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INTRODUCTION

Mitochondrial DNA (mtDNA) contains 37 genes which encode 13 
proteins that form the oxidative phosphorylation (OXPHOS) com-
plexes (I, III, IV, V), 22 transfer RNAs (tRNAs), and 2 ribosomal 
RNAs (rRNAs). Protein-coding genes in mitochondrial genome 
are MT-ND1, 2, 3, 4, 4L, 5, 6 in complex I, MT-CYB in complex III, 
MT-COI, 2, 3 in complex IV, and MT-ATP6 and MT-ATP8 in com-
plex V.1 Apart from protein-coding genes, tRNA mutations are also 
responsible for mitochondrial disease (MD). Mitochondrial DNA 
mutations cause MD which are clinically heterogeneous group of 
rare hereditary disorders characterized by abnormal OXPHOS and 

result in mitochondrial dysfunction involving mitochondrial respi-
ration chain.2

Mitochondrial diseases are caused by mutations of genes encoded 
by either nuclear DNA (nDNA) or mtDNA.3 Mitochondrial dis-
eases involve one or more organs usually with high energy demand 
such as the brain, heart, liver, and skeletal system and are often 
progressive with high morbidity and mortality.4 Approximately 
1 in 5000 people have a genetic MD. Mitochondrial DNA-related 
diseases can occur as sporadic or maternal transient. Hundreds of 
different mtDNA point mutations and large-scale mtDNA rear-
rangements have been shown to cause disease.5 Kearns–Sayre 
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Background: Mitochondrial diseases are a clinically heterogeneous 
group of rare hereditary disorders that are defined by a genetic defect 
predominantly affecting mitochondrial oxidative phosphorylation. 
Mitochondrial diseases are caused by mutations of genes encoded 
by either nuclear DNA or mitochondrial DNA. Hundreds of different 
mitochondrial DNA point mutations and large-scale mitochondrial 
DNA rearrangements have been shown to cause mitochondrial diseases 
including Kearns–Sayre syndrome, Leber’s hereditary optic neuropa-
thy, Leigh syndrome, myoclonic epilepsy with ragged-red fibers, mito-
chondrial encephalopathy lactic acidosis stroke.
Aims: To investigate new variants that could be associated with mito-
chondrial diseases and to determine the effect of mitochondrial DNA 
mutations on the clinical spectrum.
Study Design: Cross-sectional study.
Methods: We screened whole mitochondrial DNA genome using 
next-generation sequencing in 16 patients who are considered to have 

mitochondrial disease.CentoGene and Mikrogen Genetic Diseases 
Diagnostic Center’s database were used to investigate sequence vari-
ants. Detected variants were evaluated in bioinformatic databases to 
determine pathogenicity and were classified as class 1 (pathogenic), 
class 2 (likely pathogenic), and class 3 (variant of uncertain signifi-
cance) according to CentoGene-ACMG database.
Results: As a result of the study, 2 patients were diagnosed with 
Leigh syndrome as previously reported class 1 mutations in 
MT-ATP6 and MT-ND5 genes. Four variants were identified for the 
first time in literature and 2 variants, previously reported but with 
uncertain pathogenic effect, are thought to be associated with mito-
chondrial disease.
Conclusion: Mitochondrial DNA screening should be among the pri-
mary clinical tests in patients with suspected mitochondrial disease to 
rule out DNA-associated mutations.
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syndrome, Leber’s hereditary optic neuropathy (LHON), Leigh syn-
drome (LS), Myoclonic epilepsy with ragged-red fibers (MERRF), 
itochondrial encephalopathy lactic acidosis stroke (MELAS) are 
the early identified syndromes associated with mtDNA muta-
tions.3 In MD, clinical manifastation is so wide, even with same 
mutation differents type of MD can occur. Apart from protein-cod-
ing gene mutations, mutations in tRNA also take important place 
in MD such as MELAS and MERRF. In approximately 80% of 
MELAS patients, the causative mutation is the A3243G pathogenic 
variant in MT-TL1 1. Additionally, it is known that T8993G muta-
tion in MT-ATP6 gene was found be the most common mutation in 
terms of mtDNA linked MD. 

