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Abstract

The accumulation of somatic mutations contributes to clonal evolution and biological
properties of cancers. Acquired mutations in mitochondrial (mt)DNA have been studied,
but with the exception of those in isocitrate dehydrogenase genes, no comprehensive
assessment of mutations in nuclear mitochondrial genes has been reported in sequential
glioblastoma (GBM). We obtained ten pairs of GBM samples at diagnosis (GBM-P) and at
recurrence (GBM-R). Extracted DNA was subjected to whole exome and mtDNA sequenc-
ing. After filtering out germline variants, bioinformatics analysis was performed using a
mitochondrial gene panel of 483 nuclear-encoded, and 37 mtDNA-encoded genes. Variant
classification was performed using established clinical- and molecular criteria, integrating
population-frequency data, bioinformatic predictions, functional evidence, segregation
information, and curated entries from the Mitomap and ClinVar databases. Benign single
nucleotide variants in mtDNA-encoded genes of RNR1, RNR2, ATP6, CYB, CO2, TV, ATPS,
and ND2 were detected, which changed little over time. However, three variants in T1,
ND5 and ND1 with possible or likely pathogenic significance were found in the GBM-R
samples. In contrast, pathogenic or likely pathogenic variants in 29 nuclear genes were
found in GBM-P and GBM-R samples. Not only the overall number, but also the number of
protein-truncating variants in nuclear genes increased over time. Conclusions: This study
sheds light on the accumulation of mutations in nuclear genes of mitochondrial proteins in
sequential GBM samples. As such variants may influence metabolic, proliferative and inva-
sive properties as well as the necrotic propensity of the tumor, a comprehensive analysis of
these genes merits further studies.

Keywords: glioblastoma; mitochondrial DNA; nuclear-encoded mitochondrial protein
genes; next generation sequencing

1. Introduction

Glioblastoma (GBM) represents the most malignant and the most aggressive form of
gliomas. The fourth and fifth edition of the World Health Organization classification of
central nervous system (CNS) tumors (WHO CNS4 and WHO CNS5) integrated molecu-
lar genetic- and genomic alterations into the histopathological characteristics [1,2]. This
guideline has significantly transformed how we understand and diagnose brain tumors
in the clinic. In the meantime, research efforts made great advancements in defining
multi-OMICS features of these tumors both in bulk tissues and at single-cell levels, thereby

Int. J. Mol. Sci. 2026, 27,1773

https:/ /doi.org/10.3390/ijms27041773


https://crossmark.crossref.org/dialog?doi=10.3390/ijms27041773&domain=pdf&date_stamp=2026-02-12
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-4045-6219
https://orcid.org/0000-0002-3949-7005
https://orcid.org/0000-0003-4043-3428
https://orcid.org/0000-0003-2925-9342
https://orcid.org/0000-0003-2592-3939
https://doi.org/10.3390/ijms27041773

Int. J. Mol. Sci. 2026, 27,1773

20f19

paving the road for the development of precision therapies [3]. Our research team used
next-generation sequencing-based approaches for defining epigenomic and genomic pro-
files of sequential GBM samples [4-8]. From a corollary study using the same GBM tissue
pairs, here we report occurrences and evolution of somatic mitochondrial (mt)DNA and
nuclear mitochondrial gene mutations, characteristics typically not embraced by large
consortial studies on GBM.

Somatic mtDNA alterations accumulate in various cancers, including gliomas, and
may contribute to cancer genesis and maintenance. About 60% of tumors may harbor
mtDNA mutations affecting key mitochondrial functions including oxidative phosphoryla-
tion (OXPHOS) and ATP synthesis, free-radical production, protein synthesis or apoptosis
regulation [9]. Impaired mitochondrial function affects GBM development, evolution and
drug resistance [9]. Mutations have been frequently detected in the D-loop region in as-
sociation with altered mtDNA replication, transcription, copy number variations (CNV),
enhanced free-radical production and overall mitochondrial dysfunction [9-11]. However,
missense mtDNA mutations with pathogenic significance have also been found within
protein-coding regions [9]. More recently, Soon et al. [12] reported that 75% of gliomas
harbor at least one somatic mtDNA mutation, 45% of which may be pathogenic. Most
frequently, the respiratory chain complex I and IV genes carry nonsynonymous mtDNA
mutations [12]. Their prognostic significance, however, remains less clear.

Sourty et al. [13] also assessed mtDNA copy numbers in GBM tumors from patients
with different age of onset and found that this marker prognosticates disease outcome
differently in the younger and older groups of patients [13]. Others, however, concluded
that mitochondrial copy number changes, mutations and heteroplasmy presently have
limited utility for screening and diagnosing GBM [11]. We found only a few publications
reporting simultaneously somatic alterations in mtDNA and nuclear-encoded genes of
mitochondrial proteins in GBM [14,15], but these were cross-sectional studies not including
sequential samples.

Therefore, here we aim to present our mtDNA and nuclear-encoded mitochondrial
gene exome sequencing data from formalin-fixed, paraffin-embedded (FFPE) primary and
recurrent GBM (GBM-P and GBM-R) specimens of adult patients, in order to define if this
approach can reveal new information relevant to GBM pathogenesis or shed more light
on its biological properties. The samples used here were also subjects of our previous
epigenomic and genomic studies [4-8].

2. Results

2.1. Comparisons of Somatic mtDNA Variants in GBM-P and GBM-R Samples
2.1.1. mtDNA Variants in GBM-P Samples (Table 1)

D-loop region was not included in these analyses, only the gene-coding regions,
because of the coverage by the probes in the applied kit. The four most common variants
present in 10/10 of the GBM-P samples were in the ribosomal RNA (rRNA) coding genes
of RNR2 at position M:3106 (mean variant allele frequency or VAF: 96%) and RNR1 at
position M:750 (mean VAF: 98%) as well as in the protein-coding genes of ATP6 at position
M:8860 (mean VAF: 100%) and CYB at position M:15326 (mean VAF: 99%). As the RNR1
M:750, ATP6 M:8860 and CYB M:15326 variants are ancient polymorphisms present in
all major haplogroups, it is highly likely that these are not somatic, but rather germline
variants that escaped the germline filter. The in silico prediction of the ATP6 variant is
likely benign, while there is no functional prediction of the RNR1, CYB and RNR2 variants
in the Mitomap database (For detailed description of mtDNA variant classification see
Materials and Methods section).
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The second most common variant was in the overlapping rRNA1I and tRNA pheny-
lalanine coding RNRI1-TF gene region at position M:311 (mean VAF: 52%) present in
9/10 samples, but also without in silico significance.

The third most common variant appeared in 5/10 samples in RNR2 at M:2557 (mean
VAF: 7%) without in silico prediction

The fourth most common variants were detected in RNR2 at position M:2523 (mean
VAF: 7%) and in RNR1-TF at position M:73 (mean VAF 100%) also without in silico predic-
tion, but representing ancient polymorphisms.

The remaining variants appeared in single samples and included single nucleotide
variants (SNVs in TF at M:621, CO1 at M:7356 and M:7408, ATP6-ATP8 at M:8557, CYB at
M:15442, CO2 at M:7830, TV at M:1619, ATP8 at M:8381 and ND2 at M:5298. The mean
VAF values of these variants were either at or below 10% (TV, TF and CO1) or beyond 95%
(ATP6-ATPS, CYB, CO2, ATPS, ND2). The in silico prediction of these variants is likely
benign, with the exception of the TF variant, that has a possible benign prediction.

In addition to the variants listed above and in Table 1, we detected several mtDNA
variants in single GBM-P samples, which have no in silico prediction and no entries in the
Mitomap database (see the complete list in Supplementary Table S1A).

Table 1. Somatic mtDNA variants detected in GBM-P and GBM-R samples.

