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ABSTRACT

Objective: Human mitochondrial DNA is a circular, double 
stranded molecule which is inherited through maternal lineage. 
Point mutations in tRNA, rRNA or protein coding genes and 
structural rearrangements such as partial deletions or duplica-
tions can cause mitochondrial disorders. The prevalence of mi-
tochondrial diseases is estimated to be 1/5000 worldwide. For 
the analysis of mtDNA mutations, Sanger sequencing, South-
ern blot, long and quantitative PCR, Resequencing Array and 
next-generation sequencing methods can be used. In this study, 
we analysed whole mitochondrial genomes of six children (along 
with their mothers) who were admitted to Gazi University Hospi-
tal with symptoms suggestive of mitochondrial disease.

Materials and Methods: After the extraction of genomic DNA 
from six children and their mothers, mtDNA resequencing with 
the analysis of obtained data was performed. In order to de-
termine whether one of the mutations found in Patient 4 was 
homoplasmic or heteroplasmic, PCR and RFLP techniques were 
also used.  

Results: Among six patients included in this study group, none 
of the variants detected could be attributed to any mitochondri-
al diseases, except the pathogenic mutation detected in Patient 
4. The m.3460 G>A mutation detected in Patient 4 was locat-
ed in the MT-ND1 gene that was known to be responsible for 
LHON. This mutation detected in Patient 4 was also detected 
both in his mother and sister with homoplasmic state. The lack 
of clinical findings in his mother and sister was thought to be due 

ÖZET

Amaç: İnsan mitokondriyal DNA’sı, maternal kalıtılan dairesel, 
çift sarmallı bir moleküldür. tRNA, rRNA veya protein kodlayan 
genlerdeki nokta mutasyonları ve kısmi delesyonlar veya dup-
likasyonlar gibi yapısal yeniden düzenlemeler mitokondriyal 
bozukluklara neden olabilir. Mitokondriyal hastalıkların dünya 
genelinde prevalansının 1/5000 olduğu tahmin edilmektedir. 
MtDNA mutasyonlarının analizi ile ilgili olarak Sanger dizileme, 
Southern blot, kantitatif PCR, tekrar dizileme ve yeni nesil dizile-
me yöntemleri kullanılabilir.

Gereç ve Yöntem: Bu çalışmada, mitokondriyal hastalığı düşün-
düren semptomları olan ve Gazi Üniversitesi Hastanesi’ne baş-
vuran 6 çocuk ve annesinden genomik DNA’nın elde edilmesinin 
ardından mtDNA yeniden dizileme yöntemi ile elde edilen veri-
lerin analizi yapıldı. Dördüncü hastada bulunan mutasyonlardan 
birinin homoplazmik veya heteroplazmik olduğunu belirlemek 
için PCR-RFLP tekniği kullanıldı.

Bulgular: Çalışma grubumuza dahil edilen altı hastadan 4. hasta-
da saptanan patojenik mutasyon dışında, saptanan değişiklikle-
rin hiçbiri hastalarımızdaki mitokondriyal hastalık ile ilişkilendiril-
memiştir. Dördüncü hastada saptanan m.3460 G>A mutasyonu: 
MT-ND1 geninde lokalize olup LHON’dan sorumludur. Dördün-
cü hastada saptanan bu mutasyon, hastanın anne ve kız karde-
şinde de homoplazmik olarak saptandı. Anne ve kız kardeşinde 
klinik bulgu olmamasının, kadınlarda hastalığın penetransının 
azalmasına ve nükleer genomdaki genlerin modifiye edilmesine 
bağlı olduğu düşünüldü.
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to decreased penetrance of the disease in females and modify-
ing genes in nuclear genome.

Conclusion: Screening of mtDNA using resequencing method 
could provide fast, effective and more reliable results in the di-
agnosis of mitochondrial diseases. Also, currently, the NGS tech-
nology analysis of nuclear DNA along with mtDNA will provide 
more reliable results in diagnosis of mitochondrial diseases, thus 
allowing more accurate genotype-phenotype correlation.

Keywords: Mitochondrial DNA, mutation, Resequencing Array

Sonuç: mtDNA’nın yeniden dizileme yöntemiyle taranması mi-
tokondriyal hastalıkların tanısında hızlı, etkili ve daha güvenilir 
sonuçlar sağlayabilir. Ayrıca, şu anda NGS teknolojisi ile nükleer 
DNA’nın mtDNA ile birlikte analiz edilmesi mitokondriyal has-
talıkların tanısında daha güvenilir sonuçlar verecek ve böylece 
daha doğru genotip-fenotip korelasyonuna izin verecektir.

