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ABSTRACT

The 3243A > G in mtDNA is a representa-
tive mutation in mitochondrial diseases. Mitochon-
drial protein synthesis is impaired due to decod-
ing disorder caused by severe reduction of 5-
taurinomethyluridine (r m®*U) modification of the mu-
tant mt-tRNA-U(UUR) pearing 3243A > G mutation.
The 3243A > G heteroplasmy in peripheral blood
reportedly decreases exponentially with age. Here,
we found three cases with mild respiratory symp-
toms despite bearing high rate of 3243A > G mu-
tation (>90%) in blood mtDNA. These patients had
the 3290T > C haplotypic mutation in addition to
3243A > G pathogenic mutation in mt-tRNALeu(UUR)
gene. We generated cybrid cells of these cases to
examine the effects of the 3290T > C mutation on
mitochondrial function and found that 3290T > C
mutation improved mitochondrial translation, forma-
tion of respiratory chain complex, and oxygen con-
sumption rate of pathogenic cells associated with
3243A > G mutation. We measured +m°U frequency
of mt-tRNAeU(UUR) with 3243A > G mutation in the
cybrids by a primer extension method assisted with
chemical derivatization of Tm%U, showing that hy-
pomodification of Tm3U was significantly restored

by the 3290T > C haplotypic mutation. We con-
cluded that the 3290T > C is a haplotypic muta-
tion that suppresses respiratory deficiency of mito-
chondrial disease by restoring hypomodified rm°U
in mt-tRNALeU(UUR) with 3243A > G mutation, imply-
ing a potential therapeutic measure for mitochondrial
disease associated with pathogenic mutations in
mt-tRNAs.

GRAPHICAL ABSTRACT
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INTRODUCTION

Mitochondrial dysfunction caused by mutations in mito-
chondrial DNA (mtDNA) or nuclear DNA can lead to
the development of various diseases. Point mutations in
the genes encoding mt tRNAs are frequently reported
as causative mutations in mitochondrial diseases (1). The
3243A > G mutation located in mt tRNALUUUR) gepe
has been reported in more than 80% of patients with mi-
tochondrial myopathy, encephalopathy, lactic acidosis, and
stroke-like episodes (MELAS), one of the major clinical
subgroups of the mitochondrial encephalomyopathies. This
3243A > G mutation has been found not only in MELAS
patients but also in patients with maternally inherited di-
abetes and deafness (MIDD), chronic progressive exter-
nal ophthalmoplegia (CPEO), and cardiomyopathy (2,3).
In the adult form with late onset of MELAS with stroke-
like symptoms, many patients have already developed dia-
betes and deafness at the time of onset (4). Sharma et al.
showed that many metabolites such as lactate, alanine and
a-hydroxybutyrate were increased in patient with MIDD
(m.3243A > G) and more elevated in patients with MELAS
(m.3243A > G). These biomarkers were correlate strongly
with established measures of severity of mitochondrial
disease (5).

Mt tRNALUWUUR) s responsible for decoding UUR
(R = A or G) leucine codon, and the taurine-containing
modified uridine (tm°U; 5-taurinomethyluridine) in the an-
ticodon plays an important role in accurate and efficient
translation (6). However, mt tRNAMUUUR) with MELAS
3243A > G mutation lacks the Tm>U modification, result-
ing in translation defects at the UUG codon (6). Decoding
disorders due to deficient Tm>U modification reduced ox-
idative phosphorylation. This molecular mechanism is sup-
posed to be a major cause of mitochondrial dysfunction
(6,7). Thirteen proteins encoded by mtDNA are essential
subunits of the respiratory chain complex, seven of which
are present in complex I. Since ND6, a subunit of com-
plex I, has the highest usage of UUG codons, translation
of ND6 is severely affected by a reduction of Tm>U mod-
ification on the MELAS mt tRNAMYUUR) leading to re-
duced activity of complex I as the major biochemical symp-
tom of MELAS (6,8). In addition, the 3243A > G mutation
in mt tRNAMUUUR) cayses a remarkable change in the L-
shaped tertiary structure, resulting in decreased stability, de-
creased aminoacylation, and impaired transcriptional ter-
mination (6,9,10). Many functional analyses of mitochon-
dria with the 3243A > G mutation have been performed
using cybrid cells and myoblasts with mitochondria from
MELAS and MIDD patients. These analyses have reported
decreases in mitochondrial protein synthesis, oxygen con-
sumption rate, respiratory chain enzyme activity, and mt
tRNALWUUR) Joye]. However, the detailed molecular mech-
anisms behind the mitochondrial dysfunction remain to be
elucidated (6,7,9,11-15).

Loss of tm’U modification was found in mt
tRNALUWUUR) with one of five different point muta-
tions (3243A > G, 3244G > A, 3258T > C, 3271T > C and
3291T > C) derived from patients presenting clinical fea-
tures of MELAS (16). In contrast, mt tRNAMWUUR) with
one of four different mutations (3242G > A, 3250T > C,
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3254C > T and 3280A > G) derived from patients showing
non-MELAS symptoms retained 7m>U modifications (16).
Therefore, loss of Tm°U modification in mt tRNAUUR)
seems to be associated with the clinical features of MELAS.
Since Tm’U formation in mt tRNAMUUUR) ig catalyzed by
an enzyme complex, MTO1 and GTPBP3 (17), it is likely
that the MELAS mutations prevent tm’U-modifying
enzyme from recognition of mt tRNALUUUR) (16 18-22).

The mtDNAs with 3243A > G mutation are present
in cells as a heteroplasmic mixture with the wild type
mtDNA, and tissue-specific presentations appear when
mutated mtDNA crosses a threshold regarding the rate
of 3243A > G heteroplasmy. In non-meristematic tissue
such as skeletal muscle, mutated mtDNA tends to ac-
cumulate and the mutation rate in each tissue correlates
with age and disease severity. Meanwhile, 3243A > G
heteroplasmy has been reported to decrease exponentially
with age in peripheral blood because hematopoietic stem
cells with 3243A > G mutation are selectively eliminated
(23,24). However, some case reports have indicated that
patients with the 3290T > C single-nucleotide polymor-
phism (SNP) in addition to the 3243A > G mutation in
mt tRNALUUUR) show clinical phenotypes not typical of
3243A > G mutation despite a high rate of 3243A > G het-
eroplasmy in peripheral blood (25,26). Liu et al. reported
that patients with respiratory symptoms and asymptomatic
families have high 3243A > G heteroplasmy in periph-
eral blood, but the mechanism behind this has not been
elucidated (26).

We found four cases from two families that were asymp-
tomatic or had mild disease despite high frequency of
3243A > G heteroplasmy in peripheral blood. In these
cases, the 3290T > C haplotypic mutation in addition to
the 3243A > G mutation was detected in mt tRNALew(UUR)
gene. This haplotypic mutation has been rarely reported
in cases with 3243A > G mutation. We here showed
that 3290T > C haplotypic mutation improved mitochon-
drial protein synthesis, formation of respiratory chain com-
plex, and oxygen consumption rate of cybrid cells with
3243A > G mutation. We also observed partial restoration
of the Tm° U modification of mt tRNAMYUUR) bearing both
3243A > G and 3290T > C haplotypic mutations. There
findings contribute to our understanding of the molecular
pathogenesis and potential treatment of MELAS.

MATERIALS AND METHODS
Antibodies

The antibodies used in this study are listed in Supplemen-
tary Table S1.

