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Abstract

Background. Childhood glioblastoma multiforme (GBM) is a highly aggressive disease with low survival, and its
etiology, especially concerning germline genetic risk, is poorly understood. Mitochondria play a key role in puta-
tive tumorigenic processes relating to cellular oxidative metabolism, and mitochondrial DNA variants were not
previously assessed for association with pediatric brain tumor risk.

Methods. We conducted an analysis of 675 mitochondrial DNA variants in 90 childhood GBM cases and 2789 con-
trols to identify enrichment of mitochondrial variant associated with GBM risk. We also performed this analysis for
other glioma subtypes including pilocytic astrocytoma. Nuclear-encoded mitochondrial gene variants were also
analyzed.

Results. We identified m1555 A>G was significantly associated with GBM risk (adjusted OR 29.30, 95% CI 5.25-
163.4, Pvalue 9.5 X 10-%). No association was detected for other subtypes. Haplotype analysis further supported
the independent risk contributed by m1555 G>A, instead of a haplogroup joint effect. Nuclear-encoded mitochon-
drial gene variants identified significant associations in European (rs62036057 in WWOX, adjusted OR = 2.99, 95%
Cl 1.88-4.75, P-value = 3.42 X 107%) and Hispanic (rs111709726 in EFHD1, adjusted OR = 3.57, 95% CI 1.99-6.40,
P-value = 1.41 X 1075) populations in ethnicity-stratified analyses.

Conclusion. We report for the first time a potential role played by a functional mitochondrial ribosomal RNA variant
in childhood GBM risk, and a potential role for both mitochondrial and nuclear-mitochondrial DNA polymorphisms
in GBM tumorigenesis. These data implicate cellular oxidative metabolic capacity as a contributor to the etiology
of pediatric glioblastoma.

Key Points
e m1555 G>A variant is associated with increased childhood GBM risk.

e Both mitochondrial and nuclear-mitochondrial DNA polymorphisms play a potential role
in GBM tumorigenesis.

Glioma is the most common central nervous system (CNS) features.? While the majority of pediatric gliomas are be-
tumor in children,’ and it consists of a diverse group of nign, low-grade cases, some subtypes are high-grade and
subtypes with astrocytic, oligodendroglial, and ependymal progress rapidly.®> For example, childhood glioblastoma

© The Author(s) 2022. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of Neuro-Oncology.

Thisis an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact journals.permissions@oup.com


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-0544-5338
https://orcid.org/0000-0002-1509-739X
mailto:wiemels@usc.edu?subject=
mailto:kyle.walsh@duke.edu?subject=

Li et al. Mitochondrial 1555 G>A in childhood GBM

Importance of the Study

We report for the first time that both mito-
chondrial and nuclear-mitochondrial DNA
polymorphisms are associated with pediatric
glioblastoma risk. In particular, the m1555
variant was significantly associated with
GBM risk. M1555 was previously reported to
be associated with other metabolic conditions

multiforme (GBM) is a high-grade glioma, likely
originating from glial cells or neural precursor cells.
Although it is a rare disease compared to adult GBM,
only accounting for 3-15% of primary central nervous
system (CNS) tumors in children,* the disease is very
aggressive with poor prognosis. Surgical resection and
chemo-radiotherapy remain the standard treatment for
childhood glioblastoma, and three-year survival is less
than 20% 5; therefore, prevention is a worthwhile goal.
Prevention hinges on an understanding of the etiology
of childhood GBM, which remains largely unknown.
Etiologic research on pediatric brain tumors has inves-
tigated environmental risk factors such as radiation, air
pollution, pesticides, and diet,®7 but genetic risk factors
that impact cellular metabolism and hence the metabo-
lism of xenobiotics have received little attention.