Anahtar Kelimeler: Mitokondriyal DNA, mutasyon, array

INTRODUCTION

Mitochondria are double-membraned organelles in 
eukaryotic cells that mainly function in oxidative phos-
phorylation and production of ATP by transportation of 
electrons through the electron transport chain. They also 
have a role in cellular signalling, apoptosis, beta oxida-
tion and lipid and cholesterol synthesis (1). Each cell con-
tains approximately 500-2,000 mitochondria; tissues with 
high energy demand, such as extrinsic eye muscles, heart 
muscle and neurons, contain a greater number of mito-
chondria compared to other tissues (2). 

Mitochondrial proteins are encoded by mitochondri-
al and nuclear genomes. Human mitochondrial DNA 
(mtDNA) is a circular, double stranded molecule con-
sisting of 16569 bp, which is inherited through maternal 
lineage. The mitochondrial genome encodes 22 transfer 
RNAs (tRNA), 2 ribosomal RNAs (rRNA), 13 proteins and 
subunits of respiratory chain complexes I, III, IV and V, 
while the remaining OXPHOS proteins, along with oth-
er proteins necessary for mitochondrial metabolism and 
maintenance, are encoded by the nuclear genome and 
transferred to the mitochondria through special import 
systems (3). MtDNA is highly polymorphic, so that varia-
tions can be observed even among people of the same 
ethnic group. Particular combinations of mtDNA varia-
tions observed in an individual form a haplogroup, which 
are thought to cause differences in terms of oxidative 
phosphorylation capacity and formation of reactive ox-
ygen radicals (1, 4). The mtDNA has about a 10-17-fold 
high mutation rate compared to the nuclear genome, 
partly due to the absence of protective histones and the 
existence of endogenous reactive oxygen species. Some 
deleterious mtDNA mutations are homoplasmic, while 
others are found in the heteroplasmic state. The ratio of 
wild type to mutant mtDNA determines the phenotype. 
Clinical symptoms and tissue dysfunction occur after the 
mutant mtDNA rate reaches the threshold level, which 
varies among tissue types according to dependency on 
the OXPHOS metabolism (3). Point mutations in tRNA, 
rRNA or protein coding genes and structural rearrange-
ments such as partial deletions or duplications can cause 
mitochondrial disorders. Mutations in the nuclear ge-
nome can also cause mitochondrial disorders by interfer-

ing with mtDNA replication, repairment or mitochondrial 
function (5). Although the exact prevalence of mitochon-
drial diseases cannot be ascertained, it is estimated to be 
about 1/5000 worldwide (6). 

Regarding the analysis of mtDNA mutations, Sanger 
sequencing, Southern blot and long and quantitative 
PCR had been used. Resequencing Array has been re-
ported to be faster and less expensive, allowing better 
resolution with respect to DNA sequencing (7). However, 
as these technologies are expensive and are limited in 
speed, throughput and sensitivity, next-generation se-
quencing (NGS) can also be used (8). Recently, long-read 
sequencing has been performed for the whole sequence 
of mtDNA molecules (9).

In this study, we analysed whole mitochondrial genomes 
of 6 children (and their mothers) who were admitted to 
Gazi University Hospital between 2010-2012 and had 
symptoms suggestive of mitochondrial disease, using a 
microarray-based resequencing method.

MATERIALS AND METHOD

Six children who were clinically diagnosed with mito-
chondrial diseases at the Gazi University Department of 
Pediatrics, Division of Child Neurology and their moth-
ers were included in this study. Mitochondrial disease 
diagnostic criteria that were used in this study were Ni-
jmegen Clinical Criteria for mitochondrial diseases (10, 
11). Affymetrix Mitochip v2.0, a microarray-based rese-
quencing method, was used for detection of variants. 
This study was accepted by the Local Ethics Committee 
of Gazi University Faculty of Medicine (Date: 29.09.2010, 
No:135). This study was supported by Gazi University 
Scientific Research Projects Coordination Unit (01/2011-
54).

DNA isolation
After written consent was obtained from the patients and 
their mothers, 5 ml of venous blood was withdrawn from 
their antecubital veins. Genomic DNA was extracted us-
ing the high concentration salt precipitation method (12). 
The concentration of the DNA samples was measured 
using a spectrophotometer.
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Human MtDNA resequencing
Genomic DNA of 50 ng/μl was used for one Long-Range 
PCR. After PCR reaction, the products were checked on 
a 1% agarose gel. The PCR products were purified and 
quantified using a spectrophotometer. Then, the frag-
mentation reaction was performed and checked on a 4% 
agarose gel. After labelling, the samples were loaded 
into the array and the hybridisation procedure was per-
formed for 16 h in a hybridisation oven. Finally, the array 
was washed using the GeneChip® Fluidics Station 450 
and scanned using the GeneChip® Scanner 3000. After 
scanning of the array, data analysis was performed with 
the GSEQ 4.1 program (Affymetrix®). Raw data (files with 
cell extension) was converted to an analysable file format 
(chp extension). Obtained sequences were then com-
pared to revised Cambridge Reference Sequence (rCRS), 
which is the reference mtDNA sequence, and mtDNA 
variants were defined (13). All the variants detected in the 
patients were homoplasmic.