GBM-P GBM-R

Gene Sequence  Nucleotide Amino In Silico Frequency In Silico Frequency

(Position) Ontology Change Cﬁ::jge Mean VAF Prediction  in Samples Mean VAF Prediction  in Samples

RNR2
(M:3106)

RNRI1
(M:750)
ATP6
(M:8860)

CYB
(M:15326)

NE-CV C/- - 96% - 10/10 96% - 9/9

NE-CV A/G - 98% - 10/10 99% - 9/9

MV A/G Thr112Ala 100% LB 10/10 100% LB 9/9

MV A/G Thr194Ala 99% - 10/10 99% - 8/9

Section

between

RNRI1-TF US-GV -/C - 52% - 9/10 51% - 8/9
genes

(M:311)

RNR2
(M:2557)

RNR2
(M:2523)

NE-CV Cc/T - 7% - 5/10 7% - 5/9

NE-CV C/T - 7% - 4/10

Section
between
RNRI1-TF US-GV A/G - 100% - 4/10 100% - 4/9

genes

(M:73)

TF (M:621) NE-CV A/C - 5% PB 1/10

co1
(M:7356; MV
M.:7408)

G/A; Val485Met;

A/G Tyrs02Cys 0% 6% LB 1/10;1/10

Section
between
ATP6- MV, SV G/A
ATP8 genes
(M:8557)

AlallThr;

Leu6d= 97% LB 1/10 97% LB 1/9
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Table 1. Cont.
GBM-P GBM-R
G S Nucleotid Amino In Sili F c In Silico Frequenc
ene equence ucteotide Acid Mean VAF 1 STICo - PIEQUENCY  pfean VAF -~ requency
(Position) Ontology Change Change Prediction  in Samples Prediction  in Samples
CYB _ o
(M:15442) SV A/G Leu232= 99% LB 1/10
co2 MV A/G Arg82His 100% LB 1/10 100% LB 1/9
(M:7830)
v NE-CV C/T - 10% LB 1/10
(M:1619) ¢
ATPS . .
(M:8381) MV A/G Thr6Ala 97% LB 1/10 97% LB 1/9
ND2 MV A/G le277Val 98% LB 1/10 97% LB 1/9
(M:5298)
ND2 .
(M:4794) MV G/A Alal09Thr 14% LB 1/9
TI (M:4268) NE-CV T/C - 25% PP 1/9
ND5 .
(M:13028) MV C/T Pro231Leu 9% PP 1/9
ND1 .
(M:3502) MV T/C Ser66Pro 12% LP 1/9

This table summarizes mtDNA SNVs identified in GBM-P and GBM-R samples. Variants are listed by genes
and genomic positions (according to rCRS notation), their mean variant allele frequency (VAF), pathogenicity
prediction by the in silico prediction tool of Mitomap, and per-sample frequency. Among the detected variants,
four turned out to be ancient polymorphisms: RNR1 (M:750), ATP6 (M:8860), CYB (M:15326), and a section
between RNR1-TF genes (M:73). NE-CV: Non-exon-coding variant; MV: Missense variant; US-GV: Upstream
gene variant; SV: Synonymous variant. Likely benign (LB), Possible benign (PB), Possible pathogenic (PP), Likely
pathogenic (LP).

In summary, none of the mtDNA SNVs detected in the GBM-P samples had pathogenic
or likely pathogenic in silico prediction.

2.1.2. mtDNA Variants in GBM-R Samples (Table 1)

Because one of the GBM-R tissue blocks left over from the previous clinical and
molecular studies did not have sufficient quantity and quality of tumor tissue, this one
GBM-R sample was excluded from the present mtDNA analyses. The most frequently
detected variant present in 9/9 of samples included RNR2 at M:3106 (mean VAF: 96%),
RNR1 at M:750 (mean VAF: 99%) and ATP6 at M:8860 (mean VAF: 100%). As indicated
above, the RNR1 M:750 and the ATP6 M:8860 variants are ancient variants appearing in
all major haplogroups, and therefore, are likely present in the patients” germline. In silico
prediction is likely benign for the ATP6 M:8860 variant, while no prediction is available for
the other two variants.

The second most frequent variants were detected in 8/9 samples in CYB at M:15326
(mean VAF: 99%) and RNRI-TF at M:311 (mean VAF: 51%). Neither one of them has in
silico prediction. The CYB variant also represents an ancient polymorphism present in all
major haplogroups.

The third most common variant was found in 5/9 samples in RNR2 at M:2557 (mean
VAF: 7%), without in silico prediction.

The fourth most common variant appeared in 4/9 samples in RNR1-TF at M:73 (mean
VAF: 100%), without in silico prediction.

The remaining variants appeared only in single samples, and included SNVs in
ATP6-ATP8 at M:8557, in CO2 at M:7830, in ATP8 at M:8381, in ND2 at M:5298 and M:4794,
in TT at M:4268, in ND5 at M:13028 and in ND1 at M:3502. The mean VAF values for these
variants greatly varied with 97%, 100%, 97% and 98% in the former four genes. These
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variants are all SNVs with likely benign in silico prediction. The mean VAF values were
25%, 9% and 12% for the last three gene SNVs with possible pathogenic (T1 at M:4268 and
ND?5 at M:13028) and likely pathogenic (ND1 at M:3502) prediction. The likely benign ND2
SNV at M:4794 had a mean VAF of 14%.

In addition to the variants listed above and in Table 1, we detected several mtDNA
variants in single GBM-R samples, which have no in silico prediction and no entries in the
Mitomap database (see the complete list in Supplementary Table S1A).

In summary, three of the mtDNA SNVs detected in the GBM-R samples may have
functional significance based on in silico prediction of possible (TI at M:4268 and ND5 at
M:13028) or likely pathogenic (ND1 at M:3502) classification.

Several of the variants with VAF values at or just below 100% are known haplogroup
markers representing ancient germline polymorphisms that leaked through the germline
filter. Variants with low VAF (<25%) may represent real somatic changes. Of note, most
of the possible and likely benign or unclassified variants were detected in both GBM-P
and GBM-R samples, further suggesting that they were not related to clonal evolution of
the tumors.

2.1.3. Comparison of mtDNA Variant Numbers in GBM-P and GBM-R Samples (Table 2)

Table 2 suggests no clear trend for the direction of changes, whether the numbers of
variants are predominantly increasing or decreasing in the GBM-P and GBM-R samples,
though the cohort is too small to draw a far-reaching conclusion. Equal numbers in
one sample pair, decreasing numbers in three (the seventh pair was excluded from this
comparison, since the GBM-R sample was missing) and increasing numbers in five sample
pairs can be observed, when all detected mtDNA variants are taken into account. There
seems to be no trend for any correlation between the direction of changes (in Table 2)
and the T1-T2 recurrence time or overall survival (OS) (clinical data are provided in the
Materials and Methods section). However, the most noteworthy variants are the ones
with possible or likely pathogenic Mitomap classification and lower VAF values in the
TI, ND5 and ND1 genes of the GBM-R samples (Table 1). These variants, detected in the
GBM-R counterparts of sample pairs 8, 10 and 2, respectively, are likely somatic mutations
related to clonal evolution of late tumors, which again, did not show any correlation with
the T1-T2 recurrence time periods or OS. Overall, however, this analysis shows that the
occurrence of biologically significant mtDNA variants during the evolution of GBM tumors
are low. Nevertheless, the number of individually occurring single random variants with
unlikely biological significance, e.g., synonymous mutations, is altogether higher and may
be reviewed in the details in Supplementary Table S1A.

Table 2. Numbers of mtDNA variants detected in GBM-P and GBM-R samples.

Variant Number Change in GBM-P Versus GBM-R Samples

GBM-P GBM-R Observed trend
First pair
27 9 Decrease
Second pair
9 10 Increase
Third pair
23 8 Decrease
Fourth pair
17 13 Decrease

https:/ /doi.org/10.3390/ijms27041773
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Table 2. Cont.

Variant Number Change in GBM-P Versus GBM-R Samples

Fifth pair

9 9 Equal
Sixth pair

18 20 Increase

Seventh pair

6 0 Excluded
Eight pair

14 15 Increase
Ninth pair

8 12 Increase
Tenth pair

5 8 Increase

This table shows the numbers of mtDNA variants detected in GBM-P and GBM-R samples.

2.2. Pathogenic and Likely Pathogenic Somatic Variants in Nuclear-Encoded Genes of
Mitochondrial Proteins in GBM-P and GBM-R (1able 3)

In GBM-P samples, there are six missense SNVs, one nonsense SNV and five splice-site
variants with pathogenic/likely pathogenic (P/LP) significance according to the ACMG
classification and ClinVar database (For nuclear mitochondrial variant classification, see
a detailed description in Materials and Methods section). In the GBM-R samples, there
are eight missense SNVs, seven nonsense SNVs, two frameshift SNVs and six splice-site
variants with P/LP significance. Also noteworthy is that there is only one protein-truncating
variant in the GBM-P, while nine such variants are detected in the GBM-R group.

