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10.1 Introduction

Mitochondria are semiautonomous organelles in the way that they possess their

own small double-stranded circular chromosome, which in humans is on average

16,565 bp long. With a compact structure, the mitochondrial DNA (mtDNA)

encodes 13 subunits of the respiratory chain complexes I, III, IV, and V, 22 transfer
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RNAs, and 2 ribosomal RNAs for in organello translation. The latter is a necessary
process since mtDNA does not follow the universal code for protein translation and

codon usage is different from that occurring within the cytosol. The remaining

subunits of the respiratory complexes, especially those forming the large complex I

holoenzyme, are encoded by nucleus-residing genes and subsequently imported

within mitochondria with the aid of chaperones. The mtDNA also contains a 1Kb

promoter-like region called displacement loop (D-loop) where replication and

transcription starting sites are mapped.

Mitochondria constitute a network that harbors a number of mtDNA molecules

ranging from several hundreds to nearly 100,000. Therefore, the mitochondrial

genome of an organism is polyploid, which gives rise to the possibility of the

coexistence of different genetic variants within a cell or a tissue, a condition known

as heteroplasmy. Homoplasmy, on the other hand, is referred to as a genetically

homogeneous mtDNA content. As a consequence of mitochondrial polyplasmy, the

phenotypic effect of a variant depends on the mutant load. Usually, a certain critical

portion of mutated molecules needs to be reached before functional consequences

begin to arise, which depends on the type of variant and on the context in which it

occurs (Rossignol et al. 2003). Threshold values have been determined for some of

the most common mtDNA mutations (Carelli et al. 2002; Laloi-Michelin

et al. 2009), but the lack of appropriate and standardized methods for heteroplasmy

investigation has held back a complete understanding of the mtDNA genotype–

phenotype correlation (Wong and Boles 2005).

The mitochondrial genome is maternally inherited. Oocyte mitochondria exclu-

sively contribute to gamete development, whereas sperm mtDNA is eliminated

after fertilization (St John et al. 2010). As a consequence, the human lineage carries

mtDNA molecules derived by descent from the same ancestral mitochondrial

genome (Torroni et al. 2006). Since mtDNA displays high genetic variability due

to an elevated mutagenesis rate (see below), the ancestral mitochondrial chromo-

some has over time acquired diverse polymorphisms which currently define more

than 30 mitochondrial haplogroups (van Oven and Kayser 2009). On the other

hand, non-polymorphic mtDNA variants, which cause defects in the electron

transport chain (ETC) and oxidative phosphorylation (OXPHOS), are related to

mitochondrial diseases, such as Leber’s hereditary optic neuropathy (LHON);

neuropathy, ataxia, and retinitis pigmentosa (NARP); myoclonic epilepsy with

ragged red fibers (MERRF); chronic progressive external ophthalmoplegia

(CPEO); and mitochondrial encephalomyopathy, lactic acidosis, and stroke-like

episodes (MELAS) (Wallace 1999). Moreover, with the emerging roles of mito-

chondria in many vital cellular processes, it is now recognized that OXPHOS

damage may also contribute to the development of other pathologies, such as

diabetes, neurodegenerative diseases, and cancer (Wallace 2005).

The first large study reporting mtDNA variants in cancer was performed in 1998

on colorectal cancer cell lines (Polyak et al. 1998). Ever since, a plethora of reports

have described the occurrence of mtDNA mutations in virtually all cancer types

(Brandon et al. 2006; Chatterjee et al. 2006; Yu 2012). Nevertheless, no consensus

has been reached to date to standardize approaches for mtDNA mutations
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recognition, often resulting in erroneous interpretations (Yao et al. 2009; Liu

et al. 2012). A good practice would be to evaluate the actual population frequency

of a specific mtDNA mutation through the use of carefully curated and compre-

hensive databases, such as the Human Mitochondrial Database (HmtDB) (Lascaro

et al. 2008; Rubino et al. 2012), when attempting to infer a role in disease. Another

recommendable approach to reduce misleading analyses would be to assess if the

mtDNA alleles observed in a sample are coherent with the corresponding

haplogroup (Salas et al. 2005; Rubino et al. 2012). Furthermore, during mtDNA

sequencing, it is important to avoid the co-amplification of nuclear mitochondrial

sequences (NumtS), i.e., noncoding mitochondrial pseudogenes abundantly incor-

porated in the nuclear chromosomes (Hazkani-Covo et al. 2010; Simone et al. 2011;

Lang et al. 2012; Petruzzella et al. 2012).

mtDNA mutations in cancer have been initially associated only with highly

glycolytic neoplastic cells, which were observed in 1924 by German biochemist

Otto Warburg, who suggested such a phenotype to be a consequence of mitochon-

drial damage (Warburg 1956; Warburg et al. 1924). However, considering the vast

spectrum of mitochondrial roles in metabolism, as well as in apoptosis and hypoxic

adaptation, it is not surprising that mtDNA mutations may have a greater impact on

tumor development and progression (Galluzzi et al. 2010).

