
ARTICLE

A novel pathogenic mitochondrial DNA variant m.4344T>C in
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Mitochondrial diseases are a group of genetic diseases caused by mutations in mitochondrial DNA and nuclear DNA. However, the
genetic spectrum of this disease is not yet complete. In this study, we identified a novel variant m.4344T>C in mitochondrial
tRNAGln from a patient with developmental delay. The mutant loads of m.4344T>C were 95% and 89% in the patient’s blood and
oral epithelial cells, respectively. Multialignment analysis showed high evolutionary conservation of this nucleotide. TrRosettaRNA
predicted that m.4344T>C variant would introduce an additional hydrogen bond and alter the conformation of the T-loop. The
transmitochondrial cybrid-based study demonstrated that m.4344T>C variant impaired the steady-state level of mitochondrial
tRNAGln and decreased the contents of mitochondrial OXPHOS complexes I, III, and IV, resulting in defective mitochondrial
respiration, elevated mitochondrial ROS production, reduced mitochondrial membrane potential and decreased mitochondrial ATP
levels. Altogether, this is the first report in patient carrying the m.4344T>C variant. Our data uncover the pathogenesis of the
m.4344T>C variant and expand the genetic mutation spectrum of mitochondrial diseases, thus contributing to the clinical diagnosis
of mitochondrial tRNAGln gene variants-associated mitochondrial diseases.

Journal of Human Genetics; https://doi.org/10.1038/s10038-024-01254-5

INTRODUCTION
Mitochondrial diseases are a group of common inherited
metabolic diseases with a prevalence of approximately 1:5000,
mainly caused by mitochondrial oxidative phosphorylation
(OXPHOS) system defects [1]. The clinical phenotype of mitochon-
drial diseases is highly variable and heterogeneous, mainly
including muscle weakness, nervous system involvement, devel-
opmental delay, retinitis pigmentosa, cardiac involvement and
elevated blood lactic acid and pyruvate [2–5]. The OXPHOS system
consists of five complexes embedded in the inner mitochondrial
membrane (complex I-V) and two small electron carriers
(ubiquinone and cytochrome c) [6]. Most proteins in the OXPHOS
system are encoded by nuclear DNA (nDNA). Human mitochon-
drial DNA (mtDNA) is a double-chained ring molecule with a total
length of 16,569 base pairs and encodes 37 genes essential for
OXPHOS biogenesis, including two rRNAs (12S and 16S) and 22
tRNAs, along with 13 proteins corresponding to the subunits of
OXPHOS complexes (I, III, IV and V) [7, 8]. With the application of
next generation sequencing (NGS), approximately four hundred
genes have been reported to be associated with mitochondrial
disease [9, 10]. However, many patients with mitochondrial
diseases are genetically undiagnosed, suggesting that many
genetic mutations that cause the disease are yet to be identified.

The MT-TQ gene encodes the mitochondrial glutamine transfer
RNA (tRNAGln), which functions to recognize and bind to glutamine,
and then transport it to the correct position for protein synthesis
[11]. To data, a total of 32 variants in MT-TQ have been reported in
the Mitomap and ClinVar databases, as well as in the literature.
Among these, m.4332G>A, m.4335C>T, m.4336T>C and m.4349C>T
have been definitively confirmed as pathogenic variants.
In this study, we identified a novel pathogenic variant

m.4344T>C in mitochondrial tRNAGln gene from a patient with
developmental delay. The pathogenesis of this variant was verified
by determining the mitochondrial tRNA levels, oxygen respiration,
OXPHOS complexes contents, mitochondrial membrane potential,
mitochondrial ATP and ROS productions in cybrid cells with and
without the m.4344T>C variant.