Cell culture

Cybrid cell lines 2SA and 2SD had been generated ear-
lier by fusing mtDNA-less 143B osteosarcoma p0 cells
with enucleated myoblasts from a MELAS patient with
the heteroplasmic 3243A > G mutation and isolating cy-
brid clones, as described previously (13). The 2SA cells
containing only normal mtDNA and 2SD cells possess-
ing 94% 3243A > G-mutated mtDNA were obtained;
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then, the rate of mutated mtDNA of 2SD cells was in-
creased by cloning. Cybrid cell line 2KD was generated
by fusing 143Bp0 cells with platelets from a patient with
the heteroplasmic 3243A > G mutation and homoplas-
mic 3290T > C SNP and isolating two cybrid clones
(2KD-1, 2KD-2), via a previously reported procedure (27).
This study was approved by the Ethical Review Board
of the Graduate School of Medical Science, Kyushu Uni-
versity. Informed consent was obtained from all partic-
ipants. 2SA and 2KD cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (1000 mg/1 glucose)
(Sigma-Aldrich, St. Louis, MO, D6046) supplemented with
10% FBS at 37°C in a humidified atmosphere with 5%
CO,. 2SD and 143Bp0 cells were cultured in DMEM
(4500 mg/1 glucose) (Nacalai, Kyoto, Japan, 16972-45) sup-
plemented with 100 wg/ml pyruvate, 50 wg/ml uridine,
and 10% FBS at 37°C in a humidified atmosphere with
5% COs.

mtDNA sequencing

Total DNA was extracted using the QIAamp DNA Blood
Mini Kit (Qiagen, Hilden, Germany, 51104) in plasma, and
using Nucleospin Tissue (Takara Bio Inc., Shiga, Japan,
740952) from cybrid cells derived from the patients with
the 3243A > G mutation and 3290T > C SNP. Total DNA
was then subjected to PCR analysis with LA Taq (Takara,
RR002A) and T100TM PCR Thermal Cycler Dice Gradi-
ent (Takara). The generation of PCR products was con-
firmed by electrophoresis, and PCR products were puri-
fied using Illustra MicroSpin Columns (GE Healthcare Sys-
tems, Chicago, IL, 28917920). The sequencing reaction was
performed with Big Dye Terminator v3.1 Cycle Sequencing
Kit (Thermo Fisher Scientific, Waltham, MA, 4336917), af-
ter which mtDNA sequencing was performed with 3500xL
Genetics Analyzer (Thermo Fisher Scientific). Data pro-
cessing was carried out using CLC Genomics Workbench6

(Qiagen).

Analysis of 3243A > G mutation rate

The 3243A > G heteroplasmy of the 2SA, 2SD and 2KD
cells were analyzed by the Droplet Digital PCR assay.
The ddPCR mixture consisted of total DNA, 2x ddPCR
Supermix for Probes (no dUTP) (Bio-Rad, Hercules,
CA, 1863024), wild-type and mutant allele-specific probes,
primer mixtures for the target gene, and the 2U/reaction
Alu 1 enzyme (New England Biolabs, Ipswich, MA,
RO1375). All primers and probes were obtained from Bio-
Rad. Sequences and other information are available at www.
bio-rad.com with assay ID dHsaMDS556387941. Droplets
were generated with the Bio-Rad QX200 system (Bio-Rad),
in accordance with the manufacturer’s instructions. The re-
actions were then subjected to PCR analysis with Thermal
Cycler (Applied Biosystems, Waltham, MA). The number
of fluorescence-positive droplets was analyzed using QX200
Droplet Reader (Bio-Rad). A two-color detection system
(set to detect FAM and HEX) was used to analyze each
droplet separately. The fluorescent droplets were counted

and absolute quantification of the copy number of wild type
and mutant at m.3243 was performed using QuantaSoft
software 1.7 (Bio-Rad). The 3243A > G heteroplasmy was
calculated as follows.

3243A > G heteroplasmy =

copy number in mutated mtDNA

100
sum of the copy number in normal mtDNA and mutated mtDNA x

Growth curve analysis

To determine cell proliferation, 2SA, 2SD, 2KD-1, 2KD-
2 and 143Bp0 cells (1 x 10%) were seeded in triplicate
in 12-well plates and cultured under high-glucose (4500
mg/1 glucose DMEM supplemented with 100 pg/ml pyru-
vate, 50 wg/ml uridine, 10% FBS) or high-galactose (no
glucose (Nacalai, 09891-25) supplemented with 1800 mg/1
galactose, 10% FBS) conditions. Cells were trypsinized and
counted daily for up to 5 days using a Coulter Counter
(Beckman Coulter, Brea, CA). Half proportion of each
medium was refreshed on Day 3.

Immunoblotting

Briefly, 2SA, 2SD, 2KD-1, 2KD-2 and 143Bp0 cells were
lysed with lysis buffer [20 mM Tris—HCI, pH 7.5, 150
mM NaCl, 2 mM EDTA, 1% NP-40, 0.1% SDS, protease
inhibitor cocktail (Wako, Osaka, Japan, 161-26023)] and
homogenized by sonication, as described elsewhere (28).
Samples containing 5 wg of protein were separated by
SDS-PAGE, and then subjected to immunoblotting with
antibodies against ND1, NDUFB8, NDUFA9, SDHA,
UQCRCI, COX I, COX II, ATP5A1, ATP6 and ATPS.

Real-time PCR analysis

Real-time PCR analysis was performed with reference to
the previous method (29). Total RNA was extracted using
the RNeasy® Mini Kit (Qiagen, 74104). The RNase-Free
DNase Set (Qiagen, 79254) was used to remove DNA dur-
ing RNA purification, and the RNA was quantified using
Nano Drop ND-1000 Spectrophotometer (Thermo Fisher
Scientific). The cDNA was synthesized with 500 ng of to-
tal RNA, 5 wM of random 6-mers, 2.5 wM of oligo dT
primers, and the PrimeScript™ RT Reagent Kit (Takara,
RRO037A) for a final volume of 10 wl. The reverse transcrip-
tion reaction was conducted using a BLOCK INCUBA-
TOR (ASTEC, Fukuoka, Japan, BI-526) under the follow-
ing conditions: reverse transcription for 15 min at 37°C and
enzyme inactivation for 5 s at 85°C. The real-time PCR mix-
ture consisted of 8 ng cDNA, TB Green Premix Ex Taq™ II
(Takara, RR820A), and primer mixtures at a concentration
of 0.8 uM for target gene for a final volume of 20 wl. The
PCR analysis was conducted using StepOnePlus Real-Time
PCR System (Applied Biosystems) under the following con-
ditions: activation of the enzyme at 95°C for 1 min, then
40 cycles of a two-step protocol consisting of incubation at
95°C for 15 s followed by combined annecaling/extension
at 60°C for 1 min. The expression level of each mRNA
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was normalized to the level of 18S ribosomal RNA ob-
tained from the corresponding reverse transcription prod-
uct. All primers were purchased from Eurofins (Lux-
embourg). Primer sequences are listed in Supplementary
Table S2.

Oxygen consumption assay

Oxygen consumption rate (OCR) was measured as previ-
ously described (30). The 2SA, 2SD, 2KD-2 and 143Bp0
cells (1 x 10°) were seeded in XF24-well microplates (Sea-
horse Bioscience, North Billerica, MA). Oxygen concentra-
tions were measured at 37°C with an uncoupler (FCCP) and
inhibitors (oligomycin, rotenone, and antimycin A) using
XF¢24 Extracellular Flux Analyzer (Seahorse Bioscience),
in accordance with a standard protocol. Oxygen consump-
tion rate is presented as the mean + SD, in the unit of nmol
O, consumed per minute per cell.

Pulse-labeling of mitochondrial translation products

Mitochondrial translation products were pulse-labeled in
vitro with [**S]-methionine and [**S]-cysteine. The 2SA,
2SD and 2KD-2 cells were incubated for 10 min in 100
prg/ml emetine and 200 pg/ml cycloheximide prior to label-
ing for 60 min. After incubation, labeled cells were washed
with PBS and then lysed in lysis buffer (10 mM Tris—HCI,
pH 7.5, 1 mM EDTA, 8§ M urea, 1% SDS). Total cellular
protein (10 wg/lane) was subjected to 15-20% SDS-PAGE
for 3 h at 180 V. The gels were stained with Coomassie
Brilliant Blue and dried. The gels were measured using a
BAS2500 bio-imaging analyzer (Fujifilm, Tokyo, Japan).

