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Background: Mitochondria are considered relevant players in many tumour entities and first data indicate beneficial effects of
mitochondria-targeted antioxidants in both cancer prevention and anticancer therapies. To further dissect the potential roles of
mitochondria in NSCLC we comprehensively analysed somatic mitochondrial mutations, determined the spatial distribution of
mitochondrial DNA within complete tumour sections and investigated the mitochondrial load in a large-scale approach.

Methods: Whole mitochondrial genome sequencing of 26 matched tumour and non-neoplastic tissue samples extended by
reviewing published data of 326 cases. Systematical stepwise real-time PCR quantification of mitochondrial DNA covering 16
whole surgical tumour sections. Immunohistochemical determination of the mitochondrial load in 171 adenocarcinoma and 145
squamous cell carcinoma.

Results: Our results demonstrate very low recurrences (max. 1.7%) and a broad distribution of 456 different somatic mitochondrial
mutations. Large inter- and intra-tumour heterogeneity were seen for mitochondrial DNA copy numbers in conjunction with a
correlation to the predominant histological growth pattern. Furthermore, tumour cells had significantly higher mitochondrial level
compared to adjacent stroma, whereas differences between tumour entities were negligible.

Conclusions: Non-evident somatic mitochondrial mutations and highly varying mitochondrial DNA level delineate challenges for
the approach of mitochondria-targeted anticancer therapies in NSCLC.

Lung cancer is the leading cause of cancer-related mortality.
Although the patients’ prognosis is still limited, the successful
translation of targeted therapies based on tissue-derived biomar-
kers into the clinical setting, for example EGFR mutations or ALK
and ROS1 translocations, has paved the way for future strategies to
significantly improve the patients’ outcome. However, it became
evident that tumours develop resistance mechanisms against
targeted therapies, usually based on selection of resistant clones

(Warth et al, 2016). Therefore, the better understanding of the
complex interactions and mechanisms that take place during
tumorigenesis and tumour progression seems to be of utmost
importance for further therapeutical improvements.

Mitochondria are indispensable for respiratory energy metabo-
lism, apoptosis regulation, cellular senescence, immune response,
and cell signalling. The role of mitochondria in cancer in general
and specifically the impact of somatic mitochondrial DNA
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(mtDNA) alterations as well as of quantitative mitochondrial
changes on cancer progression are poorly understood. However,
there is growing evidence that mitochondria are relevant players in
this context and might also serve targets for anticancer therapies.
In solid tumours, such as breast cancer, a high mitochondrial mass
was identified in a sub-population of chemo-resistant stem-like
cancer cells (Farnie et al, 2015); however, low mtDNA content in
general was reported to be associated with a poor outcome (Weerts
et al, 2016). Furthermore, mitochondrial reprogramming was
shown to regulate tumour progression (Kannan et al, 2016). In
contrast to normal mitochondria, mitochondria in cancer cells are
characterised by reactive oxygen species (ROS) overproduction,
which promotes cancer development, recurrence, and therapy
resistance by inducing genomic instability, and modifying gene
expression and signalling pathways. Mitochondrial genetic changes
are therefore considered as a molecular initiator of mutations in
various cancers (Reznik et al, 2016; Yan et al, 2016; Yang et al,
2016).

To shed more light on the potential roles of mitochondria in
non-small cell lung cancer (NSCLC), we performed whole mtDNA
sequencing of tumour and corresponding non-neoplastic tissue
samples to systematically assess somatic mitochondrial mutations,
we spatially quantified the amount of mtDNA across whole
surgical specimen sections, and determined the mitochondrial load
on protein level in a large-scale approach discriminating between
tumour cells and tumour stroma.

MATERIALS AND METHODS

Samples. All analysed tumours were resected at the Thoraxklinik
at Heidelberg University and were diagnosed in the Institute of
Pathology at Heidelberg University, according to the criteria of the
2015 WHO Classification for lung cancer (Travis et al, 2015).