The diagnosis and management of these disorders is very diffi-
cult by an often tenuous relationship between the genotype and 
the observed clinical phenotype. Diagnosis often relies on genetic 
testing, in addition to histochemical and biochemical analy-
sis of tissue biopsies. Advances in next-generation sequencing 
(NGS) techniques have substantially improved diagnosis by per-
forming targeted exome and whole genome sequencing and have 
changed traditional approaches to diagnose MD. Next-generation 
sequencing allows to identify the mutant mtDNA rates in tissues 
and whole mtDNA mutations with cost-effective analyses.6

In this study, we analyzed whole mtDNA in patients with MD by 
using NGS to investigate the effect of mtDNA. We also identified 
all mtDNA variants to find potential mutations related to MD.

MATERIALS AND METHODS

Patients
Sixteen patients whose ages ranged from 1 month to 6 years and 
who were pre-diagnosed with MD and their family members con-
sented to inclusion were included in this study. Patients were cho-
sen according to clinical and radiological findings and have MD. 
Median age of patients was 18.5 months (1 month to 6 years) 
(Table 1). Patients in the study did not have any other genetic dis-
eases. Patients were categorized and chosen according to the algo-
rithm for mitochondrial disorders (Figure 1). We did not exclude 
any patient related by paternal kinship. However, families incom-
patible with maternal inheritance were excluded from the study.

DNA Extraction
Peripheral blood samples were collected from all 16 patients and 
their family members (total of 35 specimens). DNA extraction was 
performed according to the standard phenol-chloroform method.8

Next-Generation Sequencing and Sanger Sequencing Analyses
The whole mtDNA was sequenced using Illumina-MiSeq Next 
Generation Sequencer in Mikrogen Genetic Diseases Diagnosis 
Center. QIAseq Targeted DNA Panel (96) Human Mitochondrial 
Panel (Qiagen, Hilden, Germany, Catalog No: DHS-105Z-96) was 
used, and all procedures were completed according to manufactur-
ers’ recommendations. Prior to the NGS step, samples were diluted 
to a final volume of 10-40 ng/30 μL. Results were analyzed using 
NextGENe Analyze Software (SoftGenetics, State College, USA). 
Detected variants with NGS were confirmed by Sanger sequencing 

(Beckman Coulter, California, USA) in patients and their family 
members (total 35 reactions).

Whole exome sequencing was performed in 2 patients (P10, 
P14) and whole genome sequencing (WGS) was performed in 
1 patient (P16) by an external center.

Analysis of Mitochondrial DNA Variants
Sequences were aligned to the revised Cambridge Reference 
Sequence (NM_012920.1). CentoGene and Mikrogen Genetic 
Diseases Diagnostic Center’s database (with approximately 5000 
individual mitochondrial genome database of Turkish population) 
were used to investigate sequence variants. Variants which have 
been reported before in the literature were taken into consideration, 
and only variants that were considered as very rare were selected 
for further analysis.

Bioinformatic Analysis
Detected variants were evaluated in bioinformatic databases to 
determine pathogenicity (Polyphen-2, SIFT, Varsome, MITOMAP, 
MITOTIP) and were classified as class 1 (pathogenic), class 2 
(likely pathogenic), and class 3 (variant of uncertain significance) 
according to CentoGene-ACMG database. Transfer RNA variants 
were evaluated using mamit-tRNA,9 Sonney et al.’s heat map, Yar-
ham et al.’s pathogenicity table, and RNA secondary structure pre-
diction programme in RNA Fold web server (http: //rna .tbi. univi 
e.ac. at/cg i-bin /RNAW ebSui te/RN Afold .cgi).10,11

Computational Protein and RNA Characterization
The pathogenicity prediction was performed by Protter (http: //
wla b.eth z.ch/ prott er/st art/) examining the regions where the vari-
ants were found in the predicted transmembrane structures and the 
regions that were found to be in the vicinity of the predicted trans-
membrane structures.

Using the Phyre2 program (http://www.sbg.bio.ic.ac.uk/~phyre2/
html/page.cgi?id=index), the predicted two- and three-dimensional 
structures of the variants detected in the proteins in the region of 
interest were evaluated by sequence and mutation analysis in terms 
of mutation sensitivity of the changing amino acid.

RNA fold web server program (http: //rna .tbi. univi e.ac. at/cg i-bin 
/RNAW ebSui te/RN Afold .cgi) determined by using the wild type 
and variant of the tRNA and rRNA variants which are predicted 
to occur as a result of any changes in the secondary structure of 
the mutant was examined. ExPASy-Protscale program (https ://we 
b.exp asy.o rg/pr otsca le/) was evaluated to determine whether the 
variants of the protein change the hydrophobicity.

The results were evaluated in terms of phenotype–genotype corre-
lation with the contribution of the clinicians included in the study.