BN-PAGE and immunoblotting

The formation of complexes I to V was evaluated by
performing electrophoresis while maintaining the complex
structure. Each step was carried out at 4°C or on ice. The
2SA, 2SD and 2KD-2 cells (2 x 107) were homogenized
with a Potter-Elvehjem homogenizer in 1 ml of homoge-
nizing buffer [20 mM HEPES-KOH, pH 7.4, 0.25 M su-
crose, | mM EDTA, protease inhibitor cocktail (Wako)]
and centrifuged at 3000 rpm for 15 min. The supernatant
was centrifuged at 10 000 rpm for 25 min, and the mi-
tochondrial pellet was lysed with solubilization buffer (50
mM Bis-Tris/HCI, pH 7.0, 1.5 M 6-aminocaproic acid)
and 1/10 volume of 10% n-dodecyl-B-D-maltoside (Wako,
341-06161) solution. The sample was centrifuged at 18 000
g for 20 min and 1/20 volume of sample buffer (50 mM
Bis-Tris/HCI, pH 7.0, 0.75 M 6-aminocaproic acid, 5%
CBB G-250) and glycerol was added to the supernatant.
Each sample (5 pg of mitochondrial protein) was then
loaded onto a 3-12% BN-PAGE gradient gel (Invitrogen,
Carlsbad, CA). Electrophoresis was performed with cath-
ode buffer in the upper buffer chamber and anode buffer
in the lower buffer chamber using a CROSSPOWER 3500
(ATTO, Tokyo, Japan). The electrophoresis was carried out
at 4°C and 90 V for 30 min and then raised to 6 mA for 2.5
h. When the front was about halfway across the gel, cath-
ode buffer A was substituted by cathode buffer B. Cathode
buffer A consisted of 50 mM Tricine, 15 mM Bis—Tris/HCI,
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pH 7.0, and 0.02% (w/v) CBB G-250; cathode buffer B
consisted of 50 mM Tricine, 15 mM Bis-Tris/HCI, pH 7.0,
and 0.002% (w/v) CBB G-250; and the anode buffer con-
sisted of 50 mM Tricine and 15 mM Bis-Tris/HCI, pH 7.0.
The separated proteins were transferred electrophoretically
onto a PVDF membrane with NuPAGE Transfer buffer [25
mM Bicine, 25 mM Bis-Tris, pH 7.2, 1 mM EDTA] and
immunoblotted with antibodies against ND1, NDUFBS,
SDHA, UQCRCI1, COX I, ATP5A1 and ATP6.

Immunofluorescence imaging of mitochondria

Immunofluorescence was carried out in accordance with
established techniques. Briefly, 2SA, 2SD and 2KD-2
cells were incubated in the presence of 100 nM Mito-
Tracker™ Red CMXRos (Invitrogen, M7512) for 20 min.
Cells were fixed and permeabilized, and then incubated in
the presence of 4',6-diamidino-2-phenylindole (DAPI) (Fu-
jifilm, 340-7971) for 45 min. Glass slides were mounted us-
ing Superfrost (Matsunami, Osaka, Japan). Fluorescence
images were obtained using a confocal laser microscope
(KEYENCE, Osaka, Japan).

RINA preparation for primer extension method and northern
blotting

Total RNA was extracted from each cell using custom-
made RNA isolation reagent [40%(w/v) phenol, 1%(v/v)
ethylene glycol, 2 M guanidine thiocyanate, 0.1%(w/v) (6.9
wM) 8-quinolinol, 20 mM tri-sodium citrate-2H,O, 0.1 M
NaOAc (pH 4.5), 0.1% (v/v) Triton X-100, 0.2% (w/v) N-
lauroylsarcosine sodium salt, 50 mM salicylic acid, 10 puM
Aluminon, 0.0001% (w/v) Bromophenol Blue]. The solu-
tion was centrifuged and chloroform was added to the aque-
ous phase to a concentration of 20%. After vortexing and
centrifugation, the RNAs were precipitated from the aque-
ous phase with 2-propanol.

Primer extension method

To quantify Tm°U frequency in mt tRNAMUUUR) " e
employed a primer extension method assisted by chemi-
cal derivatization of Tm>U (31). The total tRNA fraction
was purified by electrophoresis on a 10% polyacrylamide
gel containing 7 M urea and gel extraction. Then, CMC
[N-cyclohexyl-N’-B-(4-methylmorpholinium) ethylcarbodi-
imide] derivatization of mt tRNAMUUR) i the total RNA
fraction was performed as described previously (6,32). The
CMC-derivatized mt tRNAMUWUUR) was subjected to a
reverse-transcription reaction with 5'-[*?P]-labeled primer
for mt tRNAMUWUUR) (5 ACCTCTGACTGTAAAG-3)
and SuperScript 111 Reverse Transcriptase (Invitrogen) in
buffer containing 1 x FS buffer (Invitrogen), 3.75 mM
MgCl,, 0.0375 mM each of dATP and dTTP, and 0.075 mM
ddGTP at 55°C for 1 h. The cDNAs were subjected to 20%
PAGE with 7 M urea (20 x 20 cm?, 0.35 mm). The gel was
exposed to an imaging plate and visualized using an FLA-
7000 imaging analyzer (Fujifilm).

Northern blotting

Northern blotting analysis of mt tRNALUWUUR) g
conducted essentially as described previously (33). Total
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RNA (3 wng) from cultured cells was dissolved in 10%
PAGE containing 7 M urea and stained with ethidium
bromide before blotting onto a nylon membrane (Amer-
sham Hybond N+; GE Healthcare Systems). A synthetic
DNA probe for mt tRNAMUUUR) wag 5 Jabeled with
[Y-**P]JATP (PerkinElmer, Inc., Waltham, MA) by T4
Polynucleotide Kinase (Toyobo, Osaka, Japan). The
following two types of probes were used: probe 1 (5'-
TGTTAAGAAGAGGAATTGAACCTCTGACTG-3)
for comparing 2SA cells with 2SD cells, and probe 2 (5'-
TTTTATGCGATTACCGGGCCCTGCCATCTT-3) for
comparing 2SD cells with 2KD cells. The radioactivity on
the membrane was visualized by exposing the membrane
to an imaging plate and analyzed using an FLA-7000
imaging analyzer (Fujifilm). The 5S rRNA was detected by
ethidium bromide staining.

In vitro transcription and tRNA purification

Three types of mt tRNAMUUUR) sequences (wild-type,
3243A > G mutation, 3243A > G mutation and 3290T > C
SNP) were amplified using 2SA, 2SD, and 2KD genomic
DNA and primers with Aat I1 and Sal I sequences at each
end (Supplementary Table S2). The PCR analysis was con-
ducted using PCR Thermal Cycler Dice TP-600 (Takara)
and KOD -plus- (Toyobo, KOD-201) under the following
conditions: pre denature at 94°C for 2 min, then 30 cy-
cles of a three-step protocol consisting of denature at 94°C
for 15 s, annealing at 55°C for 30 s, and extension at 68°C
for 30 s. Three types of mt {RNALeu(UUR) sequences were
cloned by inserting into pPGEM®-T Easy Vector (Promega
Madison, WI, A1360). Each plasmid was extracted using
the Wizard® Plus SV Minipreps DNA Purification Sys-
tems (Promega, A1460) and linearized by Sa/ I restric-
tion enzyme digestion. Then, in vitro run-off transcription
was performaed by using a Riboprobe®in vitro Transcrip-
tion Systems (Promega, P1440). The transcription reaction
was performed at 37°C for 1 h in Transcription Optimized
5 x Buffer, 10 mM DTT, 20 u Recombinant RNasin®
Ribonuclease Inhibitor, 2.5 mM nucleotides (rATP, rGTP,
rCTP and rUTP), using 200 pwg/ml of the plasmid and 15
u T7 RNA Polymerase. Subsequently, in vitro transcript
was purified and DNase treated using a RNA Clean and
Concentrator-5 kit (Zymo Research, Irvine, CA, R1013).
The RNA was eluted in a buffer containing 20 mM Tris—
HCI, pH 7.5, and 50 mM NaCl, and melt curve analysis
and polyacrylamide gel electrophoresis were performed.