In six of the nine sample pairs, the numbers of somatic SNVs are increasing in the
GBM-R compared to the GBM-P samples. Sample pair 2 had no somatic variants detected
in either GBM-P or GBM-R. In two sample pairs (eighth and nineth pairs), the detected SNV
numbers are decreasing. Sample pair 7 was excluded since the GBM-R sample was missing,.
While the sample size is too low to make far reaching conclusions, the trend of increasing
P/LP variant numbers in nuclear-encoded mitochondrial genes is still suggestive during
tumor evolution. Nevertheless, we could not see a reliable correlation between the direction
of variant number changes in Table 3 and the T1-T2 recurrence time or OS in Table 4.

Overall, however, there seems to be a trend for the rise in damaging variants over
time, likely affecting mitochondrial bioenergetics (SDHB, SDHAF2, FH, etc.), replication
(POLG, TWNK, etc.), enzyme function (CPT1A, CPT2, CYP24A1, FA2H, etc.) or intracellular
transport (SLC25A4, SLC25A13, SLC22A5, etc.). Allelic frequency of the variants vary
between 15% and 75% in GBM-P samples, and between 16% and 39% in GBM-R samples,
suggesting that the proportion of functionally significant somatic mutations may reach a
biological threshold affecting cell metabolism, survival and propagation.

Finally, it is also notable that the acquired genetic variants with P/LP significance
detected in the primary tumors persisted in none of the recurrent tumors, where, however,
novel somatic variants with P/LP significance occurred. This observation suggests that
somatic nuclear-encoded mitochondrial gene variants with P/LP significance frequently
appear and disappear during clonal tumor evolution, likely related to the metabolic prop-
erties, invasiveness and necrotic preponderance of GBM. For details of all detected somatic
nuclear-encoded mitochondrial gene variants see Supplementary Table S1B.
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Table 3. Pathogenic and likely pathogenic somatic nuclear-encoded mitochondrial gene mutations in
GBM-P and GBM-R samples.

GBM-P GBM-R
VAF Gene P/LP Variant VAF Gene P/LP Variant
First pair
15% SLC25A13 P c.111del; p.Asn38fs
o, c.117C>A;
15% FA2H P pPhe39Leu
Second pair
NA
Third pair
o, .2254G>T;
82% WEST P p-Glu752Ter
26% SDHAF2 LP c.260+1G>C; p.?
Fourth pair
o ¢.1655_1656del;
20% SEPSECS P p.Lys552fs
o c.914C>T;
17% SLC22A5 LP p.Pro305Leu
29% SLC22A5 P c.1658+1G>A; p.?
22% PLA2G6 LP ¢.120-1G>T; p.?
Fifth pair
17%  SLC22A5  LP 914C>T, p.Pro305Leu 39% SDHB P CAIT>G;
p-Tyr147Ter
o ¢.3139C>T;
28% DIAPH1 P p.Gln1047Ter
o c.2841A>C;
23% POLG LP p.Lys947Asn
o c.835C>T;
16% COQS8B P p.Arg279Trp
Sixth pair
o, c.215T>A;
22% CPT2 P p.Leu72Ter
o c.595C>T;
19% AARS2 P p.Argl99Cys
o c.904C>T;
25% PDHA1 P p.Arg302Cys
Seventh pair
34% BCSIL P ¢.826C>T; p.GIn276Ter 31% SLC25A4 P c111+1G>A; p.?
75% SLC52A2 P ¢.1258G>A; p.Ala420Thr
48% STXBP1 P c.1419+5G>A; p.?
26% TWNK LP ¢.1232C>T; p.Thr411Met
Eight pair
15% FH P c.1391-1G>T; p.? 32% PC LP c.1826-1G>C; p.?
% ) o o c.178C>T;
15% FH P c.1391-2A>G; p.? 24% POLG P p.Gln60Ter
% e % c.740A>C;
17% ACADS LP c.1086+1G>A; p.”? 19% ACADVL LP p.Lys247Thr
26% LONP1 LP ¢.880C>T; p.Arg294Trp
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Table 3. Cont.

GBM-P GBM-R
VAF Gene P/LP Variant VAF Gene P/LP Variant
Ninth pair
o ) o c.1367C>A;
31% MEFN2 p c.1127T>G; p.Met376 Arg 33% CPT1A P p.Serd56Ter
59%  SDHB LP 540+1G>A; p.? 35% TANGO? P €262C>T;
p-Arg88Ter
34% CYP24A1 P c.1186C>T; p.Arg396Trp
Tenth pair
0 c.-67A>G;
24% GDAP1 LP p.Lys39Arg
16% GDAP1 LP c117+1G>A; p.?

This table displays the variant allele frequency (VAF), gene name, pathogenic (P) or likely pathogenic (LP)
classification, and the variant itself in GBM-P and GBM-R samples.

Table 4. Clinical characteristics of patients.

Desci;g]ilzltion Gender Angaet a?;)lset Treatment T1-T2 (Weeks) Ovel(‘silleglt(lgival
GBM 1 man 61 Surgery + irradiation + TMZ 49 60
GBM 2 man 39 Surgery + irradiation + TMZ 40 -
GBM 3 man 62 Surgery + irradiation + TMZ 58 62
GBM 4 woman 61 Surgery + irradiation + TMZ 31 54
GBM 5 man 66 Surgery + irradiation + TMZ 56 -
GBM 6 woman 53 Surgery + irradiation + TMZ 55 69
GBM 7 woman 63 Surgery + irradiation 30 43
GBM 8 woman 45 Surgery + irradiation + TMZ 143 170
GBM 9 man 43 Surgery + irradiation + TMZ 135 192

AVAGLIO clinical study
GBM 10 woman 56 (STUPP + 199 288
bevacizumab/placebo)

This table shows GBM designation, patients gender, age at onset, treatment modality, T1-T2 and overall survival
time (OS). T1-T2 recurrence time is calculated from the dates of first and second surgery (weeks), and OS is
calculated from the dates of first surgery and death (when the time of death was available). This table has been
modified from Table 4 published in the International Journal of Molecular Sciences, DOI: https:/ /doi.org/10.339
0/1jms25147564 [8].

3. Discussion

Mitochondria are central regulators of bioenergetics, metabolism, and survival. These
cytoplasmic organelles provide energy for cells by oxidative phosphorylation (OXPHOS)
and adenosine triphosphate (ATP) synthesis, but are also involved in the regulation of
programmed cell death and necrosis, stress responses, Ca homeostasis, mitochondrial
quality-control and expression of nuclear genes by a retrograde signaling [16-18]. The
mitochondrial architecture is highly dynamic and exhibits marked cell type-specific differ-
ences in both structure and proteome, allowing the organelle to meet distinct metabolic
demands [19]. Reflecting these central cellular roles, mitochondrial dysfunction is impli-
cated in a wide spectrum of diseases, including metabolic disorders, cardiomyopathies,
neurodegeneration and cancer [20].
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Mitochondrial proteins are encoded by genes in the mtDNA and the nuclear DNA.
In addition to the regulatory D-loop region, mtDNA has 37 genes, including 13 protein-
encoding, 22 transfer RNA and 2 ribosomal RNA genes. The genes of five OXPHOS enzyme
complexes have dual mtDNA and nuclear DNA origins with the exception of Complex II
that is exclusively encoded by nuclear genes (Figure 1). The 13 mtDNA-encoded proteins
are all included in OXPHOS enzyme complexes I, III, IV and V.

Genes of complex I-V

Complex | n m v v
co1
MIDNA ND1-ND6 0 cvB co2 P
encoded NDL4 co3
nDNA approximately 10 approximately
encoded 38 genes + 4 10 14 genes
FP, IP HP

d imately
Total approximately 13 approximal
subunits 45 genes 4 n 16 genes

Intermembrane
space

Inner
membrane

Mitochondrial
matrix NADH NAD* Succinate Fumarate
+2H* +2H*

Figure 1. Components of the mitochondrial electron transport chain serving OXPHOS. The figure
schematically depicts the five enzyme complexes composing the mitochondprial electron transport
chain in the lower part, and shows numbers of mtDNA and genomic DNA-encoded subunits of these
proteins in the upper part. Note that with the exception of Complex II (that is exclusively encoded by
4 nuclear genes), the remaining enzyme complexes have dual genetic origins. This schematic figure is
adapted from Figure 1 in the publication by Kalman et al. [21].