RESULTS

In this study, whole mitochondrial genome sequencing was per-
formed using NGS in 16 patients with MD. In order to clarify all 
detected variants, bioinformatic analysis was performed to evalu-
ate the pathogenicity of changes. Detected variants were confirmed 
with Sanger sequencing in patients and their family members.

http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://wlab.ethz.ch/protter/start/
http://wlab.ethz.ch/protter/start/
http://www.sbg.bio.ic.ac.uk/
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
https://web.expasy.org/protscale/
https://web.expasy.org/protscale/
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A total of 12 variants were detected in 9 patients (only class 
1-3 variants were listed) (Table 1). Seven of these variants were 
found in protein-coding genes, 4 of them were in tRNA genes, 
and 1 of them was in an rRNA gene. Two of the protein-coding 
variants were identified as class 1 mutations according to Cento-
Gene Database (ATP6; m.9185 T>C p.L220P in patient (P)7 and 

ND5; m.13513 G>A p.D393N in P16), and patients were diag-
nosed with LS. Three variants detected in 2 patients were classified 
as class 2; m.8296 A>G and m.4025 C>T p.T240M in P4; and 
m.4336 T>C in P3. The remaining 7 variants were evaluated as 
class 3; m.3316 G>A p.A4T in P2, m.1655 delA and m.9840 T>A 
p.S212T in P7; m.8633 A>G p.Y36C and m.3213 A>G in P9; and 

TABLE 1. Clinical and Laboratory Characteristics of the Study Cohort

Patient No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Gender F M F M M F M M M F F M M M F M

Age at onset 4 m 3 y 2 m 1 m 1 m 1 m 6 y 2 y 1 y 2 m 2 y 1 m 4 y 5 m 3 m 5 y

Patient alive − − − + + + − + + + + + + + + −

Family history + − − + − − + + − + − − − − − +

High lactate/ pyruvate ratio + + + + + + + + + + + + − + + +

High creatine kinase enzyme 
rate

− + + + + + + + + + + + + − + +

Involvement of the basal 
ganglia- other

+ MC + + + M, H + − + − − E − + − +

Reverse lactate peak − − + + + CM + − + − − + − − − +

Cerebral atrophy − − − − − − + − − − + + − − − −

ECHO/ECG anomaly HCM − − − − − − − HCM − − HCM − − HF HCM

Epilepsy history − + + − − − − − − − + − − + − −

Growth delay + + + + + + + + + + + + − + + +

Mental retardation − − − − − − − + + + + − − + − −

Speech delay − − + − − + − + + − + − + + − −

Hypotonia + + + − + + + + + + − + + + + +

Abnormal reflexes − − − − − − − − − − − − − + − −

Strabismus − − − − + − + − − − − − + − − −

Ptosis − − − − − − − − − − − − − − − −

Visual disorder − − − − − + − − + + − − + − − −

Cataract operation + /L − − − − − − − − − − − − − − +

Hearing impairment − − − − − − − − − − − + − − − +

Tremor − − − − − − − − − − − − − − −

Ataxia − − − − − − − − − − − − − − − −

Dystonia/spasticity − − − − − − − − − − − − − + − −

Respiratory distress + + + + + − + − − − − − − − − +

Renal involvement − − − − − − − − − − − − − − + −

Gastrointestinal system 
involvement

− + − − − − − − − + − − − − − −

Muscle biopsy (low complex 
I-V)

