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ABSTRACT

Most studies aiming at unraveling the molecular events associated with cardiac congenital heart disease (CHD)
have focused on the effect of mutations occurring in the nuclear genome. In recent years, a significant role has
been attributed to mitochondria for correct heart development and maturation of cardiomyocytes. Moreover,
numerous heart defects have been associated with nucleotide variations occurring in the mitochondrial genome,
affecting mitochondrial functions and cardiac energy metabolism, including genes encoding for subunits of res-
piratory chain complexes. Therefore, mutations in the mitochondrial genome may be a major cause of heart dis-
ease, including CHD, and their identification and characterization can shed light on pathological mechanisms
occurring during heart development. Here, we have analyzed mitochondrial genetic variants in previously re-
ported mutational genome hotspots and the flanking regions of mt-ND1, mt-ND2, mt-COXI, mt-COXIl, mt-
ATPase8, mt-ATPase6, mt-COXIII, and mt-tRNAs (lle, GIn, Met, Trp, Ala, Asn, Cys, Tyr, Ser, Asp, and Lys) en-
coding genes by polymerase chain reaction-single stranded conformation polymorphism (PCR-SSCP) in 200 pa-
tients with CHD, undergoing cardiac surgery. A total of 23 mitochondrial variations (5 missense mutations, 8
synonymous variations, and 10 nucleotide changes in tRNA encoding genes) were identified and included 16
novel variants. Additionally, we showed that intracellular ATP was significantly reduced (P=0.002) in CHD pa-
tients compared with healthy controls, suggesting that the mutations have an impact on mitochondrial energy
production. Functional and structural alterations caused by the mitochondrial nucleotide variations in the gene
products were studied in-silico and predicted to convey a predisposing risk factor for CHD. Further studies are
necessary to better understand the mechanisms by which the alterations identified in the present study contribute
to the development of CHD in patients.
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List of abbreviations:

ASD atrial septal defects

ATP adenosine triphosphate

CHD congenital heart disease

Cl Conservation Index

COXI Cytochrome C oxidase subunit 1

ETC electron transfer chain

mtDNA  mitochondrial DNA

OXPHOS oxidative phosphorylation

PCR polymerase chain reaction

PDA patent ductus arteriosus

ROS reactive oxygen species

SSCP single-strand conformational
polymorphism

TOF tetralogy of Fallot

tRNA transfer RNA

VSD ventricular septal defect

INTRODUCTION

To date, hundreds of different pathogenic
mitochondrial genome (mtDNA) mutations
have been described in humans, many of
which are associated with heart defects,
ranging from arrhythmias to very complex
cardiovascular ~ disorders  (Bray  and
Ballinger, 2017; Tafti et al., 2018;
Mazzaccara et al., 2021; Wang et al., 2021).
This diversity and lack of a cardiac-specific
phenotype in patients harboring mutated
mtDNA are a challenge for cardiologists.
Data analysis of publicly available databases
by bioinformatics approaches indicates a
high prevalence of cardiac disease in indi-
viduals with mitochondrial dysfunction. Del-
eterious mutations of mtDNA have drastic
consequences on patients' cardiac pheno-
types and affect significantly the survival
rate and early mortality in large pediatric and
adult cohorts with heart disorders, in com-
parison to patients without mitochondrial de-
fects (Zhao et al., 2021; Gomes et al., 2022).
The true prevalence of the mtDNA-related

cardiovascular disease is unknown, although
new evidence estimates the prevalence
worldwide of mtDNA disorders and the fre-
quency of cardiac involvement, to be at least
1 in 15,000 (Bates et al., 2012; Villar et al.,
2013; Mazzaccara et al., 2021).

The rarity of cases, restricted access to
human heart tissue, and the lack of reliable
animal models for the study of mitochondrial
diseases have limited the understanding of
pathogenetic mechanisms and molecular
pathways that link mitochondrial genome de-
fects to cardiac dysfunction. Poor correlation
and unconfirmed associations of genotype-
phenotype in patients are other important
limitations. Nevertheless, experimental and
clinical evidence suggests that oxidative
phosphorylation dysfunctions, impairing the
production of ATP, may have a detrimental
effect on heart muscle activity (Doenst et al.,
2013; Zhou and Tian, 2018). The human mi-
tochondrial genome is a double-stranded cir-
cular molecule of 16,569-bp, containing 13
genes that encode oxidative phosphorylation
(OXPHOS) subunits of electron transfer
chain (ETC) complexes, along with 2 rRNA
genes, 22 tRNA genes, and non-coding re-
gions that have critical roles in replication
and transcription. In humans, the ETC is
composed of 5 complexes: i) NADH dehy-
drogenase (Complex 1); ii) succinate dehy-
drogenase (Complex II); iii) cytochrome B
(Complex I1lI); iv) cytochrome C oxidase
(Complex 1V); and v) ATP synthase (com-
plex V) (Habbane and Montoya, 2021). Un-
like the nuclear genome, the copy number of
the mtDNA is highly variable in human cells
and differs from tissue to tissue (Lopaschuk
et al., 2021). Although many studies have
linked the nuclear genome to a variety of
heart diseases, others have indicated that
mtDNA may also have variants that increase
the risk of cardiovascular diseases (Bates et
al., 2012; Abaci et al., 2015). Of interest, we
have demonstrated a higher incidence of car-
diovascular diseases, such as CHD, in indi-
viduals with higher nucleotide variations in
the mtDNA (Khatami et al., 2016). Mito-
chondrial mutations are potential risk factors
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for CHD due to deleterious consequences,
such as impairment of mitochondria energy
metabolism and increased production of re-
active oxygen species (ROS) (Poznyak and
Ivanova, 2020). CHD is the most frequent
congenital anomaly reported among infants,
estimated to occur annually in 5-20 in 1000
live births worldwide (Wu et al., 2020). The
most common types of CHD are ventricular
septal defect (VSD), atrial septal defects
(ASD), tetralogy of Fallot (TOF), and patent
ductus arteriosus (PDA) (Hayes-Lattin and
Salmi, 2020). These abnormalities in cardiac
morphogenesis may result from abnormal
embryological processes, mostly happening
in the first 8 weeks of pregnancy. On day 21
of gestation, two mesoderm-derived cardio-
genic strands migrate and fuse to form a
primitive linear and beating heart tube that
develops between days 24 and 35 of gesta-
tion. These early embryonic and fetal devel-
opmental steps involve particularly complex
structural and morphogenic changes, which
are very sensitive to variations in genetic and
environmental cues and are responsible for
major heart defects (Kloesel et al., 2016).
Despite an extensive effort undertaken
worldwide to understand heart development,
the complete molecular etiology and mecha-
nisms leading to CHD are still not fully un-
derstood. Part of CHD, which is a complex
disorder, may be contributed to pathogenic
mitochondrial mutations, generally located
in tRNA and OXPHOS-related genes (Abaci
et al., 2015). In the present study, we have
evaluated the pathogenicity of sequence var-
lations occurring in the genes encoding for
the complexes 1V and V of OXPHOS subu-
nits in mtDNA, by performing a systematic
screening to evaluate mtDNA mutations in a
cohort of Iranian patients with CHD.

MATERIAL AND METHODS

Patients

In the present case-control study, a total
of 200 unrelated CHD pediatric patients (110
males and 90 females) were evaluated by

common clinical examinations and biochem-
ical investigations, by experienced pediatric
cardiologists in the Department of Cardiolo-
gy at the Afshar hospital, Yazd, Iran. All pa-
tients were undergoing heart surgery and
presented with a non-syndromic CHD. Syn-
dromic CHD patients such as Noonan, Di-
George, Holt-Oram, Marfan, Charge, and
Alagille syndromes were excluded from this
research (Table 1). The age range of patients
was from a minimum of 20 days old to 10
years old (mean age: 4.5 £ 1.7). The control
group was constituted of 160 healthy indi-
viduals matched in age- and sex-matched to
CHD individuals (90 males and 70 females;
mean age: 4.8 £ 1.9). Control individuals had
no family history of cardiovascular diseases
or mitochondrial disorders, and were tested
for normal electrocardiogram and biochemi-
cal parameters. There were no significant
differences in the main characteristics, such
as sex and age between the control and pa-
tient groups (P = 0.65 and 0.77, respective-
ly). Blood samples were collected from pa-
tients and healthy control individuals to har-
vest the mtDNA and identify nucleotide
changes in genes encoding mitochondrial 1V
and V complexes and 11 mt-tRNA genes
(lle, GIn, Met, Trp, Ala, Asn, Cys, Tyr, Ser,
Asp, and Lys tRNAS), and in their flanking
regions. Our study was conducted respecting
the ethical guidelines of the 1975 Declara-
tion of Helsinki. All research protocols were
approved by the Ethics Committee of Yazd
University. After obtaining informed consent
from all participating subjects or legal repre-
sentatives, total DNA was extracted from pe-
ripheral blood samples for molecular screen-
ing, using a DNA extraction kit (Qiagen Co,
Tehran, Iran). Specific oligonucleotide pri-
mers were designed and synthesized. The se-
lected coding and flanking regions were am-
plified by polymerase chain reaction (PCR)
and subjected to single-strand conformation-
al polymorphism (SSCP). The abnormal con-
formers experienced direct DNA sequencing
for the identification of mutation positions.
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Table 1: Clinical characteristics of unrelated non-syndromic CHD patients