The estimated number of nuclear-encoded mitochondrial proteins is close to 1500.
Besides composing OXPHOS subunits or cofactors involved in ATP synthesis, these gene
products play important roles in amino acid and nucleotide production, mtDNA replica-
tion and transcription, mitochondrial protein biogenesis and turnover, cellular signaling,
membrane dynamics, stress responses and apoptosis regulation (Figure 2) [22]. Morgen-
stein et al. [23] reported that approximately 31% of mitochondrial proteins contribute
to metabolic pathways, and 22% are associated with regulation of membrane dynamics,
protein biogenesis, signaling and stress responses [22,23]. The function of about 14% of
mitochondrial proteins remains less defined.

Pathogenic variants affecting components of the electron transport chain (ETC) re-
duce ATP production and increase reactive oxygen species (ROS), while tricarboxylic acid
(TCA) cycle defects limit nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH;) supply, reinforcing energetic and oxidative stress. Structural alter-
ations, including fusion—fission imbalance and cristae remodeling, destabilize respiratory
supercomplexes and impair OXPHOS. Disrupted BCL2-associated agonist of cell death
(BAD)—glucokinase and BCL2-associated X protein (BAX) signaling uncouples glycolysis
from respiration, while the loss of the mitochondrial membrane potential disrupts calcium
(Ca?") handling and endoplasmic reticulum (ER)-mitochondria crosstalk. Collectively,
these defects weaken B-cell lymphoma 2 (Bcl-2)/B-cell lymphoma-extra large (Bcl-xL) sur-
vival pathways, enhance chaperone-mediated autophagy (CMA) dependent degradation
of enzymes (e.g., HK2), and increase cellular stress sensitivity [24-26].
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Mitochondrial proteins
encoded by nuclear genes

Mitochondrial Mitochgndrial Mitochondrial Mitochondrial Mitochondrial. ion
OXPHOS me_tabollsm _and maintenance and ymiamics and metabolite
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Figure 2. Functional groups of mitochondrial proteins encoded by nuclear genes. Boxes in the figure
show functional classification of nuclear-encoded mitochondrial genes with acquired P/LP variants
in GBM-P and GBM-R samples.

Due to the central role of mitochondria in cellular bioenergetics, redox balance, and
apoptotic signaling, mitochondrial dysfunction is closely linked to the development of
cancer biology and treatment resistance, and specifically to those of GBM [9,27]. A well-
described metabolic characteristic of cancers is oxidative glycolysis or Warburg effect, when
energy is predominantly produced by glycolysis even in the presence of oxygen. This pro-
cess leads to lactic acid fermentation in the cytosol, rather than oxidative phosphorylation
in mitochondria. While this is an inefficient way of producing ATP, oxidative glycolysis
allows tumors cells to survive in a hypoxic environment, producing important metabolites
for rapid proliferation and promotes tumor invasion. In addition to an altered glucose
metabolism, changes in amino acid and lipid metabolism, impaired cell death/survival
regulation, increased mitochondrial biogenesis, upregulation of mitochondrial fission,
and altered mitophagy have all been found and linked to the accumulation of acquired
mitochondrial protein variants in cancers [17].

According to data from the International Cancer Genome Consortium (ICGC) and The
Cancer Genome Atlas (TCGA), mtDNA mutations are present in approximately 60% of
solid tumors. These acquired somatic mutations are characterized by heteroplasmy (the
coexistence of mutant and wild-type mtDNA species within a single cell) and believed
to occur early in carcinogenesis as essential events in neoplastic transformation that also
involves alterations in OXPHOS or mitochondrial ribosomal function, impaired ATP pro-
duction, and increased oxidative stress [28,29]. Pathogenic mtDNA mutations and deletions
typically result in a clinical phenotype only when they exceed a threshold level, approxi-
mately 80% for point mutations and 60% for deletions, within affected tissues [30,31]. While
such heteroplasmy levels are well-described in classical mitochondrial disorders, their rele-
vance in cancer, particularly GBM, remains unclear. Indeed, the biological significance of
somatic mtDNA variants in GBM has not yet been systematically explored in experimental
systems. A few recent studies have examined the impact of mtDNA copy number variation
in GBM, but their findings are also somewhat contradictory. While a low mtDNA copy
number was linked to therapy resistance and stemness features, a higher copy number
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was associated with improved prognosis and overall survival [32,33]. Of note, numerous
studies analyzed the accumulation of somatic genomic variants in GBM using array-based
or sequencing methodologies; nevertheless, we found only a few reports regarding the
roles of such variants in nuclear-encoded mitochondrial genes in GBM [14,15] and none in
sequential GBM.

Therefore, here we simultaneously analyzed mtDNA and nuclear DNA-encoded vari-
ants of mitochondrial genes in paired GBM-P and GBM-R samples to assess their frequency,
distribution, and potential functional relevance relying on databases such as Mitomat and
ClinVar, along with ACMG autoclassification included in our analysis software, VarSeq
(for details, see Section 4). The ACMG autoclassification is based on population-frequency
data, bioinformatic predictions, functional studies, segregation information, the published
literature and clinical observations when sorting variants into benign, likely benign, variant
of uncertain significance (VUS), likely pathogenic and pathogenic categories.

We detected relatively few somatic mtDNA variants with no consistent directional
changes in total mtDNA variant counts when GBM-P and GBM-R samples were compared
(Tables 1 and 2, Supplementary Table S1A). According to the Mitomap database, most
filtered variants, particularly those with high VAF values, were ancient haplogroup poly-
morphisms, likely representing germline variants that passed through the germline filtering.
This observation aligns with previous GBM mtDNA studies highlighting the difficulty of
distinguishing true somatic mutations from inherited polymorphisms. Kirches et al. [34]
performed direct sequence comparisons between a GBM tumors and corresponding blood
samples, and found that many mtDNA variants initially presumed to be somatic were
in fact ancient haplogroup-defining germline polymorphisms [34]. These observations
also align with the findings of Vega et al. [35], who reported that cells harboring intact or
minimally mutated mtDNA are preferentially selected and retained in a highly proliferative
environment. Only a small fraction of mtDNA variants may have functional significance
and contribute directly to tumorigenesis, with the majority representing known polymor-
phisms [35]. Presumably variants with a low level of VAF (<30%) can be considered true
somatic variants.

In our cohort, only three mtDNA variants (71 M:4268, ND5 M:13028, ND1 M:3502)
had this lower level of VAE. These three variants were only identified in GBM-R sam-
ples, and were associated with possible or likely pathogenic significance according to the
Mitomap in silico prediction tool (Table 1). This observation is supported by previous
studies showing that Complex I genes, particularly ND5, are frequent mutational hotspots
in GBM [14]. The TI M:4268 variant has been associated with defective mitochondrial
processing of tRNA isoleucine [36] which may impair protein synthesis and compromise
mitochondrial function in metabolically demanding tumor cells. ND1 and ND5 encode
core subunits of Complex I. Mutations in these genes are known to impair OXPHOS,
elevate ROS levels, and promote metabolic rewiring in cells, thereby supporting tumor
growth and leading to therapy resistance [14,37]. tRNA gene mutations can reduce the
translational efficiency of mitochondrial-encoded proteins, further destabilizing cellular
energy balance and redox homeostasis. The detection of these low-heteroplasmy variants
in recurrent tumors suggests clonal selection or adaptive shifts in mitochondrial function
under therapeutic pressure. Such changes may promote an overall metabolic state that sup-
ports GBM survival, treatment resistance and progression. Although few somatic mtDNA
variants were found, their presence in key Complex I subunits and tRNA regions may
have significant implications for tumor evolution. Overall, most mtDNA mutations were
nucleotide transitions resulting in missense mutations and showed an unequal distribution
between the heavy strand and light strand, with a predominance in the heavy strand, a
pattern previously associated with modifier effects in GBM tumorigenesis [38]. With the
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exclusion of ancient polymorphisms, we identified eight missense, one synonymous, and
seven non-coding or upstream variants in the GBM-P cohort, compared to seven missense
and four non-coding or upstream variants in the GBM-R cohort. This comparison showed
a persistence of missense variants, while several non-coding changes were lost, suggesting
that protein-altering variants may be preferentially retained during recurrence. Altogether,
these findings suggest that mtDNA mutations in GBM are predominantly missense, with
most classified as likely or possibly benign by in silico prediction tools, indicating they
are unlikely to be major drivers of tumor evolution or recurrence. Nevertheless, it is
also important to note that most somatic mtDNA point mutations in GBM were reported
within the D-loop region [38], a known mutational hotspot during population evolution,
aging, and oncogenesis. For technical reasons, we omitted this region from our study (as
our kit had probes only for gene-coding mtDNA regions), and focused on tRNA, rRNA,
and protein-coding genes of mtDNA, which are presumed to have more direct biological
effects [9,38].