MATERIAL AND METHODS
Patient and informed consent
The patient was admitted to Xinhua Hospital, Shanghai Jiao Tong
University School of Medicine in June 2023. The study was conducted
with the consent of the patient’s guardian. All studies were done in
agreement with the protocol of the ethics committee of Xinhua Hospital,
Shanghai Jiao Tong University School of Medicine.
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Whole exome sequencing and mitochondrial genomic
sequencing
Whole exome sequencing (WES) sequencing and mitochondrial genomic
sequencing were performed using Illumina HiSeq 2000 sequencer
(Illumina, USA) [12, 13]. DNA was obtained from peripheral blood of the
patient and his parents, and qualitative analysis was performed by agarose
gel electrophoresis. After constructing the DNA library, the sequence was
captured, and high-throughput sequencing was performed using Illumina
HiSeq 2000 sequencer. Quality control was then performed on the original
sequencing results, including removing low-quality sequence fragments,
filtering out low-quality bases and low-coverage sequencing fragments.
The sequence data were aligned to the human reference genome
(GRCh38/hg38). Germline short variants (SNPs, insertions or deletions)
were analyzed by the genome analysis toolkit (GATK). The pathogenicity of
the variant was assessed by the filters such as allele frequency, and its
effect on protein function, consistent with the pathogenesis of the
recessive model.

Variants analysis
To verify the variant site and detect the mtDNA mutation loads, 1 mL of
venous blood was collected from the patient and his parents. Oral
epithelial cells were collected using a disposable throat swab. DNA was
extracted using a small amount of genomic DNA extraction kit (Beyotime,
China). Amplification primers were as follows: forward: 5′- CATACCCCC-
GATTCCGCTAC-3′; reverse: 5′-TGTGATGAGTGTGCCTGCAA-3′. The DNA was
amplified using Taq Plus Polymerase (Vazyme, China) and then sent for
Sanger sequencing.

Pathogenicity prediction
To analyze the pathogenicity of m.4344T>C, we used ClustalW program to
predict the conservation of sequences among different species [14]. The
MT-TQ sequences of 14 vertebrate species from GenBank were analyzed.
Human nucleotide sequences were compared with those of other animals
to calculate CI [15]. The CI represents conservation between species, which
is the percentage of species with wild-type nucleotides at the correspond-
ing location. CI ≥ 75% is considered functionally important [16]. We further
used trRosettaRNA website (http://yanglab.qd.sdu.edu.cn/trRosettaRNA/)
to predict the effect of mutation on the tertiary structure of tRNA [17].

Cells generation and culture
Platelets were isolated from the patient’s venous blood and fused with
mtDNA-less ρ0 human osteosarcoma 143B cells, as described previously
[18, 19]. Single cybrid clones were selected by culturing the fusion mixtures
in a medium without uridine and sodium pyruvate. Mutant cells were
selected by Sanger sequencing. In addition to the difference in
heterogeneity, the clones have the same nDNA and mtDNA background,
which can be used to explain the changes in cell function due to the
presence of m.4344T>C. The cybrid cells were maintained in high-glucose
Dulbecco’s modified Eagle’s medium (Gibco, USA), supplement with 10%
cosmic calf serum (Gibco, USA), 1% (v/v) penicillin-streptomycin (Beyotime,
China) and 0.25 μg/mL amphotericin B (Beyotime, China). The cybrid cells
were cultured in an atmosphere of 5% CO2 at 37 °C.

Blue native PAGE (BN-PAGE)
BN-PAGE was conducted as described before [20]. The cells were lysed with
20% TritonX-100 (Sigma, USA) for 20min, followed by centrifugation at
20,000 × g for 20min. The supernatant was absorbed to determine the
concentration, and 6× loading was added to prepare the required sample at
4 °C. Next, the samples were separated using a 3.5%-16% gradient
polyacrylamide gel. Subsequently, the proteins were transferred to a
0.22 μm PVDF membrane (Bio-Rad, USA). The membrane was incubated
with 5% non-fat milk at room temperature for 1–2 h, and then incubated
with the primary antibody overnight at 4 °C. Finally, the membrane was
incubated with the secondary antibody at room temperature for 2 h. Protein
signals were detected using the Super Signal West Pico chemiluminescent
substrate (Thermo, USA). The following are the antibodies used: anti-GRIM19
(1:1000, Abcam, USA), anti-SDHA (1:3000, Abcam), anti-UQCRC2 (1:2000,
Abcam); anti-MTCO1 (1:2000, Abcam); anti-ATP5A (1:3000, Abcam).

