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Abstract

Little is known about the spectrum of mitochondrial DNA (mtDNA) mutations across pediatric 

malignancies. In this study, we analyzed matched tumor and normal whole genome sequencing 

data from 616 pediatric patients with hematopoietic malignancies, solid tumors, and brain tumors. 

We identified 391 mtDNA mutations in 284 tumors including 45 loss-of-function mutations, 

which clustered at 4 statistically significant hotspots in MT-COX3, MT-ND4, and MT-ND5, and at 

a mutation hotspot in MT-tRNA-MET. A skewed ratio (4.83) of non-synonymous versus 

synonymous (dN/dS) mtDNA mutations with high statistical significance was identified based on 

Monte Carlo simulations in the tumors. By comparison, opposite ratios of 0.44 and 0.93 were 

observed in 616 matched normal tissues and in 249 blood samples from children without cancer, 

respectively. mtDNA mutations varied by cancer type and mtDNA haplogroup. Collectively, these 

results suggest that deleterious mtDNA mutations play a role in the development and progression 

of pediatric cancers.
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Introduction

Cancer has long been considered a metabolic disease, following the discovery of the 

“Warburg effect”, or the elevated uptake of glucose in the majority of cancers [1, 2]. As 

noted by Porporato et al, Warburg himself attributed elevated glycolytic rates in malignant 

cells to primary mitochondrial defects, which incorrectly relegated mitochondria to a 

bystander role in the oncogenic process [3]. Mitochondrial metabolism plays an essential 

role in malignant transformation, tumor progression, metastasis, and response to treatment 

[3]. Many aspects of mitochondrial biology are important in cancer, including mitochondrial 

biogenesis and turnover, fission and fusion dynamics, oxidative stress, metabolism, 

bioenergetics, signaling, and variation in mitochondrial DNA (mtDNA) sequence and 

abundance [4]. All of these contribute to mitochondrial heterogeneity in different cells and 

microenvironments, which is essential for the considerable metabolic plasticity during 

tumorigenesis [3].

Cancer, especially pediatric cancer, is also considered a genetic disease. At least 8.5% of 

pediatric cancer patients have germline mutations in cancer predisposition genes [5]. Pan-

cancer analyses of pediatric tumors reveal a spectrum of nuclear somatic DNA alterations 

that vary by tumor type [6, 7]. DNA mutations, chromosomal rearrangements, and copy 

number alterations are frequently distinct from those seen in adult tumors, even in similar 

cell types from the same anatomic locations. Epigenetic factors, such as chromatin 

remodeling and histone modifications, also appear to play a more critical role in pediatric 

compared to adult cancers.

Mitochondrial DNA mutations have a pathogenic role in complex, multi-system disorders 

affecting nearly every organ at every age [8, 9]. Despite extensive phenotypic heterogeneity, 

cancer is not commonly observed in patients with mitochondrial diseases. The importance of 

mtDNA mutations in cancer has been less well recognized [10-13], despite several large-

scale studies showing significant numbers of mtDNA mutations in a variety of adult tumors 

[14, 15]. These mtDNA mutations, to a large extent, have been dismissed as passenger 

events during tumorigenesis. mtDNA mutations have been reported in a few pediatric cancer 

subtypes, e.g. medulloblastoma [16], glioma [17], acute myelogenous leukemia (AML) [18], 

and neuroblastoma [19], but little is known regarding the spectrum of mtDNA mutations 

across pediatric malignancies and its contribution to tumorigenesis.

Materials and Methods

Ethics statement

The pediatric cancer patients studied were originally consented to the St. Jude Children’s 

Research Hospital – Washington University Pediatric Cancer Genome Project. We applied 

and were granted access to the data sets by the project’s data access committee. The use of 

control data from patients with non-cancer diagnosis in this study was approved by the 

Institutional Review Board of the Children’s Hospital Los Angeles for de-identified use in 

the study without patient consent (CCI #:12-00224). All investigations were conducted 

according to the principles expressed in the Declaration of Helsinki.
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Mitochondrial DNA mutation and variant detection

Whole genome sequencing data were retrieved from European Genome Phenome archive 

under accession number EGAD00001001433 [5]. We extracted mtDNA reads from paired 

tumor-normal whole-genome sequencing data and aligned them to GRCh37 using the Edico 

DRAGEN Genome genome pipeline (version 2.3.1) (San Diego, CA).

Mitochondrial DNA somatic and germline calls were made by VarScan2 [20] and further 

filtered by our LUBA variant caller [21], which is a custom somatic variant caller that 

supports the pediatric genetic tests at our institution. VarScan2 was run in somatic mode 

with standard parameters which require at least 100x coverage in both the tumor and normal 

samples (--min-coverage 100), at least 2.5% of alternative allele frequency in the tumor to 

make a call (--min-var-freq 0.025) and minimum base quality of 20 at position (--min-avg-

qual 20), and a strand bias filter (--strand filter 1). We removed known recurrent false 

positives [14] caused by misalignment in the polyC region (rCRS 302-315), the CAC repeat 

(rCRS 513-525), and the artifact deletion at position 3107 (3105-3110). Additionally, we 

applied a population frequency-based filter to remove any frequently recurrent calls (>10%) 

that are not reported in MitoMap (https://mitomap.org) [22]. Our custom LUBA variant 

caller generates a pile-up file from aligned reads, and base counts are adjusted depending on 

base qualities. Benjamini-Hochberg correction is applied to control the false discovery rate. 

Calls are then made for loci with sufficient coverage. After variants are called from the pile-

up for specific positions, genotype qualities are assessed from haplotype analysis for indels 

and multi-allelic sites. To reduce false positives, the LUBA variant caller applies a number 

of filters, including filters based on a set of reference samples: genotype likelihood filter, 

strand bias filter, low complexity regions filter, variant occurrences filter which tags variants 

found in multiple reference samples, and strand-specific base variation filter which excludes 

loci with high average base variation across reference samples. Our LUBA variant caller was 

run with the same parameters as VarScan2 (stringent strand-bias filter, 2.5% AF and 

minimum 100x coverage) and was used to confirm calls made by VarScan2. LUBA 

supported 94% of tumor-only calls and 99% of germline calls. We determined this set of 

high confidence calls and used them for downstream analyses. In order to better describe 

potential functional impacts of these mutations, we calculated MutPred2 scores [23] for 

observed mutations in protein coding regions and MitoTIP scores [24] for tRNA mutations. 

Finally, we evaluated recurrence of observed mutations in publicly available database of 

mitochondrial variants MitoMap [22]. All tumor-only mtDNA mutations are listed in 

Supplementary Table 1.