One of the primary organelles that could be involved
in glioma tumorigenesis is mitochondria (mt), via the for-
mation of damaging reactive oxygen species produced
during oxidative phosphorylation and ATP synthesis in
biological processes such as inflammation, immune re-
sponse, and mitosis.8 The majority of proteins involved
in mitochondrial functions are encoded by nuclear genes
(n-mt genes), of which there are approximately 1300
in the mitochondrial pathway.® However, mitochondria
also maintain their own DNA, which is crucial to cellular
respiratory functions. The 16 kb human mitochondrial
genome (mtDNA) is double-stranded, circular, and ma-
ternally inherited, and encodes 37 genes including respi-
ratory complexes (I, lll, IV, and V), tRNAs, and rRNAs for
mtRNA translation. Variation in mtDNA has been causally
linked to multiple diseases including MERRF syndrome,
an encephalomyopathy with a mix of neurological and
myopathic symptoms.’® Expectedly, mtDNA diseases typi-
cally affect organs that have a high demand for respiratory
functions, namely brain and muscles. Recent sequencing
studies demonstrated that somatic alterations of mtDNA
may be important drivers of multiple childhood cancers
including CNS tumors,” with the highest rates of variants
found in high-grade gliomas.'?These findings inspired the
current investigation.

We explored whether germline mitochondrial DNA vari-
ants play a role in pediatric glioma risk, using single nu-
cleotide polymorphism (SNP) array data from a California
registry-based case-control study. We concentrated this
analysis on the glioblastoma subtype given its demon-
strated high frequency of somatic mitochondrial variants
in tumor cells."?

(hearing loss, lower height etc.), and our find-
ings suggest mitochondrial energy synthesis-
related pathways may play a role in GBM
tumorigenesis. This finding could deepen our
understanding and generate new hypotheses
on the etiology of this rare but aggressive
tumor.

Methods
Population

Subjects were derived from the California Childhood Cancer
Records Linkage Project (CCRLP), a case-control study de-
scribed previously.'® Briefly, glioma cases were diagnosed
before the age of 20 years old from 1988 to 2011, and were
born in California between 1982 and 2009. Histologic sub-
types of glioma included pilocytic astrocytoma (POL,
International Classification of Diseases (ICD)'* HISTO-T3 code
9421), nonpilocytic astrocytoma (AST, ICD HISTO-T3 code >
9400, and <9424 and is not 9421), glioblastoma (GBM, ICD
HISTO-T3 code = 9440) and oligodendroglioma (OLG, ICD
HISTO-T3 code = 9450 or 9451). All diagnoses were primary.
California-born Controls were cancer-free and 1:1 individu-
ally matched to cases based on birthdate, sex, and maternal
race/ethnicity through the California Vital Statistics records
(Tables 1 and 2). Only European and Latino subjects are in-
cluded in this study due to their sufficient sample sizes for
analytic power. The final sample size included 2780 glioma
cases and 2789 controls. This study was approved by the
State of California Committee for the Protection of Human
Subjects, and the University of Southern California, and
University of California, Berkeley institutional review boards.

Dried Blood Spot (DBS) and DNA Genotyping

Archived DBS were obtained from the California biobank
program. DNA extraction, processing, and genotyping
were performed as previously described.’™ Briefly, DNA
was extracted from a 1/3 of DBS using Genfind v3.0
(Beckman) reagents on an Eppendorf robot, and a min-
imum of 300 ng DNA (using nanodrop for purity and pico-
green measurement for DNA quantity) was genotyped
on the Affymetrix Axiom Precision Medicine Diversity
Array (PMDA). Genotype calls were then extracted with
Affymetrix Powertools. Polymorphisms were num-
bered according to the mitochondrial reference genome
Genbank: NC_012920.1.