Oxygen consumption rate
The oxygen consumption in intact cells was measured using the
oxygraphy-2k detector (Oroboros, Austria) as described before [21]. In

brief, about 4 × 106 cells were collected during machine calibration and
added to the machine after suspension in 200 μL 1 × TD buffer (25mM
Tris-Base, 137mM NaCl, 10 mM KCl, 0.7 mM Na2HPO4, pH 7.4). After the
basic respiratory value was stabilized, oligomycin (0.1 mg/mL, Sigma-
Aldrich) was added to determine ATP-linked respiration. Finally, Cell
numbers were used for calibration. To examine the activity of respiratory
chain complexes, using 2% (w/v) digitonin to permeabilize cells [22]. The
concentration was optimized to ensure mitochondrial viability prior to the
experiment. Permeabilize good cells were collected and added to the
machine after being rehung using 200 μL working buffer (20 mM HEPES,
250mM Sucrose, 10mM MgCl2, 1 mM ADP, 2 mM KH2PO4, pH 7.1). Add the
appropriate substrate and inhibitor when breathing is stable. After the
basic respiratory value was stabilized, Glutamate (1 M, Sigma-Aldrich) and
malate (1 M, Sigma-Aldrich) was added to measure complex I respiration.
Complex I was inhibited with rotenone (100 µM, Sigma-Aldrich) before
glycerol-3-phosphate (10mM, Sigma-Aldrich) was added to support
complex III respiration. After add antimycin A (10mM, Sigma-Aldrich) to
inhibit complex III, use TMPD (4 mM, Sigma-Aldrich) and ascorbate (1 M,
Sigma-Aldrich) to stimulate the complex IV. Complex IV was inhibited with
NaN3 (4 M, Sigma-Aldrich). Finally, the number of cells was also used for
calibration. Finally, we exported the O2 Flux per V [pmol/(s*ml)] data from
chambers A and B of the O2K instrument, with a value recorded every
0.04min. After reaching equilibrium, we calculated the average of 25
values within each 1-min interval and plotted a line chart based on these
average values.

Mitochondrial ATP contents
Mitochondrial ATP contents were detected using ATP Determination Kit
(Thermo, USA) according to the manufacturer’s instructions. Briefly, cells
were seeded in 6-well plates to approximately 80% confluence. The cells
were then incubated in the incubator for 2 h with a recording buffer
(156mM NaCl, 3 mM KCl, 2 mM MgSO4, 1.25mM KH2PO4, 2 mM CaCl2,
20mM HEPES, pH 7.35) containing 2-DG and sodium pyruvate. After
incubation, the cells were collected and resuspended in ATP extraction
solution (100mM Tris-base, 4 mM EDTA-Na2, pH 7.75) and subjected to a
100 °C water bath for 90 s. The supernatant was mixed with the working
solution and added to a 96-well white plate to detect self-luminescence at
560 nm. The final results were calibrated with protein concentration.

Mitochondrial ROS levels
Mitochondrial ROS levels were measured using MitoSOX red reagent
(Thermo, USA) according to the manufacturer’s instructions. Briefly, when
the cell density in the six-well plate reached 80%, the cells were collected
and resuspended in a working solution containing 5 μM MitoSOX reagent.
They were then incubated at 37 °C for 30minutes in the dark and washed
three times with PBS. Finally, the fluorescence with excitation at 510 nm
and emission at 580 nm was analyzed using flow cytometry.

Mitochondrial membrane potential
Mitochondrial membrane potential (MMP) was measured using tetra-
methylrhodamine (Thermo, USA), following the manufacturer’s instruc-
tions. The stock solution of TMRM was diluted 1000 times with PBS, and
then the working solution of 30 nM was configured with DMEM. When the
cell density reached approximately 80%, the cells were collected and
resuspended in a working solution. They were then incubated at 37 °C for
30min in the dark and washed three times with PBS. Finally, the
fluorescence with excitation at 488 nm and emission at 570 nm was
analyzed using flow cytometry.

