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Abstract

BACKGROUND

Mutations in mitochondrial tRNA (mt-tRNA) genes that result in mitochondrial
dysfunction play important roles in type 2 diabetes mellitus (T2DM). We pre-
viously reported a large Chinese pedigree with maternally inherited T2DM that
harbors novel mt-tRNA™ A5514G and tRNA®S»6Y) C12237T variants, however, the
effects of these mt-tRNA variants on T2DM progression are largely unknown.

AIM
To assess the potential pathogenicity of T2DM-associated m.A5514G and
m.C12237T variants at genetic, molecular, and biochemical levels.

METHODS

Cytoplasmic hybrid (cybrid) cells carrying both m.A5514G and m.C12237T
variants, and healthy control cells without these mitochondrial DNA (mtDNA)
variants were generated using trans-mitochondrial technology. Mitochondrial
features, including mt-tRNA steady-state level, levels of adenosine triphosphate
(ATP), mitochondrial membrane potential (MMP), reactive oxygen species (ROS),
mtDNA copy number, nicotinamide adenine dinucleotide (NAD*)/NADH ratio,
enzymatic activities of respiratory chain complexes (RCCs), 8-hydroxy-deo-
xyguanine (8-OhdG), malondialdehyde (MDA), and superoxide dismutase (SOD)
were examined in cell lines with and without these mt-tRNA variants.

RESULTS
Compared with control cells, the m.A5514G variant caused an approximately 35%
reduction in the steady-state level of mt-tRNA™ (P < 0.0001); however, the
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m.C12237T variant did not affect the mt-tRNAS-4SY steady-state level (P = 0.5849). Biochemical analysis revealed
that cells with both m.A5514G and m.C12237T variants exhibited more severe mitochondrial dysfunctions and
elevated oxidative stress than control cells: ATP, MMP, NAD*/NADH ratio, enzyme activities of RCCs and SOD
levels were markedly decreased in mutant cells (P < 0.05 for all measures). By contrast, the levels of ROS, 8-OhdG
and MDA were significantly increased (P < 0.05 for all measures), but mtDNA copy number was not affected by
m.A5514G and m.C12237T variants (P = 0.5942).

CONCLUSION

The m.A5514G variant impaired mt-tRNA™ metabolism, which subsequently caused mitochondrial dysfunction.
The m.C12237T variant did not alter the steady-state level of mt-tRNAS Y, indicating that it may be a modifier of
the m.A5514G variant. The m.A5514G variant may exacerbate the pathogenesis and progression of T2DM in this
Chinese pedigree.

Key Words: Type 2 diabetes mellitus; Mitochondrial tRNA genes; Novel variants; Oxidative stress; Mitochondrial dysfunctions
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Core Tip: We established cytoplasmic hybrid (cybrid) cells with m.45514G and m.C12237T variants, and control cells
without these variants. The m.A5514G variant decreased mt-tRNA™ stability, whereas the m.C12237T variant did not alter
the stability of mz-tRNAS“SY). More severe mitochondrial dysfunction was observed in mutant cybrids than in control cells,
indicating that the m.45514G variant impaired m#-tRNA™ metabolism and mitochondrial functions and increased cellular
oxidative stress, which play central roles in type 2 diabetes mellitus (T2DM) progression. By contrast, the m.C12237T
variant acted as a modifier of the m.4551/4G variant. Our study provides novel insight into the pathophysiology of
maternally transmitted T2DM caused by novel mz-tRNA variants.
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INTRODUCTION

Diabetes is a common endocrine disease caused by the presence of chronic hyperglycemia. This complex disorder can be
divided into type 1 and type 2. Type 2 diabetes mellitus (T2DM) is a major public health problem that affects approx-
imately 10% of the Chinese adult population[1]. T2DM is characterized by high blood glucose in the context of insulin
resistance (IR) and relative insulin deficiency. Furthermore, T2DM-associated complications, such as cardiovascular and
peripheral vascular diseases, diabetic retinopathy, foot problems and nephropathy, remain very big challenge for
clinicians[2]. Tremendous progression has been made in understanding the pathophysiology of T2DM over the past
decades[3-5], with both genetic variations and environmental factors being involved in T2DM pathogenesis[6,7].
Nevertheless, the early prevention, diagnosis, and treatment of T2DM remain far from satisfactory.

