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The mitochondrial genetic landscape in neuroblastoma from 
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ABSTRACT
Little is known about changes within the mitochondrial (mt) genome during tumor 

progression in general and during initiation and progression of neuroblastoma (NB) in 
particular. Whole exome sequencing of corresponding healthy tissue, primary tumor and 
relapsed tumor from 16 patients with NB revealed that most NB harbor tumor-specific  
mitochondrial variants. In relapsed tumors, the status of mt variants changed in parallel 
to the status of nuclear variants, as shown by increased number and spatio-temporal  
differences of tumor-specific variants, and by a concomitant decrease of germline 
variants. As mt variants are present in most NB patients, change during relapse and 
have a higher copy number compared to nuclear variants, they represent a promising 
new source of biomarkers for monitoring and phylogenetic analysis of NB.

INTRODUCTION

The mt genome differs from the nuclear genome 
by its high copy number, small size, intronless genomic 
structure, different mode of replication, exposure to 
oxygen radicals and increased DNA damage [1, 2]. While 
it is well-established that tumor-specific mt variants and 
mutations are present in many cancers, little is known about 
alterations of the mt genome during tumor relapse [3]. 

NB is the most common extracranial solid tumor of 
childhood, with a poor prognosis in advanced stages [4]. 
The nuclear genome of NB patients carries only a small 
number of mutations [5–7]. At relapse, the nuclear genome 
of NB frequently harbors mutations in the RAS-MAPK 
pathway [8] and shows an increased mutational burden, 
a shift in the mutational spectrum, reduced mutational 
heterogeneity and continuing evolution [9]. It is unknown 

whether NB harbor alterations in their mt genome, 
whether these change during relapse and how this change 
compares with that of nuclear variants. We show here that 
the majority of NB patients have tumors with evolving 
mt variants, providing the foundation for novel means to 
analyze and monitor NB. 

RESULTS

To check whether mt DNA alterations are present 
in NB, we analyzed mt sequences extracted from whole 
exome sequencing data of corresponding normal tissue, 
primary (diagnostic) tumors and relapsed tumors of 16 NB 
patients (Supplementary Table 1) that we previously had 
investigated for nuclear mutations [9]. 14 of 16 patients 
(87.5%) had tumors with tumor-specific mt variants. Mt 
variants ranged from 0 to 21 variants per tumor (mean 6.3), 
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65.0% of which occurred in relapsed disease (Figure 1A 
and Table 1). All of these variants were heteroplasmic and 
most of them had a low allele frequency (Supplementary 
Table 2). In total, 19 previously unpublished tumor-specific 
variants (Supplementary Table 2) and 28 recurrent tumor-
specific variants (Supplementary Table 3) were found, most 
of them silent. All tumors possessed germline mt variants 
ranging from 1 to 350 per tumor (mean 112.3) (Table 1).

Next, we wanted to know whether the status of mt 
variants changes during the course of NB. Indeed, in 14 
out of 16 patients, changes from tumor at diagnosis to 
relapse were seen (Supplementary Table 2). In particular, 
an increase in the number of tumor-specific mt variants 
occurred at relapse in 12 of these patients (Figure 1B, left 
panel) leading to a positive mean difference of variants 
proved to be statistically significant (Figure 1C, left 