In this study, we did not analyse the nuclear genomes of 
the patients and their mothers.

Analysis of obtained data
The variants were named based on Mitomap online da-
tabase (https://www.mitomap.org/). In order to interpret 
mtDNA variations, the American College of Medical Ge-
netics (ACMG) and Association of Molecular Pathology 
(AMP) guidelines were used. The variants were classified 
into categories of Pathogenic, Likely Pathogenic, Uncer-
tain Significance, Likely Benign and Benign (14-15). The 
incompatibility between some of the results of the pa-
tients and their mothers were due to the no-calls of the 
resequencing system.

PCR-RFLP analysis
In order to determine whether the m.3460G>A missense 
mutation found in Patient 4 was homoplasmic or hetero-
plasmic, the PCR and RFLP technique was used. After 
the isolation of DNA from Patient 4 with his mother and 
sister, forward and reverse primers with the BsaHI restric-
tion enzyme were used. The primers were designed as 
follows: 5´-ATGGCCAACCTCCTACTCCT-3´ and 5´-GCG-
GTGATGTAGAGGGTGAT-3´. 

RESULTS

In this study, we investigated mtDNA variations using 
the Mitochip resequencing method in patients that were 
clinically diagnosed with mitochondrial diseases. Since 
mitochondrial diseases are maternally inherited, mothers 
of the patients were also included in the study. Obtained 
raw data was converted into a suitable format using 
specific software, and all variants were classified based 
on Mitomap online database (www.mitomap.org) with 
ACMG/AMP guidelines. 

Patient 1
A nine-month-old female patient was referred to the 
genetics department with hypotonia, muscle weakness 
and poor sucking. Her mother had a history of oligo-
hydramniosis. A patent foramen ovale was detected by 
echocardiography. Cranial magnetic resonance (MRI) 
revealed that hemispheric grooves were prominent in 
anterior frontal and temporal lobes of the brain and my-
elinization was compatible with her age. Magnetic res-
onance (MRS) revealed minimal lipid and lactate peaks; 
persistence of this sign was considered compatible with 
neurometabolic diseases by child neurologists. The pa-
tient scored two points according to the mitochondrial 
disease scoring system. The missense variants detected 
in patient 1 and mother 1 are listed in table 1. No patho-
genic mutations were detected either for the patient or 
her mother (table 1).

Patient 2
A four-month-old female patient was referred to our 
department with the prediagnosis of Leber Hereditary 
Optic Neuropathy (LHON), due to vision loss detected 
in routine examination. Routine metabolic tests were 
normal. Visual evoked potential was bilaterally not re-
sponsive. The patient scored two points according to the 
mitochondrial disease scoring system. The variants de-
tected in patient 2 and mother 2 are listed in table 2. No 
pathogenic mutations were established in the patient or 
her mother (table 2).

Patient 3
This five years and three months old male patient’s 
development was compatible with his age until the age of 
4.5 years; at that age, he was referred to our department 
due to ataxia and difficulty in holding his head up and 
sitting up, all manifesting in a six months’ period. Cranial 
MRI revealed increased density in cerebellum and 
basal ganglia, involvement in bilateral globus pallidus 
and cerebral crus, compatible with mitochondrial 
encephalomyelopathic diseases. MRS revealed 
hyperintense symmetrical signal alterations in bilateral 
globus pallidus in T2 and FLAIR sequences, elevated 
lactate peak and moderate cerebral atrophic changes 
compatible with mitochondrial metabolic disease. EEG 
revealed slow waves of 2 Hz in bilateral temporoparietal 
regions; there was no asymmetry between two 
hemispheres. Muscle biopsy specimen was stained 
irregularly with oxidase enzyme dyes (NADH, SDH, COX). 
Hearing was partially impaired in the left ear, and the right 
ear could not be evaluated due to epileptic jerks at the 
time of examination. Medical treatment was started with 
the prediagnosis of mitochondrial cytopathy. The patient 
scored six points according to the mitochondrial disease 
scoring system. The variants detected in patient 3 and 
mother 3 are listed in table 3. There were no pathogenic 
mutations in the patient or his mother (table 3).

https://www.mitomap.org/
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Patient 4
The patient was referred to our department at the age of 
15 due to bilateral visual impairment. Visual impairment 
had started in the right eye, and the left eye was affected 
a month later. Ophthalmological examination revealed 
obscuration of bilateral optic disc margins. Medical his-
tory revealed that the patient’s mother’s grandmother 
also had bilateral visual loss at the age of 15. The patient 
scored 2 points according to the mitochondrial disease 
scoring system. The variants detected in patient 4 and 
mother 4 are listed in table 4. 