Mitochondrial tRNA levels
Dot-Blot was used to analysis mitochondrial tRNA level by using DIG
Northern Starter Kit (Roche12039672910, Switzerland) [23, 24]. Total
mitochondrial RNAs were obtained from mitochondria isolated from
cybrid cell lines, 2 μL of the same amount of total mitochondrial RNAs were
add to nylon membranes and dried at room temperature. The RNA spots
were crosslinked to the nylon membranes using a UV Stratalinker with an
energy of 1200 J/min. Subsequently, the membranes were hybridized with
a specifically DIG-labeled probe. Following hybridization, membrane
washing, sealing, incubation, color development, and exposure were
conducted according to the kit protocol. After exposure, the probe on the
membrane was stripped, and the next probe hybridization was carried out.
The hybridization and quantification of density in each band were
performed as detailed previously. DIG-labeled oligodeoxynucleotides
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specific for mitochondrial tRNAGln, tRNAIle, tRNAHis, and 5S rRNA were
synthesized by Tsingke Biotechnology Company (Hangzhou, China) with
the following sequences: 5’-AGGACTATGAGAATCGAACCCATCCCTGAG-3’
(tRNAGln), 5’-AGAAATAAGGGGGTTTAAGCTCCTATTATT-3’ (tRNAIle), 5’-AAA-
TAAGGGGTCGTAAGCCTCTGTTGTCAG-3’ (tRNAHis) and 5’-CTAATTAATTA-
TAAGGCCAGGACCAAACCT-3′ (5S rRNA).

Statistical analysis
All experiments had at least three independent replicates, and the data
were shown as mean ± standard error of mean (SEM). P values were
calculated using independent Student’s t test. The P < 0.05 was considered
to have a significant difference.

RESULTS
Clinical data
The patient (II-1) was an 18-months old boy who was born in a
healthy non-consanguineous Chinese family (Fig. 1a). His parents
had normal developmental history and no family history of
neurological diseases. He was born at full term, weighing 2.9 kg at
birth and 43 cm tall. However, the child’s growth and development
were delayed after birth, and his weight growth was not good.
When he was three months old, he underwent a month of
rehabilitation treatment, which had a slight recovery effect. A brain
magnetic resonance imaging (MRI) showed no significant abnorm-
alities. Physical examination showed a slight reduction in head
circumference (41 cm, normal range 43.7‒51.6 cm). The body was
symmetrical, and there was slightly more back body hair. The heart,
chest, and abdomen showed no obvious abnormalities. Further
laboratory examination revealed elevated lactate (2.7 mM, normal
range 0.50–2.20mM). Blood ammonemia was normal. Urine
screening revealed vitamin B1 deficiency, glycerol kinase deficiency
or secondary mitochondrial energy metabolism disorder. Whole
exome sequencing (WES) did not identify any pathogenic variations
that could explain the clinical phenotype or mutations of unknown
clinical significance. However, mtDNA sequencing identified a novel
variant, m.4344T>C, in the tRNAGln gene. Genetic sequencing of his
parents was negative, and this variant had not been reported
previously. The presence of m.4344T>C in the patient’s blood cells
was confirmed by Sanger sequencing (Fig. 1b). We further
determined the mutation loads using Sanger sequencing, and
found that the mutation loads were 95% and 89% in the patient’s
blood and oral epithelial cells, respectively. However, the
m.4344T>C variant was not detected in the blood cells of his
parents, suggesting the variant appeared de novo (Fig. 1b).

Pathogenicity assessment
To investigate the pathogenicity of the m.4344T>C variant, we used
the following criteria: (1) mutation incidence <1%; (2) CI ≥ 75%, as
established by Ruiz-Pesini andWallace, and (3) mutations may affect

the function of mt-tRNA genes. Therefore, we first performed a
phylogenetic conservative analysis of this nucleotide. As shown in
Fig. 2a, nucleotide at this site was highly conserved among different
species, suggesting that the m.4344T>C variant was highly
conserved with a conservation index (CI) of 100%. Additionally, it
was worth noting that the m.4344T>C variant was located in the
T-loop of the mitochondrial tRNAGln (Fig. 2b, c). It is predicted that
this variant will introduce an additional hydrogen bond between
bases at positions 58 and 55, altering the conformation of the T-
loop, which might affect the stability of the tertiary structure and
the efficiency of protein translation (Fig. 2d, e).