CHD Phenotype

Ventricular septal defect (VSD)
Atrial septal defect (ASD)
Tetralogy of Fallot (TOF)

VSD + ASD
ASD +TOF
VSD + ASD +TOF

Number of patients / Male / female

% of total
112/56 62/50
55/27.5 30/26
14/7 8/6
18/9 10/7
1/0.5 0/1
0/0.0 0/0

Mitochondrial DNA analysis by PCR-SSCP
and DNA Sequencing

Selected coding mtDNA sequences and
flanking regions of mt-ND1, mt-ND2, mt-
COXIl, mt-COXIl, mt-ATPase8, mt-
ATPase6, mt-COXIII, and mt-tRNAs'", mt-
tRNASN  mt-tRNAM® mt-tRNA™,  mt-
tRNAAR mt-tRNA" mt-tRNA®S,  mt-
tRNATY, mt-tRNAS®", mt-tRNA*P, and mt-
tRNAY® genes (length about 5491 bp,
33.15 % of mtDNA) were amplified by pol-
ymerase chain reaction (PCR) in an automat-
ed thermal cycler (MWG-Biotech Primus).
These coding regions of mtDNA were ampli-

fied with a total of twenty-four (12 pairs)
PCR-specific primers to get appropriate am-
plicons for the evaluation of products by sin-
gle-stranded conformation polymorphism
(SSCP) (Table 2). Specific primers for the
amplification of the regions of interest were
designed using primer-premier 5 software,
based on the complete genome of Homo sa-
piens mitochondrion of the NCBI site
(https://www.ncbi.nlm.nih.gov). The quality
of primers and their probable secondary
structures were assessed with Gene Runner
(http://www.generunner.net/) and the Oligo
analyzer software.

Table 2: Specific primer sequences used for analysis of selected mitochondrial genes

Gene Primer sequence Primer Product size (bp)
position

ND1. tRNAE. Gin, Met F:5-TATGATATGTCTCCATACCC-3' 4211-4230 329
' R: 5-GGCGGGAGAAGTAGATTGAA-3' 4521-4540

ND2 F: 5-AACCCTCGTTCCACAGAAGCT-3' 4614-4635 319
R: 5-AGGAGAAGGCTTACGTTTAGT-3' 4909-4933

ND2, tRNATP Al Asn F.. 5I—CCCTTACCACGCTACTCCTA-3 ' 5461-5480 280
R: 5-GGCGGGAGAAGTAGATTGAA-3 5721-5740
Cys. Tyr F: 5'-CAAACACTTAGTTAACAGCT-3' 5681-5700

COXI, OL, tRNAZS R: 5-GCTCATGCGCCGAATAATAG-3' 5961-5980 299

COXI F: 5-CCGACCGTTGACTATTCTCT-3' 5911-5930 109
R: 5-GGCTCGAATAAGGAGGCTTA-3' 6001-6020

COXI F: 5-ATCATAATCGGAGGCTTTGG-3' 6120-6140 610
R: 5-GCTCAGACCATACCTATGTA-3' 6711-6730

Coxi F: 5'-ACACTCCACGGAAGCAATATG-3' 6880-6900 550
R: 5-TACGGGTTCTTCGAATGTGTG-3' 7410-7430
Ser, As F: 5-CTGGAGTGACTATATGGATG-3' 7377-7396

COXII, tRNA ° R: 5-GTGATATGCTCTTCTATGAT-3' 7631-7650 213

Coxil F: 5-TTCCTAGTCCTGTATGCCCT-3' 7691-7710 469
R: 5-TATACCCCCGGTCGTGTAGC-3' 8141-8160
Lys 5'ATTAATTCCCCTAAAAATCT3 8221-8240

ATPases, (RNAY 5'AATGAATGAAGCGAACAGAT3 8537-8558 337

ATPase6 F: 5-CAAATAGGTGCATGAGTAG-3' 8681-8700 369
R: 5-TAACCTCAAAACAAATGATA-3' 9031-9050

COxill F: 5'-CACATAATGACCCACCAATCA-3' 9200-9220 502
R: 5'-AATAAGCAGTGCTTGAATTAT-3' 9681-9702
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PCR reactions were performed in a final
volume of 25 pL containing 20-30 ng of to-
tal DNA as the template, 1.5 mM dNTPs
mixture, 0.2 pumol/l of each primer, 1.5 mM
MgCl», 1U of Taq polymerase (Qiagen, Teh-
ran, Iran), and 1X PCR buffer after initial
denaturation for 5 minutes at 95 °C. Ampli-
fication conditions were as follows: 30 cy-
cles of denaturation at 95 °C for 30 sec, an-
nealing of each fragment according (ranging
from 52-65 °C) for 30-40 sec, and extension
at 72 °C for 50 sec, with a final extension at
72 °C for 5 min.

For amplification of fragments contain-
ing tRNA genes, touch-down PCR programs
were used based on the following procedure:
initial denaturation at 95 °C for 4 min, con-
tinued by 5 cycles of 95 °C for 50 sec, 65 °C
for 50 sec, extended at 72 °C for 50 sec and
then the PCR reactions followed by 30 cy-
cles of 95 °C for 30 sec, 57 to 63 °C for 30
sec (due to different fragments), 72 °C for 50
sec and finished with a final extension at
72°C for 5 min. Amplified products were
confirmed for size by electrophoresis on
1.5 % agarose gel and stained with ethidium
bromide.

For the screening of mutations, a Single-
Stranded  Conformation  Polymorphism
(SSCP) analysis was performed. Single-
stranded PCR products (heat-denatured at
94 °C for 5 min and chilled on ice for 4 min)
were loaded onto a 6 % polyacrylamide/TBE
0.5X gel containing, and visualized with
standard silver staining according to the
standardized protocol (Saker, 1998). Cases
with abnormal SSCP conformers and band
migration shifts were sent to the Macrogene
Company (Korea) for automated DNA se-
guencing.

Isolation of lymphocytes from peripheral
blood

5 mL of patient blood was diluted at a ra-
tio of 1:2 with Hank's solution (Vandidaz,
Tehran, Iran) within the first hour following
the sample collection, and gently placed on a
chilled tube containing 5 ml of Ficoll
(Aminsan, Tehran, Iran). The solutions were

centrifuged at 1500xg for 25 minutes until
the  lymphocyte-containing  layer  was
formed. The lymphocyte layer was diluted in
15 mL of Hank's solution and centrifuged at
500xg for 15 minutes. Next, the supernatant
was removed, and the pellet was suspended
in 5 mL of Hank's solution, before centrifu-
gation at 250xg for 20 minutes. The superna-
tant was discarded and the pellet was sus-
pended in RPMI 1640 medium (Sigma, Teh-
ran, Iran).

Measurements of intracellular ATP

The cellular ATP rates were assayed in
approximately 120 lymphocyte cells of CHD
and healthy control blood samples, by bio-
luminescence measurement using the Cell
Titer-Glo Luminescent Cell Viability Assay
kit (Promega), as previously described
(Heidari et al., 2009). The standard ATP
curve was obtained with serial dilutions of 4
mM ATP solution (at 0.25, 0.5, 1.0, 2.0 and
4.0). After calibration according to the ATP
standard, the ATP content of the lymphocyte
cells was determined with a Sirius tube lu-
minometer, Berthold defection system
(Germany).

Bioinformatics analysis

Computer-based algorithms and integrat-
ed approaches were used to predict changes
in the structure and function of proteins en-
coded in mitochondria, due to amino acid
substitutions caused by the mutations identi-
fied in mtDNA. Molecular Evolutionary Ge-
netics Analysis 6 (MEGAT:
https://www.ncbi.nlm.nih.gov/pmc/) and
ClustalX tool (http://www.ebi.ac.uk/tools/
clustalw?) were used for online multiple
amino acid sequence alignments and deter-
mination of the sequences homology and
evolutionarily Conservation Index (ClI) with-
in and between different species (Homo sa-
piens, Bos taurus, Mus musculus, Rattus
norvegicus, Gallus gallus, Pongo pygmaeus,
Gorilla gorilla, Xenopus laevis, Colobus
guereza, Lemur catta, Pan paniscus, Cebus
albifrons, Drosophila melanogaster, Stron-
gylocentrotus droebachiensis, and Caeno-
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rhabditis elegans). Evolutionary conserva-
tion analysis and identification of functional
regions in proteins were achieved by the
ConSurf server (https://consurf.tau.ac.il/).
The CI was then calculated by comparing the
human mtDNA variants with various spe-
cies. Particularly, CI>75 % was considered
as having functional potential.