Mitochondrial DNA genome sequencing of 249 blood samples of children without cancer

The 249 children were patients that we tested as part of our clinical exome sequencing test at 

the Children’s Hospital Los Angeles with no current or previous cancer diagnosis. DNA was 

extracted from peripheral blood using a commercially available kit (Promega Maxwell RSC 

DNA Extraction Kit; Fitchburg, WI). The WES library was generated using the Agilent 

SureSelect Human All Exon V6 plus, a custom mitochondrial genome capture kit (Santa 

Clara, CA), designed in collaboration with Agilent for consistent coverage across the 

mitochondrial genome]. Paired-end 2×100 basepair (bp) sequencing was performed using 

the Illumina (San Diego, CA) NextSeq 500 sequencing system.
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Mitochondrial DNA genome recovery from single-cell ATACseq and heteroplasmy 
comparison

We employed the MTseeker package (https://doi.org/doi:10.18129/B9.bioc.MTseeker) to 

recover single-cell mitochondrial genomes from Corces & Buenrostro [25] and used the 

SNP-tolerant GSNAP variant caller [26] to characterize cells with mitochondrial read 

coverage of at least 20x (for error rates roughly equivalent to Sanger sequencing [27]). The 

subject’s cells had also been sequenced in bulk; we verified that haplogroup assignment and 

variant calls were consistent across single-cell and bulk runs.

Monte Carlo simulations

To assess the significance of departure from expected dN/dS ratios, we inferred parameters 

of the probability distribution of dN/dS ratio through Monte Carlo simulations. Since there 

are 12 classes of possible point substitutions (SC1, …, SC12), the probability of observing 

substitution SCx leading to a synonymous mutation in a set of observed mutations can be 

defined as

P(SCx ∨ syn) = P(syn ∨ SCx) ∗ P(SCx)

where P(syn∣SCx) is the frequency at which the substitution class SCx leads to a 

synonymous mutation and P(SCx) is the frequency of this substitution class in the data, i.e., 

mutational signature. Hence, the expected frequency of synonymous mutations in a set of 

observed mutations is a sum of probabilities across all substitution classes:

P(syn) = ∑
x = 1

12
P(syn ∨ SCx) ∗ P(SCx)

The calculated expected dN/dS ratios are listed in Supplementary Table 2, with detailed 

calculations included. For both pediatric and adult tumor-only mtDNA mutations, we 

created one million simulated datasets with the number of mutations and the mutational 

signature identical to the original empirical dataset, but with randomly assigned positions. 

For example, if we observed a m.4483C>T mutation in the real data, this mutation was 

randomly assigned to any position in a coding region where C>T mutation is possible in the 

simulated dataset.

We verified that dN/dS ratios observed in simulated datasets reasonably follow a normal 

distribution (D’Agostino and Pearson’s normality test P < 0.001) and we modeled the 

probability distribution function as a fit of the normal distribution to simulated data. Python 

code for Monte Carlo simulation can be provided upon request.

Meta-analysis of adult cancer datasets

For comparison of pediatric and adult cancer mtDNA somatic mutational profiles, we 

obtained reported calls from two large-scale studies from 1,675 and 567 individuals [14, 15]. 

The reported calls were extracted from the supplementary materials, filtered by basic QC 

criteria (minimum 20 reads covering position in both tumor and normal samples, minimum 5 
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reads supporting alternative allele) and annotated by our mtDNA pipeline. All adult cancer 

mutations are included in Supplementary Table 3.

Somatic variant calling in samples with hypermutated mtDNA genome

In order to determine whether there is a link between the number of somatic mutations in 

mitochondrial and nuclear genomes, we performed tumor-normal paired somatic variant 

calling in these five mtDNA-hypermutated samples and 132 randomly selected samples 

(Supplementary Table 4). Tumor and normal WGS bam files were aligned using Edico 

DRAGEN pipeline version 2.3.1 (San Diego, CA). The same pipeline was used for the 

somatic variant calling pipeline with default settings and filters.

Results

Study subjects and mtDNA genome sequencing

The initial 621 matched tumor (somatic) and normal blood (germline) WGS data sets were 

generated from 23 pediatric cancer subtypes, including hematopoietic malignancies (49%), 

solid tumors (28%), and brain tumors (23%) (Table 1) (5). Due to the high cellular copy 

number of mtDNA genomes, the standard ~30X genome coverage provided much higher 

mtDNA genome coverage in both tumors (~7,130 ± 5,800X) (Supplementary Table 5) and 

matched blood (~4,100 ± 3,000X) (Supplementary Table 6) compared with the nuclear 

genome. Nine normal samples and four tumor samples yielded lower but acceptable 

coverage (~885 ± 210X) (Supplementary Table 7). mtDNA genome coverage was 99.9 

± 0.01% at 100X in all 621 pairs of matched tumor-germline samples, and 99.9 ± 3.5% at 

800X in 1,226 of the 1,242 (98.7%) samples (Supplementary Tables 5 & 6). As pediatric 

controls, we also sequenced the mtDNA genomes from blood samples of 249 children with 

no history of cancer who were matched by age and gender, but not ethnicity, to a median 

depth of 6,930X (range 2,647 - 7,930X) (Supplementary Table 8) using Agilent custom 

mitochondrial probes [28]. mtDNA genome coverage at 100X was 99.99% and at 1,000X 

was 99.1% ± 0.9% (Supplementary Table 8). For comparison with adult cancers, we 

reanalyzed mtDNA genome mutations previously reported in 2,202 adult cancers [14, 15].

mtDNA mutation analysis is complicated by heteroplasmy, which is the ratio of the number 

of copies of a mutated mtDNA genome to all mtDNA genomes in a cell or tissue [8, 9]. The 

high mtDNA coverage achieved in the next generation sequencing (NGS) data allowed us to 

accurately assess low-level heteroplasmy, measured as variant allele frequency (VAF), and 

minimize potential contamination of non-mtDNA genome reads from contaminating nuclear 

mtDNA transcripts (‘NuMTs’) [28].