Formalin fixed and paraffin embedded (FFPE) NSCLC speci-
mens were handled with the support of the tissue bank of the
National Center for Tumor Diseases (NCT; project: # 1746,
# 2015). Tissues were used in accordance with the ethical
regulations of the NCT tissue bank established by the local ethics
committee.

For the analysis of somatic mtDNA mutations FFPE tissues
from 26 pulmonary adenocarcinomas (ADC) and corresponding
non-neoplastic lung tissues from the same patient, histologically
confirmed to be tumour free, were tested (Supplementary 1).

For the determination of the spatial distribution of mitochon-
dria, central tumour sections in largest tumour diameter of 16
ADC were analysed. Following formalin fixation, the tumour
sections were systematically cut into segments according to a
5� 5mm grid and labelled with ink marks to enable the
reconstruction of the full section (Supplementary 2). Each segment
was embedded separately in paraffin and the respective predomi-
nant histological growth pattern was determined by an experienced
pathologist (A.W.) on consecutive H&E-stained sections (see
Supplementary 1 for clinicopathological data).

For the quantification of mitochondrial protein levels eight
TMA slides representing FFPE material (two punch samples for
each tumour) of 171 ADC and 145 squamous cell carcinomas
(SQCC) were immunohistochemically analysed. Construction of
the TMA and comprehensive clinicopathological assessment of the
cases was described previously in detail (Warth et al, 2012).

DNA extraction and quantification. Genomic and mitochondrial
DNA were extracted together from unstained 10 mm tissue slides.
Following deparaffinisation all samples were digested with
proteinase K overnight and DNA was extracted automatically
using a Maxwell 16 Research system and the Maxwell 16 FFPE
Tissue LEV DNA Purification Kit (both Promega, Madison, WI,

USA), in accordance to the manufacturer’s instructions. Total
DNA concentrations were determined using the Qubit HS DNA
assay (Thermo Fisher Scientific, Waltham, MA, USA), whereas
genomic DNA yields were assessed using the RNaseP Detection
system on a StepOne qPCR system (both Thermo Fisher
Scientific), according to the manufacturer’s protocols, respectively.

Library preparation and massive parallel sequencing. The
complete mitochondrial genome was sequenced on an Ion Torrent
PGM System applying the Precision ID mtDNA Whole Genome
Panel (Thermo Fisher Scientific) according to the manufacturer’s
protocol. For each sample two amplicon libraries were prepared
using two different primer pools containing 81 primer pairs each
and the Ion AmpliSeq Library Kit 2.0 (Thermo Fisher Scientific)
with 0.5 ng DNA input. The thermal cycler (Biometra, Göttingen,
Germany) conditions were as follows: 99 1C for 2min (initial
denaturation), 18 cycles of 99 1C for 15 s and 60 1C for 4min.
Subsequently, both libraries of one sample were processed
separately. PCR products were partly digested using FuPa reagent
(Thermo Fisher Scientific) and ligated to barcoded sequencing
adapters (Ion Xpress Barcode Adapters, Thermo Fisher Scientific).
In the final preparation step the libraries were purified with
Agencourt AMPure XP magnetic beads (Beckman Coulter,
Krefeld, Germany) and quantified using the Ion Library Quantita-
tion kit on a StepOnePlus qPCR system (both Thermo Fisher
Scientific).

All libraries were adjusted to a concentration of 100 pM and the
two libraries of each sample were combined. Up to 25 samples
were pooled for library amplification on Ion Spheres using the Ion
OneTouch 2 instrument with the 200 bp chemistry. Ion Sphere
quality control measurement for unenriched libraries was per-
formed on a QuBit 2.0 instrument, before the libraries were
enriched using the Ion OneTouch ES system. Finally, the barcoded
libraries were processed using the Ion Torrent 200 bp sequencing
v2 chemistry and loaded onto a 318v2 chip.