Figure 1: The mitochondrial genome in NB. (A) The majority of NB harbors tumor-specific mt variants, with increased frequency 
at relapse. The number of tumor-specific mt variants per patient present in the primary tumor at diagnosis (P), relapsed tumor (R) or both 
(P + R) is shown. (B) The number of tumor-specific mt variants increases at relapse while the number of germline mt variants decreases 
during tumor initiation and relapse. In the left panel, the number of tumor-specific mt variants per patient in the primary (P) and the 
relapsed (R) tumor is shown. In the right panel, the number of germline mt variants per patient in normal tissue (N), primary tumor (P) and 
relapsed tumor (R) is depicted. (C) At relapse, the number of tumor-specific and germline mt variants significantly increases and decreases, 
respectively. In the left panel, the paired differences of tumor-specific variants between primary (P) and relapsed tumor (R) of each patient 
are plotted. The null hypothesis of the mean of the paired differences being equal to 0 was tested by Monte Carlo simulation and the exact 
p-value was calculated. For the right panel, a linear regression model was fitted for each patient. The slope coefficients of the fitted lines 
were used to depict the trend. The distribution of the coefficients is plotted. The null hypothesis, i.e. the mean of these coefficients being 0 
when the number of variants in normal tissue, primary tumor and relapse are randomly distributed, was tested by Monte Carlo simulation 
and the exact p-value was calculated.
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panel). Concomitantly, changes of germline mt variants 
at relapse were seen in all patients (Table 1). In particular, 
a decrease of germline mt variants from normal tissue to 
relapse in 10 out of 16 patients (Figure 1B, right panel) 
caused a statistically significant negative mean difference 
of germline variants (Figure 1C, right panel). Most NB 
showed a concordant increase of tumor-specific variants 
in the nuclear and mt genomes from primary to relapsed 
tumor (Supplementary Figure 1). None of the recurrently 
mutated genes of the nuclear genome was associated 
with an increased number of tumor-specific mt variants  
(data not shown).

An unique opportunity to investigate the phylogeny 
of NB relapse arose in patient #12, who suffered a series of 
five relapses, the third (R3) and forth (R4) of which occurred 
concurrently at different sites (Figure 2, upper panel). In this 
patient, tumor-specific mt variants not only occurred late, 
i.e. at third relapse, but were also site-dependent, as R3 and 
R4 harbored mutually exclusive mt variants (Supplementary 
Table 2). A phylogenetic reconstruction analysis of the 
relapsed tumor samples utilizing their mt variants revealed 
two independent branches originating from the primary 
tumor. One branch subdivided to the locoregional relapses 

R1, R2, R4 and R5, and the other branch to R3, a distant 
metastasis (Figure 2, lower panel). While R1, R2 and R4 
were strictly local, R5 occurred more distant in a regional 
lymph node. 

Finally, we assessed how the mutational spectrum 
of the mt genome evolves during progression of NB in 
patients. To this end, the mutational signature of primary 
and relapsed tumors were obtained comparing mt variant 
motif spectra during tumor initiation and relapse. The 
spectrum of mutations at initial disease was consistent 
with replication-induced but not with reactive oxygen 
species-induced DNA damage [3] and did not change at 
relapse (Figure 3). 

DISCUSSION

In this study we show for the first time that the 
majority of NB harbors mt DNA variants and that 
relapsing NB displays enhanced evolutional changes. The 
changes of the mt variants in NB at relapse, as manifested 
by increased number and spatio-temporal differences of 
tumor-specific variants, and by the concomitant decrease 
of germline variants, most likely has been caused by 

Table 1: Number of tumor-specific and germline mt variants with corresponding differences and 
coefficients

Patient
Tumor-specific mt variants (n)a

Differenceb
Germline mt variants (n)c

Coefficientd

P R P R
1 10 4 −6 187 51 −175.5
2 0 16 16 5 66 −62.0
3 4 19 15 191 30 −6.0
4 0 19 19 10 160 40.5
5 4 19 15 265 223 −64.0
6 0 0 0 219 110 −23.5
7 0 21 21 3 84 −1.0
8 0 6 6 36 115 40.5
9 9 10 1 277 231 12.5
10 0 0 0 55 59 −110.0
11 2 12 10 3 62 −32.5
12 2 2 0 51 49 −138.5
13 12 14 2 219 113 15.0
14 0 1 1 1 2 −3.0
15 3 4 1 350 172 −135.5
16 2 6 4 141 55 −74.5

a Number of tumor-specific mt variants: P, primary tumor; R, relapse tumor. Variants with an allele frequency of at least 1% 
were analyzed.

bDifference: Pairwise difference between primary and relapse tumor.
c Number of germline mt variants: P, primary tumor; R, relapse tumor. Variants with an allele frequency of at least 1% were 
analyzed. 

dCoefficient: Coefficient as calculated by linear regression.
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heterogeneous genetic drift of mt variants, given that 
selection of mt variants has only been observed with 
nonsense mutations [3]. Cumulated heterogeneity of mt 
variants may lead to differences in the activity of oxidative 
phosphorylation and mitochondrial apoptosis [1]. These 
time- and site-dependent changes may dictate rebiopsy of 
relapses and metastases, if the latest state of mt variants is 
to be determined comprehensively. Whether intratumoral 
heterogeneity of mt changes also exists, requires future 
investigations. 