While mtDNA alterations appeared relatively limited in number and impact, the
analysis of nuclear-encoded mitochondrial genes revealed a different picture in our sample
cohort. Here, we focused on and presented only ClinVar-based P/LP variants in these
genes and omitted from the presentation benign and VUS variants (details of all nuclear
mitochondrial gene variants can be seen in the Supplementary Table S1B). To our surprise,
an array of P/LP variants were detected in nuclear mitochondrial genes, a finding that
has not been reported in previous whole genome or exome next-generation sequencing
(NGS) studies in GBM (Table 3). In our prior WES study involving the same sample pairs,
we used different bioinformatics filtering and performed a glioma panel analysis which
lacked the mitochondrial target genes, explaining why the nuclear-encoded mitochondrial
genes were not then reported [8]. From a bioinformatics perspective, the key distinction
between the previous glioma panel and the present mitochondrial panel study lies in the
use of population and COSMIC databases for variant filtering in the former analysis. From
the perspective of panel components, only a limited set of genes—DCC, FH, PDK1, SDHA,
SDHAF2, SDHB, SDHC, and SDHD—were included in both the glioma and the mitochon-
drial gene panels. Among these, only SDHAF2 and SDHB harbored likely pathogenic or
pathogenic variants according to the ACMG classification and ClinVar entries in the glioma
panel analysis.

Why other NGS-based analyses missed detecting variants in nuclear genes of mito-
chondrial proteins may be related to a more stringent filtering or the lack of sufficient
coverage and sensitivity to detect variants with lower VAF in these genes. The VAF val-
ues for most of our detected P/LP variants were below 30%. Alternatively, the use of a
dedicated gene panel in our analyses might have enriched and enhanced prominence of
mitochondrial variants in our samples. Our data interestingly suggest that nuclear-encoded
mitochondrial gene variants are present in both early and late GBM, but generally do
not persist over time, consistent with a high clonal turnover and a dynamic metabolic
adaptation of tumor cells.

The P/LP classification used here follows the ACMG guidelines and links the iden-
tified variants to inherited diseases associated with proven impaired biological function
of the encoded mitochondrial proteins. Cancer is not a primary (inherited) mitochondrial
disorder, but the acquired genetic alterations during oncogenesis and gliomagenesis may
impair proteins and biological pathways also altered in mitochondrial diseases [17]. There-
fore, an established functional significance of the detected GBM variants and a biological
dysfunction of affected proteins may be assumed. Many of these affected proteins play
central roles in energy metabolism, mitochondrial genome maintenance and expression,
protein folding and quality control, signaling, and membrane dynamics [19]. The observed
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variants may therefore contribute to the functional rewiring of mitochondrial processes
during tumor evolution (Figure 2). Based on the comparisons of GBM-P and GBM-R
profiles, these mutations may appear and disappear during disease progression, likely
reflecting the selective pressure imposed by high metabolic demand, rapid proliferation,
and necrosis. Notably, P/LP variants in genes such as SDHB, SDHAF2, POLG, TWNK, the
SLC family genes, and FH, along with the enrichment of truncating variants at recurrence,
support the notion that nuclear-encoded mitochondrial protein dysfunction is a dynamic
driver of GBM evolution [3,9,39]. Functionally, turnover and recurrent acquisition of these
variants may reflect shifting metabolic demands under hypoxia, proliferative pressure and
therapy, selecting for tumor clones capable of fine-tuning OXPHOS vs. oxidative glycolysis
balance, ROS handling and mitochondrial quality control [9]. The increase in truncating
variants at GBM-R suggests stronger selection for broader pathway changes rather than
small effects from single missense mutations.

In summary, this study provides insight into characteristic genomic changes and
dynamics in paired primary and recurrent GBM samples. A strength of our approach is
the use of deep bioinformatic analyses, which enhanced the detection of relevant variants
and demonstrated the potential diagnostic value of NGS in individual cases. Limitations
include the use of FFPE-derived DNA, which increased the risk of artifact detection despite
rigorous filtering. The alkylating agent temozolomide is also mutagenic, which might
have affected the mutational profiles of the GBM-R samples. Further, the small cohort
size constrains the identification of novel variants, particularly of the recurrent variants,
as well as the interpretation of findings. Due to the short survival of patients with GBM,
the numbers of recurrent sample pairs were low to start with, and after quantitative and
qualitative evaluation of the samples left over from prior clinical and research work up,
the sample numbers further dropped. The targeted gene panel focused on known genes
and pathways, but the immediate therapeutic application of the findings remains limited.
As the occurrence of somatic mutations appears largely stochastic, it is somewhat difficult
to perform clinically relevant in vitro functional studies. Therefore, in this small study
we relied on ClinVar- and Mitomap-based classification to support the interpretation of
their potential pathogenicity. How these variants with pathogenic and likely pathogenic
significance specifically affect GBM tumor growth, merits further studies.

Our study revealed several new findings including a contrast between mtDNA and
nuclear-encoded mitochondrial variants in GBM. Somatic mtDNA mutations were sparse
and functionally questionable (with the exception of a few late-appearing P and LP vari-
ants), thereby suggesting limited tolerance for OXPHOS disruption in mtDNA-encoded
proteins. In contrast, nuclear-encoded mitochondrial genes showed a broader and more dy-
namic spectrum of pathogenic variants, particularly truncating events, reflecting metabolic
selection and clonal turnover during progression and therapy. While some mtDNA muta-
tions affecting OXPHOS may contribute to therapy resistance, their overall functional role
remains unclear, limiting their prognostic utility. By comparison, the greater adaptability of
nuclear mitochondrial alterations underscores their potential as key modulators of tumor
metabolism. Detection of recurrent somatic variants in large GBM cohorts, and integration
of nuclear and mitochondrial genomic data with metabolic profiling will be essential to
identify actionable vulnerabilities and guide network-level therapeutic strategies.

4. Materials and Methods
4.1. Subjects of the Study and Samples

Surgically excised FFPE GBM specimens were obtained in the period of 2003 and
2016 at the Department of Pathology, University of Pecs (UP). Blocks left over from clini-
copathological evaluation were subjects of the present analyses. The study was approved
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(Number: 7517 PTE 2018) by the Regional Clinical Research Ethics Committee of the UP.
After histological quality screening and DNA quantitative and qualitative assessments, ten
pairs of immunehistologically proven isocitrate dehydrogenase (IDH)-1 R132H mutation
negative initial (GBM-P) and recurrent (GBM-R) tumors from patients with late onset
disease [age range: 39-66 years] were included. With the exception of one patient (GBM 7),
who only had surgery and irradiation (prior to the approval of the Stupp protocol), all
patients were treated with surgery, radiation therapy and temozolomide medication [40].
The clinical characteristics of patients are shown in Table 4. The diagnosis of primary (de
novo) GBM was established based on standard clinical and histopathological criteria at
the time when the study was initiated [1] and subsequently upgraded according to the
2021 WHO CNSS criteria [2]. Thus, the selected IDH-1 R132H wild-type specimens had
the histological features of high mitotic index, microvascular proliferation, necrosis and
atypia, while also having the molecular characteristics of GBM according to the WHO
CNSS5 criteria. Whole exome sequencing confirmed that these samples were all IDH1/2
wild-type. Of the 10 GBM-P, 6 had EGFR amplification, 2 homozygous and 1 heterozygous
CDKN2A deletions. Of the 10 GBM-R samples, 7 had EGFR amplification, 2 homozygous
and 3 heterozygous 10 CDKN2A deletions. Targeted sequencing revealed that eight of the
GBM-P and nine of the GBM-R samples carried TERT promoter mutation (for details see
Reference [8]). Primary tumor specimens were surgically obtained before, and recurrent
specimens after, chemoradiation. As these samples were used in previous studies, details
of sample characteristics have been reported [8].