The m.4344T>C variant impaired the steady-state level of
tRNAGln and mitochondrial complex I, III and IV contents
To fully explore the pathogenicity of the m.4344T>C variant, we
constructed two cybrid cells by fusion of mtDNA-lacking ρo zero
human osteosarcoma 143B cells with platelet from the patient: a
wildtype cybrids (variant load was around 0%, marked as 4344T) and
a homoplasmic mutant cybrids (variant load was around 100%,
marked as 4344C) (Fig. 3a, b). To assess the impact of them.4344T>C
variant on the steady-state level of tRNAGln, total mitochondrial RNA
was extracted from the cybrid cells and subjected to Dot-blot
hybridization analysis with DIG-labeled oligodeoxynucleotides
specific for tRNAGln, tRNAHis, tRNAIle and 5S rRNA (for nDNA
transcription), respectively. As shown in Fig. 3c, d, the level of
tRNAGln in the mutant cybrid cells obviously decreased to 56%,
56.5%, and 48% of that in the wild-type cybrid cells after
normalization to tRNAHis, tRNAIle, and 5S rRNA, respectively. To
further evaluate whether the m.4344T>C variant affected mitochon-
drial complexes contents, we conducted Blue Native PAGE (BN-
PAGE)/immunoblot and found that the contents of complexes I, III
and IV were significantly decreased in mutant cybrid cells compared
to the wild-type cybrid cells (Fig. 3e, f). Altogether, these results
suggested that the m.4344T>C variant impaired the steady-state
level of tRNAGln and mitochondrial complex I, III and IV contents.

The m.4344T>C variant caused mitochondrial respiration
deficiency
To further access whether the m.4344T>C variant affects cellular
bioenergetics, we used oxygraphy-2k to measure the oxygen
consumption rate, and found that a significant reduction in basal
respiration and ATP-linked mitochondrial respiration in mutant
cybrid cells compared to the wild-type cybrid cells (Fig. 4a, b),
suggesting that m.4344T>C variant significantly decreased energy
expenditure and mitochondrial oxidative capacity. Considering
that the m.4344T>C variant impaired mitochondrial complex I, III
and IV contents, we further measured complex I-, III-, and IV-
mediated respiration in permeabilized cybrid cells by adding
corresponding substrates and inhibitors. The results showed that
the respiration mediated by complex I, III, and IV was remarkably
decreased to 33.2%, 32.2%, and 47.5%, respectively, compared
with the wild-type cybrid cells (Fig. 4c, d). These data indicated
that the m.4344T>C variant caused mitochondrial respiration
deficiency by damaging mitochondrial complexes I, III, and IV.

The m.4344T>C mutation resulted in decreased mitochondrial
ATP level and mitochondrial membrane potential and
aggravated mitochondrial ROS production
To further evaluate the effect of m.4344T>C mutation on
mitochondrial function, we measured mitochondrial ATP levels
and found that mitochondrial ATP levels were significant
decreased in mutant cybrid cells compared to wild-type cybrid
cells (Fig. 5a). In addition, we found a remarkable decrease in
mitochondrial membrane potential and a significant increase in
mitochondrial ROS production in mutant cybrid cells compared
with wild-type cybrid cells. (Fig. 5b, c). Taken together, these data
indicated that mitochondrial OXPHOS function was severely
impaired in cybrid cells with the m.4344T>C mutation.

Fig. 1 Family pedigree and mutation loads analysis. a Segregation
analysis of affected individual. Rectangles indicate males, circles
female, and solid circle represents affected individual. The proband
was pointed out by arrow; b The mutation loads of m.4344T>C in
different tissues
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Literature review and the combination clinical phenotype of
MT-TQ mutations
To investigate the clinical phenotypic spectrum caused by MT-TQ
mutations, we reviewed all the relevant literatures. Among the
reported thirty-two mutations, only three mutations had detailed
clinical information [25–27] (Table 1). These three mutations were

m.4332G>A in the acceptor stem, m.4349C>T in the T-stem and
m.4369A>AA in the anticodon domain of mitochondrial tRNAGln.
The age of onset for patients with these mutations ranged from 5
to 20 years. The patient with the m.4332G>A mutation initially
presented with sensorineural deafness. The patient with the
m.4349C>T mutation experienced developmental delays at 15