A complete functional effect of mtDNAmutations in cancer is difficult to assess,

mainly due to the peculiarities of mitochondrial genetics and to the heterogeneous

and ever-changing tumor microenvironment. The most widely used approach for

analysis of mtDNA functional effects involves the generation of trans-mitochon-

drial hybrids (cybrids), which allow to distinguish a mitochondria-specific contri-

bution from that of the nuclear genome (Moraes et al. 2001). On the other hand,

introduction of allotopically expressed mtDNA genes recoded for translation in the

cytoplasm is used to investigate the complementation of damaging mtDNA muta-

tions effects (Bonnet et al. 2007). It is important to note that functional studies on

mtDNA mutations in molecular oncology ought to be preferentially performed

in vivo, in order to take into account the dynamic cancer microenvironment and

selective pressures such as aglycemia and hypoxia, conditions that are difficult to

reproduce in vitro.

In this review, the central role of the mitochondrion within cancer progression

will be revised, with particular focus on the consequences of genetic lesions and

functional impairment occurring in oxidative metabolism enzymes, both encoded

by the mitochondrial chromosome and by the nucleus. Reference will be made to

the pleiotropic effects of diverse mtDNA mutations and to the triggering of the

Warburg effect, especially in hypoxic conditions. Finally, an excursus on the

peculiarities of oncocytic tumors, a subset of neoplasms well characterized in

terms of mitochondrial aberrations, will provide ground for several general consid-

erations on the importance of these organelles in determining a cancer cell fate.
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10.2 Sources of mtDNA Mutations in Cancer

It has been estimated that mtDNA has a 10- to 17-fold higher mutation rate than the

nuclear DNA (Tuppen et al. 2010), a feature that has been attributed to elevated

oxidative damage to which the mitochondrial chromosomes are exposed due to

their proximity to the electron transport chain (ETC) (Chatterjee et al. 2006).

Moreover, mitochondria do not contain the full range of DNA repair mechanisms

that operate in the nucleus (Boesch et al. 2010). The currently known repertoire of

mtDNA repair includes single-nucleotide base excision repair (BER), long-patch

BER, single-strand break repair, YB-1-mediated mismatch repair, removal of

adenine opposite 8-oxo-dG, and MTH1 removal of 8-oxo-dGTP and 8-oxo-2-
0-dATP from the mitochondrial nucleotide pool (Cline 2012).

Damage to mtDNA bases in both normal population and during cancer progres-

sion may be caused either by endogenously produced metabolic products or by

exogenous sources.

The main endogenous determinants are represented by reactive oxygen species

(ROS), which are generated subsequently to the leakage of electrons during

OXPHOS, and may physiologically serve as signaling molecules in the cell (Ray

et al. 2012). Anomalous high ROS levels are known to augment the mutation rate of

both mitochondrial and nuclear DNA through mechanisms that include base mod-

ifications, sugar breakdown products, base-free sites, and strand breaks (Cline

2012). The type of ROS-derived damage usually regards 8-OH-GTP, which may

cause a transversion of G:C to T:A (Wallace 2005). Furthermore, ROS may be

responsible for changes in the cellular dGTP pool and 8-OH-dGTP generation,

which in turn leads to transversion from A:T to C:G (Wiseman and Halliwell 1996).

It is important to note that, on these bases, the expected spectrum of mutations

should provide an excess of A:T to C:G and G:C to T:A transversions in the mtDNA

sequence. However, the current spectrum of mtDNA mutations in human

populations and in cancer does not correspond to the view of a damage induced

prevalently by ROS, as observed, for instance, in colorectal cancer (Skonieczna

et al. 2012), suggesting the existence of different predominant mutagenic mecha-

nisms during tumor progression.