U U I, IV U U IV − − − − − − CoM − − −

Organic acid excretion in 
urine

− − − − − La, P U − La, F − − − F, P, S − − F

Whole exome/genome 
Screening

− − − − − − − − − E − − − E − G

Others LF I RM CL CL − − − − − − − − − − −

Prediagnosis LS MD LS MPS, 
MD

C5D, 
MD

C4 LS MD LS ML MD LS MM LS MD LS

CL, calcification in the liver; CM, cisterna magna; CoM, low congenital myopathy; C5D, carbonic 5A deficiency; C4, complex IV deficiency; E, whole exome sequencing; F, fumaric acid; 
G, whole genome sequencing; H, hepatomegaly; HCM, hypertrophic cardiomyopathy; HF, heart valve failure; I, immune deficiency; L, leucocoria; La, lactic acid; LF, liver failure; LS, Leigh 
syndrome; M, microcephaly; MC, compatible with mitochondrial cytopathy; MD, mitochondrial disease; MM, mitochondrial myopathy; MPS, myofascial pain syndrome; P, pyruvic acid; 
RM, retardation in myelinization; U, unknown or no data available; +, positive; −, negative.
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m.15446 C>T p.L234F P12, and m.1646 T>C in P15 (Table 2). 
According to the read number of NGS data heteroplasmy rate, 
over 90% were grouped as homoplasmic and 6 of the variants 
were found to be homoplasmic. The remaining 6 variants were 
heteroplasmic with the heteroplasmy rate between 34% and 88% 
(Table 2). Detected variants were confirmed with Sanger sequenc-
ing in patients (Supplementary Figures 1-5) and family members 
(data not shown). All identified variants were also found in patients’ 
mothers and siblings. Sanger sequencing data for patients’ mother 
were also shown in Supplementary file, and heteroplasmy/homo-
plasmy evaluations were given in Table 2. Sanger sequencing for 
P11’s mother could not be performed because the mother did not 
give concent to give blood. Detected variants were checked with 
suitable prediction programmes for their pathogenicity (Table 3).

DISCUSSION

Diagnoses of MD are often difficult due to the heterogeneous 
clinical manifestations.2,5 For a certain genetic diagnosis, clini-
cians must try to discern disease inheritance patterns, which is not 
always straightforward to do.12 While evaluating mitochondrial 
inheritance, mtDNA allows the screening of 16 569 base pairs, and 
37 genes encode 13 proteins namely complex I (ND1, ND2, ND3, 
ND4, ND4L, ND5, and ND6); complex III (Cytochrome b); com-
plex IV (COXI, COXII, and COXIII); and complex V (ATP6 and 

ATP8), 22 tRNA, and 2 rRNA, and if mutations can be detected, 
hundreds of nuclear genes can be excluded in terms of MD.13,1 
Although today with NGS technologies, mtDNA can be entirely 
sequenced for a relatively low cost and it is possible to detect levels 
of heteroplasmy even less than 5% in tissues, it is still challenging 
to identify pathogenic variations due to unknown heteroplasmy in 
affected tissues. Also coincidentally identified pathogenic mtDNA 
mutations with low levels of heteroplasmy may be confusing.14,15

The MT-ATP6 gene, which provides instructions for building a 
portion of complex V, often known as the ATP synthase protein 
complex, is the most prevalent mtDNA mutation in LS. The ATP 
synthase complex creates ATP, using the energy provided by the 
other protein complexes.16 In this study, 2 changes have been iden-
tified in MT-ATP6 gene in 2 patients. One of the patients who is 
carrying class 1 mutations was reevaluated and diagnosed as LS 
(m.9185 T>C p.L220P change in MT-ATP6 gene in P7). To date, 
19 pathogenic mutations in MT-ATP6 gene were reported in over 
500 patients with MT-ATP6-associated disease such as LS, ataxia, 
and neuropathy, ataxia, and retinitis pigmentosa-like syndrome. 
Although LS is known as the most frequent phenotype of MT-ATP 
gene mutations, Ganetzky et al. demonstrate that MT-ATP6 variants 
cause a continuous disease spectrum rather than a group of distinct 
clinical syndromes. Four point mutations including m.9185 T>C 

FIG. 1. Algorithm for the diagnosis of a mitochondrial disorder (retrieved from Coelho et al.,7 2019).
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comprise over 82% of reported disease.16 In P7, the laboratory 
investigations revealed lactic acidosis and central hypothyroid-
ism. Serum lactate was 22.7 mg/dL (normal range 10-14 mg/dL), 
and large quantities of lactate were detected in urine organic acid 
analysis. Plasma amino acids, the acylcarnitine profile analysis, 
blood ammonia level, and creatine kinase were normal. Cerebro-
spinal fluid lactate was 31.8 mg/dL (normal range 14-22 mg/dL). 

Neuroradiological findings are bilateral, symmetric focal hyperin-
tensities in the basal ganglia, caudate nuclei, and lentiform nuclei 
at various levels on T2-weighted magnetic resonance imaging. 
Cranial MRI showed large lactate peaks in voxels corresponding to 
brain parenchyma areas with lesions. Slow and disorganized back-
ground neural activity was detected on electroencephalogram, and 
this finding is indicative for encephalopathy. Proband's (P7) sister 

TABLE 2. NGS and Sanger Sequencing Results in 16 Patients Examined and Mothers

Patient No. mtDNA Change Gene Nucleotide Change Amino Acid Change Homoplasmy/Heteroplasmy Rates Analysis %