Tumor-only mtDNA mutation profiles

In the pediatric cancer data set, we excluded five mtDNA-hypermutated samples from 

downstream analyses. A separate analysis was performed as detailed below. Three hundred 

and ninety-one tumor-only mtDNA mutations were detected in 284 (45.7%) of the 616 

remaining cancers (Supplementary Table 1). The mean number of tumor-only mtDNA 

mutations seen across all subtypes was 0.63 ± 0.84, ranging from a significantly lower 

number of 0.36 mtDNA mutations per tumor in low-grade gliomas (LGG) compared to other 
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subtypes (p = 0.017, Mann-Whitney rank test) to 1.15 mtDNA mutations per tumor in 

adrenocortical carcinomas (ACC) (Fig. 1a). Nearly all tumor-only mtDNA mutations 

(99.2%) were present in a heteroplasmic state, with levels ranging from 2.5% to almost 

100% (near-homoplasmy), but significantly skewed toward low-level heteroplasmy 

(skewness = 2.38, Pearson’s kurtosis = 5.23), with the average heteroplasmy at 17.7% (Fig. 

1b). LGG mtDNA mutations again exhibited significantly lower levels of heteroplasmy 

compared to all other subtypes (Fig. 1b). A significant number of loss of function (LoF) and 

pathogenic (missense or nonsense) mutations were seen in all subtypes except LGG (Fig. 

1c). The composition of mutation types also varied across tumor subtypes (Fig. 1d). In total, 

we identified 158 missense, 71 rRNA, 45 LoF, 43 D-loop, 36 synonymous, and 35 tRNA 

tumor-only mtDNA mutations with varied heteroplasmy levels (Fig. 1e). Only 119 of these 

mutations (30.4%) matched known variants in the general population, based on available 

data in the manually curated mtDNA mutation database, MitoMap (https://mitomap.org) 

(Supplementary Table 1) [22].

The mtDNA mutation profile we observed in pediatric cancers (Fig. 2a) was similar to what 

was previously reported in adult cancers (Fig. 2b), with missense mutations as the most 

frequent mutation type. However, the majority (68.4%) of pediatric, tumor-only mtDNA 

mutations were detected at heteroplasmy levels below 10% with a median heteroplasmy of 

7.2% (Fig. 1b, Fig. 2a), while the distribution of adult tumor-only mtDNA mutations was 

more uniform across all heteroplasmy levels (Fig. 2b). We did not observe significant 

difference in heteroplasmy levels of different classes of tumor-only mtDNA mutations, in 

either pediatric cancers (Supplementary Figure 1a) or adult cancers (Supplementary Figure 

1b). Tumor-only missense and LoF mtDNA mutations occurred at comparable or 

statistically significantly higher heteroplasmy levels than synonymous and D-loop mtDNA 

mutations, which are likely to be functionally neutral. We observed a significant number of 

missense and LoF mutations at high heteroplasmy in both pediatric and adult cancers, as 

well as low heteroplasmy tumor-only mtDNA mutations. The later was not excluded. As in 

some previous studies, as they could reflect intra-tumor heterogeneity, or subtle defects 

affecting the metabolic microenvironment..

Intra-tumor heterogeneity in mtDNA heteroplasmy

To test this hypothesis, we took advantage of the large fraction of mtDNA reads in single-

cell ATACseq data, which are often treated as contamination as they are not useful for 

elucidating nuclear chromatin structure [29]. We found that single-cell ATACseq provides 

sufficient coverage to assess mtDNA variants in all cell types evaluated, and heteroplasmy of 

mtDNA variants could be readily assessed (Supplementary Figure 1). Reanalysis of data 

from Corces et al [25] revealed that tumor cells from the same patient harbored frameshift 

variants which, while rare in the bulk population, were nearly homoplasmic within some 

cells and absent in others. This intra-tumor variability, while apparent at single-cell level, 

was obscured in bulk samples; due to averaging of VAF, these mutations appear to have low 

heteroplasmy (Supplementary Figure 2). These results support our hypothesis that LoF 

mtDNA mutations can arise in distinct or individual tumor cells. Low observed 

heteroplasmy of mtDNA mutations in tumors can thus result from individual cells harboring 
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different mtDNA mutations, suggesting that LoF mtDNA mutations in individual tumor cells 

may in fact have a functional role in tumor development or progression.

Heteroplasmic mtDNA variants in normal tissues

The composition of heteroplasmic mtDNA variants in matched normal blood from pediatric 

cancer patients and in our non-cancer pediatric control samples was dramatically different 

from the observed pediatric tumor-only mtDNA mutations. A chi-square test showed that the 

composition of the tumor-only mtDNA mutations was significantly different from that of the 

heteroplasmic mtDNA variants in non-cancer control samples (p-value < 2.2e-16). 

Specifically, 51.6% of all tumor-only mtDNA mutations were either missense or LoF, which 

is significantly higher than 6.2% found in the non-cancer control samples (Z-score = 16.4, p 

< 0.001, Z-test). In both the matched normal and non-cancer control datasets and in direct 

contrast to tumor-only mtDNA mutations, the most frequent heteroplasmic variants were 

within the D-loop region (43.8% in matched normal and 41.5% in non-cancer), followed by 

synonymous variants with uneven heteroplasmy levels (Fig. 2c, 2d). Nearly 85% of all 

heteroplasmic variants in both datasets were known to be benign, haplogroup-defining 

markers (Supplementary Tables 9 & 10), which demonstrated evidence of intensive 

purifying selection against deleterious variants in non-cancer cells. Missense variants were 

largely confined to low heteroplasmy levels and only two LoF variants were detected at very 

low heteroplasmy in matched normal tissues: m.12384T>TC, an MT-ND5 frameshift variant 

in a hyperdiploid B-cell leukemia patient at 4.8% heteroplasmy, and m.14527A>AC, an MT-
ND6 frameshift variant, in an ependymoma patient at 3.1% heteroplasmy.

Known pathogenic mtDNA variants for mitochondrial disorders

Interestingly, four pediatric cancer patients harbored homoplasmic variants (ependymoma, 

m.14484T>C; Ewing sarcoma, m.1555A>G; hyperdiploid B-cell acute lymphoblastic 

leukemia (ALL), m.14484T>C; and neuroblastoma, m.11778G>A) in their matched tumor 

and normal samples that are causal of Leber’s Hereditary Optic Neuropathy (LHON) and 

hearing loss [22]. Three cancer patients’ matched tumor and normal samples had 

heteroplasmic mtDNA variants known to cause classic mitochondrial diseases: ACC, m.

3243A>G (5.0%); B-cell ALL, m.9185T>C (4.9%); neuroblastoma, m.8363G>A (53.4%) 

(Supplementary Table 11) [22]. Compared to the low prevalence rate (1 in 5000) of 

mitochondrial disorders in the general population [30], these results are suggestive of 

increased cancer risk associated with known pathogenic mtDNA variants, contrary to an 

earlier report [31]. Clinical data for these patients were not available due to the de-identified 

nature of this dataset, so it is unclear whether these patients suffered from symptomatic 

mitochondrial disorders associated with these mtDNA variants.