Melt curve analysis

To determine the differences of mt tRNALUWUUR) gtryc-
tures, a melt curve analysis was performed by using 1:10 000
SYBR Green I Nucleic Acid Gel Stain (Thermo Fisher Sci-
entific, S7563) with reference to the previous method (34).
First, a 10 x SYBR Green I Buffer was prepared in 100
mM Tris-HCI, pH 7.5, 20 mM MgCl,, 1.5% (v/v) Triton
X-100 and 1.5 M NacCl by diluting the original dye 1000-
fold. To prepare samples for the melt curve analysis, puri-
fied tRNA samples were incubated at 65°C for 5 min and
then at room temperature for 45 min. For RNase A treat-
ment of mt tRNALUUUR) [wild-type tRNALUUUR) wag in-
cubated with 2 pg/nl RNase A (Wako, 182-01493) at 37°C

for 5 min. Then, tRNA samples (wild-type tRNALeUUUR),
tRNALUUUR) with 3243A > G mutation, {RNALeu(UUR)
with 3243A > G mutation and 3290T > C SNP, RNase
A-treated wild-type tRNAMUUUR) "and no RNA) were di-
luted in the 1 x SYBR Green I Buffer. The melt curve anal-
ysis was conducted using a 20 pl sample volume on the
StepOnePlus Real-Time PCR System (Applied Biosystems)
in triplicate with a temperature gradient of 0.5°C /s from 50
to 95°C.

Aminoacylation assay

The in vivo aminoacylation status of mt tRNALeW(UUR)
was analyzed by acid-urea northern blotting (35) with
slight modifications. Total RNA was extracted un-
der acidic conditions at low temperature as described
previously (36). Three to ten wg of total RNA was re-
solved by 7.5% PAGE containing 7 M urea and 0.1
M NaOAc (pH 5.2) at 4°C overnight, blotted onto a
nylon membrane, dried, and crosslinked by UV as de-
scribed above. The DNA probes for mt tRNALeW(UUR)
(5-TGTTAAGAAGAGGAATTGAACCTCTGACTG-
3’) were 5-labeled with P, and northern blotting was
performed as described above.

Metabolomics

Blood samples were collected from three individuals in each
of the following groups: patients with 3243A > G and
3290T > C, MIDD patients with 3243A > G, and con-
trols, after fasting for more than 5 h (Supplementary Table
S3). Plasma samples were analyzed using LCMS-8060 (Shi-
madzu, Kyoto, Japan), as described previously (37). Data
processing was carried out using MetaboAnalyst (www.
metaboanalyst.ca).

RESULTS
Patients with the 3243A > G mutation with 3290T > C SNP

The 3243A > G mutation, a typical causative mutation of
mitochondrial disease, causes hearing loss, diabetes, and
MELAS-like symptoms (Figure 1A). As for 3243A > G
heteroplasmy, it decreases with age in peripheral blood.
In the 44 cases analyzed in our laboratory, the rate of
3243A > G heteroplasmy in peripheral blood decreased ex-
ponentially with age (Figure 1B). However, we experienced
four cases in two families that deviated significantly from
this relationship between age and 3243A > G heteroplasmy,
and they were asymptomatic or had mild disease despite
markedly high rates of heteroplasmy (Figure 1B and C).
Three patients (#1-1, #1-2 and #2-2) with mild disease
had no hearing loss, diabetes, or muscle symptoms despite
the 3243A > G heteroplasmy being over 90% in periph-
eral blood, and they shared respiratory failure in common,
which is rarely reported in patients with 3243A > G mu-
tation (Figure 1D). One patient (#2—1) was asymptomatic
despite a 70.6% rate of heteroplasmy in peripheral blood.
We confirmed the presence of the 3243A > G mutation
and 3290T > C SNP in mt tRNAYUUR) in only these
four cases by analyzing the full-length mtDNA sequence
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Figure 1. Clinical information on patients with the 3243A > G mutation with 3290T > C SNP. (A) Cloverleaf structures of human mt tRNALeUUUR) with
modified bases. Left panel, wild-type tRNA; central panel, tRNA with 3243A > G mutation; right panel, tRNA with 3243A > G mutation and 3290T > C
SNP. (B) The levels of 3243A > G heteroplasmy of mtDNA in peripheral blood derived from 48 patients. (C) Pedigrees of patients of two families. #1-1,
#1-2, #2-1 and #2-2 have 3243A > G mutation with 3290T > C SNP. Black shows respiratory failure patients. Diagonal square shows deaf patients, for
whom sequencing was not performed. (D) Disease features of four patients having the 3243A > G mutation and 3290T > C SNP.

(Supplementary Figure S1). This suggests that the presence
of the 3290T > C SNP is related to differences in clinical
phenotype.

Patient #1-2 has a history of left ventricular hypertro-
phy, sleep apnea, respiratory acidosis, and type II respira-
tory failure, and showed improvements in symptoms after
the introduction of non-invasive positive pressure ventila-
tion. Although there was no indication of symptoms typ-
ical of mitochondrial disease, such as loss of limb mus-
cle strength, cranial neurological shedding, or heart failure,
the treatment of mitochondrial cardiomyopathy was imple-
mented. The rate of 3243A > G heteroplasmy was remark-
ably high, at 93.0% in peripheral blood and 97.0% in my-
ocardium. Blood tests showed a high lactate level and high
lactate/pyruvate ratio of 93.7 mg/dl and 28.4, respectively
(Figure 1D).

Against the above background, we generated cybrid cells
named 2KD cells using platelets from patient #1-2 and
143B osteosarcoma p0 cells to investigate whether the pres-
ence of the 3290T > C SNP in addition to the 3243A > G
mutation improves the mitochondrial damage associated
with the latter mutation. All six clones of cybrid 2KD cell

lines had 99.8% or higher rate of 3243A > G heteroplasmy
(Supplementary Table S4), and the presence of 3290T > C
SNP was confirmed in the two clones of 2KD-1 and 2KD-2
(Supplementary Figure S2).

In addition, mtDNA sequencing analysis confirmed that
the hypervariable D-loop region of the 2KD-1 and 2KD-
2 clones had the same sequence as that of the blood sam-
ples from patient #1-2. We used wild-type 2SA cells and
3243A > G 2SD cells as controls, the rates of 3243A > G
heteroplasmy of which were 0.02% and 99.9%, respectively
(Supplementary Table S4). The mtDNA copy number was
192 copies/cell in the 2SA cells and 258 copies/cell in the
2SD cells. The 2KD cells showed a copy number range of
180-270 copies/cell.

Mitochondrial dysfunction is relatively mild in 2KD cells with
the 3243A > G mutation with 3290T > C SNP

We decided to evaluate mitochondrial function in the 2KD
cells with the 3243A > G mutation with the 3290T > C
SNP. Comparative analysis was performed using wild-type
2SA cells and 3243A > G 2SD cells. First, to examine cell
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proliferation, 2SA, 2SD, 2KD-1, 2KD-2 and 143Bp0 cells
were cultured under high-glucose and high-galactose con-
ditions for 5 days. The high glucose conditions resulted in
an exponential increase in the numbers of all five cells, in-
cluding 2SA cells (Figure 2A). Under the high-galactose
conditions, in which mitochondrial oxidative phosphory-
lation is relied upon for energy production, 2SD and p0
cells showed no growth. In contrast, two clones of the 2KD
cells showed proliferation following the 2SA cells (Figure
2A). This suggests that 2SD cells with impaired mitochon-
drial function and 143Bp0 cells without mtDNA cannot
proliferate in a mitochondrially dependent manner, while
2KD cells can produce energy in a manner dependent on
mitochondria.