Deregulation of mitochondrial oxidative phosphorylation (OXPHOS) is widely accepted as a major cause of T2DM and
IR[8], diminished OXPHOS contributes to IR through elevated reactive oxygen species (ROS) production, and disrupted
insulin receptor signaling[9]. Mitochondria are present in most eukaryotic cells and their primary role is to provide
energy in the form of adenosine triphosphate (ATP) via OXPHOS[10]. They have their own DNA, mitochondrial DNA
(mtDNA), which is 16569-bp in length and encodes 13 polypeptides, two rRNAs and 22 tRNAs[11]. Although mt-tRNA
genes account for only approximately 10% mitochondrial genome, more than two third of mitochondrial disease-related
variations are localized in this region[12]. An early landmark discovery in T2DM research was the identification of a 10.4-
kb large deletion in mtDNA[13] and the m.A3243G mutation in mt-tRNA* VR A growing number of mtDNA variants
has since been reported, for example, mt-tRNA" A14692G[15], mt-tRNA™ G15897A[16] and m#-tRNASY T10003C[17] are
potential pathogenic variants affecting T2DM predisposition. Exactly how these mt-tRNA variants contribute to disease
onset, however, remains poorly understood, and, there is an urgent need for additional studies to determine how
mitochondrial dysfunction mediates the onset or progression of T2DM.

To understand the molecular basis of mitochondrial diabetes and to provide valuable information for its diagnosis,
prevention, and treatment, we previously performed a systematic and extended screen for mt-tRNA gene variants in a
cohort of 370 Chinese patients with T2DM and 631 healthy controls who were recruited from Hangzhou First People’s
Hospital and Quzhou People’s Hospital in Zhejiang Province of China. We showed that mt-tRNA"UU® A3243G, ND6
T14502C[18], ND4 G11696A[19], ND5 T12338C and mt-tRNA**" T5587C variants[20] are involved in the pathogenesis of
maternally inherited T2DM. More recently, we reported a large Chinese pedigree with maternally transmitted T2DM,
intriguingly, among 18 matrilineal relatives of this pedigree, six individuals suffered from diabetes. The age at T2DM
onset ranged from 40 to 70 years, with an average of 52 years. Mutational analysis of nuclear genes (GJB2, GJB3, G]B6, and
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TRMU) indicated no functional variants. Sequence analysis of entire mitochondrial genomes in matrilineal relatives
revealed the presence of novel mt-tRNA™ A5514G and mt-tRNAS(ASY) C12237T variants[21]. The m.A5514G variant
disrupted a highly conserved base-pairing (3A-70T) in the Acceptor arm of mt-tRNA™, whereas the m.C12237T variant
created a novel Watson-Crick base-pairing (11A-31T) in the Variable region of mt-tRNA®"*Y (Figure 1). We therefore
hypothesized that change in the mt-tRNA™ and mt-tRNA®*“SY) secondary structures caused by the m.A5514G and
m.C12237T variants caused aberrant mt-tRNA metabolism which led to mitochondrial dysfunction and T2DM progression
[22]. However, the pathophysiology of T2DM-related m.A5514G and m.C12237T variants remains largely undetermined.

To elucidate the pathogenic mechanism of the novel mt-tRNA™ and mt-tRNAS4Y variants, we generated cybrid cell
lines derived from four T2DM patients carrying both m.A5514G and m.C12237T variants, together with four cybrids
derived from control subjects without these mtDNA variants but belonging to the same mtDNA haplogroup. We
examined whether the m.A5514G and m.C12237T variants affected mt-tRNA steady-state levels by northern blotting, and
evaluated mitochondrial characteristics including levels of mtDNA copy number, malondialdehyde (MDA), superoxide
dismutase (SOD), 8-hydroxy-deoxyguanine (8-OhdG), ATP, mitochondrial membrane potential (MMP), ROS, nicoti-
namide adenine dinucleotide (NAD*)/NADH ratio and respiratory chain complexes (RCCs) activities in the mutant and
control cybrids.

MATERIALS AND METHODS
Subjects

Members of a Han Chinese family with T2DM were enrolled via Hangzhou First People’s Hospital as a part of genetic
screening program for T2DM-associated mtDNA novel variants, as described previously[21]. The protocol used in this
investigation was in accordance with the principles expressed in the 1975 Declaration of Helsinki, revised in 2008. The
Ethics Committee of Hangzhou First People’s Hospital approved this study (No. KY-20240327-0100-01). All participants,
including four affected matrilineal relatives with T2DM (III-5, I1I-10, III-18, and III-22) bearing the m.A5514G and
m.C12237T variants, belonged to mtDNA haplogroup G2a according to East Asian phylogeny[23]. Four genetically
unrelated healthy subjects (C1, C2, C3, and C4) lacking these mt-tRNA variants and also belonging to human mtDNA
haplogroup G2a were selected as controls. Written informed consent for participating in this study and for publication of
case details was obtained from all subjects enrolled in the study.