In fact, other endogenous cell metabolites such as estrogens may cause forma-

tion of adducts such as S-adenosylmethionine, which are able to methylate DNA in

a nonenzymatic manner (alkylation damage) (Alexeyev et al. 2013). The mtDNA

may also react with the products of endogenous fatty acid peroxidation, resulting in

adduct formation (Nair et al. 2005). Moreover, reactive nitrogen species (RNS) can

promote mutational events since they react with the superoxide anion O2
•� and

cause DNA base oxidation and sugar fragmentation, which may induce mtDNA

strand breaks (Burney et al. 1999).

Random mtDNA mutations may also arise as a result of an erroneous DNA

replication caused by polymerase errors, particularly plausible at the homopoly-

meric stretches that frequently occur in mtDNA regions (Denver et al. 2000).

Mutations in either the polymerase or the exonuclease domain of POL-γ, the

202 I. Kurelac et al.



functional DNA-dependent DNA polymerase in mitochondria, have been in fact

associated with increased occurrence of mtDNA mutations (Copeland et al. 2003).

In cancer, elevated mtDNA mutagenesis and frequent mtDNA copy number alter-

ations have often been attributed to dysfunction of proteins involved in mtDNA

integrity maintenance. For example, POLG, the gene encoding POL-γ, has been
found mutated in 63 % of breast tumors, with a consequent mtDNA depletion and

increased tumorigenicity (Singh et al. 2009). The knockdown of nuclear-encoded

RNA helicase, SUV3, results in reduced mtDNA copy number and elevated

somatic mtDNA mutation frequency in murine models (Chen et al. 2012). Similar

consequences have been observed in colorectal cancers carrying mutations in the

mitochondrial transcription factor (TFAM), which also plays a histone-like func-

tion within the nucleoids (Campbell et al. 2012).

Moreover, given that tumor suppressor p53 is known to enter mitochondria and

play a role in mtDNA maintenance, it is not surprising that p53 disruption has been

associated with occurrence of mtDNA alterations (Lebedeva et al. 2009). In this

context, it is tempting to speculate that mutations in other genes involved in the

mitochondrial genome organization and maintenance may contribute to the devel-

opment of cancer-associated mtDNA alterations. Among these, mutations inOPA1,
responsible for a dominant form of optic atrophy, have been shown to induce the

accumulation of mtDNA deletions in the skeletal muscle of patients (Amati-

Bonneau et al. 2008; Elachouri et al. 2011). Although OPA1 has not yet been

linked to cancer, it is possible that it might contribute to mitochondrial alterations in

certain contexts of tumorigenesis.

Furthermore, it is likely that the inherited genetic background of mtDNA

variants may also contribute to the spectrum of mtDNA mutations in cancer. For

instance, the co-occurrence of germline and somatic mtDNA mutations in cancer

has led to the hypothesis that inherited mutations may predispose to a facilitated

acquisition of additional mutations (Petros et al. 2005; Gochhait et al. 2008). This

aspect is still largely unexplored in cancer, since the scenario of “universal”

variability in the form of inherited low heteroplasmy mtDNA variants has only

recently been discovered in healthy individuals (He et al. 2010; Payne et al. 2013).

Exogenous sources of mtDNA mutations include ultraviolet light, ozone, ioniz-

ing radiations, metals, pesticides, air pollutants or pharmaceutical drugs, asbestos,

and arsenic (Partridge et al. 2009; Boesch et al. 2010). The benzo[a]pyrene and

acrolein components of cigarette smoke, the fungal toxin aflatoxin B1, platinum-

based chemotherapy agents, and antiviral nucleoside analogs all induce DNA

adducts that may interfere with the POL-γ function (Cline 2012). These mutagens

are also exogenous sources of ROS; therefore, it is difficult to assess whether

mutations are a direct consequence of exogenous agents or if the latter increase

of free radicals generation leads to oxidative damage and mtDNA mutagenesis. It is

quite possible that both scenarios occur in vivo (Chatterjee et al. 2011).

It is important to note that certain chemotherapeutic approaches employed in

cancer therapies may have off-target effects on mitochondria, causing both direct

and indirect damage to mtDNA. These include cisplatinum (Chatterjee et al. 2011),

bleomycin, and neocarzinostatin (Cline 2012). For example, platinum-based

10 Mitochondrial Mutations in Cancer Progression: Causative, Bystanders, or. . . 203



chemotherapy drugs, such as cisplatin, carboplatin, and oxaliplatin, bind directly to

DNA to form single base adducts and intra- and interstrand cross-links between

guanine bases (Cline 2012).