Interactions between mitochondria and the endoplasmic
reticulum play an important role in the regulation of mito-
chondrial function and dynamics (38,39). The expression of
genes related to the endoplasmic reticulum (ER) stress re-
sponse, integrated stress response, and acting as biomark-
ers of mitochondrial disease is elevated in response to mi-
tochondrial dysfunction. Therefore, we evaluated the de-
gree of mitochondrial dysfunction using ER stress response
markers such as CHOP, GADD34, Trib3 and ATF4 and
a biomarker of mitochondrial disease, GDFI5. Compared
with the levels in the 2SA cells with normal mitochondrial
function, the expression of all genes was significantly ele-
vated in the 2SD cells (Figure 2B). Gene expression of the
four ER stress response markers in the two clones of 2KD
cells was comparable to that in the 2SA cells (Figure 2B).
Expression of the GDF15 gene in the 2KD cells was not as
decreased as in the 2SA cells, but was lower than in the 2SD
cells (Figure 2B). This suggests that mitochondrial damage
is suppressed in the 2KD cells compared to the 2SD cells.

Next, oxygen consumption was measured to assess mi-
tochondrial oxidative phosphorylation. In the 2SD cells,
oxygen consumption was markedly reduced compared with
that in the 2SA cells. However, oxygen consumption of the
2KD cells was intermediate between the levels in 2SA and
2SD cells in terms of both basal and maximal respiratory
capacity and recovered to approximately half that of the
2SA cells (Figure 2C and Supplementary Figure S3). This
suggests that oxidative phosphorylation in the 2KD cells
was improved over that in the 2SD cells, but not as much
as in the 2SA cells.

Mitochondrial morphological dynamics is associated
with the regulation of cellular function and disease, and
fragmented mitochondria are observed in cells in cases of
mitochondrial disorders (40—43). Therefore, immunostain-
ing was performed to evaluate mitochondrial morphology.
When cells were classified by the mitochondrial morphol-
ogy, >70% of the 2SA cells were classified as filament (Fig-
ure 2D). Meanwhile, more than 90% of the 2SD cells were
classified as fragmentation, while no cells consisting only
of filament-like mitochondria were found (Figure 2D). In
the 2KD cells, around 60% of cells were classified as frag-
mentation and around 20% as filament (Figure 2D). Com-
pared with the 2SD cells, 2KD cells showed a decrease in
fragmented mitochondria and an increase in filamentous
ones. These results suggest that mitochondrial function is
improved in the 2KD cells compared with that in the 2SD
cells.

Mitochondrial translation was partially improved in the 2KD
cells with 3243A > G mutation and 3290T > C SNP

In 3243A > G cybrid cells (2SD cells), the synthesis of
mtDNA encoded proteins is downregulated due to the
decrease in Tm°U modification in mt tRNALUWUUR) (7),
Therefore, we examined the expression of proteins consti-
tuting the mitochondrial respiratory chain to assess the
mitochondrial translation function in the 2KD cells. The
expression of mtDNA encoded proteins was significantly
downregulated in the 2SD and 143Bp0 cells compared
with that in the 2SA cells (Figure 3A). In the 2SD and
143Bp0 cells, the levels of nuclear-encoded proteins such as
NDUFBS8, NDUFA9, and UQCRCI1 were also decreased
(Figure 3A). This downregulation may have been accompa-
nied by destabilization of the complex and nuclear-encoded
subunits. In contrast, the expression was completely im-
proved in the two clones of 2K D cells (Figure 3A). In addi-
tion, the level of SDHA was slightly increased in the 2SD
and 143Bp0 cells (Figure 3A). These results suggest that
2K D cells are capable of synthesizing mtDNA encoded pro-
teins and any deficiency in the expression of proteins con-
sisting of the mitochondrial respiratory chain is completely
overcome.

Next, we performed a pulse-labeling assay to comprehen-
sively assess the rates of synthesis of 13 mtDNA encoded
proteins. In the cell line we used, 11 subunits showed band
changes, but two subunits, ND3 and ND6, had weak bands
and were not detectable. In 2SD cells, all proteins were syn-
thesized at lower levels than in 2SA cells, approximately 15—
50% of the 2SA cell levels (Figure 3B and Supplementary
Figure S4). However, in 2K D cells, most proteins tended to
be synthesized at higher ones than in 2SD cells, approxi-
mately 50-100% of the 2SA cell levels (Figure 3B and Sup-
plementary Figure S4). In addition, no abnormal bands
or translation defects, indicating amino acid misincorpora-
tion, were observed. These results indicate that 2KD cells
have an increased rate of protein synthesis compared with
2SD cells, but that translational function has not been re-
stored to the same extent as in 2SA cells. This incomplete
recovery of the capacity for protein synthesis may have led
to a partial recovery of oxygen consumption.

The 2KD cells form an incomplete respiratory chain complex

Despite the complete improvement in the expression of mi-
tochondrial respiratory chain subunits in the 2KD cells,
protein synthesis capacity and oxidative phosphorylation
were shown to be approximately half those of the 2SA
cells (Figures 2C, 3A and B). Therefore, we hypothesized
that the formation of the respiratory chain complex is re-
duced by an imbalance between translation in the mito-
chondria and proteins derived from the nuclear genome. To
examine the ability to form respiratory chain complexes, we
evaluated the formation of complexes I-V by blue native
PAGE (BN-PAGE). First, immunoblotting of the complex
I subunit NDUFBS8 detected complex I and a supercom-
plex (I + III, + IV) in the 2SA and 2KD cells (Figure 4A).
The 2SD cells showed less complex formation as well as
the presence of incompletely formed subcomplexes (Figure
4A). Next, we examined the complex formation using ND1
antibody that recognizes a region located inside complex I
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Figure 2. Improvement in oxidative phosphorylation and mitochondrial function in the 2KD cells. (A) Cell proliferation monitored in the 2SA, 2SD,
2KD-1, 2KD-2 and 143Bp0 cells under high-glucose (left panel) and high-galactose (right panel) conditions. The cell number was determined every 24
h for 5 days after seeding. Results are expressed as the mean + SD of three independent experiments. Student’s -test was performed vs. 2SA cells at
day 5, *P < 0.05, **P < 0.01, ***P < 0.001. (B) The mRNA abundance of the ISR-related gene markers, CHOP, GADD34, Trib3 and ATF4, and a
biomarker of mitochondrial disease, GDF15, was assessed by RT-qPCR in the 2SA, 2SD, 2KD-1 and 2KD-2 cells. Results are expressed as the mean £+ SD
of three independent experiments. Student’s #-test was performed vs. 2SA cells, ¥*P < 0.05, **P < 0.01, ***P < 0.001. (C) Oxygen consumption in the
2SA, 28D, 2KD-2 and 143Bp0 cells. (Left panel) Oligomycin (a complex V inhibitor) reversibly inhibits O, consumption, FCCP (an uncoupler of ETC
and ATP synthase) allows maximum O, consumption, while rotenone (complex I inhibitor) and antimycin A (complex III inhibitor) completely inhibit
O, consumption. Results are expressed as the mean + SD of five independent experiments. (Right panel) Maximal respiration in the 2SA, 2SD, 2KD-2
and 143Bp0 cells. Results are expressed as the mean + SD of five independent experiments. Student’s 7-test was performed vs. 2SA cells, **P < 0.01,
***P < 0.001. (D) (Left panel) Immunofluorescence staining of MitoTracker™ Red CMXRos in the 2SA, 2SD and 2KD-2 cells. Nuclei were stained with
4’ 6-diamidino-2-phenylindole (DAPI). Scale bar: 20 wm. (Right panel) Mitochondrial morphology of each cell was classified as follows: filament, more
than 80% were long and higher interconnected; fragmentation, >80% were small and round; filament and fragmentation, mixture of shorter filaments and
round. The mitochondrial morphology rates were determined as percentages of the total number of cells counted (~100 cells).