We previously investigated the same set of 
corresponding primary and relapsed NB for the dynamics 
of nuclear mutations [9]. Despite the many structural and 
functional differences of the mt and nuclear genomes, 
their variants showed parallels during progression. Thus, 
at relapse both genomes concomitantly harbored increased 
tumor-specific recurrent and non-recurrent variants, and 
had decreased germline variants. Both genomes also 
showed spatio-temporal heterogeneity during progression 
of NB. An association of specific recurrent nuclear 

Figure 3: The mutation spectrum of the mt genome suggests replication-dependent DNA damage and does not change 
at relapse. Primary and relapsed tumors are compared. The 6 base substitutions classes are indicated on the top and the bases flanking 
the substitutions 5′ and 3′ are depicted at the bottom. The percentages show the observed frequencies of the base substitutions within their 
sequence context normalized by the frequency seen in the Revised Cambridge Reference Sequence (rCRS) of the mt genome.

Figure 2: Multiple relapses in patient #12 reveal spatio-temporal change of tumor-specific mt variants. The upper panel 
shows time and site of occurrence of the primary tumor and the relapses. The lower panel depicts the branching of relapse samples R1–R5 
from the primary tumor P. Branch lengths reflect the phylogenetic distance between tumor samples (bar equals 0.2 base substitutions per 
site), numbers represent bootstrap values (%) supporting a given branching point. Phylogenetic reconstruction was performed using the 
Neighbor-Joining method for evolutionary history and the Jukes-Cantor method for evolutionary distances.
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mutations with an increase of tumor-specific mt variants 
was not evident in this small cohort.

While mitochondrial phylogenetic analysis 
of relapses in patient #12 was congruent with the 
corresponding nuclear analysis [9] in delineating two 
major branches of relapses, it diverged in the assignment 
of R1 and R5. This divergence may be attributed to 
differences between the mt and the nuclear genome in 
copy number, size and replication, leading to different 
mechanisms of heterogeneity. These data show that 
mitochondrial phylogenetic analysis yields information 
complementary to nuclear phylogenetics. 

Mutation spectra differed between the mt and 
nuclear genomes, suggesting different mutational 
mechanisms. This may be explained by the differences 
in genomic structure, replication, DNA damage and DNA 
repair between the two genomes. The stable mt mutation 
spectrum of primary and relapsed tumors suggests that 
similar mutational mechanisms act upon the mt genome at 
the time of diagnosis and relapse. In contrast, the changing 
nuclear mutation spectrum [9] proposes that mutating 
mechanisms in the nuclear genome change during tumor 
progression. 

Taken together, we have determined the presence and 
change of mt DNA variants during neuroblastomagenesis. 
Notwithstanding whether mt variants have functional 
consequences and represent actionable targets in NB, they 
are a promising source of biomarkers for monitoring and 
phylogenetic analysis of NB.

MATERIALS AND METHODS

Patients

Corresponding blood and tumor tissue at diagnosis 
and at relapse were collected from 16 NB patients 
diagnosed and treated in participating study centers of 
the German neuroblastoma trials NB 97 and 2004. All 
participants provided informed consent. Detailed patient 
characteristics can be found in Supplementary Table 1.

Exome capture, library preparation and 
massively parallel sequencing

These methods are described in detail elsewhere 
[9]. Briefly, exome capture and library preparation 
were performed using the NimbleGen SeqCap EZ 
Human Exome Library SR kits v2 or v3 (Roche, Basel, 
Switzerland) and the TruSeq Sample Preparation kit v2 
(Illumina, San Diego, CA, USA). 