The analysis of pathogenicity of the
whole mtDNA was accomplished through
the human mitochondrial genome database
(Mitomap:
http://www.mitomap.org/MITOMAP), mito-
chondrial tRNA Informatics Predictor (Mi-
toTIP:
https://www.mitomap.org/MITOMAP/MitoT
ipInfo), and Mitomaster
(https://www.mitomap.org/foswiki/bin/view/
MITOMASTER/WebHome) approaches,
which summarize the polymorphisms and
mutations in human mitochondrial DNA and
evaluate the potential biological significance
of each variant. Protein domains were as-
sessed from UniProt
(https://www.uniprot.org/) and InterPro da-
tabases (http://www.ebi.ac.uk/interpro/). Fur-
thermore, sequence homology-based ap-
proaches include PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/),
PROVEAN
(https://www.jcvi.org/research/provean), and
SIFT (https://sift.bii.a-star.edu.sa/) programs
were used for prediction and annotation of
the structural and functional impact of mito-
chondrial non-synonymous mutations and
the potential deleterious effect of missense
mutations on protein function. Furthermore,
EXPASY (Expert Protein Analysis System:
http://www.expasy.org) and Prot-Scale tool
(http://web.expasy.org/protocol) were used
for the prediction of protein hydrophobicity
or hydrophilicity in normal and mutant
states, PSIPRED
(http://bionf.cs.ucl.ac.uk/psipred) and SOSUI
(https://harrier.nagahama-i-bio.ac.jp/sosui/)
tools for predicting the secondary structure
of normal and mutated proteins, MAMIT-
tRNA  (http://mamit-trna.u-strasbg.fr)  for
getting information about mitochondrial

tRNA gene sequences, the secondary struc-
tural features of mitochondrial tRNAs, and
reported mutations/polymorphisms in these
tRNAs, and Mfold
(http://www.unafold.org/mfold/applications/r
na-folding-form.php) for anticipating of
RNA structure in normal and mutated se-
quences.

We also used three-dimensional structur-
al analysis to determine the functional im-
portance and pathogenicity prediction of
non-synonymous mutations in Complex IV
and V mitochondrial proteins, because the
three-dimensional structure of some human
mitochondrial proteins such as cytochrome C
oxidase I, Il, 1ll, ATP synthase 6, and ATP
synthase 8 have not yet been defined. The
homology-based structural prediction was
performed using services such as the
SWISS-MODEL server
(https://swissmodel.expasy.org), I-TASSER
(https://zhanglab.dcmb.med.umich.edu/I-
TASSER/), and AlphaFold protein structure
database (https://alphafold.ebi.ac.uk/) were
used for modeling of human mtDNA pro-
teins. Finally, protein PyMol software
(https://www.pymol.org/), ClusPro 2.0: Pro-
tein-protein docking software, LigPlot+ v.2.2
(2D-ligand-protein interaction diagrams),
and Dimplot programs (Laskowski and
Swindells, 2011) were used for visualization
of the 3D and 2D structures and the identifi-
cation of binding variations within the pro-
tein and with other complex proteins. In this
manner, the number and length of bonds in
normal and mutant proteins and the hydro-
gen bonds and hydrophobic interactions of
proteins were investigated and the molecular
interaction plot in mutated and normal pro-
teins was generated using Dimplot in LIG-
PLOT software.

Statistical analysis

Fisher’s exact probability tests were used
to the comparison of categorical variables
and to examine the association between mi-
tochondrial tRNA mutations and the risk of
CHD. The GraphPad Prism software was
used for statistical analysis and values of
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P<0.05 were regarded as statistically signifi-
cant.

RESULTS

Genetic analysis

To identify point mutations/sequence
variations in the mitochondrial DNA that
may be potentially associated with CHD, we
first performed mutation screening assays in
the mitochondrial genome of cells isolated
from sporadic pediatric patients with CHD of
variable severity. PCR-SSCP and DNA se-
guencing analyses were performed for 18
mitochondrial genes (flanking regions of mt-
ND1, ND2, COXI, COXIl, ATPase8,
ATPase6, COXIII, and mt-tRNAs'"®, tRNASIN,
tRNAML tRNAT™, tRNAAR tRNAAST tRNASYS,
tRNA™", tRNAS", tRNAP, and tRNALS
genes) in a total of 200 CHD patients and
160 healthy controls. A total of 23 point mu-
tations were identified in the mitochondrial
genes of the CHD patients enrolled in our
study (5 missense mutations, 8 synonymous
polymorphisms, and 10 variants in tRNA
genes) (Table 3). The comparison of the mu-
tations identified in our study with mutations
reported in the MITOMAP repository and
other genomic databases revealed that most
of the nucleotide changes harbored by the
patients in our study (17 variations: 8 in
tRNA genes and 9 in protein-coding genes)
have not been reported and are novel vari-
ants.

The 23 variants identified included three
novel point mutations in the flanking regions
of the mt-COXI gene in sixteen (8 %) pa-
tients, two variations in the mt-COXII gene
in two (1 %) patients previously reported in
non-CHD contexts, and one novel nucleotide
variation in the mt-ATPase8 gene in eight
(4 %) patients. We also identified seven nu-
cleotide changes in the mt-ATPase6 gene in
twenty-three (11.5 %) patients, among which
4 are novel variants and 3 have been de-
scribed in a non-CHD context. Additionally,
two variations, of which one is novel, were
identified in the mt-tRNAIlle gene in seven
(3.5 %) patients, as well as another nucleo-
tide change in the mt-tRNATrp gene in one

(0.50 %) patient, two novel nucleotide varia-
tions in mt-tRNAAla gene in five (2.5 %)
patients, two novel nucleotide changes in mt-
tRNAAsN gene in eight (4 %) patients, one
novel variation in mt-tRNASer gene in three
(1.5 %) patients, one novel nucleotide varia-
tion in mt-tRNAAsp gene in eight (4 %) pa-
tients, and one novel nucleotide change in
mt-tRNALys gene in eighteen (9 %) pa-
tients.

Pathogenic prediction analysis for
non-synonymous variations

Among the variants present in the mito-
chondrial samples analyzed, 5 missense mu-
tations (2 in mt-COXI and 3 in mt-ATPase6
genes) were predicted to be pathogenic or
probably pathogenic by Bioinformatics anal-
ysis  (SIFT, Polyphen-2,  MutPred2,
PROVEAN, PANTER, PMut, I-Mutant. 2,
and PredictSNP). These missense mutations
are m.7398C>T (Pro499Sre) and
m.7418C>G (Phe505Leu) in the mt-COXI
gene, m.8860A>G (Thri12Ala),
m.8878C>G (Argl18Gly), and m.9041A>G
(His172Arg) in mt-ATPase6 gene. In addi-
tion, 16 point mutations (69.56 %) identified
in our samples (2 in mt-COXI gene, 1 in mt-
COXII gene, 6 in mt-ATPase6 gene, and 7 in
mt-tRNA genes) were in heteroplasmic state
and 7 nucleotide variations (30.44 %) were
in the homoplasmic state (Table 4). As ex-
pected, homoplasmic variants are more
common in individuals, while heteroplasmic
variants are more likely to be rare variants
that were only found in a few patients.

Of interest, most of the mitochondrial
variations are positioned in highly conserved
sites and are predicted to result in structural
and functional changes that have the poten-
tial to disrupt normal mitochondrial energy
biosynthesis.  Importantly, heteroplasmic
missense variants were not detected in the
cohort of healthy control subjects, and they
have not been reported as neutral polymor-
phisms. The Fisher test revealed significant
differences between the patient and control
groups either among protein-coding muta-
tions (P=0.001) or mt-tRNA variations (P=
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which are associated with more deleterious
functional consequences of non-synonymous
heteroplasmic variations.