P1 m.3316 ND1 G>A p.A4T Homoplasmic N 93

m.3316 ND1 G>A p.A4T Homoplasmic S NA

P1 M m.3316 ND1 G>A p.A4T Homoplasmic S NA

P2 m.4336 TQ T>C - Homoplasmic N 93

P2 M NA NA NA NA NA NA NA

P3 m.8296 TK A>G - Heteroplasmic N 54

m.8296 TK A>G - Homoplasmic N NA

m.4025 ND1 C>T p.T240M Homoplasmic N 93

m.4025 ND1 C>T p.T240M Homoplasmic S NA

P3 M m.8296 TK A>G - Heteroplasmic S NA

m.4025 ND1 C>T p.T240M Homoplasmic S NA

P4 Normal - - - - -

P5 Normal - - - - -

P6 m.1655 TV delA - Homoplasmic N 91

m.1655 TV delA - Homoplasmic S NA

m.9840 CO3 T>A p.S212T Heteroplasmic N 76

m.9840 CO3 T>A p.S212T Homoplasmic S NA

P6 M m.1655 TV delA - Homoplasmic S NA

m.9840 CO3 T>A p.S212T Homoplasmic S NA

P7 m.9185 ATP6 T>C p.L220P Homoplasmic N 88

m.9185 ATP6 T>C p.L220P Homoplasmic S NA

P7 M m.9185 ATP6 T>C p.L220P Homoplasmic S NA

P8 m.3213 RNR2 A>G Heteroplasmic N 40

m.3213 RNR2 A>G Heteroplasmic S NA

m.8633 ATP6 A>G p.Y36C Heteroplasmic N 82

P8 M m.8633 ATP6 A>G p.Y36C Heteroplasmic S NA

P9 Normal - - - - -

P10 Normal - - - - -

P11 m.15446 CYB C>T p.L234F Homoplasmic N 90

P12 Normal - - - - -

P13 Normal - - - - -

P14 m.1646 TV T>C - Heteroplasmic N 37

m.1646 TV T>C - Heteroplasmic S NA

P14 M m.1646 TV T>C - Heteroplasmic S

P15 Normal - - - - -

P16 m.13513 ND5 G>A p.D393N Heteroplasmic N 34

m.13513 ND5 G>A p.D393N C S NA

P16 M m.13513 ND5 G>A p.D393N C S NA
M, mother; N, NGS; NGS, next-generation sequencing; S, Sanger Sequencing; NA, not available; C, couldn’t detected.
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applied to the clinic with the same clinical findings and by confirm-
ing the mutation in the sibling (99% homoplasmic), it led to early 
intervention in the clinic and genetic counseling for the family.

We have found 2 heteroplasmic variants in another patient who 
was carring MT-ATP6 gene change, m.8633A>G p.Y36C in MT-
ATP6 gene and m.3213A>G in MT-RNR2 gene, in P8. When look-
ing into literature and bioinformatic databases, m.3213A>G variant 
in MT-RNR2 gene, no data were found to be related to its pathoge-
nicity. In our results, m.3213A>G variant has found as a rare variant 
in the database; thus, it is thought that it could be related or contrib-
uted to the clinical findings. Another variant in the MT-ATP6 gene, 
p.Y36C is located in the intracellular matrix of the transmembrane 
protein according to the Protter program (Supplementary Figure 4C). 
Our patient’s clinical findings were speech delay, cognitive retarda-
tion, ataxia, and microcephaly, and a patient with similar clinical 
findings reported with insC frameshift mutation at position 8611 in 
a study.17 m.8633 A>G variation has been shown as pathogenic with 
high Genomic Evolutionary Rate Profiling (GERP) score (Table 4), 
and the patient has high degree of mutation heteroplasmy (82%). 
This variant was confirmed by Sanger sequencing in the patient's 
symptomatic mother and brother. All data suggest that m.8633 A>G 
variant may be responsible for the patient's clinical features, so we 
classify it as possibly pathogenic, and A3213G variant could have 
been contributed to the phenotype.