Mitochondrial data filtering

Whole exome sequencing data was filtered for 
mitochondrial sequences and screened for mt variants 
using the MitoSeek tool [10] and the revised Cambridge 

Reference Sequence. Thresholds were set to a coverage of 
> 50 reads per base. The mean coverage of mitochondrial 
variants was 212. An abundance of at least 2% was chosen 
as a threshold for tumor-specific variants and germline 
variants and at least 1% for investigating changes of variants. 
Resulting variants were compared and evaluated using 
MITOMAP: A Human Mitochondrial Genome Database. 
(http://www.mitomap.org) and mtDB: Human Mitochondrial 
Genome Database (http://www.mtdb.igp.uu.se/).

Dynamics of mitochondrial variants

Tumor-specific mt variants. Corresponding primary 
and relapse tumor samples were first compared to normal 
tissue to identify tumor-specific mt variants. The paired 
difference between primary tumor and relapse for every 
patient was taken to assess the change in number of tumor-
specific mt variants across all patient samples. To obtain a 
single parameter expressing the changes of all mt variants, 
the mean of the paired differences between primary tumor 
and relapse was calculated. The null hypothesis of the 
mean of the paired differences being equal to 0 when there 
is no increment or decrement of variants across sample 
types was tested. To this end, Monte Carlo simulation with 
10,000 iterations was performed using randomly generated 
uniform numbers within the range of the observed values. 
The exact p-value was calculated.

Germline mt variants. A linear regression model 
was fitted for every patient and the slope of the fitted line 
was taken as the coefficient that describes the trend of 
changes of the number of variants between normal tissue, 
primary tumor and relapse. To obtain a single parameter 
expressing the changes of all mt variants across all patients 
and samples, the mean of these coefficients was calculated. 
The null hypothesis, i.e. the mean of these coefficients 
being 0 when the number of variants in normal tissue, 
primary tumor and relapse are randomly distributed, was 
tested by Monte Carlo simulation and the exact p-value 
was calculated.

Mitochondrial phylogenetic analysis

All mt variants that passed the frequency filtering 
threshold (1%; 346 variants from the primary tumor sample 
and its 5 relapses) were used for the reconstruction of the 
phylogenetic tree in MEGA6 [11]. The evolutionary history 
was inferred using the Neighbor-Joining method [12]. The 
evolutionary distances were computed using the Jukes-Cantor  
method [13]. The unit is the number of base substitutions 
per site. Gamma distribution (shape parameter = 0.75)  
was used to model the rate variation among sites. 
The confidence probability (multiplied by 100) of the 
interior branch length being greater than 0 was estimated 
using the bootstrap test (1,000 replicates) [14, 15].  
The tree was drawn to scale with the branch lengths 
reflecting the evolutionary distances.
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Mutation spectrum analysis

We adapted a method previously described [3, 16]  
to obtain a mutational signature of the mt variants 
specific for primary and relapse tumor samples. Briefly, 
we first calculated the frequencies of the 6 classes 
of base changes within their 5′ and 3′ flanking bases  
(96 possible combinations) for the primary and relapse 
tumor samples separately. The frequencies of these 
changes were also calculated for the Revised Cambridge 
Reference Sequence (rCRS) of the mt genome and 
used to normalize the frequencies of the changes in the 
primary and relapse samples. Results were then displayed 
as bar plots with the y-axis representing the normalized 
frequencies and the x-axis showing the base changes and 
their 5′ and 3′ flanking bases.

General statistical analysis

The GraphPad Prism 6.01 software (La Jolla, CA, 
USA) was used.

ACKNOWLEDGMENTS

We thank Andrew Westhoff for discussions and 
corrections.

GRANT SUPPORT

Funded in part by the Förderkreis für tumor- und 
leukämiekranke Kinder Ulm (C.B.), the Deutsche 
Forschungsgemeinschaft (C.B.) and the International 
Graduate School Ulm (L.M.R.).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

 1. Brandon M, Baldi P, Wallace DC. Mitochondrial mutations 
in cancer. Oncogene. 2006; 25:4647–4662.

 2. Wallace DC, Chalkia D. Mitochondrial DNA genetics and 
the heteroplasmy conundrum in evolution and disease. Cold 
Spring Harb Perspect Med. 2013; 3:a021220.

