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Abstract

Mitochondria play a central role in the regulation of cellular function, metabolism, and cell death in many types of
cell including cancer. Little attention has been paid to the potential mutations that can affect mitochondrial function in
cancer, other than specific mutations in genes that are encoded in the nuclear DNA and so once mutated, all
mitochondria in a cell will be affected. However, both somatic and germline mutations in mitochondrial genes are
common and have been suggested to contribute to the development of cancer. Recent advances in high-throughput
technologies have allowed for the rapid and accurate detection of mitochondrial DNA (mtDNA) mutations,
polymorphisms, or copy number variations in a variety of tissues and bodily fluids, and can be used as a tool for
early detection and treatment of cancer. In addition to deep-sequencing specifically targeted at mtDNA, mtDNA
sequences can also be extracted from exome (or whole genome) sequencing data.
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Mitochondrial and Cancer
Mitochondria generate the majority of cellular energy through

oxidative phosphorylation, which produces ATP. Mitochondrial
dysfunctions are an important cause of many neurological diseases [1]
and drug toxicities [2,3] and may contribute to carcinogenesis and
tumor progression [4,5] yet their role in tumorigenesis remains largely
unknown. Early in the 1930s, Warburg has already discovered that
cancer cells rely heavily on glycolysis to meet their metabolic demands
(i.e., “aerobic-glycolysis”) [6], and several hypothetical mechanisms
have been proposed to explain this phenomenon [7]. In 1998, somatic
homoplasmic mutations in tumor mtDNA were found that were not
present in matched control tissues [8]. Since then, various studies have
shown that mutations in mtDNA can contribute to cancer etiology
[9,10] and mtDNA mutations are associated with various types of
cancer, including breast cancer [11], prostate cancer [12,13], head and
neck cancer [14], colon cancer [15], and bladder cancer [16,17]. It is
likely that hereditary mitochondrial DNA variations may predispose
individuals to cancer, while somatic mutations may possibly affect
tumor progression. The functional consequences of mitochondrial
mutations largely result in metabolic alteration [18-21] and changes in
the protein composition of the mitochondrial inner membrane.

In breast cancer mutations in mitochondrial DNA have been linked
to increased breast cancer risk through a deficiency in Electron
Transport Chain (ETC) function and altered Reactive Oxygen Species
(ROS) levels [22]. Altered expression levels of the Oxidative
Phosphorylation System (OXPHOS) subunits or mitochondrial
structural injury can impair ATP content and occur in breast-
Infiltrating Ductal Carcinoma (IDC) [23]. Variations in the mtDNA
copy number may be the overall result of gene (hereditary) and
environmental interactions (oxidative stress) caused by potential
exogenous cancer risk factors such as age, hormones, diet and
environmental oxidants/antioxidants, and reaction to oxidative
damage [24-26]. While it is difficult to prove the involvement of

mtDNA mutations in triggering oncogenesis, there is increasing
evidence that mutated mtDNA is a marker of poor survival in cancer
prognosis. The first suggestions that mtDNA mutations may play a role
in metastasis came from the comparison of frequency of somatic
mtDNA mutations in Non-Small-Cell Lung Cancer (NSCLC) at
different stages of tumor formation, which show a significantly
decreased survival among advanced NSCLC patients harboring
mtDNA mutations. However, very few studies have investigated the
role of mtDNA copy number in breast cancer patients and those
studies have generated somewhat conflicting results. Researchers have
found that both increased mtDNA copy number from whole blood
DNA [27] and reduced mtDNA copy number in tissue may increase
breast cancer risk [28-30]. This understudied area needs further
exploration.

mtDNA Sequencing
The number of mitochondria in a cell varies greatly by organism

and tissue type. Usually, there are about 100 mitochondria in each
mammalian cell, and 2-10 copies of mtDNA can be harbored in each
mitochondrion [31]. Thus, heteroplasmy is a unique feature often
observed with mtDNA mutations. A mtDNA mutation is
heteroplasmic, if it is a mixture of normal and mutant mtDNA copies
within a cell [32,33]. It has been found that heteroplasmies affecting
the entire mitochondrial genome are common in normal individuals
and moreover, the frequency of heteroplasmic variants varied
considerably between different tissues in the same individual, although
some of these mutations might have been germline and not somatic
[34]. Researchers have found that heteroplasmy could promote tumor
growth and that it is closely associated with aging [35-37]. Some
studies even suggested that an mtDNA mutation does not need to
reach homoplasmy, i.e. all copies of mtDNA within a cell are mutated,
to promote tumor growth [24,25] Although this claim still lack
definitive proof.