NGS data analysis. To generate sequences from the raw data and
align them to the revised Cambridge reference sequence (rCRS;
NC_012920) the Torrent Suite software (version 4.2, Thermo
Fisher Scientific) was used. Variations to the reference sequence
were detected by the variant caller plug-in package and confirmed
in the IGV browser. Cutoffs for mutations were an allele frequency
greater than 3% and a minimum coverage of 100 reads. In
accordance to the guidelines of the mitochondrial DNA population
database of the European DNA Profiling Group of the Interna-
tional Society for Forensic Genetics (EMPOP) length variants
around positions 309, 445, 463, 573, 960, 5899, 8276, 8285 and
16 193 involving C- or T-stretches were ignored. Somatic
mutations were identified by comparing the semiconductor
sequencing results of tumour samples and corresponding non-
neoplastic lung tissue samples. Variations present in the tumour
and the non-neoplastic tissue were referred to as polymorphism
and variations that were solely detected in the tumour were
designated as somatic mutations.

Determination of mtDNA copy number variations. Copy
numbers of mtDNA were determined using an adapted real-time
PCR assay for the absolute quantification of mtDNA (Kavlick et al,
2011) on a StepOnePlus qPCR system (Thermo Fisher Scientific).
This assay utilises a synthetic double stranded oligonucleotide for
standard curve generation. A 105 bp long region of the mitochon-
drial genome corresponding to positions 13 288–13 392 of the
rCRS is amplified and detected for quantification. In order to take
varying cell numbers of the analysed samples into account, we
normalised the mtDNA copy numbers (mtDNA-CN) to the total
DNA content of a sample (see above for DNA quantification).

Immunohistochemical quantification of mitochondria. For the
quantification of mitochondria on protein level a Mitochondria
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Ab-2, mouse monoclonal antibody, clone MTC02, ready-to-use
solution (Thermo Fisher Scientific, Dreieich, Germany) was
applied according to the manufacturer’s instructions using an
autostainer (BenchMark ULTRA, Ventana Medical Systems Inc,
Tucson, AZ, USA). The antibody recognises a 60 kDa non-
glycosylated protein component localised in human mitochondria.
The stainings were evaluated digitally on the HALO platform
(v.2.0.1038, Indica Labs, Corrales, NM, USA) applying an
algorithm (Supplementary 3) to count cells subdivided by three
intensities (weak, moderate, strong). H-scores were calculated
according to the percentage of cells stained at a respective intensity
(1� weak, 2� moderate, 3� strong), yielding scores from 0 to
300. Tumour and stroma cells were differentiated using the HALO
program together with a specific classifier that was set-up and
verified by a pathologist (H.A.).

Statistical analysis and plot generation. Shapiro–Wilk test
(normality test) and Mann–Whitney U test (nonparametric
hypothesis test) were carried out using R (v.3.3.0) (R Core Team,
2016) and the ‘coin’ (v1.1–2) package. Plots were generated either
using R (v.3.3.0) in combination with the ‘ggplot2’ (v2.1.0) and the
‘GGally’ (v.1.2.0) packages or by using Microsoft Excel 2013
(Microsoft, Redmond, WA, USA) together with the ‘Daniel’s XL
Toolbox NG’ (7.1.4) add-in (https://www.xltoolbox.net/).

Literature research. Since only few data were available on somatic
mtDNA mutations in lung cancer, we screened PubMed (http://
www.ncbi.nlm.nih.gov/pubmed) for published studies on lung
cancer with whole mtDNA mutation analysis to complement our
own data. Studies covering only parts of the mitochondrial
genome, for example, the D-loop, were not considered. Finally
we included nine publications (Fliss et al, 2000; Liu et al, 2004;
Jakupciak et al, 2005; Jin et al, 2007; Jakupciak et al, 2008;
Dasgupta et al, 2009, 2012; Ju et al, 2014; Stewart et al, 2015).

RESULTS

Somatic mutations of the mitochondrial genome. In the
examined sample set 24 out of 26 ADC (92%) showed somatic
mtDNA mutations with a maximum of nine alterations per sample
(Supplementary 4). We identified a total number of 105 mutations,
from which only four occurred in more than one sample (n):
A8649C (3), G16390A (3), G2701A (2), G10522A (2). The
distribution of the mutations spanned widely over the complete
mitochondrial genome, with 64, 27 and 14 mutations located in
protein coding, RNA coding, and non-coding regions, respectively
(Figure 1). The majority (90.6%; 58 of 64) of mutations in the
protein coding genes caused non-synonymous amino acid changes.