The pathogenic m.3460G>A missense mutation was de-
tected in patient 4 and his mother (table 4). After the de-

tection of pathogenic mutation of m.3460G>A in patient 
4 and his mother, the patient’s sister was also analysed, 
and the same mutation was detected in his sister, as well. 
In order to determine the homoplasmic state of the muta-
tion, PCR- RFLP were used. The primers mentioned in the 
Materials and method section were used to amplify a 215 
bp PCR product. In order to genotype the amplified PCR 
products, BsaHI restriction enzyme was used at 37°C. The 
wild type allele (G) revealed two bands of 146 bp and 69 
bp, whereas the mutant (A) allele revealed as 215 bp. This 
genotyping result confirmed that the patient, his sister 
and his mother had the G3460A mutation in homoplas-
mic state, with respect to two control subjects (figure 1).

Table 1: Variants detected in patient 1 and her mother

Variants Patient 1 Mother 1 Locus ClinGen pathogenicity

m.73A>G + + D-LOOP Benign

m.153A>G + + D-LOOP Benign

m.195T>C + - D-LOOP Benign

m.225G>A + - D-LOOP Benign

m.226T>C + - D-LOOP Likely benign

m.263A>G + - D-LOOP Benign

m.750A>G + - MT-RNR1 Benign

m.1438A>G + - MT-RNR1 Benign

m.1719G>A + - MT-RNR2 Benign

m.3705G>A + - MT-ND1 Benign

m.4769A>G + + MT-ND2 Benign

m.6371C>T + + MT-CO1 Benign

m.7028C>T + + MT-CO1 Benign

m.8393C>T + + MT-ATP8 Benign

m.8860A>G + + MT-ATP6 Benign

m.11377G>A + - MT-ND4 Benign

m.11719G>A + - MT-ND4 Benign

m.12406G>A + - MT-ND5 Benign

m.12705C>T + - MT-ND5 Benign

m.13708G>A + - MT-ND5 Benign

m.13966A>G + - MT-ND5 Benign

m.14470T>C + - MT-ND6 Benign

m.14766C>T + - MT-CYB Benign

m.15326A>G + - MT-CYB Benign

m.15927G>A + + MT-TT Likely benign

m.16189T>C + - D-LOOP Benign

m.16223C>T + + D-LOOP Benign

m.16278C>T + + D-LOOP Benign

m.16519T>C + + D-LOOP Benign
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Table 3: Variants detected in patient 3 and his mother
Variants Patient 3 Mother 3 Locus ClinGen pathogenicity
m.152T>C + + D-LOOP Benign
m.263A>G + + D-LOOP Benign
m.750A>G + + MT-RNR1 Benign
m.1438A>G + + MT-RNR1 Benign
m.2380C>T + + MT-RNR2 NR*
m.2706A>G + + MT-RNR2 Benign
m.4769A>G + + MT-ND2 Benign
m.7028C>T + + MT-CO1 Benign
m.7094T>C + + MT-CO1 NR*
m.7805G>A + + MT-CO2 Likely benign
m.8860A>G + + MT-ATP6 Benign
m.9797T>C + + MT-CO3 NR*
m.15326A>G + + MT-CYB Benign
m.15670T>C + + MT-CYB Benign
m.16129G>A + + D-LOOP Benign
*No records/ Not included in Mitomap’s confirmed pathogenic mutations

Table 2: Variants detected in patient 2 and her mother
Variants Patient 2 Mother 2 Locus ClinGen pathogenicity
m.73A>G + + D-LOOP Benign
m.150C>T + + D-LOOP Benign
m.195T>C + + D-LOOP Benign
m.204T>C + + D-LOOP Benign
m.263A>G + + D-LOOP Benign
m.279T>C + + D-LOOP NR*
m.750A>G + + MT-RNR1 Benign
m.961T>C + + MT-RNR1 Likely benign
m.1119T>C + + MT-RNR1 Likely benign
m.1438A>G + + MT-RNR1 Benign
m.2706A>G + + MT-RNR2 Benign
m.3497C>T + + MT-RNR2 Benign
m.4769A>G + + MT-ND2 Benign
m.5441A>G + + MT-ND2 NR*
m.6221T>C + + MT-CO1 Benign
m.7028C>T + + MT-CO1 Benign
m.8860A>G + + MT-ATP6 Benign
m.10398A>G + + MT-ND3 Benign
m.11252A>G + + MT-ND4 Benign
m.11719G>A + + MT-ND4 Benign
m.13629A>G + + MT-ND5 NR*
m.14766C>T + + MT-CYB Benign
m.15326A>G + + MT-CYB Benign
m.15346G>A + + MT-CYB Likely benign
m.15941T>C + + MT-TT Benign
m.16217T>C + + D-LOOP Benign
*No records/ Not included in Mitomap’s confirmed pathogenic mutations
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Table 4: Variants detected in patient 4 and his mother