Mitochondrial haplogroup analysis

We determined the mitochondrial haplogroup for each of the 621 childhood cancer patients 

using Phy-Mer (Supplementary Table 12) [32], and summarized them into macro-

haplogroups, A, B, C, D, E, H, HV, I, J, K, L, M, N, R, T, U, V, W, and X (Supplementary 

Table 13). For statistical power, we focused on macro-haplogroups with at least 20 patients: 

A (20), B (20), H (207), J (47), K (30), L (102), T (43) and U (57). While there appeared to 

be a greater representation of pediatric cancer patients in some macro-haplogroups, such as 
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H, this may be a reflection of the local patient population. No inference can be made without 

an ethnicity-matched control population. However, we observed that the number of tumor-

only mtDNA mutations per sample differed significantly between the two largest macro-

haplogroups: 0.66 for H, which is mostly Eurasian-specific, and 0.47 for L, which is mostly 

African-specific (p = 0.03, Kruskal-Wallis test). The rates were not different between H and 

J (p = 0.44), H and U (p = 0.62), H and T (p = 0.82), H and K (p = 0.50), H and A (p = 

0.46), or between H and B (p = 0.39) (Fig. 3a). The composition of mutation types in the L 

haplogroup was distinctly different from that in H and other haplogroups as well, lacking 

synonymous, rRNA, and tRNA mutations (Fig. 3b). We examined the number of patients 

belonging to each of the macro-haplogroups in different cancer subtypes and noticed an 

enrichment of certain subtypes in selected macro-haplogroups, such as hyperdiploid B-ALL 

in H (Supplementary Table 14). The Chi-Square test was highly significant (p-value < 

0.001). We hypothesize that mitochondrial haplogroup background itself contributes to the 

varying risk for different pediatric cancers. However, patient ascertainment bias is a likely 

confounder, and cannot be ruled out.

Skewed dN/dS ratio of tumor-only mtDNA mutations

We observed a highly skewed dN/dS ratio (4.83) of non-synonymous mutations (including 

missense, stop-gain and stop-loss) versus synonymous tumor-only mutations in pediatric 

cancers. If we include the LoF mutations in the non-synonymous category, the dN/dS ratio 

was even higher (5.64). The ratio remains largely unchanged within different heteroplasmy 

intervals (Supplementary Figure 3). Interestingly, the dN/dS ratio was higher for the tumor-

only mtDNA mutations between 0.1 and 0.5 heteroplasmy (7.3) than at less than 0.1 

heteroplasmy (5.2), although this is not statistically significant. This can partly be explained 

by the higher frequency of non-synonymous mutations among all possible point 

substitutions in mtDNA coding regions when mathematically calculated: out of 34,023 

possible single nucleotide mtDNA changes, only 8,289 (24.4%) are silent. Furthermore, the 

mtDNA mutations are not random but affected by a strand-biased mutational signature that 

results from the replication-coupled mutation process [14, 15]. For these reasons, while Ju et 
al. and Stewart et al. reported skewed dN/dS ratios of 4.2 and 3.63 in adult cancers 

respectively, not including the LoF mutations, they dismissed their significance as reflecting 

the mtDNA mutational signature [14, 15].

To determine whether this biased mutational signature could explain the skewed dN/dS ratio 

observed in pediatric tumors, we applied a Bayesian approach to determine the expected 

dN/dS ratio, with Monte Carlo simulations to calculate the probability density function (see 

Methods). Using the mutational signature shown for tumor-only mtDNA mutations in this 

study, we calculated an expected dN/dS ratio of 3.11 (Supplementary Table 2), which is 

significantly lower than the observed ratios of 4.83 (Z = 3.28, p = 5.19×10−4) (Fig. 4). In 

comparison, focusing solely on heteroplasmic variants, we extracted the mutational 

signature and determined the expected dN/dS ratios from matched normal samples of 

pediatric cancer patients to be 2.43 (Supplementary Table 2), which is significantly higher 

than the observed ratio of 0.44 (Fig. 4). Similarly, a lower dN/dS ratio of 0.93 was observed 

in the heteroplasmic mtDNA variants found in control samples with no history of cancer. In 

both matched normal and non-cancer groups, the expected ratio was much higher than what 
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was observed (matched normal Z= 6.07, p = <1×10−5; non-cancer Z= 2.67, p = 3.79×10−3), 

which is in striking contrast to the pediatric cancer group. Combined, these analyses provide 

strong statistical evidence that non-synonymous tumor-only mtDNA mutations are under 

positive selection, hence enriched in tumors, but subjected to strong purifying selection, thus 

diminished, in non-tumor tissues (Fig. 4). We performed a similar analysis using only high-

quality tumor-only mtDNA mutations found in adult cancers from the Ju et al. study [14]. 

Using the mutational signature of these calls, we determined an expected dN/dS ratio of 3.68 

for adult tumors, which is also significantly lower than the calculated dN/dS ratio of 4.64 for 

these high-quality calls (Z = 3.02, p = 1.26×10−3). This indicates that the tumor-only 

mtDNA mutations in adult cancer are likely under similar strong positive selection.

Loss-of-function mutations and cancer subtypes

Loss-of-function mutations are the most striking group of mtDNA mutations in tumor vs. 

control comparisons. We identified a total of 45 tumor-only mtDNA LoF (frameshift and 

nonsense) mutations, with heteroplasmy ranging from 2.5% to 73% (Table 2, Supplementary 

Table 1). Six LoF mutations were identified in 5 of 20 ACCs (25%). Similarly, LoF 

mutations were frequently observed in Ewing sarcomas (EWS) (11.4%) and osteosarcomas 

(OS) (13.5%). Combined, these three cancer subtypes had significantly more LoF mutations 

compared to other subtypes (p = 2.41×10−4). For example, we observed LoF mutations in 

only 2 of 45 neuroblastoma samples (4.4%), and in 5 of 157 CNS tumors combined (3.2%). 

In hematologic malignancies, 19 of 302 (6.3%) B-ALL and 2 out of 20 (10%) acute myeloid 

leukemia (AML) cases harbored a LoF mutation in the cancer sample. We did not find LoF 

mutations in retinoblastoma, choroid plexus carcinoma (CPC), LGG or T-cell ALL samples.