Within functional regions, accumulations with more than eight
mutations were found in the D-Loop, 12S rRNA, 16S rRNA, ND4,
and ND5. The ATP8 region was the only section where no somatic
mutation was found. Taking the different region lengths into
account the ATP6 and D-Loop showed the highest mutation to
base pair ratio, followed by 12S rRNA (Figure 1: bold line).

In order to provide a comprehensive overview of mtDNA
mutations in NSCLC we reviewed the published literature on
somatic mutations in the complete mitochondrial genome.
Assessment including our own data resulted in the analysis of
352 lung tumours (Figure 2). In combination with 393 reported
somatic mutations (LC subgroup) a total of 498 mutations were
identified, whereas 90% of the mutations were non-recurring. Eight
of the already reported mutations were also found in our sample
set (G1552A, T4752C, T5215C, G5591A, G10522A, T11072C,
A16284G and G16390A). With a frequency of 1.7% (6/352)
G16390A was the most abundant mutation of the comprehensive
cohort. Most of the tumours in the literature were only designated
as lung cancer, but 59 were specifically subclassified as ADC and 59
as SQCC. Combined with our own data we found 183 somatic
mtDNA mutations in 85 ADCs (Ø 2.15) and 78 in SQCCs (Ø
1.76). The following mutations were found in both groups:
C3450T, T4752C, G10522A, A10946þC, G1552A, A16284G,
C16290T, G16390A. Determining the numbers of mutations per
500 bp of the mtDNA revealed that most mutations could be found
between positions 16 000 and 16 569 in all subgroups (Figure 2,
upper graphs).

Spatial distribution of mtDNA copy numbers in ADC. In order
to analyse the spatial distribution of mtDNA copy numbers
(mtDNA-CN) in ADCs, we determined mtDNA-CN stepwise
(5� 5mm segments) in whole central sections of 16 ADCs and
normalised it to the respective total DNA content. On average,
sections were cut into 23 segments (minimum: 11; maximum: 41
segments). The image Supplementary 5 and the table
Supplementary 6 provide an overview about the median, inter-
quartile range, and the minimum and maximum values for each
tumour. While most of the tumours showed median mtDNA
copies per ng total DNA in a range of 60 000 to 126 000, three
tumours (IV, II, III) had median values below 30 000 and three
(XII, XI, I) over 200 000 mtDNA, respectively (Po0.01; compared
to the overall average).

The analysis of all segments of each tumour revealed a
heterogeneous distribution of mtDNA in all analysed specimens
(Figure 3 and Supplementary 6); both in tumours with single and
with multiple histological growth patterns. In order to investigate a
potential correlation of mtDNA-CN to the predominant morpho-
logical growth patterns we normalised the mtDNA-CN values of
the tumour segments to respective non-neoplastic tissue so that
inter-patient differences were minimised (Figure 4). Owing to the
availability of tumour-free segments this was possible for 10 (IV, V,
VII–XII, XV, XVI) specimens (overall 283 single samples). On
average tumour segments with a lepidic or a papillary predominant
growth pattern had a significantly higher (Po0.01) mtDNA load
compared to non-neoplastic tissue. In contrast, solid predominant
segments showed significantly lower values (Po0.01). Samples
with an acinar predominant growth pattern did not differ
significantly from non-neoplastic tissue but from lepidic, papillary
and solid segments (Po0.01). For micropapillary predominant
segments we could not find significant differences to any other
growth pattern or non-neoplastic tissue.