In summary, the high occurrence of mtDNA mutations in cancer is thought to be

a result of (1) proximity of mtDNA to ROS production sites, (2) an inadequate set of

mtDNA repair mechanisms, (3) potential dysfunction of proteins involved in

mtDNA integrity maintenance, (4) diverse exogenous mutagens including

chemotherapics, and (5) accumulation of inherited germline mutations.

10.3 Selection of mtDNA Mutations in Cancer

Whether an mtDNA mutation will be expanded and stabilized in a tissue mainly

depends on putative selective pressures which in cancer are heterogeneous and

change over time (Aanen and Maas 2012). By analyzing mtDNA mutational hot

spots, their mutant load, and the type of damage they induce, it is possible to

characterize the selective forces which drive their accumulation in cancer, provid-

ing at the same time information about the complex mechanisms which operate

during tumor progression in general.

In healthy individuals, inherited mitochondrial mutations in protein-coding

genes are subjected to negative selection and are preferentially eliminated within

a few generations (Stafford and Chen-Quin 2010; Freyer et al. 2012). Inheritance of

tRNA and rRNA mutations, whose functional effects are more difficult to ascertain,

is considered to be either subjected to random genetic drift or to negative selection

(Schon et al. 2012). The regulatory D-loop region particularly displays a high

variability rate (Pereira et al. 2009). Among the mtDNA coding regions, the most

evolutionary conserved genes are MT-COI, MT-COII, MT-ND4, and MT-ND4L,
whereas the most polymorphic regions includeMT-ATP6,MT-ND6, andMT-CYTB
(Pereira et al. 2009).

In cancer tissues, the D-loop appears to be the region that is more prone to

acquire somatic mutations, but it seems that there are no preferential hot spots

among rRNA, tRNA, or coding genes, since cancer-specific mutations are distrib-

uted uniformly across the genome (Iommarini et al. 2012; Liu et al. 2012). How-

ever, in colon cancer, most somatic mtDNAmutations were shown to accumulate in

MT-ND4L, while genes encoding subunits of complex V remained mutation free

(Skonieczna et al. 2012), indicating that a selective bias might exist, at least in some

types of cancer. Whatever the case, it is certain that selection of mtDNA mutations

in cancer varies from the purifying forces observed in mitochondrial genome

evolution of healthy individuals.

Certain somatic mtDNA mutations may positively contribute to cancer cell

development, as suggested from the observation of mitochondrial genotypes pattern

in some tumor tissues. For example, in hepatocellular carcinoma, renal, breast,

gastric, rectal, and ovarian cancer, variable heteroplasmic levels of an

ND5-truncating mitochondrial mutation were recurrently found (Larman
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et al. 2012), suggesting a role in conferring a selective advantage to neoplastic cells.

It is interesting to note that the same mutation was found in the germline of a patient

presenting a nasopharyngeal oncocytoma (Gasparre et al. 2009). Albeit

heteroplasmic in all the tissues analyzed, the mutation shifted to homoplasmy

only in the oncocytic areas of the tumor (Gasparre et al. 2009). Along this line,

since the majority of mtDNA mutations in cancer have long been reported only as

homoplasmic, a positive selection during tumor progression was one of the most

recognized hypotheses. However, mathematical modelings suggest that a shift to

homoplasmy might be the result of a random event, i.e., achieved without the action

of selective forces (Coller et al. 2001). In fact, studies that have more accurately

taken into account the load of mtDNA mutations, such as the most recent next-

generation sequencing (NGS) approaches (He et al. 2010; Larman et al. 2012; Guha

and Avadhani 2013), suggest that mutant load in cancer tissues may vary and

include also an extremely low-level heteroplasmy, which was up to date neglected

due to technical limitations (Kurelac et al. 2011). Therefore, the exclusively

positive selection of mtDNA mutations in cancer has recently become questioned:

a large number of studies, together with advances in mitochondrial genome ana-

lyses and a better understanding of pathogenic effects, suggested that they are not

only positively selected during tumor progression as initially recognized but that a

relaxed negative selection is the most plausible mechanism that shapes mtDNA

variation in cancer cells (Stafford and Chen-Quin 2010; Liu et al. 2012). Overall,

mtDNA mutations in cancer may be likely subjected to the negative selection

observed also in the evolution of healthy individuals, albeit at certain points of

cancer progression, purifying effects may be lost due to metabolic reprogramming

and to the onset of diverse microenvironment conditions, leading to a shift to

homoplasmy (Fig. 10.1).