Variants Patient 4 Mother 4 Locus ClinGen pathogenicity

m.64C>T + - D-LOOP Benign

m.152T>C + + D-LOOP Benign

m.263A>G + + D-LOOP Benign

m.750A>G + + MT-RNR1 Benign

m.827A>G + + MT-RNR1 Benign

m.1438A>G + + MT-RNR1 Benign

m.2442T>C + + MT-RNR2 Likely benign

m.2706A>G + + MT-RNR2 Benign

m.3460G>A + + MT-ND1 Pathogen

m.3847T>C + + MT-ND1 Likely benign

m.4769A>G + + MT-ND2 Benign

m.7028C>T + + MT-CO1 Benign

m.8674A>G + + MT-ATP6 NR*

m.8860A>G + + MT-ATP6 Benign

m.13188C>T + + MT-ND5 NR*

m.13731A>G + + MT-ND5 NR*

m.14766C>T + + MT-CYB Benign

m.15326A>G + + MT-CYB Benign

m.15930G>A + + MT-TT Benign

m.16126T>C + + D-LOOP Benign

m.16519T>C + + D-LOOP Benign

*No records/ Not included in Mitomap’s confirmed pathogenic mutations

Figure 1: PCR-RFLP analysis of Patient 4, healthy sister and mother, after BsaHI 
restriction enzyme digestion. M: 100 bp marker; Lane 1: Patient, Lane 2: Sister, 
Lane 3: Mother, Lanes 4 and 5: control subjects, Lanes 6 and 7: uncut, Lane P: 
PBR3222 marker
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Patient 5
A three-year-old female patient, who had no symptoms 
until the age of eight months, was referred to our depart-
ment due to myoclonic jerks in extremities and seizures. 
The seizures were not responsive to antiepileptic treat-
ment. Her developmental milestones were delayed; she 
could sit up at 10 months, walk at 17 months and say a 
few words at 2 years of age; she was still unable to form 

a sentence at the time of administration. Her liver edge 
was palpable 5 cm below the right costal margin. Meta-
bolic screening tests revealed elevated urine lactic acid, 
3-hydroxy butiric acid and acetoacetic acid. The patient 
scored 5 points in mitochondrial disease scoring system. 
The variants detected in patient 5 and mother 5 are listed 
in table 5. No pathogenic mutations were established in 
the patient or her mother (table 5).