Quantification of mitochondria in ADC and SQCC. In a large-
scale IHC approach, we determined the mitochondrial load in 171
ADC and 145 SQCC specimens (Ø 11,600 cells per tumour),
discriminating between tumour and stroma cells (Figure 5 and
Supplementary 7). In both entities the average H-scores of the
tumour cells were significantly higher (Po0.01) than in stromal
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Figure 1. Number of somatic mutations in functional regions of the
mitochondrial genome found in 26 pulmonary ADCs. Grey bars:
absolute numbers. Bold line: mutations per base pair. For absolute
numbers see Supplementary 4.
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cells, which had comparable expression levels to non-neoplastic
tissue. Comparing ADC with SQCC we found statistically
significant (Po0.01) higher H-scores in SQCC tumour cells;
however, the absolute difference of the H-scores was only minor
(11.5). No significant differences were seen between stromal cells of
both entities. A subdivision of the ADC group according to the
predominant histological pattern did not reveal significant
differences except for lower levels in the tumour cells of
micropapillary predominant samples compared to acinar
(Po0.05) or solid (Po0.01) predominant samples, respectively.

DISCUSSION

Owing to their crucial role in the cell energy metabolism, the
involvement in cellular signalling, survival pathways, aging, and
apoptosis (Elmore, 2007), mitochondrial damage has been linked
to various diseases including cancer. Over the last decades multiple
studies have identified and investigated a wide variety of
mitochondrial changes across human cancers such as mtDNA
mutations (Chatterjee et al, 2006; Larman et al, 2012; van
Gisbergen et al, 2015), mtDNA content (Lee et al, 2005; Dai
et al, 2013; Reznik et al, 2016), mitochondrial protein expression
and activity (Roberts and Thomas, 2013; van Gisbergen et al,
2015), but a detailed picture for lung cancer is missing so far.
Somatic variations of the mitochondrial genome are commonly
seen in tumours but it is unclear if they have an impact on
tumorigenesis, similar to driver gene mutations. Our comprehen-
sive analysis of mtDNA mutations in 352 NSCLCs did not reveal
evident lung cancer-specific somatic mutations (Figure 2). The
detected mutations were rather randomly distributed across the
whole mitochondrial genome with very low occurrences. The most
frequent mutation of the combined sample set was a G to A
substitution at position 16 390 (1.7%), a known polymorphism and
one of the defining mutations of the subequatorial African
haplogroup L2 (6% gene bank frequency in MITOMAP). Despite
a correlation with alterations in the gut microbiome (Ma et al,
2014) and as a risk factor for primary open-angle glaucoma
(Collins et al, 2016) no association of this mutation to malignancy
is described. Mutations at positions 3450, 4901, 8701, 10 398 have
been postulated as potentially linked to lung cancer (Jakupciak
et al, 2008; Choi et al, 2011); however, mutations at these positions
were found only once or not at all in the comprehensive sample set,
thus challenging their role in lung cancer carcinogenesis.
Considering the numbers of somatic mutations per 500 bp, the
most frequently mutated region in all analysed subgroups were

identified between positions 16 000–16 569. This section contains
the so-called hypervariable region I, probably the most poly-
morphic site of the complete mitochondrial genome (Meyer et al,
1999; Stoneking, 2000). Other putative hot spot regions were not
evident. Therefore, our findings strengthen the results of Ju et al
(2014), who compared somatic mtDNA alterations in 1675
tumours across 31 tumour types and found no evidence that the
detected mitochondrial DNA mutations are significantly associated
with the development or spread of cancer. By estimating dN/dS
ratios (ratio of the number of nonsynonymous substitutions per
non-synonymous site to the number of synonymous substitutions
per synonymous site) for missense mutations they demonstrated
that the frequency of the accumulation of somatic mtDNA
mutations is very similar to what would be expected under
neutrality. Therefore they conclude that most somatic mitochon-
drial mutations are passenger mutations without a tumour driving
force. Our result does not challenge this consideration; however, it
cannot be ultimately excluded that rare mutations might be
associated with a malignant potential.