In P16, class 1 mutation has been detected (m.13513 G>Ap.D393N 
change in MT-ND5 gene). Due to heterogeneity in clinical findings 
of MD, first in P16 causative effect of the disease, it is thought that 
MD occurred by nuclear gene defect and the entire nuclear genome 
was screened by WGS, but patients remained undiagnosed due to 
the absence of any mutations. As a result of our study, P16 and his 
maternal twin has been diagnosed with LS with low mutant load, 
G13513A p.D393N mutation which has been reported in the litera-
ture as class 1.18

In P1, a variant in MT-ND1 gene at position G3316A change was 
detected as homoplasmic. MT-ND1 allelic variants have been 
reported in various diseases; LHON, Alzheimer's, and Parkinson's 
diseases are the most common among these studies.19 Although 
m.3316 G>Ap.A4T change was described as polymorphism in 
MITOMAP https ://ww w.mit omap. org/f oswik i/bin /view ////Main/
SearchAllele, according to reported publications, it was found to 
be associated with diabetes, LHON, and Progressive External Oph-
thalmoplegia (PEO) diseases,20,21 there are also evidence supporting 
that this change can be a polymorphism as well as studies showing 
the relationship of this variant with diseases that mentioned above 
22. Close positions to this region has been reported with LHON and 
MELAS.23,24 The patients’ asymptomatic mother was also found 
to be homoplasmic for this variant by Sanger sequencing. MT-
ND1 gene in mtDNA encodes for a transmembrane protein and ala-
nine amino acid in the fourth position. This position is located on 
the outer side of the inner membrane (Supplementary Figure 1C). 
Results of Phyre2 program according to the three-dimensional 
structure of wild type MT-ND1 shows that mutation sensitivity of 

alanine amino acid is low, and replacement of alanine amino acid 
with threonine was considered to be moderately pathogenic. On 
the other hand, in ExPASy-ProtScale program, Kyte-Doolittle algo-
rithm was evaluated for wild type and mutant ND1 protein, and 
p.A4T substitution change the hydrophobicity level which could 
affect protein flexibility (Supplementary Figure 1E). Although this 
variant is located in an evolutionarily unprotected region, it should 
not be ignored that this change may be related to MD.

In P3, 2 mtDNA changes were detected, m.8296 A>G change in 
the tRNA-Lysine gene and homoplasmic m.4025 C>T p.T240M 
substitution in MT-ND1 gene. m.8296 A>G change was previously 
reported with MELAS, hypertrophic cardiomyopathy (HCM) in 
the literature.25,26 In addition to that, a patient who was carrying 
m.8296 A>G mutation in the heteroplasmic form died due to car-
diac failure, and the autopsy results indicated that in various tis-
sues higher heteroplasmy rate of mutation was detected in muscles 
than blood.26 When the m.8296 A>G variation is examined in the 
MitoTIP database, it is evolutionarily preserved at a rate of 93.3% 
and appears to be pathogenic with a MitoTIP score of 72.30%. 
m.8296 A>G also appears as pathogenic in mamit-tRNA (Supple-
mentary Figure 2C). In addition, according to Sonney et al.’s11 scor-
ing heat map, the variant is located as a structurally important 
region. However, according to the RNA fold web server program, 
this variant does not cause a change in the secondary structure 
of the protein (Supplementary Figure 2D). According to the Yar-
ham et al.’s10 scoring table, this variant with a score of 10/20 seems 
to be pathogenic. In muscle biopsy performed in P3, complex II, 
III values were in the normal range but complex I and IV were low. 
Although the MT-ND1 gene belongs to the complex I family, it is 
thought that the variant detected in MT-TK gene may be causative 
in terms of MD or these 2 variants may have shown pathogenic 
effects together. In order to investigate other variants detected in 
the MT-ND1 gene m.4025 C>T p.T240M in P3, it is reported in 
the literature that the mutation did not cause the disease alone, but 
it was also found with other mutations as in our patient.27,28 With 
this knowledge, m.4025 C>T p.T240M substitution does not seem 
to cause a disease itself; however, it may increase their effect when 
it is found with other mitochondrial or nuclear genome mutations. 
Considering the patient's clinical findings, this variant is thought to 
be related to MD.

In P11, homoplasmic m.15446 C>T p.L234F variant in the MT-
CYB gene was detected. Seneca et al.29 reported p.L236P change, 
which is located very close to our variant, with complex III defi-
ciency. The mutation sensitivity of the Leucine amino acid in the 
predicted three-dimensional structure is slightly low in Protter 
program (Supplementary Figure 5C). In Phyre2 program, the 
replacement of phenylalanine aminoacid was considered to be 
moderately inappropriate (Supplementary Figure 5D). In the 
ExPASy-ProtScale program, p.L234F change caused a decrease in 
the level of hydrophobicity that could change the flexibility of the 
protein (Supplementary Figure 5E). According to Polyphen, this 
variation is probably damaging and GERP score is high so consid-
ering the patient's findings, this variant might cause MD.