Generation of cybrid cell lines

Cybrid cells can incorporate human mitochondria and perpetuate the mtDNA-encoded components of the incorporated
mitochondria, which keeping the nuclear background constant[24]. To generate cybrids, the platelets of four patients with
both m.A5514G and m.C12237T variants (III-5, I1I-10, I1I-18, and III-22), together with four controls (C1, C2, C3, and C4)
were fused with 143B-p° 206 cells, as described previously[25]. The 143B-p0 206 cells were grown in DMEM (Thermo
Fisher Scientific, Waltham, MA, United States) supplemented with 10% FBS (Sigma, Aldrich, St. Louis, MO, United
States) and 50 pg/mL uridine. The cybrid transformants were cultured in high-glucose DMEM containing 10% FBS at 37
°C in a humidified CO2 incubator.

To determine successful construction of cybrids, PCR-Sanger sequencing was performed to examine the presence of the
m.A5514G and m.C12237T variants. The primer for amplification of the mt-tRNA™ gene were: Forward, 5-CTA ACC
GGC TTT TTG CCC-3’; reverse: 5'-ACC TAG AAG GTT GCC TGG CT-3'. The primers for amplification of the mt-tRNA
SeraGY) gene were: forward, 5-TAT CAC TCT CCT ACT TAC AG-3’; reverse: 5'-AGA AGG TTA TAA TTC CTA CG-3'. The
PCR products were purified, sequenced and compared with an updated version of the human mitochondrial genome
sequence to detect the variants (GenBank Accessible No: NC_012920.1)[26].

Northern blot analysis

Total mitochondrial RNA was obtained from mitochondria isolated from mutant and control cybrid cell lines (approx-
imately 2 x 108 cells) using the TOTALLY RNATM kit (Ambion, Thermo Fisher Scientific), as described previously[27].
For northern blotting analysis of mt-tRNA, 2 pg of total mitochondrial RNA was electrophoresed through a 10% polyac-
rylamide/8M urea gel in Tris borate-EDTA buffer. The sequences for digoxigenin (DIG)-labeled probes specific to mt-
tRNAT®; mt-tRNA"*S0) and 55 rRNA were: 5-AGA AAT TAA GTA TTG CAA CTT ACT GAG GGC-3'; 5-GAG AAA
GCC ATG TTG TTA GAC ATG GGG GCA-3" and 5-GGG TGG TAT GGC GGT AGA C-3’, respectively. Hybridization
and quantification of band density were performed as previously described[28].

Analysis of ATP levels

The CellTiter-Glo® luminescent cell viability assay (Promega, Madison, W1, United States) was used to measure ATP
levels in mutant and control cybrids according to the manufacturer’s instructions[29]. Cells were seeded into white 96-
well plates at 1 x 10° cells per well and cultured for 20 hours to reach approximately 70% confluence. Cells were then
lysed by the addition of 100 pL CellTiter-Glo® working solution to each well and incubation for 2 minutes in the dark.
Cell lysate solution (200 pL) was then transferred to an opaque 96-well plate. A 200 pL solution of culture medium and
working solution at a ratio of 1:1 was used as a control. ATP concentration was determined using a 96-well fluorescence
detector.
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Figure 1 The secondary structures of mitochondrial tRNA™ and mitochondrial tRNAS"*%") arrows indicated the positions of the
m.A5514G and m.C12237T variants. mt-tRNA: Mitochondrial tRNA.

MMP analysis

The JC-1 MMP Assay Kit (Abcam, United States) was used to detect MMP in mutant and wild type cell lines. The JC-1
dye fluoresces in healthy cells with high levels of MMP, and green in cells with low levels of MMP[30]. JC-1 probe (1 ng/
mL) was added to approximately 1 x 10° cells and incubated for 30 minutes in the dark. Cells were then washed twice
with PBS and immediately analyzed by FACSCanto II flow cytometry (BD Biosciences, United States).