(Figure 4B) and found that complex I and the supercom-
plex were detected by this antibody in the 2KD cells, but
only slightly in the 2SA cells (Figure 4B, left panel). This
may indicate that the complex I structure in the 2KD cells
differed from that in the normal 2SA cells, with a less com-
pact structure. Therefore, after electrophoresis, the gel was
subjected to SDS treatment to dissolve the complex struc-
tures, followed by membrane transfer. The results revealed
NDI in the 2SA and 2K D cells after SDS treatment (Figure
4B, right panel), suggesting that 2K D cells form an unstable
complex with a different structure than normal.

Next, complex II was confirmed to be formed in all cells
(Figure 4C). Complex III, was also formed in all cells, but
complex III, + IV was formed less frequently in the 2SD
cells (Figure 4D). Supercomplex was formed in the 2SA and
2KD cells, and the simple substance UQCRCI, a subunit
of complex III,, was detected only in the 2SD cells (Fig-
ure 4D). There was a lower rate of complex IV formation
in the 2SD cells, and complex III, + IV and supercom-
plex were observed only in the 2SA and 2KD cells (Figure
4E). Immunoblotting of complex V subunits ATP5SA1 and
ATP6 showed less complex V formation in the 2SD cells
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after SDS-PAGE. Each protein encoded by mtDNA is indicated on the left.

than in the 2SA and 2KD cells (Figure 4F). There was also
a higher rate of complex V dimer formation in the 2SA cells
for ATP6 (F, domain), and incompletely formed subcom-
plexes were detected in the 2SD and 2K D cells for ATP5A1
(F; domain) (Figure 4F). This indicates that the 2KD cells
partially formed incomplete complexes, even for complex V.
These results suggested that oxidative phosphorylation in
the 2KD cells may not have been completely improved due
to the incompleteness of the respiratory chain complex, de-
spite all of the complexes being present at the same level as
in the 2SA cells.

5

7= m>u modification rate is partially restored in 2KD cells

Reduced mt tRNALMHUUR) stability and defective tm°U
modifications have been reported in MELAS patients with
the 3243A > G mutation (6,16). Therefore, we performed
northern blotting to analyze steady-state level of mt
tRNALUUUR)  Owing to the presence of two mutations
(3243A > G and 3290T > C) in mt tRNAMUWUUR) 4
common DNA probe was not available. Therefore, we
used two different probes to compare 2SA to 2SD, and
2SD to 2KD, respectively. The radio-labeled band of mt
tRNALUUUR) in each cell was normalized by 5S rRNA.
Steady-state level of mt tRNAMYUUR) was significantly
reduced in the 2SD cells (38%) relative to that in the 2SA
cells (100%) (Figure 5A, left panels), whereas it was slightly
but significantly increased in 2KD-2 cells (55%) (Figure
5A, right panels). Next, we measured Tm>U frequency of
mt tRNALUWUUR) by g primer extension method assisted
by chemical derivatization of Tm°’U with CMC (31).
We confirmed notable reduction of Tm°U frequency in
2SD cells (32%) compared to that in 2SA cells (100%)
and found a significant increase of Tm°U frequency in

2KD-2 cells (59%) (Figure 5B). These findings suggest
that 3290T > C haplotypic mutation contributes to partial
recovery of steady-state level and tm°U frequency of
mt tRNAMYUUR) with 3243A > G mutation, thereby
improving mitochondrial translation and respiratory
activity.

Mt tRNALeWUUR) with the 3243A > G mutation and
3290T > C SNP has a different structure than mt
tRNAL"(UUR) with the 3243A > G mutation

The abnormal tRNA conformation and decreased aminoa-
cylation have been reported in mt tRNAMYVUR) with the
3243A > G mutation (6,22). Therefore, we conducted melt
curve analysis based on the intercalation of the SYBR
Green [ fluorophore to confirm the structural differences
of mt tRNALUWUUR) in wild-type, 3243A > G mutation,
and 3243A > G mutation with 3290T > C SNP. When
double-stranded nucleic acid bound to SYBR Green I fluo-
rophore is thermally denatured, the fluorophore is released
and the fluorescence signal rapidly decreases at the melt-
ing temperature (7y,). Then, plotting this negative deriva-
tive (A fluorescence / A temperature) against the temper-
ature, we get the melting curve of each nucleic acid. For
that reason, any changes of tertiary structure and stabil-
ity in mt tRNALMUUUR) can alter the melting curves profiles
(34). The Ty, values of mt tRNAMUUUR) were 68.8 + 0.4°C
in wild-type, 62.3 £+ 0.9°C in 3243A > G mutation, and
64.4 £+ 0.9°C in 3243A > G mutation with 3290T > C
SNP (Figure 5C). We also confirmed that these unfolding
curves are different from those of RNase A-treated wild-
type mt tRNALUUUR) and No RNA samples (Supplemen-
tary Figure S5). In addition, to confirm that these melting
curves were derived from mt tRNAMUUUR) e performed
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Figure 4. Partially incomplete respiratory chain complexes in the 2KD cells. The formation of respiratory chain complexes was assessed by BN-PAGE
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electrophoresis using the samples after the in vitro transcrip-
tion. We showed that only pure mt tRNAMVUUR) generated
by in vitro transcription was present (Figure 5D).

Next, we analyzed aminoacylation status of mt
tRNALWUUR) by acid-urea northern blotting. We con-
firmed a significant reduction of the aminoacylation level in
2SD cells (78%) compared to that in 2SA cells (100%) (Sup-
plementary Figure S6). In contrast, the aminoacylation
level in 2KD-2 cells (91%) tended to improve compared
to that in 2SD cells, but not significantly (Supplementary
Figure S6). However, the lack of improvement in aminoa-
cylation suggests that the mutation did not directly lead to
an improvement in oxidative phosphorylation capacity.

Metabolite characteristics of patients with 3243A > G muta-
tion with 3290T > C SNP

To evaluate the effects of mitochondrial dysfunction on
metabolism, metabolomic analysis was performed us-
ing plasma from patients with mitochondrial disease.
Three groups of patients were analyzed: patients with the
3243A > G mutation with 3290T > C SNP, MIDD pa-
tients with the 3243A > G mutation, and controls (Sup-
plementary Table S3). Biochemical tests, including lactate
and hematological tests on blood samples from healthy
subjects, gave normal results. However, when we exam-
ined the differences among the groups, principal component
analysis (PCA), a first-pass method to identify chemical

€202 18qWBAON € U0 Jasn AlsiaAlun nysnAy Aq £86€22//081 /¥ L/1LG/elonie/ieu/wod dno olwspeoe//:sdiy Wwodj papeojumoq



7490 Nucleic Acids Research, 2023, Vol. 51, No. 14

A probe 1 probe 2 B
2SA 2SD  2SD 2KD-2 S3KO Hela

- oo |
L

™m°U

2SA 2SD 2KD-2

T
B
]

5S rRNA |+ *.l |’ _ﬁ| gon | w— - . c
%k k 3
- 3 - 34 _
5 5 15
O~ O~
EQ EOD 2
=8 =2 L
55‘2“ 532_ P §g1.0—
ig s Se
<& <& £o A
Z's Z's 82
LE 1 e TE 14 ok £T 05
28 28 o2 -
K & €
& & "
0- T o~ 0 -
2SA  2SD 2SD 2KD-2 2SA 2SD 2KD-2
C D o
g
110 | QQ&
,“ @ wild-type ?’q’
| 3243A>G & 2L
Ii ® 3243A>G, 3290T>C Size (bp) & (Lb:bv ,L‘;b?'
90 i P AL
i 1,000
‘ 500
70 1l 400
= 1IN ) \ 300
< "II Melting temperature (°C) 200
£ s ‘l". i wild-type 68.8 + 04 100
g i 3243A>G 623 % 0.9
NI 3243A>G, 3290T>C | 64.4 %09 b
30 ‘ |‘ 1
il .
10 HE
e
Ll |
Sy 20
N