4.2. Sample Preparation and Quality Check

DNA was isolated from FFPE tissue sections received from the Department of Pathol-
ogy of UP. The samples were deparaffinized with xylene, and after washing with alcohol,
the QIAamp DNA FFPE Tissue Kit (Qiagen®, Hilden, Germany) was used for the iso-
lation of DNA. In the final step, DNA was eluted from the columns in 50 pL buffer
and stored at —20 °C until further use. The concentration of the eluates was deter-
mined using the Qubit™ 1X dsDNA HS Assay Kit on a Qubit 4 Fluorimeter (Invitrogen,
Carlsbad, CA, USA). Fragment analysis of the eluted DNA was performed by using the
Agilent Genomic DNA Genomic DNA ScreenTape Assay kit on an Agilent 4200 TapeStation
System (Agilent Technologies, Santa Clara, CA, USA). In the primary samples, the average
rate was 50.34 £ 13.91% SD between 200 and 2000 bp fragments, while the average rate
was 36.76 = 8.75% between 2000 and 60,000 bp fragments. In the recurrent samples,
the average rate was 58.13 £ 11.75% SD between 200 and 2000 bp fragments, while the
average rate was 29.61 £ 9.12% between 2000 and 60,000 bp fragments [8]. Because of
the fragmentation of DNA isolated from FFPE blocks, we attempted no analyses of copy
number variations in this study.

4.3. Library Preparation

The mitochondrial (mt)DNA library preparation was conducted using DNA Prep with
Enrichment (Illumina Inc., San Diego, CA, USA). Briefly, 100 ng FFPE DNA was tagmented,
amplified and purified. Target capture was performed using the Twist Mitochondrial probes
(Twist BioScience, South San Francisco, CA, USA). The nuclear (n)DNA library prepara-
tion was performed using the Sure Select Human All Exon V7 kit (Agilent Technologies,
Santa Clara, CA, USA). Briefly, 50 ng DNA was enzymatically fragmented, end prepped,
adaptor ligated and amplified. Hybridization was performed using Human All Exon V7
probes (Agilent Technologies, Santa Clara, CA, USA). The captured libraries were assessed
using TapeStation 4200 and Qubit 3.0 (Invitrogen, Carlsbad, CA, USA). The mtDNA li-
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braries were sequenced on an Illumina NovaSeq 6000 machine as part of our WES analyses
(IIIumina Inc., San Diego, CA, USA) for 2 x 150 paired end reads (see details [8]).

4.4. Bioinformatics for the Evaluation of mtDNA and nDNA Sequences

MtDNA and nDNA raw FASTQ files were generated, including basecalling and de-
multiplexing, by using bcl2fastq (v2.20.0.422) [41] on a local HPC cluster. Raw data quality
was assessed with FastQC (v0.11.9) [42]. Subsequently, datasets were filtered and adapters,
as well as low-quality bases and reads, were removed using fastp (v0.21.0) [42]. Clean,
high-quality sequences were aligned to the human reference genome (GRCh37) in the case
of nDNA, and to the Cambridge Reference Sequence (rCRS) of the Human Mitochondrial
DNA (GenBank sequence: NC_012920) in case of mtDNA, using the bwa mem algorithm
(v0.7.17) [43]. Default parameters were applied for chromosomal alignments, while specific
parameters were used for mtDNA sequences (params: -M -K 100,000,000 -p -v 3 -Y).

SAM/BAM file modifications (e.g., sorting, adding read group information, indexing)
were performed using various Picard Tools (v2.23.3) subcommands [44]. Mapping statistics
and coverage metrics for both the whole exome and mtDNA were calculated using Picard
Tools (v2.23.3) [44] and Qualimap (v2.2.1) bamqc [45], respectively. Before variant calling,
base quality scores were recalibrated with the GATK Base Quality Score Recalibration
(BQSR) module (v4.1.4.1) [46]. Somatic mtDNA single-nucleotide variants (SNVs) and
short insertions and deletions (INDELSs) were identified using the LoFreq algorithm [46],
which was run in mitochondrial mode for mtDNA variant detection [47]. Somatic nDNA
SNVs and INDELs were identified by GATK Mutect2 algorithm [46]. Finally, raw variants
were pre-filtered by the GATK FilterMutectCalls module [46]. The components of the
mitochondrial gene panel including the mitochondrial- and nuclear-encoded mitochondrial
protein genes used in the analyses are shown in Supplementary Table S1C.

For mitochondrial and nuclear variant evaluation, the VarSeq software (v2.6.0;
Golden Helix, Inc., Bozeman, MT, USA) was used for annotation and filtering of SNVs and
INDELs. MtDNA and nDNA sequences from GBM pairs were uploaded as individual sin-
gletons. Only PASS-tagged variants were retained using the Low-Frequency Mitochondrial
(mtDNA) Variant Caller and GATK FilterMutectCalls. Filtering criteria included a read
depth > 50 in both samples, while variant allele frequency (VAF) thresholds were >5%
for mitochondrial variants and >15% for nuclear variants. Variants with entries in dbSNP
(dbSNP Common 155, NCBI) were excluded. MtDNA variants with missing or <4 HRUN
tag values (homopolymer length to the right of the reported indel position) were retained
and a targeted gene panel (in Supplementary Table S1C) was used to focus on nuclear genes
encoding mitochondrial proteins. As a final filtering step, mtDNA variants affecting both
coding genes and short intergenic regions between genes were included for evaluation.

MtDNA variants identified by VarSeq were classified based on entries and in sil-
ico predictions in the MITOMAP database (https://www.mitomap.org/MITOMAP, ac-
cessed on 14 January 2026). nDNA variants identified by VarSeq were assessed accord-
ing to the ACMG guidelines and the VarSeq’s autoclassification framework, which in-
tegrates population-frequency data, bioinformatic predictions, functional studies, segre-
gation information, the published literature, clinical observations, and ClinVar entries
(https:/ /www.ncbinlm.nih.gov/clinvar/, accessed on 14 January 2026). Both the ACMG
guideline and VarSeq autoclassification sort variants into benign, likely benign, VUS, likely
pathogenic, and pathogenic categories. Most variants classified as pathogenic or likely
pathogenic in the databases are supported by functional data in the literature. Variants as-
sessed by VarSeq autoclassification, were cross-referenced by data in the ClinVar database.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms27041773 /s1. Reference [48] is cited in the Supplementary Materials.
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BAD BCL2-associated agonist of cell death
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Bcl-2 B-cell lymphoma 2

Bcl-xL B-cell lymphoma-extra large

CMA chaperone-mediated autophagy
CNV central nervous system

CNV copy number variations

ER endoplasmic reticulum

ETC electron transport chain

FADH flavin adenine dinucleotide

FFPE formalin-fixed, paraffin-embedded
GBM glioblastoma

GBM-P primary glioblastoma
GBM-R recurrent glioblastoma
ICGC International Cancer Genome Consortium
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IDH isocitrate dehydrogenase

LP likely pathogenic

mtDNA mitochondrial DNA

NADH nicotinamide adenine dinucleotide

NGS next-generation sequencing

OXPHOS oxidative phosphorylation

P pathogenic

rCRS revised Cambridge Reference Sequence

ROS reactive oxygen species

rRNA ribosomal RNA

SNV included single nucleotide variant

TCA tricarboxylic acid

TCGA The Cancer Genome Atlas

upP University of Pecs

VAF variant allele frequency

WHO World Health Organization
References
1. Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;

10.

11.

12.

13.

14.

15.