In many earlier studies on mtDNA mutations, data were obtained
by Sanger sequencing, which cannot detect low abundant
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heteroplasmies. For more than ten years, a growing number of articles
have described somatic mutations of the mitochondrial genome
(mtDNA) in human tumors, identified by comparing tumor mtDNA
and the mtDNA in adjacent normal tissue or blood based on Sanger
sequencing. With the precise quantification achievable with deep
sequencing, researchers can determine whether the cancer-specific
somatic mutations are heteroplasmic rather than homoplasmic.
Previously the sequencing accuracy was a concern in assessing the
frequency of mutations in mitochondrial DNA, especially in tumor
samples. By tagging both strands of duplex DNA, a recently proposed
method called Duplex Sequencing may pave the way to explore the full
power of high depth sequencing in answering fundamental questions,
through its application to investigating the roles of mitochondria in
cancer [38].

The short read sequencing market has been dominated by Illumina’s
sequencing platform. The most popular platform is HiSeq 2000/2500
which can output up to 200 million reads per sample. Because
mitochondrion is very short, roughly 1 million 50 base pair long reads
can achieve average depth of 3000x. Usually, multiplexing and
barcoding technique will be used in association with mitochondria
sequencing. Individual barcode (4 to 8 nucleotides) sequences are
added to each sample so they can be distinguished after pooling. On a
single lane in HiSeq 2500, up to 96 samples can be pooled together.
Illumina’s MiSeq platform offers longer read upto 300 bases pairs
which allows for better de novo assembly and better detection of
structural variants. But MiSeq’s throughput is not comparable to
HiSeq.

Other than performing high throughput sequencing targeted at
mtDNA, mtDNA sequences can also be extracted from other sources
of sequencing data. Because of the abundance of mtDNA, mtDNA
sequence is one of the most common by product of sequencing data
such as exome, whole genome and RNAseq [39]. In exome sequencing
data, due to the lack of exome capture efficiency, a small portion of the
reads will align to the mitochondrial genome, even when the
mitochondrial genome is not the intended sequencing target.
Although, the mitochondrial genome composed of almost all coding
sequence which fits the definition of exome, however it is usually not
included in the part of target DNA for the exome sequencing capture
methods commonly used today. Recently, a study has shown that
mitochondrial sequences can be extracted from exome sequencing
data [40]. The average coverage of the mitochondrial genome from
exome sequencing can be as high as several hundred (Figure 1), easily
surpassing the average coverage of even the targeted exome regions
[41]. The relatively high coverage of mtDNA is caused by the high copy
number of mtDNA per cell.  The advance of high-throughput
sequencing technologies and the typically high coverage of a mtDNA
sequence obtained provides a powerful tool for the study of
mitochondrial DNA heteroplasmy in unprecedented detail
[32,33,42-44]. This should be contrasted to techniques that specifically
target the mitochondrial sequence, which can produce an average
depth of tens of thousands of reads across the mitochondrial genome
[34,42,45,46]. For mitochondria targeted sequencing, heteroplamsy as
few as 0.1 percent are detectable [47]. For mitochondria sequences
extracted from exome sequencing data, typically, heterplasmy of 1% is
detectable.

Figure 1: Example of mitochondria sequence depth in exome
sequencing data. The red color denotes tumor and the black color
denotes blood. The tumor tissue has more copies of mitochondria
which resulted higher sequencing depth.

Multiple studies have started to infer mitochondria mutation
information from exome sequencing data. The best example is The
Cancer Genome Atlas (TCGA) project which contain thousands of
exome sequencing data across 20 different types of cancers. Many
study cohorts in TCGA have inferred mtDNA somatic mutation from
exome sequencing data. Based on the recently published TCGA breast
cancer marker paper [48], 325 mitochondrial DNA somatic mutations
derived from off-target reads from the 776 exome sequencing data
were reported. The concept of extracting mtDNA sequences from
exome sequencing data can be easily applied to RNAseq and other type
of targeted sequencing data.

mt DNA Mutation Detection by Sequencing
Sequencing alignment often suffers from ambiguity caused by

homologous regions. This problem is amplified with mitochondria
sequencing alignment due to the presence of nuclear copies of the
mitochondrial genomes (nuMTS) [49,50]. As discussed previously,
mitochondria sequences can be a byproduct of other sequencing data,
nuclear DNA sequences can also be the byproduct of targeted
mitochondria sequencing data. A read sequenced from nuMTS or
mtDNA can cause ambiguity about whether it should align to the
nuclear or the mitochondrial genome. There are three approaches
dealing with the nuMTS ambiguity ranging from tolerant to
conservative and simple to complex.