MtDNA Association Study

Probes for a total of 675 mt variants were included on the
PMDA array and downstream quality-control steps re-
tained all variants. More specifically, we checked if any
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Table 1 Clinical Variables of Glioma Cases and Controls
Controls (N =2789) Cases (N = 2780) P-value
Sex
Male 1502 1492 .89
Female 1287 1288
Subtype
Pilocytic Astrocytoma (POL) ' NA 787 NA
Nonpilocytic astrocytoma (AST) 2 NA 592
Glioblastoma (GBM) 3 NA 90
Oligodendroglioma (OLG) 4 NA 75
Missing NA 471
Self-reported Race/Ethnicity
European 1431 1358 .05
Hispanic 1501 1279
Gestational age (days)
Mean (SD) 278.6 (30.79) 279.0 (27.76) V3
Median (range) 278.0 (158.0-796.0) 279.0 (172.0-828.0)
Missing 845 843
Birthweight (grams)
Mean (SD) 3416 (556.05) 3454 (563.66) .03
Median (range) 3459 (580-4960) 3487 (638-5840)
Missing 767 765

'ICD HISTO-T3 code 9421

2|CD HISTO-T3 code > 9400, and <9424 and is not 9421
3ICD HISTO-T3 code = 9440

4ICD HISTO-T3 code = 9450 or 9451

SNPs had more than 5% missing data, or significantly de-
viated from Hardy-Weinberg equilibrium (HWE P-value
< 107%). Plink 2'® was used to conduct case-control asso-
ciation analyses. In the event a logistic regression model
failed to converge, a Firth regression’ was conducted. We
controlled for 10 genetic principal components (calculated
with Plink 2) to account for possible population stratifica-
tion, especially relevant for the admixed Hispanic popu-
lation, and performed association analyses separately in
Hispanic and in non-Hispanic white subjects. Association
analyses were conducted in self-reported Hispanics (43
cases and 1501 controls) and Europeans (44 cases and 1431
controls) separately and results from both ethnic groups
were meta-analyzed using METAL.'® Results were adjusted
for multiple testing using Bonferroni correction based on
the number of actual comparisons after linkage disequilib-
rium (LD) pruning (Europeans: 267 variants, P< 1.88 X 1074
Latinos: 286 variants, P < 1.75 X 107%; Meta-analysis: 277
variants, P< 1.8 X 107).

Nuclear-Encoded Mitochondrial Gene (N-mt
Gene) Set Association Analysis

Since most mitochondrial proteins are encoded by genes
located in the nucleus, we also conducted candidate-
variant association analyses in glioma cases and controls

for SNPs located in regions of N-mt genes. We retrieved the
list of genes and their locations from NCBI gene database™
specified by Gene Ontology ID G0:0005739.%202" SNPs
bounded by their genomic coordinates within this GO cat-
egory were included in N-mt SNP scanning. We identified
1318 genes and a total of 19 119 SNPs in European subjects
and 19 126 SNPs in Hispanic subjects. We completed anal-
ysis (PLINK2), controlling for the 10 genetic PCs as in mi-
tochondrial SNPs association analysis. Multiple correction
was also based on Bonferroni test like that of mitochon-
drial analysis (Europeans: 7960 variants, P < 6.28 X 1075;
Latinos: 9799 variants, P < 5.10 X 10-5; Meta-analysis: 8880
variants, P<5.63 X 1076).

Haplogroup-Based Analysis

Since mitochondrial DNA is a “haploid genome’ we
also conducted haplotype-based analysis in addition to
SNP analysis. To classify the haplogroup of each subject,
we used Haplogrep,?? a bioinformatics tool for mtDNA
haplogroup classification. Haplogroups were reported
based on leaf level, and then traversed to the most
common macrogroups 22 for further analysis. A 2-sided
exact binomial test was used to assess whether the dis-
tribution of cases was significantly different from chance
(coin flip) within each macrogroup.
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Table2 Clinical Variables of Glioma Cases by Subtype

Glioblastoma (GBM) Nonpilocytic Pilocytic Oligodendro-
astrocytoma (AST) Astrocytoma (POL) glioma (OLG)
Sex
Male 58 323 386 44
Female 32 269 401 31
Race/Ethnicity
European 46 329 455 47
Hispanic 44 263 332 28
Gestational age (days)
Mean (SD) 276.2 (19.64) 279.1 (29.39) 280.1 (29.46) 280.8 (20.62)
Median (range) 278.0 (172.0-322.0) 279.0 (172.0-815.0) 279.0 (175.0-828.0) 282.0 (187.0-350.0)
Missing 6 24 27 1
Birthweight (g)
Mean (SD) 3498 (438.96) 3453 (583.90) 3465 (515.96) 3532 (648.50)