On this behalf, the question whether somatic mtDNA mutations
that support tumour progression are indeed less likely to occur or if
they are just not maintained in cancer cells arises. Respective issues
were brought up by several groups (Alexeyev et al, 2013; Itsara
et al, 2014; Ju et al, 2014; Stewart et al, 2015) and could be observed
in our study as well. The majority of detected somatic mtDNA
mutations seems not to be caused by ROS but from errors during
mtDNA replication. Characteristic mutation types of oxidative
damage, like G:C to T:A transversions (Cheng et al, 1992), were
only seen in small numbers, while the great majority of mutations
(86%, Supplementary 8) were G:C to A:T or T:A to C:G transitions.
A possible explanation for this is described by Alexeyev et al (2013)
and Shokolenko et al (2009), suggesting that oxidative stress may
result in mutagenic mtDNA damage, but induces strand breaks
with a much higher frequency. Those lesions could block
transcription and replication of mtDNA and cause the degradation
of effected mtDNA molecules, indicating a strong link between
oxidative stress and mtDNA.

Following these considerations we focused our further investi-
gations on alterations of mtDNA levels in ADC. While a reduced
mtDNA content could be a consequence of mutagenic damage, an
increase in the mtDNA content could result from a compensation
for the increased energy need and/or a decreased capacity of
oxidative phosphorylation in cancer cells (Lee et al, 2005). In other
cancer types the mtDNA content has been postulated as potentially
prognostic relevant as it correlates with the tumour progression,
for example, in breast cancer (Weerts et al, 2016). However, the
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reports for lung cancer are quite contradictive, both increased as
well as decreased mtDNA-CN levels have been reported (Lee et al,
2005; Dai et al, 2013; Lee et al, 2015; Reznik et al, 2016). Our
systematic analysis of the mtDNA content in segmented central
tumour sections could provide an explanation for these conflicting
reports, as it revealed a great amount of inter- and intra-tumour
heterogeneity (Figure 3 and Supplementary 8), pointing towards
pitfalls of single region-based analysis. A comprehensive examina-
tion of the morphological characteristics of all segments revealed a
correlation with the predominant histological pattern (Figure 4).
The histological subtyping of ADC has a high prognostic (Warth
et al, 2012) and predictive relevance (Tsao et al, 2015), with a
gradual downgrading from lepidic (good prognosis) over acinar
and papillary (moderate) to solid and micropapillary (poor). Thus,
the histological patterns can be related to different stages of tumour
progression (Weichert and Warth, 2014). Taking this into
consideration, the observed correlation between histological
growth patterns and mtDNA levels might be a stepwise reduction
of mtDNA-CN during ADC evolution. Consenting results have
been reported by Amuthan et al. for human lung carcinoma A549
cells, where mitochondrial stress induced by decreased mtDNA-
CN led to phenotypic changes, tumour progression, and invasion
(Amuthan et al, 2002).

The immunohistochemical quantification of mitochondria
revealed a significant but fairly minor difference between ADC

and SQCC tumour cells (Figure 5). The differences between
tumour cells (increase) and associated stroma cells were signifi-
cantly larger in all analysed samples, indicating an increased
dependency on mitochondria of the tumour cells. In a comparable
context for breast cancer cells, Martinez-Outschoorn et al (2011)
postulated a potential metabolic coupling between oxidative active
cancer cells and glycolytic stromal cells, which stands in contrast to
the ‘Warburg effect’ (Warburg, 1956) and was therefore called
‘reversed Warburg effect’.

A limiting factor in our IHC approach exists in the applied
antibody, although it has been used as a mitochondrial marker in
over 30 publications (see manufacture’s site for references). Besides
being a 60 kDa non-glycosylated protein component localised in
human mitochondria, the recognised antigen has not been
identified. It is also unknown if the antigen is nuclear or mtDNA
encoded, in which the latter would be especially suitable to analyse
correlations with mtDNA levels. Therefore, advanced studies using
antibodies specific for mtDNA and nuclear encoded mitochondrial
proteins, but also for mitochondrial metabolic markers (for
example, oxidative activity) are needed to further investigate the
background and the consequences of our data.

In conclusion, we systematically analysed the potential role of
mitochondrial mutations and frequency in lung cancer. We
demonstrate that somatic mtDNA mutations found in NSCLC
are rather passenger mutations, thus challenging their suitability
as relevant targets for anticancer therapies in NSCLC. Further-
more, we demonstrate that the spatial distribution of mtDNA
levels in ADC has a high inter- and intra-tumour hetero-
geneity and provide first evidence for a depletion during ADC
progression.
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