Table 5: Variants detected in patient 5 and her mother

Variants Patient 5 Mother 5 Locus ClinGen pathogenicity

m.73A>G + + D-LOOP Benign

m.263A>G + + D-LOOP Benign

m.A512G + + D-LOOP NR*

m.709G>A + + MT-RNR1 Benign

m.750A>G + + MT-RNR1 Benign

m.1438A>G + + MT-RNR1 Benign

m.1888G>A + + MT-RNR2 Benign

m.2706A>G + + MT-RNR2 Benign

m.4026A>G + + MT-ND1 NR*

m.4216T>C + + MT-ND1 Benign

m.4769A>G + + MT-ND2 Benign

m.4917A>G + + MT-ND2 Benign

m.7028C>T + + MT-CO1 Benign

m.8697G>A + + MT-ATP6 Benign

m.8860A>G + + MT-ATP6 Benign

m.10463T>C + + MT-TR Benign

m.11251A>G + + MT-ND4 Benign

m.11623C>T + + MT-ND4 NR*

m.11719G>A + - MT-ND4 Benign

m.12633C>A + - MT-ND5 Benign

m.12634A>G + - MT-ND5 Likely benign

m.13368G>A + + MT-ND5 Benign

m.14034T>C + + MT-ND5 NR*

m.14766C>T + + MT-CYB Benign

m.14905G>A + + MT-CYB Benign

m.15326A>G + + MT-CYB Benign

m.15452C>A + + MT-CYB Benign

m.15607A>G + + MT-CYB Benign

m.15928G>A + + MT-TT Benign

m.16126T>C + + D-LOOP Benign

m.16163A>G + + D-LOOP Benign

m.16186C>T + + D-LOOP Benign

m.16274G>A + + D-LOOP Benign

m.16294C>T + - D-LOOP Benign

m.16519T>C + + D-LOOP Benign
*No records/ Not included in Mitomap’s confirmed pathogenic mutations
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Patient 6
This thirteen-year-old female patient was on antiepileptic 
treatment due to atonic seizures and the abnormal EEG. 
Medical history revealed she could walk at two years, af-
ter the operation she had due to bilateral hip dislocation, 
and she had ataxic gait. She started talking at the age of 
two but her speech was not fluent from the beginning; 
she had articulation defects and muttering. Deep tendon 
reflexes were hyperactive in the lower extremities and 
pathologic reflexes were present. CSF lactate level was 
elevated. Her condition was assessed as mild mental re-
tardation according to psychometric evaluation. Cranial 
MRI revealed insignificant pathological signal increase in 
bilateral globus pallidus, predominant on the left side. 
MRS was normal. EMG revealed mixed type demyelin-
ating neuropathy of sensorial and motor nerve fibres; 
needle EMG was consistent with myopathy. The patient 
scored five points according to the mitochondrial disease 
scoring system. The variants detected in patient 6 and 
mother 6 are listed in table 6. There were no pathogenic 
mutations in the patient or her mother (table 6).

DISCUSSION

The prevalence of mtDNA mutations among clinically af-
fected patients is estimated to be approximately 1/5000 
(6). Pathogenic mitochondrial DNA mutations result in 
mitochondrial DNA disorders, which are among the most 
common inherited human diseases (16). Both nuclear and 
mitochondrial genome mutations may cause mitochon-
drial diseases (17).

Although mtDNA can be sequenced using the Sanger 
sequencing method, it can be inadequate to detect all 
the areas of mutation in mtDNA; since the percentage 
of heteroplasmic mutations, especially when analysed 
in mtDNA obtained from blood, can be under the 
threshold level of detection (18). Mitochondrial chip is 
a high throughput method, which helps to sequence 
all mitochondrial genomes and detect probable patho-
genic variants with reasonable accuracy (19). The ad-
vantages of the Mitochip method over conventional 
sequencing are short analysis time and cost-effectivity. 
Furthermore, especially in heteroplasmic tissues, where 
normal and mutant mtDNA copies are both present, 
the microarray method can detect mutant alleles of 
even below 2% percentage, where detection with con-
ventional sequencing requires a minimum allele per-
centage of approximately 30% (20). It is also used for 
haplotyping in population genetic studies (21). One of 
the disadvantages of microarray-based sequencing is 
that deletions or insertions cannot be detected with 
this method (19).

With the recent development, NGS is expected to 
become the method of choice for genetic analysis on 
mtDNA because it allows a rapid sequencing of the whole 
mtDNA with concurrent quantification of heteroplasmy 
levels for point mutations, down to low percentages (8). 

Among six patients included in this study group, none 
of the variants detected in our study could be attribut-
ed to any mitochondrial diseases, except the pathogenic 
mutation detected in patient 4. The m.3460 G>A muta-

Table 6: Variants detected in patient 6 and his mother

Variants Patient 6 Mother 6 Locus ClinGen pathogenicity

m.263A>G + + D-LOOP Benign

m.480T>C + + D-LOOP NR*

m.750A>G + + MT-RNR1 Benign

m.1438A>G + + MT-RNR1 Benign

m.2706A>G + + MT-RNR2 Benign

m.4655>A + + MT-ND2 NR*

m.4769A>G + + MT-ND2 Benign

m.7028C>T + + MT-CO1 Benign

m.8860A>G + + MT-ATP6 Benign

m.12192G>A + + MT-TH NR*

m.15115T>C + + MT-CYB Benign

m.15326A>G + + MT-CYB Benign

m.16311T>C + + D-LOOP Benign

*No records/ Not included in Mitomap’s confirmed pathogenic mutations
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tion detected in patient 4 is located in the MT-ND1 gene 
and it is one of the three primary mutations known to be 
responsible for LHON. Of all the LHON patients in the 
world, about 90% of the patients carry one of the muta-
tions in nucleotides 11778, 3460 or 14484 (16). Incidence 
of these mutations are estimated to be 70, 15 and 10 
percent for m.11778G>A, m.3460G>A and m.14484T>C, 
respectively. Heteroplasmy, secondary genomic or mito-
chondrial factors and environmental factors are suggest-
ed to affect the disease progression (22-23). 

In patient 4, as the pathogenic m.3460G>A mutation was 
also detected in his sister and mother, the homoplasmic 
state of the mutation was confirmed by PCR- RFLP. Based 
on this finding, the lack of clinical findings in the moth-
er and sister was thought to be due to decreased pene-
trance of the disease in females and modifying genes in 
nuclear genome. Also, the reason for this was thought to 
be the higher penetrance in males and possible existence 
of modifying loci in the nuclear genome (24). Since only 
10% of female carriers exhibit LHON symptoms, where-
as 50% of male carriers are affected, it was thought that 
other environmental or genetics factors that attribute to 
phenotypical expression must be present (25). 