Prediction of functional effects is particularly important in this context to

understand selective forces in cancer. It has been shown that non-synonymous

mutations occur with a higher frequency in cancer than in the general population

and that these changes are usually predicted to influence protein function (Larman

et al. 2012; Liu et al. 2012). However, mtDNA mutations with substantially high

pathogenicity scores are not often found in human neoplasms and are mainly

restricted to oncocytomas, a peculiar type of less aggressive tumors (Pereira

et al. 2012). In fact, highly severe mutations, such as stop/frameshift, which may

completely inhibit OXPHOS, are usually heteroplasmic or purified in cancers

(Brandon et al. 2006; Larman et al. 2012) (Fig. 10.2a). Similarly, the analysis of

mutations affecting complex I genes implied a strong negative selection of stop and

frameshift mutations in most human tumors (Iommarini et al. 2012). Investigation

of the same dataset showed that this holds true also for mutations affecting other

respiratory chain complexes whose subunits are encoded by the mtDNA

(Fig. 10.2b). Moreover, an analysis of colon cancer datasets indicated only 7 %

of stop-inducing mutations (Skonieczna et al. 2012).

The degree of mitochondrial function necessary for cell survival may depend on

the tumor stage and microenvironment and may range from completely attenuated

OXPHOS activity during early glycolytic cancer metabolism to even enhanced
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OXPHOS activity observed in several tumor types (Smolkova et al. 2011). For

example, in hypoxic conditions, where lack of oxygen is the main selective

pressure, cancer cells carrying damaging mtDNA mutations may be preferentially

selected since downregulation of mitochondrial function becomes advantageous.

On the other hand, in tumor areas that have gone through hypoxic adaptation, the

elevated anabolic metabolism of macromolecule biosynthesis requires functional

mitochondria, such as during the process of non-anoxic glutaminolysis (Wise

et al. 2011). Therefore, it is most probable that the early shift to glycolysis, shared

by most solid tumors, allows for a relaxed negative selection of pathogenic mtDNA

mutations in cancer (Liu et al. 2012), while the same mutations may become

disadvantageous, for instance, in reoxygenated metastatic cancer tissue (Horton

Fig. 10.1 Selection of mtDNA mutations in cancer. At the initial stages of tumorigenesis,

uncontrolled cellular proliferation causes metabolic stress and promotes glycolysis, during

which mtDNA mutations may accumulate randomly under a relaxed negative selection, since

mitochondrial function is not essential. In hypoxic conditions, downregulation of mitochondrial

function lowers cell requirements for oxygen and thus mtDNA mutations may be positively

selected. On the other hand, in a reoxygenized environment, mtDNA mutations may become

subjected to a negative selection, since mitochondrial function may regain importance, i.e., due to

higher energy requirements. In this context, if a severe mtDNA mutation shifts to homoplasmy

during the hypoxic stage, this irreversible mitochondrial damage may lead to tumor growth arrest

in reoxygenized conditions, conversely from mild mtDNA mutations which may instead escape

negative selection
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et al. 1996; Brandon et al. 2006) (Fig. 10.1). In the event of accumulation of

disadvantageous mutations to homoplasmy during the initial permissive glycolytic

phases, it is plausible that the consequence would be the inability for tumors to

progress to malignancy, as deduced from the study of oncocytomas, which remain

mostly confined as low proliferative lesions (Iommarini et al. 2012; Pereira

et al. 2012).

Taken together, mtDNA mutations in cancer are subjected to ever-changing

selective pressures which may be neutral, positive, or purifying, depending on the

mutation type and on the specific phases of tumor progression in which they occur

(Fig. 10.1). As a consequence, mtDNA mutations may be impartial bystanders, but

also positively selected or eliminated, depending on whether their overall func-

tional effect is advantageous during the waves of tumor reprogramming and

adaptation (Smolkova et al. 2011).

It is important to note that cancer-specific changes in mtDNA copy number have

also been reported as means of regulating mitochondrial function, which may be

altered by defects in mitochondrial biogenesis or may be a consequence of muta-

tions within the D-loop origin of replication. In particular, increase in mtDNA copy

number has been observed in endometrial and esophageal squamous cell carci-

noma, prostate cancer, ovarian cancer, papillary thyroid carcinoma, and in

oncocytic tumors, while advanced gastric cancer, breast cancer, Ewing’s sarcoma,

and renal cell cancer appear to display a low number of mtDNA copies (Yu 2012).