Median (range) 3508 (2380-4593)

Tumor site
Retina 0 1
Cerebral meninges 0 1
Spinal meninges 0 1
Cerebrum 14 85
Frontal lobe 15 48
Temporal lobe 3 92
Parietal lobe 1 hH
Occipital lobe 4 10
Ventricle NOS 5 26
Cerebellum, NOS 4 50
Brain stem 1 94
Overlapping lesion of brain 15 45
Brain NOS 4 38
Spinal cord 4 42
Optic nerve 0 14
Cranial nerve, NOS 0
Overlapping lesion of brain 0 0
and CNS
Pineal gland 0 3
Results

mtDNA variant m1555A>G was associated with elevated
glioblastoma risks separately in European (adjusted odds
ratio (OR) = 98.33, 95% Cl 8.06-1200.01, raw P-value = 3.25
X 107%) and Hispanic children (adjusted OR = 9.93, 95% ClI
0.93-105.68, raw P-value = .056). In meta-analysis com-
bining both groups, m1555A>G was significantly associ-
ated with glioblastoma risk after multiple test correction
(Pvalue = 1.0 x 104, Table 3, Figure 1). We next examined
the distribution of m1555 genotypes in glioblastoma cases
and controls (Table 3). Patients had a significantly higher
odds of carrying a “G” variant by Fisher’s exact test in
European subjects (raw OR = 64.86, 95% Cl 5.77-728.80,

3482 (737-5840)

3465 (1247-5415) 3487 (1389-4649)

0 0
0

0 0
76 9
12 18
21 20
10 8
5 2
38 2
324 3
99 2
35 10
89 0
31 1
40 0
3 0

1 0
3 0

P-value = 3.0 x 107®%), and in the total population (raw
OR = 23.85, 95% Cl 5.25-108.19, P-value = 9.5 X 107%). The
OR was also >1.0 in the Hispanic population, although it did
not reach statistical significance (OR = 10.43, 95% CI 1.06-
102.33, P-value =.12). Overall, subjects with the m1555A>G
variant had a significantly higher odds to develop glioblas-
toma. We also examined m1555 genotypes in glioma cases
with other, lower-grade subtypes, and the presence of “G”
allele was not detected (Table 3).

The haplotype analysis confirmed the risk impact
was specific to the m1555 variant in glioblastoma cases,
rather than any linked variants. We were able to ob-
tain haplogroups at the leaf level (Supplementary Tables
S1, S2), as well as the most common macrogroups
(Tables 4, Supplementary Table S5) (by traversing up the
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Fig. 1

SNPs on MT

SNPs on MT

Association analysis results for mitochondrial SNPs in (A) European subjects (B) Hispanic subjects (C) meta-analysis of both popula-

tions. Y-axis shows -log10 P values from association models. X-axis shows location of SNP in mitochondria. Significance level is determined by

Bonferroni test, based on number of actual tests after pruning.

mitochondrial haplogroup tree) for all subjects, and as ex-
pected, subjects are scattered among many haplogroups.
On the leaf level, there are 314 haplogroups present in
Europeans (34 of them contain glioblastoma cases) and
231 in Hispanics (21 of them contain glioblastoma cases).
Furthermore, binomial test demonstrated no significant
difference in case/control distribution in any macrogroup
(Tables 4, Supplementary Table S5). Additionally, there
was no significant difference in haplogroup distribution
for m1555A>G subjects, further supporting that the m1555
variant is unlikely to impact GBM risk through the effects
of a larger haplogroup (Supplementary TableTable S6). We
also tested case-control distribution in each macrogroup
for other subtypes of glioma, as well as all glioma cases
combined, and identified race/ethnicity-specific asso-
ciations with several macrogroups (Supplementary
TableTables S3, S4). For example, in European children,
macrogroup B was more common among pilocytic
astrocytoma cases (P = .046) and all glioma cases com-
bined (P = .034). In Hispanic subjects, macrogroup A was
highly more common for oligodendroglioma (P = .0051),
pilocytic astrocytoma (P = .0082), as well as all glioma
cases combined (P=.00064).