Kleihues, P; Ellison, D.W. The 2016 World Health Organization classification of tumors of the central nervous system: A summary.
Acta Neuropathol. 2016, 131, 803-820. [CrossRef]

Louis, D.N.; Perry, A.; Wesseling, P,; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, HK.; Pfister, S.M.; Reifenberger,
G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro Oncol. 2021, 23, 1231-1251.
[CrossRef] [PubMed]

Sadowski, K.; Jazdzewska, A.; Koztowski, J.; Zacny, A.; Lorenc, T.; Olejarz, W. Revolutionizing glioblastoma treatment: A
comprehensive overview of modern therapeutic approaches. Int. J. Mol. Sci. 2024, 25, 5774. [CrossRef]

Kraboth, Z.; Galik, B.; Tompa, M.; Kajtar, B.; Urban, P.; Gyenesei, A.; Miseta, A.; Kalman, B. DNA CpG methylation in sequential
glioblastoma specimens. J. Cancer Res. Clin. Oncol. 2020, 146, 2885-2896. [CrossRef] [PubMed]

Kraboth, Z.; Kajtar, B.; Galik, B.; Gyenesei, A.; Miseta, A.; Kalman, B. Involvement of the catecholamine pathway in glioblastoma
development. Cells 2021, 10, 549. [CrossRef]

Tompa, M.; Kajtar, B.; Galik, B.; Gyenesei, A.; Kalman, B. DNA methylation and protein expression of Wnt pathway markers in
progressive glioblastoma. Pathol. Res. Pract. 2021, 222, 153429. [CrossRef]

Tompa, M.; Kraboth, Z.; Galik, B.; Kajtar, B.; Gyenesei, A.; Kalman, B. Epigenetic suppression of the IL-7 pathway in progressive
glioblastoma. Biomedicines 2022, 10, 2174. [CrossRef]

Tompa, M.; Galik, B.; Urban, P; Kajtar, B.I.; Kraboth, Z.; Gyenesei, A.; Miseta, A.; Kalman, B. On the boundary of exploratory
genomics and translation in sequential glioblastoma. Int. J. Mol. Sci. 2024, 25, 7564. [CrossRef] [PubMed]

Barros, M.B.L.; Pinheiro, D.D.R.; Borges, B.D.N. Mitochondrial DNA alterations in glioblastoma (GBM). Int. J. Mol. Sci. 2021,
22,5855. [CrossRef]

Szmyd, B.; Stanistawska, P.; Podstawka, M.; Zaczkowski, K.; Izbiniski, PM.; Kulczycka-Wojdala, D.; Stawski, R.; Wisniewski,
K.; Janczar, K.; Braun, M.; et al. D-loop mutations as prognostic markers in glioblastoma—A pilot study. Int. J. Mol. Sci. 2024,
25,4334, [CrossRef]

Soltész, B.; Pos, O.; Wlachovska, Z.; Budis, J.; Hekel, R.; Strieskova, L.; Liptak, J.B.; Krampl, W.; Styk, J.; Németh, N.; et al.
Mitochondrial DNA copy number changes, heteroplasmy, and mutations in plasma-derived exosomes and brain tissue of
glioblastoma patients. Mol. Cell. Probes 2022, 66, 101875. [CrossRef]

Soon, B.H.; Abu, N.; Abdul Murad, N.A.; Then, S.M.; Abu Bakar, A.; Fadzil, F. Somatic mitochondrial DNA mutations in different
grades of glioma. Pers. Med. 2022, 19, 25-39. [CrossRef] [PubMed]

Sourty, B.; Dardaud, L.M.; Bris, C.; Desquiret-Dumas, V.; Boisselier, B.; Basset, L.; Figarella-Branger, D.; Morel, A.; Sanson, M.;
Procaccio, V.; et al. Mitochondrial DNA copy number as a prognostic marker is age-dependent in adult glioblastoma. Neurooncol.
Adv. 2022, 4,191. [CrossRef] [PubMed]

Larman, T.C.; DePalma, S.R.; Hadjipanayis, A.G.; The Cancer Genome Atlas Research Network; Protopopov, A.; Zhang, J.;
Gabriel, S.B.; Chin, L.; Seidman, C.E.; Kucherlapati, R.; et al. Spectrum of somatic mitochondrial mutations in five cancers. Proc.
Natl. Acad. Sci. USA 2012, 109, 14087-14091. [CrossRef]

Li, S,; Gai, X.; Myint, S.S.; Arroyo, K.; Morimoto, L.; Metayer, C.; de Smith, A.J.; Walsh, KM.; Wiemels, J.L. Mitochondrial 1555
G>A variant as a potential risk factor for childhood glioblastoma. Neuro-Oncol. Adv. 2022, 4, vdac045. [CrossRef]

https://doi.org/10.3390/ijms27041773


https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1093/neuonc/noab106
https://www.ncbi.nlm.nih.gov/pubmed/34185076
https://doi.org/10.3390/ijms25115774
https://doi.org/10.1007/s00432-020-03349-w
https://www.ncbi.nlm.nih.gov/pubmed/32779022
https://doi.org/10.3390/cells10030549
https://doi.org/10.1016/j.prp.2021.153429
https://doi.org/10.3390/biomedicines10092174
https://doi.org/10.3390/ijms25147564
https://www.ncbi.nlm.nih.gov/pubmed/39062807
https://doi.org/10.3390/ijms22115855
https://doi.org/10.3390/ijms25084334
https://doi.org/10.1016/j.mcp.2022.101875
https://doi.org/10.2217/pme-2021-0033
https://www.ncbi.nlm.nih.gov/pubmed/34873928
https://doi.org/10.1093/noajnl/vdab191
https://www.ncbi.nlm.nih.gov/pubmed/35118384
https://doi.org/10.1073/pnas.1211502109
https://doi.org/10.1093/noajnl/vdac045
https://doi.org/10.3390/ijms27041773

Int. J. Mol. Sci. 2026, 27,1773 18 of 19

16.
17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

Ernster, L.; Schatz, G. Mitochondria: A historical review. J. Cell Biol. 1981, 91, 227s-255s. [CrossRef] [PubMed]

Li, L.; Pan, D.; Ai, R.; Zhou, Y. Mitochondria-associated pathways in cancer and precancerous conditions: Mechanistic insights.
Int. ]. Mol. Sci. 2025, 26, 8537. [CrossRef]

Mei, J.; Ding, P.; Gao, C.; Zhou, J.; Li, Z.; Zhang, C.; Gao, ]. Mitochondrial diseases: Molecular pathogenesis and therapeutic
advances. MedComm 2025, 6, €70385. [CrossRef]

Calvo, S.E.; Clauser, K.R.; Mootha, VK. MitoCarta2.0: An updated inventory of mammalian mitochondrial proteins. Nucleic Acids
Res. 2016, 44, D1251-D1257. [CrossRef]

Nunnari, J.; Suomalainen, A. Mitochondria: In sickness and in health. Cell 2012, 148, 1145-1159. [CrossRef]

Kalman, B.; Laitinen, K.; Komoly, S. The involvement of mitochondpria in the pathogenesis of multiple sclerosis. J. Neuroimmunol.
2007, 188, 1-12. [CrossRef] [PubMed]

Liu, YJ.; Sulg, J.; Auwerx, J. Mitochondrial genetics, signalling and stress responses. Nat. Cell Biol. 2025, 27, 393-407. [CrossRef]
[PubMed]

Morgenstern, M.; Peikert, C.D.; Liibbert, P.; Suppanz, I.; Klemm, C.; Alka, O.; Steiert, C.; Naumenko, N.; Schendzielorz, A.;
Melchionda, L.; et al. Quantitative high-confidence human mitochondrial proteome and its dynamics in cellular context. Cell
Metab. 2021, 33, 2464-2483.e12. [CrossRef]

Youle, R.J.; van der Bliek, A.M. Mitochondrial fission, fusion, and stress. Science 2012, 337, 1062-1065. [CrossRef]

Chen, W.; Zhao, H.; Li, Y. Mitochondrial dynamics in health and disease: Mechanisms and potential targets. Signal Transduct.
Target. Ther. 2023, 8, 333. [CrossRef]

Csordés, G.; Weaver, D.; Hajn6czky, G. Endoplasmic reticulum—mitochondrial contactology: Structure and signaling functions.
Trends Cell Biol. 2018, 28, 523-540. [CrossRef]

Nagy, A.; Eder, K.; Selak, M. A.; Kalman, B. Mitochondrial energy metabolism and apoptosis regulation in glioblastoma. Brain Res.
2015, 1595, 127-142. [CrossRef] [PubMed]

Gammage, P.A.; Frezza, C. Mitochondrial DNA: The overlooked oncogenome? BMC Biol. 2019, 17, 53. [CrossRef]

Reznik, E.; Miller, M.L.; Senbabaoglu, Y.; Riaz, N.; Sarungbam, J.; Tickoo, S.K.; Al-Ahmadie, H.A.; Lee, W.; Seshan, V.E.; Hakimi,
A.A.; et al. Mitochondrial DNA copy number variation across human cancers. eLife 2016, 5, €10769. [CrossRef]