Fig. 2 Molecular analysis of the m.4344T>C variant in tRNAGln gene. a Suquence alignment of MT-TQ gene among different species. The arrow
indicated the conservation of the A nucleotide at position 4344 throughout the species; b Cloverleaf structures of tRNAGln. Arrows indicate the
position of the m.4344T>C variant; c Classic tRNA secondary structure; d Schematic model for the tertiary structure of tRNAGln. The acceptor
stem, T‐domain, D‐domain, variable region and anticode domain of tRNAGln are shown in blue, green, purple, yellow and orange, respectively;
e The intrinsic conformation of the T-loop might be affected by the hydrogen bond formation caused by m.4344T>C variant
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Fig. 3 The m.4344T>C variant impaired the steady-state level of tRNAGln and mitochondrial OXPHOS complex I, III and IV contents.
a Schematic diagram of monoclonal selection. Different colors indicate different mutations in the mtDNA. Green: m.4344T; red: m.4344C;
b Sanger sequencing of cell models; c, d Dot-blot analysis of tRNA and quantification of tRNA levels in cybrid cells. The four dots on the far left
represent the hybridization results of RNA with DIG-labeled actin probes at different concentrations. The relative average content of tRNAGln

in mutant cybrid cells are normalized to the content of tRNAHis, tRNAIle and 5S rRNA in wild-type cybrid cells, respectively; e, f Blue Native
PAGE analysis of mitochondrial complex I, II, III, IV, and V with anti-Grim19, anti-SDHA, anti-UQCRC2, anti-MTCOI and anti-ATP5A antibodies,
respectively. The level of Tom70 was used as the internal control. Quantitative data were generated from three independent experiments and
presented as the mean ± SEM. N.S. P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001
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months old, followed by sensorineural deafness and recurrent
headaches. Another possible pathogenic mutation, m.4369A>AA,
was associated with muscle weakness and bilateral ptosis in the
patient’s phenotype. It seemed that common symptoms in
patients with MT-TQ mutations included sensorineural deafness
(67%, 2/3), muscle symptoms (67%, 2/3) and hearing problems
(67%, 2/3). The newly identified individual (II-1) in our study
presented with developmental delay, which might be an early
symptom of mitochondrial disease.

DISCUSSION
In this study, we identified a novel pathogenic mutation
m.4344T>C in tRNAGln from an 18-months-old boy with develop-
mental delay. The m.4344T>C mutation was found to be
heteroplasmic in the available tissues, with a high mutant load
of 95% and 89% in the patient’s blood and oral epithelial cells,
respectively. Multialignment analysis showed that this nucleotide
was highly evolutionarily conserved among different species.
TrRosettaRNA predicted that the m.4344T>C variant would alter
the hydrogen bond, potentially affecting the stability of tertiary
structure and the efficiency of protein translation. Functional
studies demonstrated that the m.4344T>C mutation impaired the
steady-state level of tRNAGln and caused decreased mitochondrial
respiratory chain complexes I, III and IV contents, which in turn
resulted in mitochondrial dysfunction. Our study indicated that
m.4344T>C was a pathogenic variant.
To date, 32 variants (m.4332G>A [25], m.4335C>T [28],

m.4336T>C [28], m.4339G>A [29], m.4340A>G [29], m.4343A>G
[30], m.4345C>T [31], m.4349C>T [26], m.4350C>T [29],

m.4353T>C [32], m.4360G>A [29], m.4363T>C [33], m.4369A>G
[33], m.4369A>AA [27], m.4370T>C [34], m.4371T>C [29],
m.4372C>T [29], m.4373T>C [33], m.4375C>T [35], m.4381A>G
[29], m.4384T>C [29], m.4385A>G [33], m.4385A>T [29],
m.4386T>C [33], m.4387C>A [29], m.4388A>G [29], m.4392C>T
[31], m.4393C>T [30], m.4394C>T [33], m.4395A>G [36],
m.4399T>C [29] and m.4400A>G [29]) in tRNAGln gene have been
reported, of which the m.4332G>A, m.4335C>T, m.4336T>C and
m.4349C>T variants were the confirmed pathogenic variants. The
patient harboring the m.4332G>A variant presented with sensor-
ineural deafness since the age of 20 years and experienced acute
aphasia and right hemiparesis at the age of 47 years [25]. The
patient carrying m.4335C>T or m.4336T>C variant was diagnosed
with Parkinson’s disease, and the activity of MMP and ATP
synthesis in patient-derived lymphocytes decreased. The patient
with the m.4349C>T variant experienced mild developmental
delays at 15 months old and was able to walk independently,
although not as stably as his peers. He also complained of
unexplained vomiting since the age of 3 and began to suffer from
sensorineural deafness and recurrent headaches at the age of 6
years. At the age of 12 years, he measured 128 cm in height and
weighed 17 kg with hairy lower limbs. MRI of his brain showed
significant cerebral atrophy [26]. The m.4369A>AA variant in
mitochondrial tRNAGln gene were another possible pathogenic
variant according to the MitoTIP tRNA scoring. The patient with
the m.4369A>AA variant experienced muscle weakness and
bilateral ptosis at the age of 12 years [27]. In this study, our
patient harboring the m.4344T>C variant was 18 months old and
presented with developmental delay. It seemed that develop-
mental delay was an early symptom, gradually progressing into