https://www.mitomap.org/foswiki/bin/view/
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In P6, we have found 2 variations: a heteroplasmic amino acid 
change at position 212 (p.S212T, m.9840 T>A) in MT-CO3 gene 
and 1655delA in MT-TV gene. In the literature, 2 variants close 
to p.S212T region in Protter program, G>A change at position 
m.9804 p.A220T and at position m.9738G>T p.A178S, were 
reported with LHON disease30,31 (Supplementary Figure 3E). P6’s 
muscle biopsy showed that complex I, II, III, V values were within 
normal range, but complex IV showed low activity. MT-CO3 gene 
encodes a transmembrane protein which is a part of complex IV 
of Electron Transport Chain (ETC). Analysis of the bioinformatics 
databases Polyphen2 and SIFT shows that this mutation is patho-
logical (Table 4). Although the mutation sensitivity of serine amino 
acid in the predicted three-dimensional structure is moderately low 
(Supplementary Figure 3F), in the ExPASy-ProtScale program, it 
is shown that p.S212T changes the hydrophobicity level and there-
fore the protein flexibility structure (Supplementary Figure 3G). 
Our findings strongly suggest that m.9840 T> A variant in MT-
CO3 gene is related to MD for the first time in the literature. To 
confirm this position with MD, further studies need to be done and 
also it is always more reliable to perform NGS with muscle biopsy 
samples compared to blood sample. m.1646 T>C variant MT-TV 
gene detected in patient P14 is reported as polymorphism in bioin-
formatics databases (Table 4). The variant has an evolutionary con-
servation rate of 86.67% at MitoTIP (https ://ww w.mit omap. org/M 
ITOMA P/Mit oTipI nfo). According to Sonney et al.11 scoring map, 
it appears moderately pathogenic in secondary structure, however 
pathogenicity score was reported as polymorphism. In the litera-
ture, m.1644 G>A change was reported with LS and confirmed as a 
pathogenic class 1 mutation. This reported class 1 mutation is very 
close to the detected variant in P14 (Supplementary Figure 6D). In 
addition, in WES analyses, no pathogenic mutation was detected, it 
is thought that m.1646 T>C variant might be pathogenic and respon-
sible for MD. All detected variants were summarized in Table 4.

In this study, we screened entire mtDNA by NGS in 16 MD sus-
pected patients. Bioinformatic analysis and prediction programs 
were used to evaluate the entire dataset. Twelve distinct changes in 
9 patients were studied one by one to see if they were linked to MD. 
Seven of the patients were found to be normal in terms of mtDNA 
changes. Four of detected variants were in tRNA, 1 was in rRNA, 
and 7 variants were in protein-encoding genes (Table 2), while 2 of 
these variants were identified as class 1 mutations causing LS in the 
literature. Four variants were thought to be associated with MD, for 
the first time in the literature. The remaining 7 variants and MD 
association was thought to be controversial. We eliminated P2 in 
terms of MD due to clinical findings which occurred later, thus we 
thought that m.4336 T>C variant could not be disease-causing as it 
is recently reported as a polymorphism. In P10, we did nt find any 
variation related to MD by mtDNA screening and WES analysis 
which was performed externally. The clinical table of the study 
indicates that approximately 1 out of 2 patients with mitochondrial 
prediagnosis may be due to a mitochondrial genome defect as a 
genetic background of the disease.

In our study, all variants that are thought to be related to MD were 
also detected in patients’ asymptomatic mothers and siblings. 

This may be because the heteroplasmic mutant load in other fam-
ily members is below the pathogenic threshold for that mutation. 
De novo mutations in mtDNA are also relatively common, so a 
mutation with high levels of heteroplasmy may not be detected in 
the mother and other maternal relatives.32,33 Also functional tissue-
specific analysis is limitation of this study. It would be better if 
real situation in tissues could be confirmed by muscle biopsy, espe-
cially for new variants.

To our knowledge, this is the first study in Turkey to screen the 
whole mitochondrial genome of prediagnosed MD patients with a 
wide range of clinical symptoms. Mitochondrial disease collective 
case and related to mtDNA assessment studies in Turkey are rare. 
One of these studies similar to ours, Abaci et al.34 screened mtDNA 
of the 22 patients’cardiac tissue with congenital heart disease 
and reported 3 novel mutations associated with cardiomyopathy. 
Abaci et al.’s34 study and our results emphasize together the impor-
tance of the mtDNA effect especially in undiagnosed MD with 
wide clinical findings. We recommend first screening mitochon-
drial genes rather than nuclear genes in patients suspected of MD. 
Variants which were detected as class 3 to class 2 in our study, with 
further studies these variants may be included as class 1 status.