Zeviani, M.; Di Donato, S. Mitochondrial disorders. Brain 2004, 127, 2153-2172. [CrossRef]

Schapira, A.H.V. Mitochondrial diseases. Lancet 2012, 379, 1825-1834. [CrossRef]

Sravya, P.; Nimbalkar, V.P.; Kanuri, N.N.; Sugur, H.; Verma, B.K.; Kundu, P; Rao, S.; Krishna, A.U.; Somanna, S.; Kondaiah,
P; et al. Low mitochondrial DNA copy number is associated with poor prognosis and treatment resistance in glioblastoma.
Mitochondrion 2020, 55, 154-163. [CrossRef]

Shen, J.; Song, R.; Lu, Z.; Zhao, H. Mitochondrial DNA copy number in whole blood and glioma risk: A case-control study. Mol.
Carcinog. 2016, 55, 2089-2094. [CrossRef] [PubMed]

Kirches, E.; Krause, G.; Warich-Kirches, M.; Weis, S.; Schneider, T.; Meyer-Puttlitz, B.; Mawrin, C.; Dietzmann, K. High frequency
of mitochondrial DNA mutations in glioblastoma multiforme identified by direct sequence comparison to blood samples. Int. |.
Cancer 2001, 93, 534-538. [CrossRef]

Vega, A.; Salas, A.; Gamborino, E.; Sobrido, M.J.; Macaulay, V.; Carracedo, A. mtDNA mutations in tumors of the central nervous
system reflect the neutral evolution of mtDNA in populations. Oncogene 2004, 23, 1314-1320. [CrossRef]

Zhang, Y.; Zhang, Z.-L.; Fu, Y. Novel m.4268T>C mutation in the mitochondrial tRNA gene is associated with hearing loss in two
Chinese families. World J. Clin. Cases 2022, 10, 205. [CrossRef]

Yuan, Y; Ju, Y.S.; Kim, Y,; Li, J.; Wang, Y.; Yoon, C.J.; Yang, Y.; Martincorena, I.; Creighton, C.J.; Weinstein, ].N.; et al. Comprehensive
molecular characterization of mitochondrial genomes in human cancers. Nat. Genet. 2020, 52, 342-352, Correction in Nat. Genet.
2023, 55, 1078. [CrossRef] [PubMed]

Vidone, M.; Clima, R.; Santorsola, M.; Calabrese, C.; Girolimetti, G.; Kurelac, I.; Amato, L.B.; lommarini, L.; Trevisan, E.; Leone,
M.; et al. A comprehensive characterization of mitochondrial DNA mutations in glioblastoma multiforme. Int. J. Biochem. Cell
Biol. 2015, 63, 46-54. [CrossRef] [PubMed]

Grady, C.I; Walsh, L.M.; Heiss, ].D. Mitoepigenetics and gliomas: Epigenetic alterations to mitochondrial DNA and nuclear DNA
alter mtDNA expression and contribute to glioma pathogenicity. Front. Neurol. 2023, 14, 1154753. [CrossRef]

Stupp, R.; Mason, W.P;; van den Bent, M.].; Weller, M.; Fisher, B.; Taphoorn, M.].B.; Belanger, K.; Brandes, A.A.; Marosi, C.;
Bogdahn, U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. . Med. 2005, 352,
987-996. [CrossRef]

Andrews, S. FASTQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online:
https:/ /www.bioinformatics.babraham.ac.uk/projects/fastqc (accessed on 14 January 2026).

Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884-i890. [CrossRef]
Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows—Wheeler transform. Bioinformatics 2009, 25, 1754-1760.
[CrossRef] [PubMed]

https://doi.org/10.3390/ijms27041773


https://doi.org/10.1083/jcb.91.3.227s
https://www.ncbi.nlm.nih.gov/pubmed/7033239
https://doi.org/10.3390/ijms26178537
https://doi.org/10.1002/mco2.70385
https://doi.org/10.1093/nar/gkv1003
https://doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.1016/j.jneuroim.2007.03.020
https://www.ncbi.nlm.nih.gov/pubmed/17493689
https://doi.org/10.1038/s41556-025-01625-w
https://www.ncbi.nlm.nih.gov/pubmed/40065146
https://doi.org/10.1016/j.cmet.2021.11.001
https://doi.org/10.1126/science.1219855
https://doi.org/10.1038/s41392-023-01547-9
https://doi.org/10.1016/j.tcb.2018.02.009
https://doi.org/10.1016/j.brainres.2014.10.062
https://www.ncbi.nlm.nih.gov/pubmed/25451120
https://doi.org/10.1186/s12915-019-0668-y
https://doi.org/10.7554/eLife.10769
https://doi.org/10.1093/brain/awh259
https://doi.org/10.1016/S0140-6736(11)61305-6
https://doi.org/10.1016/j.mito.2020.10.001
https://doi.org/10.1002/mc.22453
https://www.ncbi.nlm.nih.gov/pubmed/26756431
https://doi.org/10.1002/ijc.1375
https://doi.org/10.1038/sj.onc.1207214
https://doi.org/10.12998/wjcc.v10.i1.205
https://doi.org/10.1038/s41588-019-0557-x
https://www.ncbi.nlm.nih.gov/pubmed/32024997
https://doi.org/10.1016/j.biocel.2015.01.027
https://www.ncbi.nlm.nih.gov/pubmed/25668474
https://doi.org/10.3389/fneur.2023.1154753
https://doi.org/10.1056/NEJMoa043330
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/btp324
https://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.3390/ijms27041773

Int. J. Mol. Sci. 2026, 27,1773 19 of 19

44.

45.

46.

47.

48.

Picard Toolkit. Available online: https:/ /broadinstitute.github.io/picard (accessed on 27 June 2023).

Okonechnikov, K.; Conesa, A.; Garcia-Alcalde, F. Qualimap 2: Advanced multi-sample quality control for high-throughput
sequencing data. Bioinformatics 2016, 32, 292-294. [CrossRef] [PubMed]

Van der Auwera, G.A.; Carneiro, M.; Hartl, C.; Poplin, R.; del Angel, G.; Levy-Moonshine, A.; Jordan, T.; Shakir, K.; Roazen, D,;
Thibault, J.; et al. From FastQ data to high-confidence variant calls: The Genome Analysis Toolkit best practices pipeline. Curr.
Protoc. Bioinform. 2013, 43, 11.10.1-11.10.33. [CrossRef] [PubMed]

Wilm, A.; Aw, PPK.; Bertrand, D.; Yeo, G.H.T.; Ong, S.H.; Wong, C.H.; Khor, C.C; Petric, R.; Hibberd, M.L.; Nagarajan, N. LoFreq:
A sequence-quality aware, ultra-sensitive variant caller for uncovering cell-population heterogeneity from high-throughput
sequencing datasets. Nucleic Acids Res. 2012, 40, 11189-11201. [CrossRef]

Bolze, E.; Mendez, F.; White, S.; Tanudjaja, F,; Isaksson, M.; Jiang, R.; Dei Rossi, A.; Cirulli, E.T.; Rashkin, M.; Metcalf, W.J. A
catalog of homoplasmic and heteroplasmic mitochondrial DNA variants in humans. bioRxiv 2020, 798264. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ijms27041773


https://broadinstitute.github.io/picard
https://doi.org/10.1093/bioinformatics/btv566
https://www.ncbi.nlm.nih.gov/pubmed/26428292
https://doi.org/10.1002/0471250953.bi1110s43
https://www.ncbi.nlm.nih.gov/pubmed/25431634
https://doi.org/10.1093/nar/gks918
https://doi.org/10.1101/798264
https://doi.org/10.3390/ijms27041773

	Introduction 
	Results 
	Comparisons of Somatic mtDNA Variants in GBM-P and GBM-R Samples 
	mtDNA Variants in GBM-P Samples (Table 1) 
	mtDNA Variants in GBM-R Samples (Table 1) 
	Comparison of mtDNA Variant Numbers in GBM-P and GBM-R Samples (Table 2) 

	Pathogenic and Likely Pathogenic Somatic Variants in Nuclear-Encoded Genes of Mitochondrial Proteins in GBM-P and GBM-R (Table 3) 

	Discussion 
	Materials and Methods 
	Subjects of the Study and Samples 
	Sample Preparation and Quality Check 
	Library Preparation 
	Bioinformatics for the Evaluation of mtDNA and nDNA Sequences 

	References