The small number of participants is one of the disadvan-
tages of our study. In addition, the nuclear genome mu-
tations that are associated with mitochondrial diseases 
could not be analysed in this study. 

CONCLUSION

The MtDNA resequencing technique is a valuable diag-
nostic tool due to its reliability, short duration and the 
small quantity of required DNA. On the other hand, the 
heteroplasmy/homoplasmy state of detected mutations 
must be confirmed by a second method, such as PCR- 
RFLP, also used in this study. By increasing the number of 
studies like this one, a database for mitochondrial vari-
ants in the Turkish population could be founded. Also, 
currently, the NGS technology analysis of nuclear DNA 
along with mtDNA will provide more reliable results in 
diagnosis of mitochondrial diseases, thus allowing more 
accurate genotype-phenotype correlation.

Ethics Committee Approval: This study was approved by Gazi 
University Faculty of Medicine Institutional Review Board (Date: 
29.09.2010, No: 135).

Peer Review: Externally peer-reviewed.

Author Contributions: Conception/Design of Study- G.K.D., 
K.G., F.E.P, M.A.E.; Data Acquisition- G.K.D., S.G.E.; Data 
Analysis/Interpretation- K.G., F.E.P., M.A.E.; Drafting Manusc-
ript- G.K.D., K.G., F.E.P, M.A.E.; Critical Revision of Manuscript- 
G.K.D., S.G.E.; Final Approval and Accountability- G.K.D., K.G., 
F.E.P, M.A.E.; Material or Technical Support- G.K.D., K.G., F.E.P, 
M.A.E.; Supervision- K.G., F.E.P., M.A.E.

Conflict of Interest: The authors have no conflict of interest to 
declare.

Financial Disclosure: This study was supported by Gazi University 
Scientific Research Projects Unit (Project number: 01/2011-54).

REFERENCES

1. Schapira AHV. Mitochondrial disease. Lancet 
2006;368(9529):70-82. [CrossRef]

2. Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter 
P, editors. Molecular biology of the cell. 5th ed. New York: 
Garland Science; 2008. [CrossRef]

3. Tuppen HA, Blakely EL, Turnbull, Taylor RW. Mitochondrial 
DNA mutations and human disease. Biochim Biophys Acta 
2010;1797(2):113-28. [CrossRef]

4. Arning L, Haghikia A, Taherzadeh-Fard E, Saft C, Andrich J, 
Pula B, et al. Mitochondrial haplogroup H correlates with 
ATP levels and age at onset in Huntington disease. J Mol 
Med (Berl) 2010;88(4):431-6. [CrossRef]

5. Andreu AL, DiMauro S. Current classification of mitochondrial 
disorders. J Neurol 2003;250:1403-6. [CrossRef]

6. Buajitti E, Rosella LC, Zabzuni E, Young LT, Andreazza AC. 
Prevalence and health care costs of mitochondrial disease 
in Ontario, Canada: A population-based cohort study. PLoS 
ONE 2022;17(4): e0265744. [CrossRef]

7. Jakupciak JP, Maragh S, Markowitz ME, Greenberg AK, 
Hoque MO, Maitra A, et al. Performance of mitochondrial 
DNA mutations detecting early stage cancer. BMC Cancer 
2008;8:285. [CrossRef]

8. Legati A, Zanetti N, Nasca A, Peron C, Lamperti C, 
Lamantea E, et al. Current and new next-generation 
sequencing approaches to study mitochondrial DNA. J Mol 
Diagn 2021;23(6):732-41. [CrossRef]

9. Dhorne-Pollet S, Barrey E, Pollet N. A new method for 
long-read sequencing of animal mitochondrial genomes: 
application to the identification of equine mitochondrial 
DNA variants. BMC Genomics 2020;21(1):785. [CrossRef] 

10. Wolf NI, Smeitink JA. Mitochondrial disorders: a proposal 
for consensus diagnostic criteria in infants and children. 
Neurology 2002;59(9):1402-5. [CrossRef]

11. Morava E, van den Heuvel L, Hol F, de Vries MC, Hogeveen M, 
Rodenburg RJ, et al. Neurology 2006;67:1823-6. [CrossRef]

12. Shokrzadeh M, Mohammadpour A. Evaluation of a modified 
salt-out method for DNA extraction from whole blood 
lymphocytes: A simple and economical method for gene 
polymorphism. Pharm Biomed Res 2018;4(2):28. [CrossRef]