 3. Ju YS, Alexandrov LB, Gerstung M, Martincorena I,  
Nik-Zainal S, Ramakrishna M, Davies HR, Papaemmanuil E,  
Gundem G, Shlien A, Bolli N, Behjati S, Tarpey PS, et al. 
Origins and functional consequences of somatic mitochondrial 
DNA mutations in human cancer. Elife. 2014; 3:e02935.

 4. Park JR, Eggert A, Caron H. Neuroblastoma: biology, 
prognosis, and treatment. Hematol Oncol Clin North Am. 
2010; 24:65–86.

 5. Pugh TJ, Morozova O, Attiyeh EF, Asgharzadeh S, Wei JS,  
Auclair D, Carter SL, Cibulskis K, Hanna M, Kiezun A, 
Kim J, Lawrence MS, Lichenstein L, et al. The genetic 
landscape of high-risk neuroblastoma. Nat Genet. 2013; 
45:279–284.

 6. Sausen M, Leary RJ, Jones S, Wu J, Reynolds CP, Liu X, 
Blackford A, Parmigiani G, Diaz LA, Jr., Papadopoulos 
N, Vogelstein B, Kinzler KW, et al. Integrated genomic 
analyses identify ARID1A and ARID1B alterations in the 
childhood cancer neuroblastoma. Nat Genet. 2013; 45:12–
17.

 7. Molenaar JJ, Koster J, Zwijnenburg DA, van Sluis P, 
Valentijn LJ, van der Ploeg I, Hamdi M, van Nes J, 
Westerman BA, van Arkel J, Ebus ME, Haneveld F, 
Lakeman A, et al. Sequencing of neuroblastoma identifies 
chromothripsis and defects in neuritogenesis genes. Nature. 
2012; 483:589–593.

 8. Eleveld TF, Oldridge DA, Bernard V, Koster J, Daage LC, 
Diskin SJ, Schild L, Bentahar NB, Bellini A, Chicard M, 
Lapouble E, Combaret V, Legoix-Ne P, et al. Relapsed 
neuroblastomas show frequent RAS-MAPK pathway 
mutations. Nat Genet. 2015; 47:864–871.

 9. Schramm A, Koster J, Assenov Y, Althoff K, Peifer M, 
Mahlow E, Odersky A, Beisser D, Ernst C, Henssen AG, 
Stephan H, Schroder C, Heukamp L, et al. Mutational 
dynamics between primary and relapse neuroblastomas. Nat 
Genet. 2015; 47:872–877.

10. Guo Y, Li J, Li CI, Shyr Y, Samuels DC. MitoSeek: 
extracting mitochondria information and performing 
high-throughput mitochondria sequencing analysis. 
Bioinformatics. 2013; 29:1210–1211.

11. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S.  
MEGA6: Molecular Evolutionary Genetics Analysis 
version 6.0. Mol Biol Evol. 2013; 30:2725–2729.

12. Saitou N, Nei M. The neighbor-joining method: a new 
method for reconstructing phylogenetic trees. Mol Biol 
Evol. 1987; 4:406–425.

13. Jukes TH, Cantor CR. Evolution of protein molecules In: 
Munro HN, ed. Mammalian Protein Metabolism.1969; 
(New York: Academic Press). 21–132.

14. Dopazo J. Estimating errors and confidence intervals 
for branch lengths in phylogenetic trees by a bootstrap 
approach. J Mol Evol. 1994; 38:300–304.

15. Rzhetsky A, Nei M. A simple method for estimating and 
testing minimum evolution trees. Mol Biol Evol. 1992; 
9:945–967.

16. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, 
Behjati S, Biankin AV, Bignell GR, Bolli N, Borg A, 
Borresen-Dale AL, Boyault S, Burkhardt B, Butler AP, et 
al. Signatures of mutational processes in human cancer. 
Nature. 2013; 500:415–421.