0.031), thus indicating their association with
CHD. Moreover, the missense variations
showed higher pathogenicity in heteroplas-
mic state scores than homoplasmic states,

Table 3: Nucleotide variations in mtDNA observed in the selected coding regions and tRNA genes

Nucleotide Gene Homo-/ Mutation Amino acid Novel/ No. of 200
Variation Hetero- Reported patients (%)
plasmic
4272 T>C tRNAlle Homo D-stem - Novel 5 (2.5):
ASD+VSD, VSD
4316 A>G tRNAlle Hetero T-loop - HCM with hearing 2 (0.5): TOF
loss / hyperten-
sion factor
5543 T>C tRNAT™® Hetero Anticodon- - rs1603220016* 1 (0.5): TOF
loop
5605 T>C tRNAAR Hetero T-loop - Novel 2 (0.5):
ASD+VSD,
VSD
5656 A>G tRNAAR Homo Processing - Novel 3 (1.5):
site in 5'- ASD+VSD,
end ASD
5670 T>C tRNAASY Hetero T-loop - Novel 5 (2.5): ASD,
VSD
5727 G>T tRNAAS Hetero ACC-stem - Novel 3 (1.5): TOF
7398 C>T COXI Hetero Missense Pro 499 Ser Novel 2 (0.5): VsSD
(UCN)
7403 A>G COXI Homo Synony- Pro 500 Pro Novel 10 (5):
mous ASD+VSD, VSD
7418 C>G COXI Hetero Missense  Phe 505 Leu Novel 5 (2.5): ASD,
(UUA/G) VSD
7461 A>G tRNASer Hetero T-loop - Novel 3 (1.5): ASD,
VSD
7573 C>G tRNAASP Hetero T-stem - Novel 8 (4): ASD, VSD
7645 T>C COxXill Homo Synony- Leu 20 Leu Thyroid tumors, 1(0.5): VSD
mous FAP
7897 A>G COXil Hetero Synony- Trp 104 Trp FAP, Leber's he- 1 (0.5): ASD
mous reditary optic +TOF
neuropathy
8346 C>T tRNALYS Homo T-loop - Novel 18 (9): ASD,
ASD+VSD, VSD
8410 C>T ATPase8 Homo Synony- Pro 15 Pro Novel 8 (4): ASD, VSD
mous
8859 C>G ATPase6 Hetero Synony- Gly 111 Gly Novel 5 (2.5): ASD,
mous VSD
8860 A>G ATPaseb Homo Missense Thr 112 Ala Novel 3(1.5): vSD
8874 C>G ATPase6 Hetero Synony- Gly 116 Gly Novel 6 (3): TOF, VSD
mous
8878 C>G ATPase6 Hetero Missense Arg 118 Gly Novel 2 (0.5): TOF,
VSD
9024 A>G ATPase6 Hetero Synony- Ala 166 Ala Leigh Syndrome 1 (0.5): VSD
mous
9041 A>G ATPaseb Hetero Missense His 172 Arg  Muscle weakness, 4 (2): ASD, VSD
exercise intoler-
ance, congenital
cataracts
9051 A>G ATPase6 Hetero Synony- Gly 175 Gly  Colorectal cancer 2 (0.5): VSD
mous

*rs1603220016: Pathogenic variant in Juvenile myopathy, encephalopathy, lactic acidosis and stroke

and mitochondrial myopathy
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Table 4: Prediction results for 5 missense mutations in COXI and ATPase6 genes by functional and

structural prediction tools

Gene varia- SIFT PolyPhen-2 PROVEAN PANTER PMut  Pre- I-
tion (Score) dictS Mu-
NP tant.2/
DGG***
COXI P499S Affected Probably Neutral Not scored Neu- Dele- De-
(0.01) damaging tral teri- crease/
(0.999) ous -1.6
(sensitivity:
0.14;
specificity:
0.99)
COXI F505L Tolerat- Probably Neutral Not scored Neu- Dele- De-
ed damaging tral teri- crease/
(0.11) (0.995) ous -2.16
(sensitivity:
0.68;
specificity:
0.97)
ATPase6 T112A Tolerat- Benign Deleteri- probably Neu- Neu- De-
ed (0.000) ous damaging tral tral crease/
(0.21) (sensitivity: Pdel*=0.85 -0.42
1.00; preserva-
specificity: tion
0.00) time**=910
ATPase6 R118G Affected Probably Deleteri- probably Dis- Dele- De-
(0.02) damaging ous damaging ease teri- crease/
(1.000) Pdel*=0.85 ous -0.89
(sensitivity: preserva-
0.00; tion
specificity: time**=910
1.00)
ATPase6 H172R Tolerat- Possibly Deleteri- probably Neu- Dele- De-
ed damaging ous damaging tral teri- crease/
(0.10) (0.464) Pdel*=0.50 ous -0.80
(sensitivity: preserva-
0.89; tion
specificity: time**=324
0.90)

*pdel: Probability of deleterious effect
**Million year preservation time

**DDG value = The unfolding Gibbs free energy value of the mutated protein minus the unfolding

Gibbs free energy value of the wild type (Kcal/mol)

Pathogenic prediction evaluations for
mt-tRNA variations

Our results confirmed that eight mt-tRNA
mutations may be pathogenic/likely patho-
genic mutations and only two variants in
tRNA genes (A43416G in tRNA"™ and
C8346T in tRNA™® genes) were likely be-
nign (with pathogenicity scores: 37.10 % and
2.60 %, respectively) according to the Mito-

TIP predictor for tRNA variants (Sonney et
al., 2017). We also used the Mamit-tRNA
tool for secondary structure prediction of mt-
tRNAs and to define the position of each nu-
cleotide change in tRNA structures, in a stem
or a loop, or to assess whether the variants
altered the classic Watson-Crick base-pairing
(Figure 1). We observed that there was one
variant occurring in the ACC-stem (G5727T
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in tRNAAM, one variant in the DHU-stem
(T4272C in tRNA"®), one variant in TyC-
stem (C7573G in tRNA*P), five variants in
TyC loop (A4316G in tRNA"®, T5605C in
tRNAAR T5670C in tRNAM, A7461G in
tRNAS®" and C8346T in tRNAYS), one vari-
ant in anticodon loop (T5543C in tRNAT™),
and one variant in processing site of 5'-
terminus (A5656G in tRNAA®), Of interest, 4

variants disrupted the classic Watson-Crick
base pairings (those occurring at TyC loop,
ACC-stem, and anticodon loop), whereas 2
variants created novel Watson-Crick base
pairings (those occurring at DHU-stem and
TyC-stem), suggesting drastic changes that
may affect the structure and function of mt-
tRNA:s.

A
A
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Figure 1: Position of nucleotide changes in the secondary structure of studied mt-tRNAs
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The CI analysis, MitoTIP, and the mfold
structural predictor suggested that 8 mt-
tRNA nucleotide variants, which had high
conservation index and were not detected in
healthy controls, may be pathogenic/likely
pathogenic mutations. The conservation in-
dex of these mt-tRNA variants were as fol-
lows: T4272C in tRNA'": 99.00 %, A4316G
in tRNA"®: 90.47 %, T5543C in tRNAT™:
99.00 %, T5605C in tRNAAR: 8571 %,
A5656G in tRNA”: 99.00 %, T5670C in
tRNAMT:  76.19 %, G5727T in tRNAAM
99.00 %, A7461G in tRNAS": 99.00 %,
C7573G in tRNA*P: 99.00 %, and C8346T
in tRNAYS: 54,17 %. We observed that ex-
cept for the C8346T in tRNADS, other vari-
ants in tRNA genes showed higher levels of
ClIs (CI=75 %). Interestingly, other mt-tRNA
variants were not detected in healthy controls
and predicted to change the structure or
function of tRNA molecules, suggesting that
they may be involved in the pathogenesis of
CHD. Considering that the evolutionary con-
servation of the variations is only observed
in less than 1 % of the control group, we
identify 9 pathogens/possibly pathogens in

mt-tRNA in 23 patients with CHD, which
can cause functional or structural changes in
mt-tRNA molecules. Among them, only five
mtDNA-tRNA mutations were found to
change the free energy for the thermodynam-
ic steady-state of the secondary structures of
tRNAs; T4272C and A4316G in tRNA'®,
T5605C in tRNAA? A7461G in tRNAS", and
C7573G in tRNA”P (Figures 2-5).