13. Andrews RM, Kubacka I, Chinnery PF, Lightowlers RN, 
Turnbull DM, Howell N. Reanalysis and revision of the 
Cambridge reference sequence for human mitochondrial 
DNA. Nat Genet 1999;23(2):147. [CrossRef]

14. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, 
et al. Standards and guidelines for the interpretation of 
sequence variants: a joint consensus recommendation of 
the American College of Medical Genetics and Genomics 
and the Association for Molecular Pathology. Genet Med 
2015;17(5):405-24. [CrossRef]

15. McCormick EM, Lott MT, Dulik MC, Shen L, Attimonelli M, 
Vitale O. Specifications of the ACMG/AMP standards and 
guidelines for mitochondrial DNA variant interpretation. 
Hum Mutat 2020;41(12):2028-57. [CrossRef]

https://doi.org/10.1016/S0140-6736(06)68970-8
https://doi.org/10.1201/9780203833445
https://doi.org/10.1016/j.bbabio.2009.09.005
https://doi.org/10.1007/s00109-010-0589-2
https://doi.org/10.1007/s00415-003-0281-3
https://doi.org/10.1371/journal.pone.0265744
https://doi.org/10.1186/1471-2407-8-285
https://doi.org/10.1016/j.jmoldx.2021.03.002
https://doi.org/10.1186/s12864-020-07183-9
https://doi.org/10.1212/01.WNL.0000031795.91814.D8
https://doi.org/10.1212/01.wnl.0000244435.27645.54
https://doi.org/10.18502/pbr.v4i2.218
https://doi.org/10.1038/13779
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1002/humu.24107


87

Mitochondrial DNA mutations
İstanbul Tıp Fakültesi Dergisi • J Ist Faculty Med 2023;86(1):78-87

16. Mustafa MF, Fakurazi S, Abdullah MA, Maniam S. Pathogenic 
Mitochondria DNA Mutations: Current detection tools and 
interventions. Genes (Basel) 2020;11(2):192. [CrossRef]

17. Rusecka J, Kaliszewska M, Bartnik E, Tońska K. Nuclear genes 
involved in mitochondrial diseases caused by instability 
of mitochondrial DNA. J Appl Genet 2018;59(1):43-57. 
[CrossRef]

18. Vasta V, Ng SB, Turner EH, Shendure J, Hahn SH. Next 
generation sequence analysis for mitochondrial disorders. 
Genome Medicine 2009;1:100. [CrossRef]

19. Hartmann A, Thieme M, Nanduri LK, Stempfl T, Moehle C, 
Kivisild T, et al. Validation of microarray-based resequencing 
of 93 worldwide mitochondrial genomes. Hum Mutat 
2009;30:115-22. [CrossRef]

20. Wikman FP, Lu ML, Thykjaer T, Olesen SH, Andersen LD, 
Cordon-Cardo C, et al. Evaluation of the performance of 
a p53 sequencing microarray chip using 140 previously 
sequenced bladder tumor samples. Clin Chem 
2000;46(10):1555-61. [CrossRef]

21. Sigurdsson S, Hedman M, Sistonen P, Sajantila A, Syvänen 
AC. A microarray system for genotyping 150 single 
nucleotide polymorphisms in the coding region of human 
mitochondrial DNA. Genomics 2006;87(4):534-42. [CrossRef]

22. Riordan-Eva P, Harding AE. Leber’s hereditary optic 
neuropathy: the clinical relevance of different mitochondrial 
DNA mutations. J Med Genet 1995;32(2):81-7. [CrossRef]

23. Sharkawi E, Oleszczuk JD, Holder GE, Raina J. Clinical 
and electrophysiological recovery in Leber hereditary 
optic neuropathy with G3460A mutation. Doc Ophthalmol 
2012;125(1):71-4. [CrossRef]

24. Hudson G, Keers S, Yu Wai Man P, Griffiths P, Huoponen 
K, Savontaus ML, et al. Identification of an X-Chromosomal 
locus and haplotype modulating the phenotype of 
a mitochondrial DNA disorder. Am J Hum Genet 
2005;77(6):1086-91. [CrossRef]

25. Newman NJ. From genotype to phenotype in Leber 
hereditary optic neuropathy: still more questions than 
answers. J Neuroophthalmol 2002;22(4):257-61. [CrossRef]

https://doi.org/10.3390/genes11020192
https://doi.org/10.1007/s13353-017-0424-3
https://doi.org/10.1186/gm100
https://doi.org/10.1002/humu.20816
https://doi.org/10.1093/clinchem/46.10.1555
https://doi.org/10.1016/j.ygeno.2005.11.022
https://doi.org/10.1136/jmg.32.2.81
https://doi.org/10.1007/s10633-012-9328-z
https://doi.org/10.1086/498176
https://doi.org/10.1097/00041327-200212000-00001