Analysis of mitochondrial ROS production

Mutant and control cybrid cells were seeded in 6-well plates (1 x 10° cells/well) and loaded with 10 pmol/L 2’,7’-dichlo-
rofluorescein diacetate (DCFH-DA, Beyotime, China) at 37 °C for 20 minutes. Cells were then washed with PBS three
times and subsequently evaluated by FACSCanto II flow cytometry (BD Biosciences, United States).

Determination of NAD'/NADH ratio

The NAD*/NADH ratio is a measure of global energy capacity because the activities of rate-limiting enzymes involved in
the tricarboxylic acid cycle (TCA), ketone production and glycolysis are regulated by this ratio[31,32]. The NAD*/NADH
ratio was determined for 1 x 10° cells using the NAD*/NADH Assay Kit (Abcam, Cambridge, United Kingdom) ac-
cording to the manufacturer’s instructions. Standard curves were generated for quantification.

Determination of mtDNA copy number

mtDNA copy number was determined using a quantitative real-time PCR (qQRT-PCR) method, as described elsewhere
[33]. Genomic DNA was extracted from 3 mL of blood from each participant using a QlAamp DNA Blood Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. For qRT-PCR analysis, 100 ng genomic DNA was
used as template. The primers specific for the mtDNA-ND1 gene were: Forward, 5-CCTAGC CGT TTA CTC AAT CCT-
3’; reverse: 5-TGA TGG CTA GGG TGA CTTCAT-3’; the primer sequences for nuclear (hemoglobin) gene were: forward,
5-GCT TCT GAC ACA ACT GTG TTC ACT AGC-3’; reverse: 5-CAC CAA CTT CAT CCA CGT TCA CC-3'. The gRT-
PCR reaction was performed on an ABI 7900 instrument (Thermo Fisher Scientific) using SYBR Green Realtime PCR
Master Mix (Bioteke, China). Relative expression levels were normalized by the 22T method[34]. Samples were assayed
in triplicate.

Analysis of oxidative stress-related biomarkers

To determine the effects of the m.A5514G and m.C12237T variants on oxidative stress[35], the concentrations of MDA and
SOD in four cybrids with the m.A5514G and m.C12237T variants (III-5, I1I-10, I1I-18, and III-22), and in four control cell
lines (C1, C2, C3, and C4) were analyzed using colorimetric assay kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The serum levels of 8-OhdG were quantified by a competitive enzyme linked immunosorbent assay
(ELISA) according to the manufacturer’s protocol (Nikken Foods, St. Louis, MO, United States). Samples were assayed in
triplicate.

Analysis of enzymatic activities of mitochondrial RCCs

RCCs comprise four enzyme complexes (I-IV), which are embedded in the inner mitochondrial membrane and catalyze
the transfer of reducing equivalents from high energy compounds. To analysis the activities of respiratory chain enzymes,
an enriched mitochondrial fraction was isolated from mutant and control cybrid cells by centrifugation, as described
previously[36]. The protein concentration was determined using a BCA protein assay kit (Thermo Fisher Scientific,
Waltham, MA, United States). The enzymatic activities of RCCs were assayed spectrophotometrically, and the results
were normalized to the activity of citrate synthase, a mitochondrial matrix enzyme[37].
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Figure 2 Analysis of steady-state levels of mitochondrial tRNA™ and mitochondrial tRNAS*“%Y) by Northern blotting. A: 2 pg mitochondrial
tRNA (mt-RNA) were electrophoresed through a denaturing polyacrylamide gel and hybridized with DIG-labeled oligonucleotide probes for mt-tRNAT™,
mt-tRNAS®Y) and 5S rRNA; B: Qualification of mt-tRNA levels.

Redefining the pathogenic roles of the m.A5514G and m.C12237T variants

We used the revised pathogenicity scoring system for mt-tRNA variants proposed by Yarham et al[38]. This scoring
system gives special weight to functional data, which are considered the gold standard methods for assigning
pathogenicity. The scoring system was as follows: < 6 points, neutral polymorphism; 7-10 points, possibly pathogenic; 11-
13 points (not including evidence from single-fiber, steady-state level, or trans-mitochondrial cybrid studies), probably
pathogenic; 2 11 points (including evidence from single fiber, steady-state level or trans-mitochondrial cybrid studies),
definitely pathogenic.