Mitochondrial ATP measurement

After identifying point nucleotide varia-
tions in the mtDNA of CHD patients, we fol-
lowed up on their biological significance in
cells bearing these mutations by measuring
the intracellular concentration of adenosine
triphosphate (ATP) by preparing an ATP cal-
ibration curve. The cellular ATP content was
significantly lower in the patients’ groups
(vSD, ASD, TOF, VSD+ASD, and
ASD+TOF) than in healthy controls (P=
0.020). Mean value for patients (n=200) and
control subjects (n=160) were 1395.04 +
151.98 and 2450.56 + 149.79 (MeanxSD),
respectively (Figure 6).
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) T5605C
tRNA Ala
I T T N S T O
Lepus europaeus GGGGATT TAGCTT AATTA AAGC CCTGA TTTGCAT TCAGG AGAT GTAAAG|T TTTGC AGTCCTT A
Ochontona collaris GGGGACT TAGCTT AAGTA AAGT A TCTGG GTTGCAT CCAGG AGAT GTGAGG|TJAGTT CTTGC AGTCCTTA
Ochotona princeps GGGGACT TAGCTT AAGTAA AAGT G TCTGG TTTGCAT CCAGG AGAT GTGAGG|T|AGTT CTTGC AGTCCTTA
Oryctolagus cuniculus GAGGATT TAGCTT AATTA AAGC A CCTGG TTTGCAC TCAGG AGAT GTARAG|T|TAA  TTTGC AGTCCTT A
Cebus albifrons GAGGGCT TAGCTT AATTA AAGT A GTTGA TTTGCGT TCAAT TGAT GCAAGG|T|ATAG TTTGC AGTCCTTA
Cercopithecus aethiops AGGGGCT TAGCTT AATTA AAGT G GTTGA TTTGCGT [TCAAT TGAT GCAGAG|TJAGGTT TTTGC AGTCCTTA
Colobus guereza AAGGGCT TAGCTT AATGA AAGT G ATIGA TTTGCGT TCAGT TGAT GCAGAG|T |AGAGT TTTGC AGTCCTT A
Gorilla gorilla AAGGGCT TAGCTT AATTA AAGT G GCTGA TTTGCGT TCAGT TGAT GCAGAG|T|AGGGT TTTGC AGTCCTTA
AAGGGCT TAGCTT AATTA AAGT G GCTGA TTTGCGT TCAGT TGAT GCAGAG|T|GGGGT TTTGC AGTCCTT A
Hylobates lar AAGGGCT TAGCTT AATTA AAGT G ACTGA TTTGCGT TCGGT TGAT GCAAAG|T|GGGC TTTGC AGTCCTTG
Lemur catta GAGGATT TAGCTT AATTA AAGT G ATTIGA TTTGCGT TCAGT TGAT GTAAGA|T|ATAAT CTTGC AGTCCTTA
Macaca mulatta AAGGGCT TAGCTT AATTA AAGT G GITGA TTTGCGT TCAAT TGAT GCAGAG|T|AGGTG TTTGC AGTCCTT A
Macaca sylvanus AAGGGCT TAGCTT AATTA AAGT A GITGA TTTGCGT TCAAT TGAT GCAGAG|C|AGGTG TTTGC AGTCCTT A
Nycticebus coucang GAGGACT TAGCTT AATTA AAGT A ATTGA TTTGCGT TCAGT TGAT GTAGGA|G|AAGT CTTGCAGTCCTTA
Pan paniscus AAGGGCT TAGCTT AATTA AAGT G GCTGA TTTGCGT TCAGT TGAT GCAGAG|T|GGGGT TTTGC AGTCCTTA
Pan troglodytes AAGGGCT TAGCTT AATTA AAGT G GCTGA TTTGCGT TCAGT TGAT GCAGAG|T|GGGGT TTTGC AGTCCTT A
Papio hamadryas AAGGGCT TAGTTT AATTA AAGC G ATIGA TTTGCGT TCAGT TGAT GCGGAG|T|AGGTG TCTGC AGTCCTT A
Pongo pygmaeus GAGGGCT TAGCTT AATTA AAGT G GCTGA TTTGCGC TCAGT TGAT GCAAAG|T|GGGGT TTTGC AGTCCTT A
Pongo pygmaeus abelii GAGGGCT TAGCTT AATTA AAGT G GCTGG TTTGCGT TCAGT TGAT GCAGAG|C|GGGGC TTTGC AGTCCTT A
Tarsius bancanus GAGGACT TAGCTT AAGTTA AAGT A GCTAA TTTGCAG TTAGT TGAT GTAGAG|T|GAGTC TTTGC AGTCCTT A
Trachypithecus obscurus AAGGGCT TAGCTT AATTA AAGT A ACTGG TTTGCGT TCAGT TGAT GCAGAA|T| GAGAT TCTGT AGTCCTT A
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Figure 2: Sequence alignment of tRNAA2 reveals a high-degree of conservation across species. (A)
The T at the position 5605 nucleotide is highly conserved among species. (B) Prediction of the
structural and folding changes due to a T5605C mutation in tRNAA2 using the Mfold program. The free
energy change between the mutant and wild-type states was determined.
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A) T4272C A4316G
tRNA Ile
o) w Dicoplpsem||ac stmfpncc-ooplac semV-regr| | Tiocp [T storfc sem
Lepus europaeus AGARATA TG | T ACAA AAGA G TTACT TTGATAG AGTAA ATCAT AGAGG TTTAJa AT ccTeT TATTTCT A
Ochontona collaris AGAAATATG | TfCTG ATAA AAGA G TTACT TTGATAG AGTAA ATAAT AGGGG TCTA A JAT CCCCT TATTTCT A
Ochotona princeps AGARATATG | TICTG ACAA AAGA G TTACT TTGATAG AGTAA ATAAT AGGGG TTTAJa faT ccocT TATTTCT A
Oryctolagus cuniculus AGARATATG | TfCTG ATAA AAGA G TTACT TTGATAG AGTAA ATAAT AGAGG ATCT [T JaGe cCTCT TATTTCT A
Cebus albifrons AGARATATG | TCTG ACAA AAGA A TTACT TTGATAG AGTAA ACTAT AGAGG TTTAfa faT ccTeT TATTTCT A
Cercopithecus aethiops AGAAATATG | TjCTG ACAA AAGA G TTACT TTGATAG AGTAA ATGAT AGGGG CTCC fa fJac ccTeT TATTTCT A
Colobus guereza AGAAATATG | TCTG ACAA AAGA G TTACT TTGATAG AGTAA ATAAT AGAGG ACCT A Jac CCTCT TATTTCT A
Gorilla gorilla AGAAATATG | T|CTG ATAA AAGA G TTACT TTGATAG AGTAA ATAAT AGAGG TTTAfa Jac cCCCT TATTTCT A
AGARATATG | THCTG ATAA AAGA G TTACT TTGATAG AGTAA ATAAT AGGAG CTTAfa fac ccect TATTTCT A
Hylobates lar AGARATA CG | TfCTG ACGA AAGA G TTACT TTGATAG AGTAA ATAAT AGGGG TTTAfa faT cccer TATTTCT A
Lemur catta AGARATATG | T|CTG ACAA AAGA G TTACT TTGATAG AGTAA ATAAT AGAGG TTTAfa AT ccceT TATTTCT A
Macaca mulatta AGABATATG | TfCTG ACAA AAGA G TTACT TTGATGG AGTAA ATAAT AGAGG cccC fja AT ceTCT TGTTTCT A
Macaca sylvanus AGARATATG | TCTG ACAA AAGA G TTACT TTGATAG AGTAA ATAAT AGAGG cccC A fJac CCTCT TATTTCT A
Nycticebus coucang AGABATATG | TICTG ATAA AAGA A TTACT TTGATAG AGTAA AACAT AGAGG TGAG Ja fec ccrer TATTTCT A
Pan paniscus AcABATATG | TfCTG ATAA AAGA A TTACT TTGATAG AGTAA ATAAT AGGAG TTTAfa faT ccceT TATTTCT A
Pan troglodytes AGAAATATG | TfCTG ATAA AAGA A TTACT TTGATAG AGTAA ATAAT AGGAG TTCA fa faT ccceT TATTTCT A
Papio hamadryas AGAAATATG | T|CTG ACAA AAGA G TTACT TTGATAG AGTAA ACAAT AGAGG cccC fja JaT ceTCT TATTTCT A
Pongo pygmaeus AGAAATATG | T|CTG ACAA AAGA G TTACT TTGATAG AGTAA AAAAT AGAGG TCTA A AT ccCCT TATTTCT A
Pongo pygmaeus abelii AGABATATG | TRCTG ACAA AAGA G TTACT TTGATAG AGTAA AARAT AGAGG TCTAfJa AT ccocT TATTTCT A
Tarsius bancanus AGABATATG | TfCTG AcAA AAGA A TTACT TTGATAG AGTAA ATAAT AGAGG TTCA fa fec ccTeT TATTTCT A
Trachypithecus obscurus AGARATATG | TCTG ACAA AAGA G TTACT TTGATAG AGTAA ATAAT AGAGG TGCT [T JAAT CCTCT TATTTCT A
L
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Figure 3: Sequence alignment of tRNA'e reveals a high-degree of conservation of T4272 and A4316
nucleotides across species. (A) The nucleotides T at the position 4272 and A at position 4316 are
highly conserved among species. (B) Prediction of the structural and folding changes due to T4272C
and A4316G nucleotides in tRNA'"e using the Mfold program. The free energy change between the
mutant and wild-type states was determined.
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A7461G
tRNA Ser
I I e T e e T I
=
Lepus europaeus GAGAAAGT CATA ATGGT TATG C(GGCTGG CTTGAAA CCAGT CTTA GGGGG TTCGJAQTT CCTTC CTTTCTT G
Ochontona collaris AAGABAG T CATA GAGGC TATG TGGTTGG CTTGAAA (CCAAT TAAT GGGGG TTCGAfTT ccTrC cTTTCTT 6
Ochotona princeps AAGAAAGT CATA AGGGT TATG TGGTTGG CTTGAAA CCAAT TAAT  GGGGG TTCGJAJTT CCTTC CTTTCTT G
Oryctolagus cuniculus AAGAAAGT CATA GTGGC TATG GGGCTGG CTTGAAA CCAGT TTTA  GGAGG TTCGJAQTT CCTTC CTTTCTT G
Cebus albifrons GAAAAAGT CATA GGGTC TATG GGATTGG CTTGAAA CCAAT TTTT GGGGG TTCAJAJAT CCTTC CTTTTTC G
Colobus guereza GAAAMAG T TATA GAGGC TATA GAGCTGG CTTGAAA (CCAGC TTCA GAAGG TTCGJAfTT ccTrC cTTTTIT A
Gorilla gorilla GAAAAAGT CATG AAGGT CATG GGGTTGG CTTGAAA CCAGC TTTG GGGGG TTCGJAQTT CCTTC CTTTTIT G
GAAAAAGT CATG GAGGC CATG GGGTTGG CTTGAAA CCAGC TTTG GGGGG TTCGJAQTT CCTTC CTTTTTT G
Hylobates lar GAAABAG T CATA GAGGT TATG GGGCTGG CTTGAAA (CCAGT TTTA GGGGG TTCGJAfTT ccTTC cTTTTTT 6
Lemur catta AAGAAAGT TGTA GTGGT TACG CGGTTGG CTTGAAA CCAAT TTTA GAGGG TTCGJAQTT CCTTC CTTTCTT G
Macaca mulatta GAAAAAGT TATA GGGGC TATA AGATTGG CTTGAAA CCAGT TTTA GGGGG TTCGJA[CT CCCTC CTTTTTC G
Macaca sylvanus GAMAAAGT TATA AGGGT TATA AGACTGG CTTGAAA CCAGT TCTA GGGGG TTCGJAJCT CTCTC CTTTTTCG
Nycticebus coucang AAGAAAGT CATG GGGT TATG GGGITGG CTTGAAA CCAAT TTTA GGGGG TTCGJA[TT CCTCC CTTTCTT G
Pan paniscus GAAAAAGT CATG GGGGT CATG GGGTTGG CTTGAAA CCAGC TTTA GGGGG TTCGJAQTT CCTTC CTTTTTT G
Pan troglodytes GAAAAAGT CATG GAGGT CATG GGGTTGG CTTGAAA CCAGC TTTA GGGGG TTCGJAQTT CCTTC CTTTTIT G
Papio hamadryas GAAAAAGT TATA GGGGC TATA AGGCTGG CTTGAAA CCAGT TTTA  GGGGG TTCGJACT CCCTC CTTTTTC G
Pongo pygmaeus GAAAAAGT CATG GGGGT TATG GGGITGG CTTGAAA CCAGC TTTA GGAGG TTCGJAQTT CCTTC CTTTTTT G
Pongo pygmaeus abelii GAAAAAGT CATG GAGGT TGTG GGGTTGG CTTGAAA CCAGC TTTA GGAGG TTCGJAQTT CCTTC CTTTTTT G
Tarsius bancanus AAGABAG A CATA GTGGT TATG AGGTTGG CTTGAAA (CCAAT CTTA GGGGG TTcaAafTT ccTC cTTTCTT 6
Trachypithecus obscurus GAAAAAGT TATA GAGGA TATA GAATTGG CTTGAAA CCAGT TTCA GGAGG TTCGJAQTT CCTTC CTTTTTT A
hen
. La-ag C a o
tRNA Ser- WildType ¢ B / .30 tRNA Ser- A7461G
c <3 ¢ q
i ]
c c c [
\ / \ /
c u
N £ u
i1 S
09 ey
20 —a-—u A “u
(T 20 Ry
a—u u
| | NN
& 94 ~g Qs N
& . g ., B, 40
I \ 9 a
a a— 40 10 a ‘
\ / 8
A\ N a—a v a\ /g N\
10 (o JSLT BRI o a— 3
,ahg’ N7 O RN = N /g\ /U 6=Ci /c\
a N NLAN 7 C g C
/ c a—a a \_/ o RS
\ N / c 9. 2—a
a \ § a X OOA
9 u ¢ / a L
TN NG a 7/ I
S i 5 —
Ay L~a"9 60 50 c6 e ll1~ a £
RN /u | 60 = \C -C
a_ u 50
7Nl
u A
L N ~ ¢
a—a N 3 \ a
u u 4
| N _C
g dG=-12.40 u-u-"
LY dG=-11.03 =-12.
5