55.0 60.0 65.0 70.0 75.0 80.0 85.0 90.0 95.0

Temperature (°C)

Figure 5. Improvements in the steady-state level and Tm>U modification rate of mt tRNALWUUR) jp the 2KD cells. (A) Steady-state level of mt-
tRNALeUUUR) ip each cell line measured by northern blotting. Specific probe 1 and probe 2 were used to detect mt-tRNALWUUR) iy 2SA and 2SD
(left panels) and 2SD and 2KD-2 (right panels), respectively. 5S rRNAs stained with EtBr are used as loading controls. The lower panel shows relative
mt-tRNALUUUR) Jevels normalized by that in 2SD. Results are expressed as the mean =+ SD of three independent experiments. Statistical significance was
assessed by Student’s r-test, *¥* P < 0.001. (B) Measuring Tm> U frequency of mt-tRNALW(UUR) ,y CMC-PE for the 2SA, 2SD and 2K D-2 cells. CMC-PE
was performed in the indicated cell lines (upper panel). cDNA stops at position 32 by inserting dideoxyguanosine (indicated in band a and blue arrow),
at positions 33 (band b and red arrow) and 35 (band c and yellow arrow) by CMC-tm>U34 are indicated on the right side. The intensity ratio of Tm>U
was calculated as (b + ¢) / (a + b + ¢), and a calibration curve was prepared using HeLa and G3KO cells, which have known 7m®U modification rates of
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(C) The melt curve analysis of mt tRNALWUUR) in wild-type, 3243A > G mutation, and 3243A > G mutation with 3290T > C. The unfolding curves are
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differences between high-dimensional spectral measure-
ments (44), failed to separate the three groups due to strong
overlap among them. Nonetheless, partial least squares dis-
criminant analysis (PLS-DA) managed to separate the three
groups, indicating that each group had a different metabolic
profile (Figure 6A). Metabolites, including lactate, argi-
nine, and citrulline, had the highest VIP (variable impor-
tance in the projection) scores, a prediction of the impor-
tance in the PLS model (45). Therefore, these metabolites
were shown to have influenced the separation of each group
(Figure 6B). In addition, the classical markers of lactate,
pyruvate, and alanine tended to be elevated in the disease

group relative to their levels in the control group, with a
particularly large increase being observed for lactate in the
3243A > G with 3290T > C group (Figure 6C). In the
3243A > G with 3290T > C group, arginine and citrulline
were significantly decreased compared with those in the
control group, while citrulline was also significantly lower
than that in the 3243A > G MIDD group (Figure 6C).
In the 3243A > G MIDD group, methionine, dimethyl-
glycine, aminobutyric acid, and epinephrine were signifi-
cantly different from the levels in the control group and the
3243A > G with 3290T > C group (Figure 6C). Reduced
glutathione was significantly reduced compared with that
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Figure 6. LC-MS metabolomic analysis in the 3243A > G with 3290T > C, 3243A > G MIDD and control groups. (A) Partial least squares discriminant
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group. (B) VIP score represents the importance for distinguishing three groups by PLS-DA. The colored boxes on the right show the relative concentration
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(n = 3). Results are expressed as the mean + SD of three independent experiments. Statistical significance was assessed by Student’s ¢-test, *P < 0.05.

in the control group (Figure 6C). These results suggest that
lactate, arginine, and citrulline are characteristic metabo-
lites of the 3243A > G with 3290T > C group and may
serve as markers to distinguish patients with the 3243A > G
mutation and controls. In addition, methionine, dimethyl-
glycine, aminobutyric acid, epinephrine, and reduced glu-
tathione are characteristic metabolites of the 3243A > G
MIDD group and not of the 3243A > G with 3290T >
C group.

DISCUSSION

In this study, we found that the presence of both the
3243A > G mutation and the 3290T > C SNP in mt
tRNALUWUUR) gene partially improved the rate of tm°U
modification, restoring mitochondrial translation func-
tion, respiratory chain complex formation, and mitochon-
drial function compared to MELAS cells with only the
3243A > G mutation. The 3290T > C is an SNP possessed
by haplogroup F4a and is widely found in Southeast Asia,
such as Taiwan, China, and Japan. The overall frequency
of the 3290T > C SNP in mt tRNAMYUUR) gene is about

0.22%, and this haplotypic mutation is supposed to impli-
cate in the pathogenesis of the disease in the Chinese Han
hypertensives (46). However, no association with hyperten-
sion was found for the four individuals in this study.

Liu et al. reported that a high rate of 3243A > G het-
eroplasmy was observed in peripheral blood not only in
a proband diagnosed with mitochondrial myopathy and
showing dyspnea but also in asymptomatic family mem-
bers in Han Chinese families belonging to haplogroup F4a
(26). In addition, some case reports have indicated that
the presence of the 3290T > C SNP affects the clinical
phenotype (25,26), while a few reports have confirmed pa-
tients with the 3243A > G mutation showing respiratory
failure as an early clinical feature in Asian countries (47—
51). Although haplogroup analysis has not been conducted
in these patients, we considered that they are likely to
have the 3290T > C SNP in common. Kamakura et al.
assumed that the increase of abnormal mitochondria in
the diaphragm may lead to weakness of respiratory mus-
cle and respiratory failure (47), but detailed analysis and
determination of the mechanism involved have not been
performed.
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A heteroplasmic mutation, G12300A, in another mt
leucine tRNA gene, mt tRNAMYCUN) 'which functions as a
suppressor of respiratory failure, including the 3243A > G
mutation, has been reported (52). To suppress the MELAS
mutation, it is important to acquire a wobble modification
in the other tRNAMYCUN) (53) The finding of a 3290T > C
haplotypic mutation in mt tRNAMUUUR) that restores tau-
rine modification by conformational change suggests a new
molecular mechanism for MELAS.

The clinical presentation caused by the 3243A > G muta-
tion depends on the organs or tissues in which the mutated
mtDNA is distributed. In non-meristematic tissue such as
skeletal muscle, the rate of 3243A > G heteroplasmy corre-
lates with age and disease severity. Meanwhile, in peripheral
blood, the rate of 3243A > G heteroplasmy decreases ex-
ponentially with age because hematopoietic stem cells with
high 3243A > G heteroplasmy are selectively eliminated
(22,23). However, patients with the 3243A > G mutation
with the 3290T > C SNP retained a 3243A > G hetero-
plasmy rate of more than 90% in peripheral blood (Figure
1D). This indicates that cells with the 3243A > G mutation
with 3290T > C SNP have not been eliminated; in other
words, mitochondrial function have not been reduced to the
extent that it exceeded the threshold of selective exclusion.

The 3243A > G cybrid cells (2SD cells) have been re-
ported to exhibit decreases in mitochondrial protein syn-
thesis, respiratory chain enzyme activity, and oxygen con-
sumption (6,12-14). This study also confirmed that mito-
chondrial function was greatly reduced in the 2SD cells.
Meanwhile, mitochondrial function was improved in the
2KD cells with the 3243A > G mutation and 3290T > C
SNP. In particular, the subunits of the mitochondrial res-
piratory chain encoded by mtDNA were expressed to the
same extent as in wild-type 2SA cells (Figure 3A). However,
the levels of subunit expression do not necessarily correlate
with respiratory chain enzyme activity or functional com-
plex formation (6,15). In fact, the oxygen consumption of
the 2KD cells was only around half that of the 2SA cells
(Figure 2C). This was probably due to the presence of some
unstable and incomplete respiratory chain complexes in the
2KD cells because complete recovery of the Tm>U modifi-
cation in mt tRNAMYYUR) had not occurred and transla-
tional rate was incomplete.