We broadened the analysis of mitochondrial germline
SNPs via an analysis of N-mt genes in glioblastoma cases
and controls. Candidate mitochondrial genes, defined
by gene ontology lists, were assessed in relation to glio-
blastoma risk. In European children, rs62036057 was sig-
nificant after Bonferroni correction (OR = 2.99, 95% CI
1.88-4.75, P-value = 3.42 X 107%) (Supplementary TableTable
S7).This SNP is in the intronic region of WWOX, which en-
codes a member of the short-chain dehydrogenases/re-
ductases (SDR) family. However, the association with this
SNP was not statistically significant in the analysis limited
to Hispanic children nor in the meta-analysis, although
effect sizes were in the same direction as Europeans. In
Hispanic subjects, rs111709726, which is in the intronic
region of EFHD1, was significantly associated with glio-
blastoma case-control status (OR = 6.19, 95% Cl 2.95-12.97,
P-value = 1.41 X 107%). Report effects in Europeans as here
well, to be consistent with the above reporting of WWWOX.

Meta-analyses of the N-mt SNPs did not reach statis-
tical significance after Bonferroni correction. The SNP with

the smallest P value is rs115257641 (OR = 5.19, 95% CI
2.51-10.72, P-value = 8.83 x 1079), in the intronic region of
PRKCE which belongs to the Protein Kinase C (PKC) family
(Figure 1, SupplementaryTableTable S7).

Discussion

Leveraging a large California population-based case-
control study, we report for the first time an association
between m1555A>G variant and pediatric glioblastoma
risk. Further haplotype analysis was conducted to elu-
cidate whether this association is a result of haplogroup
representation supported an independent effect of the
m1555A>G variant. Notably, the association plot showed
a lack of other SNPs in LD with m1555, implying that the
m1555 variant is not tagging a larger haplogroup compat-
ible with its known structure.

M1555 is in a region of mitochondrial 12S rRNA gene that
is highly conserved,?* and m1555 in E. coli has been dem-
onstrated to be an essential ribosome decoding site.?The
A>G variant has been previously reported to cause hearing
loss.26-2° Since hair cells in the inner ear have a high de-
mand for energy and are rich in mitochondria, hearing
loss is a common symptom across many mitochondrial
conditions such as m1555A>G. m1555A>G has also been
reported to be associated with reduced height,® likely as-
sociated with a decrease in efficiency of mitochondrial en-
ergy synthesis. This suggests a similar vulnerability in the
developing brain to energy demands or the impact of mito-
chondrial insufficiency in the pathophysiology of pediatric
glioblastoma formation.

In our disease of interest, m1555 A>G alone is unlikely
sufficient to result in glioblastoma development, given
the frequency of m1555 being 0.11% (in gnomAD, a large
sequenced reference database)®’ and the frequency of
pediatric high-grade gliomas being less than 1 per 100
000 persons per year, with GBM incidence even lower.
Indeed, only 3 subjects of our case group carry this variant.
However, this association may lead to a possible deeper
understanding of the etiology of glioblastoma. It is also no-
table that m1555 A>G was only observed in GBM cases, but
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Table4 Common Macrogroup Distribution in Europeans

haplotypes macrogroup control case case percentage propTestP
4 0 1 1 0.031
A 6 1 0.143 0.199
H 591 24 0.039 0.245
J 172 7 0.039 0.514
K 119 4 0.033 0.795
T 157 4 0.025 0.822
U 204 5 0.024 0.692
B 6 0 0 1
© 13 0 0 1
D 0 0 1
F 4 0 0 1
| 4 0 0 0.64
L1 2 0 0 1
L2 0 0 1
L3 3 0 0 1
M 6 0 0 1
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Fig. 2 Association analysis results for nucleus mitochondrial SNPs. Significance level is determined by Bonferroni test, based on number of ac-
tual tests after pruning. (A) Manhattan plot for European subjects. (B) Q-Q plot for European subjects (lambda value = 1.30) (C) Manhattan plot for
Hispanic subjects (D) Q-Q plot for Hispanic subjects (lambda value = 0.93) (E) Manhattan plot for meta-analysis of both populations (F) Q-Q plot for
meta-analysis results (lambda value = 1.31).
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not any other glioma subtypes, despite the much greater
statistical power afforded to the higher case numbers in
the non-GBM subtypes. This further strengthens that this
polymorphism may be specifically pathogenically tied to
GBM tumorigenesis.