Fig. 4 The m.4344T>C variant triggered mitochondrial respiration deficiency. a, b Oxygen respiration rate (OCR) of the mutant and wild-type
cybrid cells; c, d Oxygen respiration rate (OCR) mediated by complex I, III and IV in the mutant and wild-type cybrid cells. Cells were
permeabilized with digitonin and then add corresponding substrates and inhibitors. Quantitative data were generated from three
independent experiments and presented as the mean ± SEM. *P < 0.05, **P < 0.01
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deafness, encephalopathy and muscle weakness in patients with
mitochondrial tRNAGln gene variants.
Mt-tRNAs have played a crucial role in transporting amino acids

and participating in protein synthesis within mitochondria [37].
Variants in mt-tRNAs may disrupt its processing and impair
mitochondrial respiratory chain complexes (I, III, IV and V)
contents, thus resulting in mitochondrial dysfunction [38]. The
m.4349C>T variant in tRNAGln gene caused the mitochondrial
respiratory chain complexes I and IV deficiency by decreasing the
protein levels of CO1, ND1, CYB, and NDUFB8, and thus lead to
mitochondrial dysfunction [33]. In this study, the m.4344T>C
variant was heteroplasmic with a high mutant load of 95% and
89% in the patient’s blood and oral epithelial cells, respectively.
Multialignment analysis showed that this nucleotide was highly
evolutionarily conserved. The m.4344T>C variant caused a change
in the ribonucleic acid sequence from A to G at the T loop region
of tRNAGln gene, which was crucial for maintaining the L-shaped
structure and modification of the tRNA molecule [39–41].
TrRosettaRNA predicted that the m.4344T>C variant would alter
hydrogen bond, potentially affecting the stability of the tertiary
structure and the efficiency of protein translation. Functional
studies showed that the m.4344T>C variant impaired the steady-
state level of tRNAGln and decreased the contents of mitochondrial

complexes I, III and IV, thereby leading to a significant reduction in
basal respiration and ATP-linked mitochondrial respiration.
Impaired mitochondrial respiratory function caused decreased
cellular ATP levels and increased electron leakage, resulting in
elevated oxidative stress levels and subsequent collapse of
mitochondrial membrane potential. Consistently, the mutant
cybrid cells carrying the m.4344T>C variant exhibited elevated
mitochondrial ROS levels, reduced mitochondrial membrane
potential and decreased cellular ATP levels compared to wild-
type cybrid cells. These data indicated that the m.4344T>C variant
impaired translation machinery of mitochondrial tRNAGln, thereby
resulting in severe mitochondrial dysfunction.
In conclusion, we identify a novel pathogenic variant

m.4344T>C in mitochondrial tRNAGln gene from an 18-months-
old boy with developmental delay. The m.4344T>C variant results
in a decreased steady-state level of tRNAGln and impaired
mitochondrial OXPHOS complexes I, III and IV, leading to
mitochondrial dysfunction. Our study expands the genetic variant
spectrum of mitochondrial diseases, and provides a better
understanding of the phenotypes associated with mitochondrial
tRNAGln gene variants, thereby contributing to the clinical
diagnose of mitochondrial tRNAGln gene variants-associated
mitochondrial diseases.

Fig. 5 The effect of m.4344T>C variant on mitochondrial ATP, MMP and ROS levels. a Mitochondrial ATP levels, b MMP levels and
c mitochondrial ROS production in the mutant and wild-type cybrid cells. Quantitative data were generated from three independent
experiments and presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001
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