Figure 4: Sequence alignment of tRNASe" reveals a high-degree of conservation of A7461 nucleotide
across species. A representation of the structural and folding effect of the A7461G mutation in tRNASer
was predicted using the Mfold program is also represented below the sequence alignment. The free
energy change between the mutant and wild-type states was determined.
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Figure 5: Sequence alignment of tRNAAsP reveals a high-degree of conservation of C7573 nucleotide
across species. A representation of the structural and folding effect of the C7573G mutation in tRNAAsP
was predicted using the Mfold program is also represented below the sequence alignment. The free
energy change between the mutant and wild-type states was determined.
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Figure 6: Bar diagram showing the intracellular ATP content in lymphocytes from healthy control and
CHD patients (VSD, ASDS, TOF, and VSD+ASD). Intracellular ATP (nmol) was significantly reduced
in patients with various type of CHD compared to the control group (*: significance line between
patients and control group: P= 0.020 and **: significance line between CHD patients: P= 0.031).

DISCUSSION

Most research groups have addressed the
risk factors associated with mutations occur-
ring in the nuclear genome and CHD, while
only a few studies were undertaken to under-
stand the role of mitochondrial DNA muta-
tions. Interestingly, pathological mutations in
the mitochondrial genome were reported to
be major causes of cardiovascular disease
(Poznyak and Ivanova, 2020). Determining
the effect of mitochondrial DNA mutations
on energy production and mitochondrial dys-
function would improve the understanding of
heart development. The nucleotide changes
in the mtDNA were reported to lead to im-
portant defects in the concentration of sever-
al respiratory enzymes and transfer RNAs
(tRNAs) directly synthesized in the mito-
chondria (Mayr et al., 2015; Liu and Chen,
2020). Moreover, some inherited mtDNA
polymorphisms that are not directly related
to any form of pathology have been shown to
affect mitochondrial function (Bray and
Ballinger, 2017). Cardiovascular disorders
are often caused by multiple genetic muta-

tions, and the severity of the clinical pheno-
type is often correlated to the number of mu-
tations in the genome which may have an
additive pathological effect (Kelly and
Semsarian, 2009). Production of energy by
OXPHOS is performed by mitochondria, and
some mutations in mMtDNA genes were
shown to affect the proper functioning of the
heart cells (Siasos et al., 2018). Most patho-
genic mtDNA mutations are heteroplasmic
and play important roles in mitochondrial
dysfunction, leading to the development and
severity exacerbation of many human disor-
ders such as cardiac disorders (Kanungo et
al., 2018). Recent studies by Jia et al. (2013),
Qin et al. (2014), Jiang et al. (2016), Heidari
et al. (2017), and Schiattarella et al. (2014)
have identified point nucleotide variations in
the mitochondrial tRNA™ tRNAT™®, tRNA-Y,
tRNA'®,  tRNAMet tRNAP", tRNAM2 and
tRNAC" genes associated with both early on-
set coronary artery disease and hypertension.
Here, we have analyzed mtDNA mutations
in 200 pediatric patients with varying de-
grees of CHD severity and identified a total
of 23 genetic variants in mt-tRNA and pro-
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tein-coding genes. Ten nucleotide variations
were located in the tRNA coding genes, con-
sequently, these variations are not expected
to cause any change in the amino acid se-
quences of proteins. However, we predicted
that the mutations T4272C and A4316G in
tRNA'", T5605C in tRNAM? A7461G in
tRNAS®" and C7573G in tRNA*® change the
free energy in the secondary structure of
tRNAs, which may affect either the specific
accessibility to the appropriate mMRNA codon
that ensures the addition of correct amino ac-
id during translation or the stability of the
tRNAs, ultimately also causing a reduction
of the activity of oxidative phosphorylation
complexes. Most of the mt-tRNA variations
that we report here are novel, but among
those variants, two heteroplasmic changes
were the most commonly associated with
pathogenic mutations. Moreover, A4316G
change in the TyC loop of tRNA"® occurs in
a nucleotide extremely conserved across var-
ious species. Interestingly, A4316G change
has been previously associated with hyper-
trophic cardiomyopathy syndrome (HCM)
with hearing loss (Alves et al., 2016), indi-
cating that this mutation could be involved in
the pathogenicity of more than one cardio-
vascular condition. The T5543C located in
the anticodon-loop of tRNATrp was previ-
ously reported as a pathogenic variant in ju-
venile myopathy, encephalopathy, lactic aci-
dosis, stroke, and mitochondrial myopathy
(Anitori et al., 2005).