Clustering of loss-of-function somatic mtDNA mutations

The majority of LoF mutations were within the mitochondrial complex I genes, particularly, 

with the most (11) in MT-ND5. We observed three recurrent tumor-only LoF mutations, 

including m.12417C>CA in MT-ND5 in four cases (ependymoma, Ewing sarcoma, ETV6-

RUNX1 B-ALL, Ph-positive ALL), m.10191TC>T in MT-ND3 in two cases (B-ALL and 

high-grade glioma (HGG)), and m.9531A>AC in MT-CO3 in two cases (OS and Ph-positive 

ALL). To further explore possible mutational hotspots, we conducted a meta-analysis of 

pediatric tumor-only mutations, in combination with previously published tumor-only 

mtDNA mutations from 2,202 primarily adult cancers (Supplementary Table 3) [14, 15]. We 

searched for clustering of LoF mutations by counting LoF mutations in 100bp non-

overlapping windows in coding regions, modeled as a Poisson distribution, and used the 

probability mass function to test whether a window departed from the model. Four windows 

(9445-9544, 10960-11059, 11768-11867, 12374-12473) within MT-ND4, MT-ND5 and MT-
CO3 genes exhibited a substantial and significant enrichment of frameshift indels (p = 

5.9×10−3 to 1.8×10−28, Bonferroni correction, Supplementary Table 15), indicating the 

presence of mutational hotspots (Fig 5a). Interestingly, the frameshift mutations within these 

windows were all located at homopolymer regions. Because indel mutations in repetitive 

regions may result from polymerase slippage [33], we tested for enrichment of frameshift 

indels among all long homopolymer regions. After restricting the analysis to 20 long 

homopolymers within coding regions, hotspots in MT-ND4 (polyA 11032-11038 and polyC 

11867-11872) and MT-ND5 (polyA 12418-12425) remained significant (p = 3.1×10−3 - 
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9.2×10−11, Bonferroni correction, Supplementary Table 16). These data indicate that the 

presence of homopolymer repeats alone does not explain frameshift indel clustering in these 

hotspots. A selective advantage for these mutations is an attractive alternative explanation.

Clustering of pathogenic tumor-only mtDNA tRNA mutations

We used the same approach to test for clustering of probable pathogenic tumor-only tRNA 

mutations (as defined by predicted MitoTIP score ≥ 16.25) [24]. One 20bp window located 

in MT-TM (TRNM), encoding the mitochondrial tRNA for methionine, was significantly 

enriched for pathogenic mutations (p = 2.361×10−5, Bonferroni correction, Supplementary 

Table 17). Identification of a MT-TM mutational hotspot is novel and may lead to important 

insights into tumor pathogenesis, since the mitochondrial tRNA genes are hotspots for 

pathogenic mutations that also cause mitochondrial disorders [34].

Predicted pathogenicity of missense and tRNA mutations

We used in-silico prediction algorithms MutPred2 [23] and MitoTIP [24] to estimate the 

pathogenicity of missense and tRNA mutations, respectively. We attempted to assess 

predicted pathogenicity for every gene separately in either the pediatric or the adult cancers 

(Supplementary Figure 4a-d). However, in most cases only the adult sample dataset provided 

enough data points for sufficient statistical power to investigate individual genes. We 

observed a statistically significant enrichment of highly pathogenic variants in the MT-TM 
gene in adult samples (p = 2.78×10−4, Welch’s t-test) compared to all other tRNA genes 

(Supplementary Figure 4d), which is in agreement with the presence of a hotspot for 

pathogenic mutations in this gene in both pediatric and adult cancers. Two genes in the 

coding region of Complex I, MT-ND4L and MT-ND6, had significantly higher MutPred 

scores (p = 2.02×10−3 and p = 3.28×10−4, respectively, Welch’s t-test, Supplementary Figure 

4b). In contrast, missense mutations in MT-CYB had significantly lower pathogenicity levels 

(p = 1.97×10−12, Welch’s t-test), and this observation was also marginally significant in 

pediatric samples (p = 0.02).

mtDNA-hypermutated samples

Fifteen to 29 tumor-only mtDNA mutations per sample were found in 5 mtDNA-

hypermutated samples (Supplementary Table 18). The mtDNA mutational profile of these 

samples was fundamentally different from the rest of the samples not only in the total 

number of mutations, but also with respect to low heteroplasmy levels (average 4.4%) and a 

high proportion of synonymous mutations (36.5%) (Supplementary Figure 5a&5b). The 

high proportion of synonymous mutations in these hypermutated samples, nevertheless, 

supports our hypothesis that the observed skewed ratio of non-synonymous to synonymous 

mutations in other samples is not a simple reflection of a generic mtDNA mutation bias. 

Almost all of the mutations (97.1%) found in these hypermutated samples have been 

described in the general population. Accordingly, predicted pathogenicity values for 

missense and tRNA mutations were very low and no LoF mutation was found. We 

performed tumor-normal paired nuclear somatic variant calling in the five mtDNA-

hypermutated samples along with 134 other randomly selected samples (Supplementary 

Table 4). We observed a strong correlation between the number of missense mutations in the 

nuclear genome and the number of mutations in the mitochondrial genome (Pearson 
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correlation coefficient = 0.43, p = 1.33×10−7), suggesting potentially common mechanisms 

underlying the increased number of nuclear and mtDNA tumor-only mutations. Of interest, 

three of the 5 mtDNA-hypermutated samples were from leukemia patients, and two were 

from neuroblastoma patients. There was no evidence for a mutation in the common DNA 

mismatch repair genes in the nuclear genome of these patients, including MSH1, MSH2, 
MSH6, PMS1, PMS2, MLH1, BRCA2, PALB, and MLH3.

Discussion

Tumor-only mtDNA mutations occur across diverse subtypes of childhood cancer.

We have demonstrated the spectrum of the mtDNA mutations that are both shared by and 

unique to individual pediatric cancer subtypes. While different pediatric cancer subtypes 

showed different mean numbers of tumor-only mtDNA mutations, the types of mtDNA 

mutations seen also varied among different subtypes. For example, LGGs had the fewest 

number of tumor-only mtDNA mutations, lacked any LoF mutations, and any mtDNA 

mutations present in these tumors occurred at very low heteroplasmy levels. These data 

suggest that mtDNA mutations do not play a pathogenic role in the development of pediatric 

LGG. In contrast, a total of six LoF mutations were identified in 5 of 20 (25%) ACC 

samples, which is significantly higher than in any other subtype of pediatric malignancy. 