Activity of the mitochondrial respiratory chain, includ-
ing complex I, has been reported to be decreased in MELAS
patients (8). In this study, MELAS 3243A > G cells (2SD
cells) showed markedly decreased expression not only of
ND1 encoded by mtDNA but also of NDUFB8 and ND-
UFA9 encoded in the nucleus (Figure 3A); this indicates
destabilization of complex I. Meanwhile, the steady-state
levels of ND1, NDUFB8 and NDUFA9 were improved in
the 2KD cells (Figure 3A). These results are also consistent
with the results of complex I formation (Figure 4A). How-
ever, oxygen consumption was reduced by around half'in the
2K D cells compared with that in the 2SA cells. Thus, even
in the 2KD cells, which show improvement in Tm>U mod-
ification, there may be structural and functional defects in
complex I, which is particularly affected by Tm>U modifi-
cation. Complexes III and IV contain one and three sub-
units encoded by mtDNA, respectively, and they have a low
proportion of UUG codons. Thus, these complexes are ex-

pected not to show as much destabilization or loss of func-
tion as complex I (Figure 4).

Complex V is composed of two domains: membrane-
extrinsic and matrix-facing F; plus membrane-intrinsic F,,.
The formation of the F; domain is followed by the assembly
of various subunits, and finally mtDNA-encoded ATP6 and
ATPS8 are incorporated into the F, domain. However, the
inhibition of mitochondrial translation results in the accu-
mulation of complex V intermediates (subcomplexes) prior
to ATP6 and ATPS insertion, and the steady-state level of
complex V is also reduced (54-56). In this study, we detected
subcomplexes in the 2SD and 2KD cells when the forma-
tion of complex V was confirmed for ATP5A1, a subunit in
F| domain (Figure 4F). Subcomplex formation was partic-
ularly pronounced in the 2SD cells, but was rarely detected
in the wild-type 2SA cells. This suggests that the amount
of subcomplex increases with increasing impairment of the
mitochondrial translational function, leading to decreased
activity of complex V.

Complex V dimers are also important for mitochondrial
morphology because they are involved in the formation
of the lamellar and highly curved crista ridges (57-60). In
the 2KD cells, slight abnormalities were considered to be
in mitochondrial morphology because there was less for-
mation of complex V dimers (Figure 2D & 4F). In fact,
the 2SA cells had more filamentous mitochondria, while
the 2SD cells had more fragmented ones, indicating mito-
chondrial dysfunction (Figure 2D). The decrease of dimers
as well as monomers is considered to be one reason for
the decline in mitochondrial function, including oxidative
phosphorylation.

Next, we focused on the synthesis rate and defects of the
mtDNA-encoded proteins with respect to complex desta-
bilization. In the 2SD cells, few of the seven subunits of
complex I were synthesized except for ND2 and ND3; this
would result in the much low rate of formation of complex
I (Figures 3B & 4A). Meanwhile, the rate of formation of
complex IV was decreased, even though the synthesis of
complex IV subunits COX I, I1, and 1T was confirmed (Fig-
ures 3B and 4E). Therefore, the synthesized subunits are
likely to be fragile before they form a complex or the formed
complexes are fragile. Indeed, it has been reported that re-
duced subunit synthesis itself is not a factor leading to de-
creased respiratory activity or oxygen consumption (16,61).
In the 2K D cells, the steady-state level of each subunit was
completely improved and complex formation was compa-
rable to that in the 2SA cells, although the overall synthesis
rate was lower than that in the 2SA cells (Figures 3A, B and
4). Therefore, the mechanisms of synthesis and degradation
of mitochondrial proteins in the 2KD cells may differ from
normal 2SA cells.

The formation of Tm°U in mt tRNA anticodon is cat-
alyzed by an enzyme complex, MTO1 and GTPBP3. When
mt tRNALUWUUR) hag one of five different point mutations
(3243A > G, 3244G > A, 3258T > C, 3271T > C and
3291T > C) derived from patients showing the clinical fea-
tures of MELAS, a lack of tm°U modification has been
confirmed (16). In a model structure of the MTO1 com-
plexed with tRNA, four mutations (with the exception of
3271T > C) were shown to be located at the interface con-
tacting the modifying enzyme (22). Therefore, it is assumed
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that these mutations may impair recognition of the mutant
mt tRNAMUUURg by MTO1 (18-22).

In the L-shaped tertiary structure of mt tRNALw(UUR),
long-range interactions take place between residues US8-
A14-A21, R15-Y48, G18-Y55 and G19-C56 (62,63). How-
ever, the 3243A > G (Al4 in tRNA numbering) can dis-
rupt the tertiary interaction of U8-A14-A21, and makes
mt tRNAMUWUUR) gtrycture fragile (22). We thought that
3290T > C SNP, corresponding to U > C at position 59 in
mt tRNALUUUR) “enhances a proper conformation of mt
tRNALUUUR) with the 3243A > G mutation and improves
binding affinity to MTO1 by taking place a new tertiary
interaction in C59. As for the levels of mt tRNALeu(UUR),
those of cybrid cells with the 3243A > G mutation derived
from a MELAS patient have been reported to be reduced
to approximately 30-50% of the levels in wild-type cells,
which has been considered to be due to mt tRNALU(UUR)
with the 3243A > G mutation being easily degraded (7,9).
On the other hand, mt tRNALMUUR) Jevels in the 2KD
cells were significantly improved relative to those in the 2SD
cells in this study (Figure 5A). This also suggests that the
3290T > C SNP is likely to stabilize the structure of mt
tRNALUUUR) with the 3243A > G mutation. Actually, we
have shown that mt tRNAMUUUR) with the 3290T > C
SNP in addition to 3243A > G mutation has a different
structure compared to that with the only 3243A > G mu-
tation in melting curve analysis (Figure 5C). However, it
should be considered that this structural analysis was ob-
tained using mt tRNAMYUUR) without post-transcriptional
modifications.

We also confirmed that lactate levels in plasma were sig-
nificantly higher in patients with the 3243A > G mutation
and 3290T > C SNP (Figure 1D). Classical markers, such
as lactate, pyruvate, and alanine, are elevated in mitochon-
drial diseases (5,64,65), but we thought that the significantly
high levels of lactate may be associated with the respiratory
symptoms of patients with the 3243A > G mutation and
3290T > C SNP (Figure 6C). Lena et al. reported that argi-
nine levels in plasma are decreased in sleep apnea (66), and
thus we assumed that the low levels of arginine in patients
with the 3243A > G mutation and 3290T > C SNP may also
be associated with respiratory symptoms (Figure 6C). Glu-
tathione, which was significantly decreased only in MIDD
patients when compared with the level in controls (Figure
6C), is an antioxidant that protects cells from reactive oxy-
gen species. Therefore, patients with the 3243A > G muta-
tion and 3290T > C SNP may also have resistance to oxida-
tive stress similar to controls. In addition, GDFI5 is known
as a biomarker whose expression increases with increasing
clinical severity of mitochondrial disease, and its levels in
blood samples and cybrid cells derived from MELAS pa-
tients have been shown to be elevated in metabolomic anal-
ysis (5,67-69). In this study, the expression of GDFI5 was
reduced in the 2KD cells compared with that in the 2SD
cells (Figure 2B), which is likely to reflect a restoration of
mitochondrial function. From these analyses, we confirmed
that patients with the 3243A > G mutation have different
metabolic profiles depending on the clinical presentation.
This shows the potential to establish biomarkers for various
diseases with 3243A > G mutation other than MELAS.
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In this study, we showed that 3290T > C haplotypic mu-
tation improved mitochondrial function and clinical symp-
toms of patients with 3243A > G mutation. This work
would contribute to our understanding of the mechanism
that improves Tm>U modification and aid the development
of new therapeutic agents for MELAS by discovering small
molecules that have the effect of bringing mt tRNALeu(UUR)
structure closer to normal.
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