Interestingly, the novel and homoplasmic
A5656G variant, that we identified here, is
located at an extremely conserved position in
the non-coding region just before the pro-
cessing site of the 5’ end of tRNAAR, Inter-
estingly, precursor processing of mt-tRNAs
requires a precise endonucleolytic cleavage
at both 3’ and 5’ ends. At the 5’ end, extra
nucleotides are removed with the 5 -tRNA
cleavage by the mt-RNase P, while at the 3’
end; tRNA processing of the precursor tran-
script is catalyzed by 3'-endonuclease
(Karasik et al.,, 2019; Berg and Brandl,
2021). Therefore, it is tempting to propose
that the A-to-G transition occurring at posi-

tion 5656 in the light strand of MtDNA may
lead to a defective 5’ end processing in the
primary transcript and correct cleavage of
primary mt-tRNA transcripts into mature
tRNAAR,  Interestingly, it has been shown
that the 5" and 3’ end processing deficiency,
as a result of pathogenic mitochondrial
tRNA mutations can be associated with
many disorders (Tafti et al., 2018).

Moreover, the novel and heteroplasmic
G5727T variant disrupted a G-C base pair
within the acceptor stem of tRNA”", located
at a highly conserved site (C1>95 %) and
was observed in only three children with
TOF. All three patients had severe symptoms
and underwent surgery. Furthermore, the
A7461G variant was identified in the TyC
loop of the tRNAS®" (UCN) gene, this variant
occurred at a highly conserved base-pairing
(A54-U65) of tRNAS" (UCN), which is sig-
nificant for related aminoacyl tRNA synthe-
tase recognition. The destruction of A54-
U65 Watson-Crick base-pairing probably
impaired the tRNAS® (UCN) metabolism
and affected the mt-tRNA function. Addi-
tionally, the C7573G variant was observed in
the tRNA” gene, which disrupted the high-
ly conserved (CI>95 %) Watson-Crick base-
pairing (C56-G49). Therefore, the alteration
of mt-tRNA structure and change in the free
energy for the thermodynamic steady-state
of the tRNAAsp caused by this variant sub-
sequently can lead to failure in mt-tRNA me-
tabolism and its function.

We also identified thirteen nucleotide
variations in the protein-coding genes
(COXI, COXIl, ATPase8, and ATPase6).
Some nucleotide changes in the mitochon-
drial genome are non-synonymous muta-
tions, causing amino acid changes, and may
have a remarkable effect on protein structure
and function. Although mitochondrial syn-
onymous polymorphisms are thought to have
no pathogenic effect, these variants may
have negative effects on the efficiency of
gene expression (Hunt et al., 2014). We pre-
sented here five mitochondrial missense mu-
tations, and at least three of them were con-
sidered pathogenic variations. The most re-
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markable mtDNA candidate genes in cardiac
diseases, besides tRNA genes, are COXI,
COXII, COXIII (complex 1V), ATPase 6,
and ATPase 8 (complex V). Several studies
showed that missense mutations in these mi-
tochondrial genes are associated with various
cardiac and muscular diseases (Jonckheere et
al., 2009; Chistiakov et al., 2012). Sobenin et
al. suggested that some mtDNA missense
mutations may be potential causes of athero-
sclerosis development in humans. They
showed that these mutations had a higher
prevalence in atherosclerotic samples, and
thus can be used as genetic markers in coro-
nary heart disease (Sobenin et al., 2012).
Heidari et al. (2020), and Zhu et al. (2009)
independently showed that novel point muta-
tions 8231C>A in mt-COXIl, 8376T>A and
8414C>T in mt-ATPase8, and 8701A>G and
8584G>A in mt-ATPase6 genes are linked
with coronary artery disease and hyperten-
sion. Several studies proposed that the
mtDNA mutations lead to dysfunctions of
OXPHOS in the mitochondria, increase ROS
generation, reduction of the efficiency of en-
ergy production and mitochondrial protein
synthesis, interrupt normal sodium and cal-
cium metabolism, dysfunctional the diastolic
function in cardiomyocytes, and finally car-
diac disorders (Ramaccini et al., 2021;
Dabravolski and Khotina, 2022).

In the present study, five missense muta-
tions were detected in COXI and ATPase6
genes encoding proteins that play important
roles in electron transfer in mitochondria
during ATP synthesis. Here, ConSurf analy-
sis revealed that the C7398T (Pro499Ser)
and C7418G (Pheb05Leu) variants in the
COXI gene presented very high evolutionary
conservation, and were absent in the 160 Ira-
nian healthy controls. Interestingly, these
non-synonymous variations have not been
reported previously on the MITOMAP site
and were identified for the first time in CHD.
The Pro499Ser variation alters a highly con-
served Proline codon (CCC), a hydrophilic
amino acid (hydrophobicity score: -1.600),
to Serine codon (UCC), a polar amino acid
(hydrophobicity score: -0.800) that was

found in 2 patients with VSD. Also,
Phe505Leu variation changes a highly con-
served Phenylalanine codon (UUC), an aro-
matic and very hydrophobic amino acid (hy-
drophobicity score: 2.800), to Leucine codon
(UUG), an aliphatic and very hydrophobic
amino acid (hydrophobicity score: 3.800)
that was found in 5 patients with ASD and
VSD. These substitutions are predicted to be
probably damaging and to affect protein
function by the PolyPhen-2 prediction meth-
od with scores of (0.999) and 0.995, respec-
tively.

Cytochrome C oxidase subunit 1 (COXI)
is a transmembrane protein and one of the
three mtDNA encoded subunits of the respir-
atory Complex IV. Three critical enzymes of
this complex including COXI, COXII, and
COXIIl form the catalytic and functional
core of the enzyme complex and their struc-
ture and functions have been highly con-
served in different species of eukaryotes.
Therefore, amino acid substitutions in the
mt-COXIIl gene are identified as important
causes of cytochrome C oxidase deficiency
and consequently mitochondrial complex IV
deficiency which was associated with vari-
ous medical disorders in different tissues
(Timdén-Gomez et al., 2018).

Mitochondrial complex V or FOF1-ATP
synthase comprises two practical domains,
F1 and FO, and is positioned in the mito-
chondrial inner membrane and is critical for
synthesizing ATP in mitochondria. The FO
fragment contains three to nine subunits of
which only subunits 6 and 8 are encoded by
mitochondrial mt-ATPase6 and mt-ATPase8
genes, respectively. Considering the extraor-
dinary importance of complex V, it is not
surprising that amino acid changes in this
enzyme complex have destructive effects in
energy-dependent tissues and changes in the
metabolic stability of the cell energy state
and so lead to mitochondrial disorders
(Mnatsakanyan and Jonas, 2020).

Here, we reported a homoplasmic
m.8860A>G (Thrl12Ala) mutation and two
heteroplasmic m.8878C>G (Arg118Gly) and
m.9041A>G (His172Arg) mutations in mt-
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ATP6 gene that was found for the first time
in CHD. The novel m.8860A>G mutation
converted the neutral Threonine (hydropho-
bicity score: -0.700) at a conserved amino
acid position 112 to hydrophobic Alanine
(hydrophobicity score: 1.800) in the trans-
membrane region of ATPase 6 protein (Fig-
ure 2) and was detected in 3 CHD patients
(2.5 %) and absent in our healthy controls
(P=0.011). This mutation has not been re-
ported previously in any disease. In addition,
the m.9041A>G mutation converted the neu-
tral Histidine (hydrophobicity score: -3.200)
at a conserved amino acid position 172 to
hydrophilic Arginine (hydrophobicity score:
-4.500) in the matrix domain of ATPase 6
protein and was detected in 4 CHD patients
(3.5 %) and was absent in our healthy con-
trols (P=0.001). This mutation was found for
the first time in CHD patients but was previ-
ously reported as a pathogenic variant by
Ganetzky et al. in muscle weakness, exercise
intolerance, and  congenital  cataracts
(Ganetzky et al., 2019).