Thirteen percent of OS samples had LoF mtDNA mutations. 15-70% of ACCs and the vast 

majority of osteosarcomas have inactivating TP53 alterations [35-39]. Singh et al. previously 

reported that MT-ND5 somatic mutations down regulate mitochondrial electron transport 

chain complex I enzyme activity and increase reactive oxygen species, also epigenetically 

upregulate nuclear anti-apoptotic genes in p53 deficient cells [40]. Based on this finding we 

initially postulated that a link between TP53 mutations and complex I activity could explain 

why LoF mutations in ACC and OS were observed at such high frequency relative to the rest 

of the pediatric tumors studied. However, only 2 of the 20 ACC tumors in our dataset had a 

nuclear TP53 mutation. Similarly, while CPCs also harbor TP53 mutations, no LoF 

mutations were observed in the four CPC samples that we studied. Thus, while increased 

mtDNA mutation frequency occurs in ACC, it is not clear that this is influenced by co-

occurrence with nuclear TP53 mutations. The high mtDNA mutation rate may be related to 

another functional alteration in p53 or a distinct DNA repair pathway.

Increased non-synonymous tumor-only mtDNA mutations occur in pediatric cancers.

Ju et al. and Stewart et al. both observed a skewed dN/dS ratio (indicating an increase in 

non-synonymous tumor-only mtDNA mutations compared to synonymous mtDNA 

mutations) in adult cancers [14, 15]. The authors suggested that this was due to a replication-

coupled mutational process. Through Monte Carlo simulations, we demonstrated 

computationally that although it does clearly contribute to the skewed ratio, the biased 

mtDNA mutational signature does not fully explain the highly skewed dN/dS ratio observed 

in both pediatric and adult cancers. Sequencing and analyzing the mtDNA genome in a large 

number of children without cancer provided further support for this conclusion. Our analysis 

clearly demonstrated that non-synonymous or deleterious mtDNA mutations were under 

strong negative selection in normal cells, but under strong positive selection in tumor cells. 

Thus, we have demonstrated for the first time that the highly skewed dN/dS ratio of tumor-
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only mtDNA mutations is a strong indicator that mtDNA mutations have broad contributions 

to tumor development not only in pediatric cancers but also in adult cancers. We postulate 

that a significant fraction of the observed non-synonymous or deleterious mtDNA mutations 

provide the tumor cells with a significant selective advantage. Evidence from functional 

studies is required to support this hypothesis.

Clustering of loss-of-function (LoF) and pathogenic tRNA tumor-only mtDNA mutations 
occurs across pediatric and adult cancers.

While LoF tumor-only mtDNA mutations in a variety of cancers have previously been 

reported, including several recurrent mutations, we discovered clustering of LoF mtDNA 

mutations in MT-CO3, MT-ND4, and MT-ND5, predominantly in the Complex I (ND) 

subunit genes (Fig. 5a). Our analysis provides strong statistical evidence that this finding did 

not result from stochastic mutation drift. Rather, these hotspot mtDNA mutations were 

shared by diverse childhood and adult cancers as demonstrated by our meta-analysis. While 

the observed LoF mutations were spread across all 13 mtDNA protein-coding genes, the 

existence of hotspots of LoF mtDNA mutations in childhood and adult cancers indicates that 

defects in specific mitochondrial genes, function, and related pathways such as 

mitochondrial apoptosis may play a more important role than previously appreciated for 

tumorigenesis of childhood and adult cancers. This is supported by the high predicted 

pathogenicity scores of tumor-only mutations in some of the mtDNA genes.

The importance of individual LoF mtDNA mutations to tumor development, especially those 

occurring within complex I genes, is supported by previous studies. For example, Sharma et 
al. experimentally demonstrated that mitochondrial complex I dysfunction, caused by a 

heteroplasmic nonsense MT-ND5 mutation, promoted tumorigenesis [41]. This result is 

similar to that reported by Ishikawa et al., who demonstrated complex I deficiencies caused 

by a MT-ND6 frameshift mutation contributed to tumor progression and metastasis [42]. 

Recently, Gopal et al reported that LoF mutations in the complex I genes lead to rewiring of 

glutathione metabolism in renal oncocytoma and are early genetic events that contribute to 

tumor formation [43]. Notably, 13 and 8 of these 45 LoF mutations that we found were 

above 15% and 40% heteroplasmy, respectively, with the highest observed at 73% in a 

neuroblastoma tumor (Supplementary Table 1). High heteroplasmy levels support a 

contributing role for a mtDNA mutation in tumorigenesis, consistent with the Park et al 
study demonstrating that a LoF MT-ND5 mutation promoted tumorigenesis at high-level 

heteroplasmy but not at homoplasmy [44]. Conversely, tumor heterogeneity may lead to 

skewed lower heteroplasmy levels observed for other LoF mutations, as we illustrated in the 

single-cell ATACseq data from two acute myeloid leukemia patients. The functional 

significance of low heteroplasmic mtDNA mutations should therefore not be dismissed, and 

will need to be addressed in future studies.

We have demonstrated clustering of tumor-only mtDNA mutations in the MT-TM gene 

encoding the tRNA for methionine (Fig. 5b). A heteroplasmic pathogenic MT-TM mutation 

was first reported in a patient with splenic lymphoma [45], with deficient mitochondrial 

respiratory chain enzyme activities and Complex IV COX2 subunit expression. However, 

our pan-cancer analyses suggest that pathogenic MT-TM mutations do not occur 
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sporadically. Of note, the 22 mitochondrial tRNA genes are also hotspots for pathogenic 

mutations that cause classical mitochondrial disorders [34].

mtDNA haplogroup background influences the development of specific tumor types

Mitochondrial haplogroups, as defined by common fixed (homoplasmic) mtDNA 

polymorphisms, have long been found to be associated with varied risks for diverse cancers 

[46]. For example, the mtDNA haplogroup M7B2 was found to be a risk factor for leukemia 

[47], while haplogroup U was found to increase the risk for both renal and prostate cancers 

[48]. Indeed, we observed an enrichment of certain cancer types in patients with specific 

mtDNA haplogroup backgrounds, for example, hyperdiploid B-ALL in haplogroup H. 

Patient ascertainment bias is a significant confounder in these studies; therefore larger data 

sets are required to allow us to formally determine the risk of cancer within haplogroups. 

However, we observed significantly fewer tumor-only mtDNA mutations occurring in 

patients belonging to the L (African) macro-haplogroup compared to the H (Eurasian macro-

haplogroup). To our knowledge, this is the first report of such a finding.