Statistical analysis

Data are presented as the mean + SD. Statistical analysis of results was performed using GraphPad Prism 9.0 software
(GraphPad. Software Inc., La Jolla, CA, United States). Student’s t-test or the Mann-Whitney test were used to assess the
difference between two groups. A P value less than 0.05 was considered statistically significant.

RESULTS

Pedigree information and establishment of cybrid cell lines

We previously described a large Han Chinese pedigree with maternally transmitted T2DM that harbors the mt-tRNA™
Ab5514G and m#-tRNAS+*S) C12237T variants[21]. Six individuals (one man and five women) of 18 matrilineal relatives
suffered from T2DM. The age at onset varied among these six individuals from 40 to 70 years, with an average of 52
years.

To analyze mitochondrial functions, cybrid cell lines were derived from four subjects (I1I-5, I1I-10, I1I-18, and I1I-22)
aged < 50 and from four genetically unrelated healthy subjects (C1, C2, C3, and C4) belonging to the same mtDNA
haplogroup for use as controls. The platelets of these subjects were fused with the mtDNA-less human po206 cell line and
cybrid clones were isolated by growing in selective DMEM, according to a previously described protocol[25]. The cybrid
cell lines were analyzed by direct sequencing for the presence of the m.A5514G and m.C12237T variants and for homo-
plasmy.

mt-tRNA analysis

To investigate whether the m.A5514G and m.C12237T variants perturbed mt-tRNA metabolism, we subjected mt-RNAs
from mutant and control cell lines to northern blotting and hybridized them with DIG-labeled oligodeoxynucleotide
probes for mt-tRNA™ and mt-tRNA>"“), As shown in Figure 2A, the steady-state level of mt-tRNA™ in mutant cell lines
was significantly decreased, whereas the steady-state level of mt-tRNA%*“Y) was not affected in either mutant or wild
type cells. For comparison, the m.A5514G variant caused approximately 35% reduction in the level of mt-tRNA™ (P <
0.0001) after normalization of 5S rRNA, however, the m.C12237T variant had little impact on the mt-tRNAS(AY steady-
state level (P = 0.5849) (Figure 2B).

ATP levels are decreased in m.A5514G and m.C12237T cybrid cells

We next assessed whether the variants influenced ATP generation by using a luciferin/Luciferase assay. As shown in
Figure 3A, the average levels of ATP production in mutant cells decreased approximately 22.1% compared with control
cells (P = 0.0016).

The m.A5514G and m.C12237T variants reduce the levels of MMP

The effects of m.A5514G and m.C12237T variants on MMP was measured using the fluorescence probe, JC-1, in control
and mutant cells. The relative ratios of the FL.,/FLs,, geometric means between control and mutant cells were assessed to
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Figure 3 Analysis of mitochondrial functions in mutant and control cybrids. A: Adenosine triphosphate analysis; B: Mitochondrial membrane potential
levels; C: Reactive oxygen species analysis; D: Nicotinamide adenine dinucleotide/NADH ratio; E: Mitochondrial DNA copy number; F: 8-hydroxy-deoxyguanine
levels; G: Malondialdehyde levels; H: Superoxide dismutase levels. ATP: Adenosine triphosphate; MMP: Mitochondrial membrane potential; ROS: Reactive oxygen
species; NAD: Nicotinamide adenine dinucleotide; mtDNA: Mitochondrial DNA; 8-OhdG: 8-hydroxy-deoxyguanine; MDA: Malondialdehyde; SOD: Superoxide
dismutase.

depict the MMP level. As shown in Figure 3B, cells carrying m-tRNA variants had 25.6% less MMP compared with
control cells (P < 0.0001).

ROS production is enhanced in m.A5514G and m.C12237T cybrid cells

We used flow cytometry and DCFH-DA probe loading to assess ROS production in mutant and control cell lines. As
shown in Figure 3C, mutant cells bearing the m.A5514G and m.C12237T variants exhibited increased ROS production,
with an average increase of 127.5% relative to control cells (P < 0.0001).