We also detected two patients, a 1.5-
years-old girl, and a 6-months-old boy, who
are clinically diagnosed with ventricular sep-
tal defect (VSD) with symptoms such as dif-
ficulty feeding, rapid breathing, sweating
while eating, and slow weight gain. The re-
sults of the mitochondrial genome study of
these two patients showed that both carry
two nucleotide variations in the ATPase6
gene, simultaneously: heteroplasmic
C8859G (Glyl111Gly) and homoplasmic
A8860G (Thrll2Ala) variations in a 1.5-
years-old girl, and heteroplasmic C8874G
(Gly116Gly) and C8878G (Argl18Gly) var-
iations in a 6-months-old boy (Figure 7). All
these four variants were novel, and
Gly111Gly and Gly116Gly variations were
seen in 5 and 6 of 200 cases (2.5 % and
3 %), respectively, but were not present in
the control subjects (P=0.006). The hetero-
plasmic missense mutations in the ATPase6
gene (Thrl12Ala and Argl18Gly) were not
yet reported as neutral variations. Moreover,

these variants were not observed in the con-
trol individuals with the same ethnic back-
grounds in our study. Given that the heart
defects of these two patients were relatively
similar to each other, clinical findings sug-
gest that heart failure in both patients may
result from a synergic effect of these varia-
tions on the molecular pathogenesis subja-
cent to CHD.

We then established that the generation
of ATP was reduced in cells harboring
mtDNA point mutation variants in compari-
son to the control, suggesting that variations
impair the function of the respiration chain
and inhibit mitochondrial ATP synthesis.
Recent studies have shown that the mt-tRNA
point mutations and missense mutations re-
sulted in a significant reduction of the activi-
ty of mitochondrial complexes I, 11, 1V, and
V, leading to lower levels of ATP production
(Ganetzky et al., 2019; Liu and Chen, 2020).
Cells from patients with TOF who carried
the 4316AG (in T-loop tRNA'“®), 5543T>C
(in the anticodon loop of tRNAT™P),
5727G>T (in ACC-stem of tRNAM"),
8878C>G, 8874C>G (Argl118Gily,
Glyl16Gly in ATPase6) mutations had
58.83 % lower ATP generation level than
control cells. Cells from patients with
ASD+VSD who carried the 4272T>C (in D-
Stem of tRNA'"), 5605T>C (in T-loop
tRNAA®) 5656A>G (processing site in 5'-
end of tRNAA®) mutations had 45.98 %
lower ATP generation levels. Similarly, in
cells from patients with VSD and ASD, ATP
levels were 42.42 % and 25.04 % lower than
in normal cells, respectively. Thus, mtDNA
point mutations that have structural and
functional effects on tRNA or coding genes
probably cause a decrease in the tRNA or
MRNA steady-state level, contributing to mi-
tochondrial dysfunction as well as impaired
mitochondrial translation, and the decline of
ATP production which may in turn lead to
the progression and pathogenesis of cardio-
vascular cell defects, in particular, CHD.
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Figure 7: A) The position of three missense mutations (Thrl12Ala, Arg118Gly, and His172Arg) and
changes of related amino acids in the secondary structure of the ATPase6 protein, B, C, and D) Se-
quencing results of three heterozygous missense variations in ATPase6 gene in CHD patients. Two
patients with VSD symptoms showed two nucleotide variations in the ATPase6 gene, simultaneously:
C8859G (Glyl11Gly) and A8860G (Thrll2Ala) variations in a 1.5-years-old girl, and C8874G
(Gly116Gly) and C8878G (Arg118Gly) variations in a 6-months-old boy.

Our structural human ATPase6 protein
modeling resulting from SWISS-MODEL,
PyMol, and 3-D docking analysis further
showed that m.8860A>G (Thr112Ala) muta-
tion is predicted to affect protein structure.
Indeed, the Threonine in the third alpha helix
of the transmembrane region in ATPase6 in-
teracts with amino acids Valll3 (3.1 A),
Trpl09 (2.8 and 3.2 A°), and Leul08 (3.1
A°), with four polar contacts, while in the
mutated protein version, the Alanine inter-
acts with Trp109 (3.2 A°), Leul08 (3.1 A°),
and Gly116 (3.0 A°) with three polar contacts
(Figure 8). Although the SIFT and Polyphen
analysis predicted the p.Thrll2Ala variant
was found to be tolerated and benign with
scores of 0.21 and 0.000, respectively,

PROVEAN and PANTER prediction results
showed that this variant was deleterious and
probably damaging (score=0.85). However,
Thrl112 is a structural significant residue in-
volved in the transmembrane functional do-
main of ATPase6 protein and therefore the
substitution of Threonine to Alanine affects
the structure of this functional domain and
possibly changes the function of the protein.
Another transition G-to-A in position
9041 of the mt-ATP6 gene, converting the
Histidine at position 172 to an Arginine in
the functional matrix domain of ATPase6
protein (p.His172Arg) (Figure 8), Polyphen,
PROVEAN, PANTER, and PredictSNP
analysis predicted the p.His172Arg variant to
be “Possibly damaging” (score=0.464),
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Figure 8: Three-dimensional structure model predictions for normal and mutant variants; A, B) Thr112
(Normal) and Alall2 (mutant), C, D) His172 (Normal) and Argl72 (mutant) in ATPase6 by PyMol

software

“Deleterious”, and “Probably damaging”
(score= 0.50). Also, in p.His172Arg mis-
sense mutation, Histidine in the normal state
formed four polar interactions with amino
acids His168 (3.1 A°), Leul69 (3.2 A),
Glyl175 (2.9 A°), and Serl76 (3.4 A°) while
in the mutant state, Arginine formed five in-
teractions with His168 (3.1 A°), Leul69 (3.2
AY), Glyl75 (2.9 A°), and Serl76 (3.4 A°),
and Asn4 (3.5 A). Structural modeling anal-
ysis for three other missense mutations in
COXI and ATPase6 genes in our patients did
not show obvious changes in protein geome-
try (data not shown). Finally, DIMPLOT
program plots for protein-protein or domain-
domain interactions in normal ATPase6 and
ATPase8 proteins showed the presence of
several residue-residue polar and hydropho-
bic interactions that will change with three
missense mutations in ATPase6 (Thrl112Ala,
Argl18Gly, and Hisl72Arg) (Figure 9).

DIMPLOT analysis revealed ten amino ac-
ids' involvement in forming five hydrogen
bonds in the wild-type interactions between
ATPase6 and ATPase8. In contrast, in the
mutant forms of the ATPase6 protein, the
number, and type of amino acids involved in
the hydrogen interactions with ATPase8 pro-
tein were drastically changed.

In recent studies, the missense mutations
in the human mt-COXI, mt-COXII, mt-
ATPase6, mt-ATPase8, and genes have often
been presented as pathogenic variants, since
they are associated with defective mitochon-
drial complex IV and V, and their patho-
genicity is estimated by important criteria
such as the evolutionary conservation of the
altered amino acid as well as the percentage
prevalence of these mutations in control
populations (Andreu et al., 2000; Arena et
al., 2022).
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Figure 9: A-D) Comparison of hydrogen bonding patterns and hydrophobic interaction patterns
between wild-type and mutant states in ATPase6 by structural and molecular docking between
ATPase6 and ATPase8 amino acids. Hydrogen bonds are shown by dashed lines (green) between
wild-type and mutant states of ATPase6 (upper line) with ATPase8 (bottom line) residues and hydro-
phobic interactions are indicated by feathered arcs between residues.

CONCLUSION Here, we identify 23 nucleotide changes, in-
cluding 17 novel mitochondrial mutations
that probably affect the structure and func-
tion of the studied mitochondrial complexes.
These nucleotide changes suggest the role of
mitochondrial mutations as predisposing fac-

To our knowledge, this is the first study
that evaluates the relationship between nu-
cleotide variations in several mt-coding and
mt-tRNA genes (about 33.15 % of mtDNA)
with CHD risk in an lIranian population.

1327



EXCLI Journal 2022;21:1306-1330 — ISSN 1611-2156

Received: August 04, 2022, accepted: October 31, 2022, published: November 03, 2022

tors that influence the pathogenesis of CHD.
However, more research is needed to better
understand the pathogenesis and the predis-
posing effects of these changes on cardio-
vascular disease. The study presented here
provides an open window to expand current
methods and reveal new interactions that
could underlie disease-associated relation-
ships between congenital heart defects and
mitochondrial genome disorders.
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