Functional significance of the tumor-only mtDNA mutations

The highlights of our findings are the clustering of hotspot LoF mutations. Naturally, the 

next-step will be to validate their functional significance experimentally. Because of the 

nature of these mutations (loss-of-function), there is less uncertainty of their functional 

significance in terms of protein function. However, determining their potential functional 

significance in terms of tumorigenesis is challenging since mitochondrial metabolism plays 

an essential role in all aspects of tumorigenesis, namely malignant transformation, tumor 

progression, metastasis, and response to treatment [3]. There is significant mitochondrial 

heterogeneity in different cells and microenvironments which, while highlighting the tumor 

extraordinary metabolic plasticity during tumorigenesis, makes it extremely challenging to 

select a single representative or appropriate assay to assess the functional significance of the 

candidate mtDNA mutation. A thorough characterization of the likely functional 

significance of a mtDNA mutation would likely require a suite of assays targeting all aspects 

of tumorigenesis.

Heteroplasmy levels of the tumor-only mtDNA mutations

Determining the functional significance of tumor-only mtDNA mutations is complicated by 

heteroplasmy and intra-tumor heterogeneity and, in some cases, tumor percentage. A tumor-

only mtDNA mutation may be observed at low VAF from next-generation sequencing of a 

tumor sample. In previous studies a pathogenic role for mtDNA mutations was dismissed 

because of their low heteroplasmy. However it is highly possible that such mtDNA 

mutations may be present at high heteroplasmy in some tumor cells but not others. The 

observed low heteroplasmy may be an artifact of pooling and sequencing DNA from 

heterogeneous groups of tumor (and normal) cells. Kang et al sequenced iPS cell lines 

derived from individual skin cells and demonstrated somatic mutations at various 

frequencies in different cell lines [49]. Similarly, our analysis of the single-cell ATACseq 

data from two acute myeloid leukemia patients also supports this hypothesis, since 

individual tumor cells had near-homoplasmy levels of some LoF mtDNA mutations that 

were observed at low heteroplasmy at bulk cell populations.
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If the near homoplasmy state of LoF mutations in single cells translates to a selective 

disadvantage, these tumor cells are expected to be purified away, so that they would 

represent lower fractions of all mtDNA mutations at higher heteroplasmy levels when the 

bulk tumor cells are sequenced. However, our data showed that the likely functionally 

deleterious tumor-only mtDNA mutations, including the LoF mutations, occurred at 

comparable if not higher heteroplasmy levels than the likely functionally neutral tumor-only 

mtDNA mutations, such as the synonymous and D-loop region mutations (Supplementary 

Figure 6). This is true for tumor-only mtDNA mutations found in both pediatric and adult 

cancers. In each case, there were also a significant number of LoF mtDNA mutations at high 

heteroplasmy (Supplementary Figure 6a & 6b). Furthermore, although most of the tumor-

only mtDNA mutations were seen at low heteroplasmy, the composition of these mutations 

across different heteroplasmy levels remained similar (Figure 2a &2b, Supplementary Figure 

6), which argues that the deleterious mtDNA mutations were not selected against. Combined 

with single-cell ATACseq data, we should not dismiss the likely functional significance of a 

tumor-only mtDNA mutation because of low heteroplasmy.

Pediatric cancer patients have an increased incidence of germline pathogenic mtDNA 
variants.

The most intriguing observation from this study was our novel finding that four childhood 

cancer patients harbored homoplasmic or heteroplasmic mtDNA germline variants that are 

known to cause classical mitochondrial disorders, which have not been previously linked to 

a cancer phenotype. A previous epidemiological study, as well as our own experience, have 

not shown that patients with mitochondrial dysfunction have an increased risk of cancer 

[31]. These findings are intriguing, however it is not known whether these patients exhibited 

other mitochondrial disease-related symptoms. Park et al reported that homoplasmic MT-
ND5 mutations prevents tumor development [44]. Some residual mitochondrial function 

may be present in cells with these homoplasmic pathogenic mtDNA variants or they would 

be lethal instead of mitochondrial disease-causing. The remaining mitochondrial function 

may be sufficient or even promote tumorigenesis, which is consistent with findings from 

Park et al [44]. Prospective investigation is needed to clarify the tumorigenic potential of 

these mutations.

It is also intriguing that there are four pediatric cancer patients with homoplasmic 

pathogenic variants that cause primary mitochondrial diseases, yet, it was shown by Park et 

al that the homoplasmic MT-ND5 mutations prevents tumor development [44]. To explain 

this, we speculate that there is residual mitochondrial function in cells with these 

homoplasmic pathogenic mtDNA variants or they would cause death or miscarriage instead 

of mitochondrial diseases only. The remaining mitochondrial function may be sufficient or 

even promote tumorigenesis, which is consistent with findings from Park et al [44].

mtDNA-hypermutation occurs in a small subset of pediatric cancers

We found five samples that were mtDNA-hypermutated, with significantly more tumor-only 

mtDNA mutations than other samples (15-29 vs. 0.63 ± 0.84). Although we did not find 

mutations in the DNA mismatch repair genes in these samples, we did observe a strong 

correlation between the number of somatic nuclear DNA mutations and the number of 
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tumor-only mtDNA mutations. It is possible that the same underlying mechanism causes 

somatic nuclear DNA and mtDNA mutations in cancer. It was shown previously that 

defective mitochondrial respiratory chain activity could lead to nuclear DNA damage and 

hypermutagenesis [50, 51]. These data provide further support for tumor-only mtDNA 

mutations contributing to diverse cancer development.

In conclusion, the present study establishes the broad landscape of germline and tumor-only 

mtDNA genome mutations across numerous subtypes of childhood leukemias, brain tumors, 

and solid tumors. We utilized a highly powered public dataset, combined with additional 

data from pediatric controls with no history of cancer, to demonstrate that deleterious 

mtDNA mutations contribute significantly to the tumorigenesis of pediatric cancers. The 

highly skewed dN/dS ratio clearly indicates non-synonymous mtDNA mutations in general, 

rather than a few isolated mutations, provide tumor cells a selective advantage. Our findings 

provide novel insights into the nature of mtDNA heteroplasmic mutations that alter normal 

mitochondrial electron transport chain function, and likely make substantial contributions to 

tumorigenesis in diverse pediatric cancers. This is highlighted by the discoveries of hotspots 

for mtDNA LoF and likely pathogenic tRNA mutations shared between pediatric and adult 

cancers, which suggests that certain mitochondrial genes and pathways may play a bigger 

role in tumorigenesis than others. Future functional studies are required to determine the 

effect of specific mutations on mitochondrial function and their role in cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance: This pan-cancer mtDNA study establishes the landscape of 

germline and tumor mtDNA mutations and identifies hotspots of tumor mtDNA 

mutations to pinpoint key mitochondrial functions in pediatric malignancies.
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Figure 1. Distribution of tumor-only mutations across mtDNA genome and tumor subtypes. In 
panels a – d, only subtypes with more than 20 samples are shown.
a ∣ Average number of somatic mtDNA mutations in individual cancer subtypes. b ∣ Average 

