Xi,Y., Lu,W., Yang,X., Guan,M.X. and Ge,W.
(2021) FARS2 deficiency in Drosophila reveals the developmental
delay and seizure manifested by aberrant mitochondrial tRNA
metabolism. Nucleic Acids Res., 49, 13108–13121.

55. Birch-Machin,M.A. and Turnbull,D.M. (2001) Assaying
mitochondrial respiratory complex activity in mitochondria isolated
from human cells and tissues. Methods Cell Biol., 65, 97–117.

56. Ylikallio,E., Tyynismaa,H., Tsutsui,H., Ide,T. and Suomalainen,A.
(2010) High mitochondrial DNA copy number has detrimental
effects in mice. Hum. Mol. Genet., 19, 2695–2705.

57. Scheffler,I.E. (2015) Mitochondrial disease associated with complex I
(NADH-CoQ oxidoreductase) deficiency. J. Inherit. Metab. Dis., 38,
405–415.

58. Gontana,G.A. and Gahlon,H.L. (2020) Mechanisms of replication
and repair in mitochondrial DNA deletion formation. Nucleic Acids
Res., 48, 11244–11258.

59. Wanrooij,S., Fuste,J.M., Stewart,J.B., Wanrooij,P.H., Samuelsson,T.,
Larsson,N.G., Gustafsson,C.M. and Falkenberg,M. (2012) In vivo
mutagenesis reveals that OriL is essential for mitochondrial DNA
replication. EMBO Rep., 13, 1130–1113.

60. Wanrooij,S., Goffart,S., Pohjoismäki,J.L.O., Yasukawa,T. and
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