One possible mechanism for m1555 risk is through its
impact on the mitochondrial oxidative phosphorylation
system. We hypothesize that m1555A>G could strain en-
ergy supply to key biological processes in brain including
DNA repair, expressing tumor-suppressing genes, re-
cruiting immunological agents to eliminate tumor cells,
and initiating apoptosis, because of the high levels of brain
activities and energy consumption. As a result, m1555 A>G
variant may predispose individuals at higher risk for glio-
blastomas, possibly in concert with environmental risk
factors. The presence of additional somatic MT variants in
pediatric GBM tumors at a higher rate than other glioma
subtypes"'2 suggests a particular sensitivity or depend-
ence on aberrations in pediatric GBM etiology or patho-
physiology. Interestingly, somatic mutation of m1555 was
also observed in other cancers such as Ewing sarcoma.” To
date, there has been no report of genetic polymorphisms
significantly associated with pediatric glioblastoma risk,
likely due to lack of statistical power in small datasets as-
sembled to date. However, candidate n-mt association
analysis on our dataset discovered nuclear SNPs with sig-
nificant case-control differences. In European children, the
association between rs62036057 in WWOX and glioma risk
was statistically significant. WWOX protein localizes to the
mitochondria3? and is highly expressed in the brain. Its al-
teration has been associated with multiple cancers (for ex-
ample esophageal cancer®® however, it was not clear if it
was due to carcinogenesis or secondary effects of cancer
therapies.3* Our findings at the germline level lend support
to the former hypothesis. In Hispanic children, rs111709726
in EFHD1 was significantly associated with glioma risk.
EFHD1 is associated with mitochondrial inner membrane,
and acts as a calcium sensor for mitochondrial flash acti-
vation.® It is also overexpressed in brain with a high con-
fidence of spatial location within mitochondria. Similarly,
its effect sizes were in the same direction in European
subjects, but it was not statistically significantin Europeans
nor in the entire study population. The PRKCE gene that
was associated with pediatric glioma risk in our study is an
intriguing candidate, as it has also been reported to be as-
sociated with both neuron growth and cancer cell invasion,
for example prostate cancer.3®

Our n-mt SNP association analyses suggest a potential
interplay between mtDNA and n-mt DNA polymorphisms
in contributing to glioblastoma risk. Indeed, some m1555
G allele carriers were also observed to carry identified n-mt
risk alleles, mostly glioblastoma cases (Supplementary
Table S6). We identify glioblastoma risk that is associated
with both mitochondrial rRNA (encoded by mtDNA) and
genes that are dehydrogenases/reductases or calcium
sensors in mitochondria (encoded by n-mt DNA).

One major drawback of our study is the lack of a repli-
cation dataset. Unlike nuclear mtDNA variants which are
relatively easier to obtain replication datasets, a compre-
hensive mt variant panel is not included on most SNP
array panels, and therefore an independent external pedi-
atric glioblastoma dataset to replicate m1555 is currently

unavailable. We also have a relatively small sample size,
and as a result, have computed wide confidence intervals.
Our findings warrant future replication in studies of pedi-
atric glioblastoma that include analysis of SNP arrays with
mt variant probes, or via targeted mt variant genotyping.

In summary, while genetic risk for pediatric glioblastoma
is still largely undefined, the role played by proteins en-
coded by mtDNA is worth investigating further along with
other metabolic variants.

Supplementary material

Supplementary material is available at Neuro-Oncology
Advances online.
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