In conclusion, it is thought that especially in patients with LS pre-
diagnosis, mtDNA screening should be among the primary clinical 
tests in order to exclude mtDNA-related mutations for a genetic 
diagnosis. Further studies are needed in more patients to confirm 
these detected variants with MD associations.
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Supplementary FIG. 1. A-E. Pedigree of patient (P)1 (A), prediction of transmembrane structures of the wild-type mitochondrial ND1 protein performed by 
Protter program (B), Sanger sequencing data showing the m.3316 G>A, change in the MT-ND1 gene in patient (C1), Sanger sequencing data showing the 
m.3316 G>A, change in the MT-ND1 gene in patients’ mother (C2), prediction of tertiary structure models and possible effect of position change for p.A4T by 
Phyre2 server (D), a hydropathy plot evaluated in ExPASy-ProtScale program Kyte-Doolittle algorithm for the ND1 protein. The hydrophobicity of the wild-type 
ND1 protein (control (A)) is compared to the variant forms (B) and (E). 



Supplementary FIG. 2. A-F. Pedigree of P3 (A), Sanger sequencing data showing the m.8296 A>G, change in the tRNA-Lysine gene in patient (B1) and mother 
(B2), secondary structure of mt-TK (grey dots show polymorphism and black dots show pathogenic regions) (C), predicted secondary structure of wild type (left) 
and mutant A8296G (right) tRNA-Lysine evaluated in RNA fold web server (D), predicted tertiary structure models and possible effect of position change for 
p.T240M by Phyre2 server in P3 (E), a hydropathy plot evaluated in ExPASy-ProtScale program Kyte-Doolittle algorithm for the ND1 protein. The hydrophobicity 
of the wild-type ND1 protein (control- (A)) is compared to the variant forms (B) and (F).



Supplementary FIG. 3. A-H. Pedigree of P6 (A), prediction of transmembrane structures of the wild-type mitochondrial CO3 protein performed by Protter 
program (B), Sanger sequencing data showing the m.1655 delA change in the tRNA-Val gene in patient (C1) and mothers (C2), Sanger sequencing data 
showing the m.9840 T>A change in the mt-CO3 gene in patient (D1) and mother (D2), predicted secondary structure of wild type (left) and mutant A1655del 
(right) tRNA-Lysine evaluated in RNA fold web server (E), secondary structure of mt-TV (grey dots show polymorphism and black dots show pathogenic 
regions) (F), a hydropathy plot evaluated in ExPASy-ProtScale program Kyte-Doolittle algorithm for the CO3 protein. The hydrophobicity of the wild-type CO3 
protein (control (A)) is compared to the variant forms (B) and (G), predicted tertiary structure models and possible effect of position change for p.S212T by 
Phyre2 server in P6 (H).



Supplementary FIG. 4. A-E. Pedigree of P8 (A), Sanger sequencing data showing the m.8633 A>G change in the mt-ATP6 gene in patient (B1) and mother (B2), 
prediction of transmembrane structures of the wild-type mitochondrial ATP6 protein performed by Protter program (C), prediction of tertiary structure models and 
possible effect of position change for p.Y36C by Phyre2 server in P9 (D), a hydropathy plot evaluated in ExPASy-ProtScale program Kyte-Doolittle algorithm for 
the ATP6 protein. The hydrophobicity of the wild-type ATP6 protein (control- (A)) is compared to the variant forms (B) and (E).



Supplementary FIG. 5. A-E. Pedigree of P11 (A), Sanger sequencing data showing the m.15446 C>T change in the mt-CYB gene (B), prediction of transmem-
brane structures of the wild-type mitochondrial CYB protein performed by Protter program (C), prediction of tertiary structure models and possible effect of 
position change for p.L234F by Phyre2 server in P12 (D), a hydropathy plot evaluated in ExPASy-ProtScale program Kyte-Doolittle algoritm for the CYB protein. 
The hydrophobicity of the wild-type CYB protein (control (A) is compared to the variant forms (B) and (E).



Supplementary FIG. 6. A-D. Pedigree of P14 (A), Sanger sequencing data showing the m.1646 T>C change in the tRNA-Val gene in patient (B1) and mother 
(B2), predicted secondary structure of wild type (left) and mutant T1646C (right) tRNA-Val evaluated in RNA fold web server (C), secondary structure of mt-TV 
(grey dots show polymorphism and black dots show pathogenic regions) (D).