The most tolerant and simplest approach is to align the raw
sequence reads against the mitochondrial reference genome directly
and then throw out the non-aligned reads. This approach is simple
because it ignores the nuMTS in the alignment and it is tolerant
because it allows more reads to be aligned. However, this approach also
allows nuMTS reads to be aligned to mitochondria genome which
nuMTS introduce false heteroplasmic variability in the reported
mtDNA sequence. The most conservative and complex approach is to
first aligning reads against the nuclear genome only and then align the
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non-aligned reads to the mitochondrial genome. This approach is most
conservative because it will allow mtDNA reads align to nuMTS which
resulting less reads aligned to mitochondria genome and it is the most
complex because it requires two alignment steps at the cost of
additional alignment time and data storage.

A compromised approach is to align the raw reads against both the
nuclear and mitochondrial genomes simultaneously. It is possible that
a read can have two best mapping options, one at nuMTS and one at
mitochondria genome. When such scenario happens, we are relied on
the aligner used to make the correct decision. Most aligner such as
BWA [51] and Bowtie [52] have the options to let the user to choose if
this read is counted as 1 mapped randomly in nuMTS and
mitochondria genome or counted as a fraction in all of the best
mapping matches. The compromised approach has the best balanced
between time consumption and misalignment rate. Mito Seek [53]
software developed to extract mitochondria sequences from exome
sequencing data implemented this approach.

Mitochondrial DNA copy number is highly variable and has been
suggested to be associated with many diseases including cancer
[27-30]. The traditional methods for assessing mtDNA copy number
usually involve PCR [54] technology. A recently a novel method for
evaluating mtDNA copy number was developed based on both
sequencing-based assay of mitochondria NDA copy number and
techniques developed for RNA expression profiling [55].

Mitochondria copy number can also be estimated from exome
sequencing data. For example, it has been shown that the fraction of
captured mitochondrial sequences in exome sequencing data is
proportionalto the relative abundance of the corresponding
mitochondrialgenome in the original total DNA extract [22,38,41]. The
mtDNA copy extracted from exome sequencing data can be useful
when studying tumor samples for conducting association tests with
phenotypes such as the tumor stage and metastasis stage. MitoSeek can
be used to compute relative mtDNA copy number from exome
sequencing data.

Conclusions and Future Prospects
Mutations of the mtDNA, heteroplasmic in most cases, were

detected in different types of cancers, often paired with bodily fluids
samples. Studies have also shown mtDNA mutations associated with
cancer recurrence [56], genotoxic damage [57], and poor survival in
late-stage cancer patients [58,59]. However, despite their high
frequency in most solid human tumor types investigated so far, a
causal role for a significant portion of mtDNA mutations in cancer
cannot be claimed. Although some mtDNA mutations may enhance
tumor growth, the enrichment of mutated mtDNA in solid human
tumors can be explained by random drift, without need of any selective
advantage [60]. More than 30 years after Sanger and colleagues first
sequenced human mitochondrial genome, with the power of high
depth sequencing technology, we are now able to study the role of
mtDNA mutations in cancer to an extent not possible before, especially
for off-target mtDNA heteroplasmy.  Extending and improving the use
of high depth sequencing is thus connected with great expectations to
reject or retain current hypotheses proposed to explain the Warburg
effect [7]. Furthermore, by assessing mitochondrial DNA content,
exome sequencing data has also been used to diagnose certain
mitochondrial disorders [61]. Additionally, high depth mtDNA
sequencing may bring valuable insights to investigate if mtDNA
mutations are associated with RNA-seq gene expression profiles in

cellular pathways that regulate mitochondrial DNA synthesis and that
are either directly or indirectly targeted by the tested anticancer drugs.
MtDNA-dependent gene expression profiles can be identified to
determine whether they reflect possible acquired mutations in the
nuclear genome and to further investigate possible relationships
between mitochondrial activity and gene expression changes, in both
normal and cancer cells.
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