The NAD'/NADH ratio is decreased in m.A5514G and m.C12237T cybrid cells

The NAD*/NADH ratio is involved in central carbon metabolism, nucleotide synthesis and lipid metabolism[39]. We
measured the NAD*/NADH ratio in mutant and control cell lines and demonstrated that the mt-tRNA variants
significantly reduced the NAD*/NADH ratio (Figure 3D).

mtDNA copy number is not affected by m.A5514G and m.C12237T variants
mtDNA copy number is a biomarker for both mitochondrial quality and function[40]. We therefore analyzed the mtDNA
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Table 1 Redefining the pathogenic roles of the m.A55714G and m.C12237T variants

o m.A5514G m.C12237T I
Scoring criteria . Score/20 . Score/20 Classification
variant variant
More than one independent Yes 2 Yes 2 < 6 points: Neutral polymorphisms; 7-10 points: Possibly
report pathogenic; 11-13 points (not including evidence from single fiber,
steady-state level, or trans-mitochondrial cybrid studies): Probably
Evolutionary conservation ~ No changes 2 No changes 2 pathogenic; 2 11 points (including evidence from single fiber,
of the base pair steady-state level or trans-mitochondrial cybrid studies): Definitely
pathogenic
Variant heteroplasmy No 0 No 0
Segregation of the mutation Yes 2 Yes 2
with disease
Biochemical defect in Yes 2 No 0
complex I, III, or IV
Evidence of mutation No evidence 0 No evidence 0
segregation with
biochemical defect from
single fiber studies
Mutant mt-tRNA steady- Strong 5 No evidence 0
state level or evidence of evidence
pathogenicity in trans-
mitochondrial cybrid
studies
Maximum score Definitely 13 Neutral 6
pathogenic polymorphism

content in peripheral blood. As shown in Figure 3E, there were no differences in mtDNA copy number among patients
with the m.A5514G and m.C12237T variants and controls (P = 0.5942).

Serum 8-OhdG levels are increased in T2DM individuals

8-OhdG, a critical biomarker of DNA damage, plays an important role in T2DM progression[41]. The concentrations of
serum 8-OhdG in T2DM and control subjects were measured by ELISA. As shown in Figure 3F, patients with mt-tRNA
variants had much higher concentrations of 8-OhdG compared with controls (P < 0.0001).

The m.A5514G and m.C12237T variants increase cellular oxidative stress

We next explored whether the m#-fRNA variants affected cellular oxidative stress. Individuals carrying the m#-tRNA
variants showed much higher levels of MDA (P < 0.0001; Figure 3G) but significantly decreased levels of SOD (P = 0.0032)
(Figure 3H) compared with controls.

The m.A5514G and m.C12237T variants inhibit the activities of Complex | and IV in cybrids

Mitochondrial Complex I is the major site for catalyzing oxidation of NADH. We therefore analyzed the enzyme activities
of Complex I-IV in cybrids. As shown in Figure 4, the activities of Complex I and IV were dramatically inhibited (P <
0.0001, both), while Complex II and III enzyme activities remained unaffected (P = 0.5019 and 0.5523, respectively) in the
m.A5514G and m.C12237T variants cybrids.

Pathogenicity of the m.A5514G and m.C12237T variants

Total scores of the m.A5514G and m.C12237T variants were 13 and 6 points, respectively, (Table 1), indicating that they
were “definitely pathogenic” and “neutral polymorphism”, respectively.

DISCUSSION

In the present study, we investigated the causal roles of T2DM-related m.A5514G and m.C12237T variants at genetic,
molecular, and biochemical levels. The m.A5514G variant was initially described in a neonatal patient with multiple RCC
defects[42], and the m.C12237T variant was first reported in patients with Leber’s Hereditary Optic Neuropathy (LHON)
[43]. Subsequently, we showed these variants to be associated with T2DM[21]. At the molecular level, the m.A5514G
variant occurs at conventional position 3 in the Acceptor arm of mt-tRNA™, which is highly conserved among species.
Importantly, the m.A5514G variant abolishes the 3A-70T Watson-Crick base-pairing, which is important in recognizing its
cognate tryptophanyl-tRNA synthetase during translation[44]. This causes misreading or misrecognition by RNase P[45].
Interestingly, the m.T7512C variant, which occurs at the same position as mt-tRNA"V™N, was suggested to be associated
with mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS) and with myoclonic
epilepsy with ragged red fibers (MERRF) overlap syndrome[46]. We therefore speculate that the m.A5514G variant, which
is similar to the m.T7512C variant, may alter the stability of mutant mt-tRNA™, as indicated by our northern blotting
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Figure 4 Analysis of enzymatic activities of mitochondrial respiratory chain complexes in four cybrids with mitochondrial tRNA variants
and four control cell lines without these variants. C: Control group; M: Mutant group.

results. Indeed, the average steady-state level of mt-tRNA™ was significantly reduced to 35% of control levels, which is
below the proposed threshold to produce a clinical phenotype associated with an m#-tRNA mutation[47]. These data lead
us to believe that the m.A5514G variant impairs mt-tRNA™ metabolism.