heteroplasmy levels in individual cancer subtypes. c ∣ Average number of LoF and disease-

causing mutations in individual cancer subtypes. d ∣ Composition of mutation types in 

individual cancer subtypes. e ∣ 391 mitochondrial somatic mutations detected in 616 

pediatric cancers. Outer scale represents heteroplasmy level, color codes for type of variant.
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Figure 2. Varied profiles of mtDNA mutations and variants.
a ∣ Composition of somatic mutations in 616 pediatric cancer tumor samples. Missense 

mutations were the most frequent type. The vast majority of mutations were present at low 

heteroplasmy levels (<10%). b ∣ Composition of somatic mtDNA mutations in 2,202 adult 

cancer tumor samples. Similarly to pediatric cancer, missense mutations were the most 

frequent type at all heteroplasmy levels. Distribution of mutations across heteroplasmy 

levels is more uniform compared to pediatric cancers. c and d ∣ Composition of 

heteroplasmic variants in normal tissues of (c) pediatric cancer patients and (d) control non-

cancer pediatric patients. Most frequent types of variants were D-loop and synonymous 

variants. High-level heteroplasmic variants are almost entirely haplogroup-defining variants 

(Supplementary Tables 9 & 10).

Triska et al. Page 21

Cancer Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Distribution of tumor-only mtDNA mutations across 8 mitochondrial macro-
haplogroups. In both panels, only macro-haplogroups with more than 20 samples are shown.
a ∣ Average number of somatic mtDNA mutations in patients belonging to individual 

mitochondrial macro-haplogroups. b ∣ Composition of mutation types in patients belonging 

to individual mitochondrial macro-haplogroups.
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Figure 4. Monte Carlo simulations of dN/dS ratio in pediatric tumors and normal samples.
Blue and pink histograms represent obtained dN/dS ratios in 1,000,000 simulated datasets in 

normal and tumor samples respectively, with fitted Gaussian curve. The dotted lines 

represent the observed dN/dS ratios in tumor and normal mtDNA mutations or variants 

detected. Significant difference between expected and observed dN/dS ratios in tumor and 

normal samples provide statistical evidence for opposite direction of evolutionary forces 

acting on non-synonymous mutations in tumor and normal tissues: positive selection is the 

dominant force in tumors while purifying selection dominates in normal tissues.
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Figure 5. Meta-analysis of hotspots for pathogenic somatic mtDNA mutations in 2,818 adult and 
pediatric tumor samples.
Shown p-values are after Bonferroni correction. a ∣ LoF mtDNA mutations in 2,818 tumor 

samples. Frameshift indels exhibit high degree of clustering in four regions located at long 

homopolymer regions in MT-ND4, MT-ND5 and MT-CO3 genes. b ∣ Probable pathogenic 

mtDNA tRNA mutations (MitoTIP score >16.25) in 2,818 tumor samples. Pathogenic 

mtDNA tRNA mutations form a hotspot in the MT-TM gene.
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Table1.

Pediatric cancer subtypes studied and the number of samples of each subtype.

Hematopoietic Malignancies # of Samples

AMLM Acute megakaryoblastic leukemia 4

B-ALL B-cell acute lymphoblastic leukemia 45

CBF Core-binding factor acute lymphoblastic leukemia 16

EA E2A-PBX1 B-lineage acute lymphoblastic leukemia 33

ERG Acute lymphoblastic leukemia with alterations of ERG 22

ETV ETV6-RUNX1 acute lymphoblastic leukemia 49

HYPER Hyperdiploid B-cell acute lymphoblastic leukemia 53

HYPO Hypodiploid B-cell acute lymphoblastic leukemia 22

INF Infant B-cell acute lymphoblastic leukemia 25

TALL T-cell acute lymphoblastic leukemia 1

PH-ALL BCR-ABL1 acute lymphoblastic leukemia 34

Hematopoietic Malignancies (n) 304

Solid Tumours # of Samples

ACC Adrenocortical carcinoma 20

MEL Melanoma 5

NBL Neuroblastoma 51

OS Osteosarcoma 37

RB Retinoblastoma 14

RMS Rhabdomyosarcoma 13

EWS Ewing’s sarcoma 35

Solid Tumours (n) 175

Brain Tumours # of Samples

CPC Choroid plexus carcinoma 4

EPD Ependymoma 39

HGG High grade blioma 31

LGG Low grade glioma 36

MB Medulloblastoma 32

Brain Tumours (n) 142

All subtypes (n) 621
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Table2.

Distribution of 45 loss-of-function somatic mtDNA mutations across mtDNA genes and tumor subtypes.

a.

Mitochondrial
region

Gene Number
of LoF

mutations

Cancer subtype

Complex I MT-ND6 3 B-ALL (2), EPD

MT-ND5 11 ACC (5), B-ALL (3), EPD, EWS, NBL

MT-ND4 7 B-ALL (3), AML, EWS, OS, HGG

MT-ND3 2 B-ALL, HGG

MT-ND2 3 ACC, B-ALL, RMS

MT-ND1 3 B-ALL (2), MEL

Complex III MT-CYB 6 B-ALL (2), EWS (2), OS (2)

Complex IV MT-CO3 6 OS (2), B-ALL (2), MB, NBL

MT-CO1 2 B-ALL

ATP Synthase MT-ATP8 1 B-ALL

MT-ATP6 1 AML

b.

Major category Cancer subtype Mitochondrial mutations

Brain Tumors EPD MT-ND5, MT-ND6

HGG MT-ND3, MT-ND4

MB MT-CO3

Solid Tumors ACC MT-ND5 (5), MT-ND2

OS MT-CO3 (2), MT-CYB (2), MT-ND4

EWS MT-CYB (2), MT-ND4, MT-ND5

NBL MT-ND5, MT-CO3

MEL MT-ND1

RMS MT-ND2

Hematopoietic Malignancies B-ALL, NOS MT-ND3, MT-ND4, MT-CO3

B-ALL, EA MT-CO1

B-ALL, ERG MT-ND2, MT-ND6, MT-CO1

B-ALL, ETV MT-ND1, MT-ND4, MT-ND5, MT-ND6, MT-CYB, MT-ATP8

B-ALL, HYPER MT-ND4, MT-ND5, MT-CYB

B-ALL, HYPO MT-ND1

B-ALL, PHALL MT-ND5, MT-CO3

AML, CBF MT-ND4, MT-ATP6
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