Genetically, unlike other canonical mt-tRNAs, mt-tRNA% %Y is a highly unique tRNA in humans, lacking the entire D-
loop structure[22]. In fact, the homoplasmic m.C12237T variant is located at position 31 in the Variable region of mt-tRNA
Sera@Y), which creates a new 11A-31T Watson-Crick base-pairing. Although RNA Fold (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/ RN Afold.cgi) predicted this variant to alter the secondary structure of mt-tRNAS@S)2, functional data
indicated no obvious difference in mt-tRNAS"#SY steady-state levels between mutant and control cell lines, strongly
indicating that the m.C12237T variant did not affect mt-tRNAS“SY) metabolism. Therefore, the m.C12237T variant most
probably acts as a modifier of the m.A5514G variant in T2DM.

The perturbed tertiary structure caused by the m.A5514G variant made the mutant mf-tRNA™ more unstable and led to
aberrant mt-tRNA metabolism, significantly reducing the activities of Complex I and IV in mutant cells, which was
consistent with the clinical phenotypes of the affected patients. As a result, the RCC deficiency caused by the m.A5514G
and m.C12237T variants may result in down-regulated mitochondrial biogenesis and uncoupling of the oxidative
pathway for ATP synthesis. Pancreatic beta cells have a high OXPHOS demand and would, therefore, be primarily
affected[48]. In the current study, ATP production was reduced by 22.1% in mutant cells as compared with control cells.
In addition, defectives OXPHOS complexes can result in impaired MMP production. Importantly, MMP is generated by
proton pumps (Complex I, III, and IV), and is an essential in energy storage during OXPHOS[49]. The average MMP level
in patients’ cells was only 74.4% of that in control cells. As a result, the defective OXPHOS in cells with mt-tRNA variants
increased the production of ROS, 8-OhdG and MDA. Indeed, MDA is generated in the oxidative degradation of polyun-
saturated lipids[50], whereas SOD is an antioxidant enzyme able to break down harmful oxygen molecules within cells
and convert them into less toxic products[51]. Therefore, the increased oxidative damage and decreased antioxidant
activity may be involved in the occurrence of oxidative stress. This would damage mitochondrial and cellular proteins,
lipids, and nucleic acids via chemical modifications, including nitrosylation, peroxidation and carbonylation, and, in turn,
promote pancreatic beta cell dysfunction and IR[52,53].

Reduced mtDNA copy number has been theoretically linked to increased oxidative stress via increased production of
ROS[54]. Our data show no changes in mtDNA content in mutant and control groups. However, the precise mechanisms
that led to variation in mtDNA copy number are uncertain and genetic and environmental factors have been
hypothesized to interact to determine the number of mitochondria in a cell[55]. Therefore, although the m.A5514G and
m.C12237T variants lead to mitochondrial dysfunctions, other factors such as nuclear background, restored the mtDNA
content in the mutant cell lines.

Cellular NAD exists in two forms, oxidized (NAD+) and reduced (NADH). It plays essential roles in cellular redox
reactions and is responsible for accepting high energy electrons and carrying them to the electron transport chain for the
synthesis of ATP[56]. In diabetic patients, increased NADH levels cause reductive stress, which elevates ROS production
and leads to IR and cell death[57]. In our study, mutant cell lines showed a marked decrease in the NAD*/NADH ratio
indicating that the m.A5514G and m.C12237T variants increases oxidative stress and mitochondrial dysfunction.

CONCLUSION

Our findings indicate that the m.A5514G variant reduced the steady-state level of mt-tRNA™, which affected tRNA
metabolism and led to mitochondrial dysfunctions involved in T2DM pathogenesis, whereas the m.C12237T variant had
little impact on m#-tRNAS*“<Y stability and was probably a polymorphism with neutral effect on the for expressivity of
the m.A5514G variant-induced T2DM phenotype. Furthermore, the incomplete penetrance of T2DM and variable clinical
phenotypes indicate that mt-fRNA variants are not sufficient to produce clinical phenotypes. Therefore, other factors, such
as environmental factors, nuclear genes or epigenetic modification, may contribute to T2DM progression. The main
limitation of this study was the relatively small sample size, and further studies including more T2DM patients are
needed to verify our conclusions.
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