It is most likely that similarly to mtDNA selection, mtDNA copy number in cancer

also depends on the tumor stage and metabolic requirements (Cook and Higuchi

2012).

Fig. 10.2 Somatic mtDNA mutations in cancer. (a) Somatic mtDNA mutation frequency in

different cancers, with distinction between mtDNA regions and mutation types for protein-coding

genes. (b) Distribution of protein-coding mtDNA mutations in cancers of different origin, with

distinction between mitochondrial respiratory complexes. Data for this analyses were extracted

from reports published between 1998 and 2011, in which the entire mtDNA was sequenced and for

which the somatic status of the mutations was indicated (Iommarini et al. 2012). Oncocytic tumors

were excluded from the dataset
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10.4 Consequences of mtDNAMutations on Tumorigenesis

and Tumor Progression

Mitochondrial dysfunction has been associated with promotion of tumor growth

ever since Warburg observed a higher glucose uptake and increased lactate pro-

duction in cancer cells (Warburg et al. 1924). The first genetic evidence for

mitochondria-induced cancer development was found in two nuclear metabolic

genes encoding tricarboxylic acid (TCA) cycle enzymes, namely, succinate dehy-

drogenase (SDH) and fumarate hydratase (FH), in which loss of function mutations

has been reported to promote tumorigenesis by stabilizing the hypoxia-inducible

factor 1-alpha (HIF1α) in normoxic conditions, in patients with hereditary

paragangliomas (HPGL) (Baysal et al. 2000; Astuti et al. 2001) and hereditary

leiomyomatosis and renal cell cancer (HLRCC) (Tomlinson et al. 2002). Along this

line, loss of function mtDNA mutations have initially been considered as

pro-tumorigenic events (Polyak et al. 1998; Petros et al. 2005) and even sometimes

as the initiators of tumorigenesis (Shay and Werbin 1987). However, considering

the complexity of mitochondrial genetics, the vastness of cellular and metabolic

reactions in which mitochondria are involved, and the extremely high tumor

heterogeneity, this definition has been corrected, particularly in the context of a

recent revision of the Warburg hypothesis, by which now it is recognized that a

certain, at least minimal, degree of mitochondrial function is mandatory for cancer

cell survival (Wallace 2012).

A classification of mtDNA mutations based on their effect on tumor progression

may be complex, since it ought to depend both on the type of damage they induce

and on the context in which they arise. For example, mtDNA variants causing mild

complex I dysfunctions, such as missense mutations, are indeed usually associated

with pro-tumorigenic effects, whereas mutations leading to complete mitochondrial

complex I disassembly have been shown to reduce tumorigenic potential (Gasparre

et al. 2011; Iommarini et al. 2014). Furthermore, a 21 bp deletion inMT-CYTB was

appointed to cause an increase in the tumorigenic potential of bladder cancer cells

(Dasgupta et al. 2008), whereas a similar MT-CYTB mutation decreased tumor

growth of KRAS-mutated osteosarcoma cells (Weinberg et al. 2010), indicating that

KRAS-induced tumorigenicity may be more reliant on mitochondrial function.

Despite both mutations causing increased ROS production, the nuclear background

presumably set the frame for the final outcome of the mtDNA mutation, just as the

tumor cell microenvironment sets pressures for mtDNA mutation selection. It is

important to note that even the same mutation may exhibit different, even opposite,

effects on tumorigenesis, depending on the mutant load.

Nowadays, mtDNA mutations in cancer are generally rather considered as

modifiers of tumor progression, and three groups of mtDNA mutations may be

distinguished with respect to their effects on tumorigenesis: neutral,

pro-tumorigenic/pro-metastatic, and antitumorigenic. A difficult task concerns the

positioning of D-loop mutations within these categories. Although frequently

described in cancer, a clear indication on their functional consequences has been

208 I. Kurelac et al.



lacking to date. In fact, the D-loop appears to be hostile for functional investigation,

and only a few works indicate an indirect positive contribution of D-loop mutations

to mitochondrial dysfunction and cancer progression (Gasparre et al. 2008; Li

et al. 2008), suggesting that the bulk of data on D-loop cancer variants ought to

be interpreted with caution, especially since this is a highly polymorphic region.

mtDNA mutations exhibiting a neutral effect on tumorigenesis are the most

common somatic changes observed in cancer, as suggested by several revisions on

the currently available analyses on cancer-specific mtDNA mutations

(Lu et al. 2009; Iommarini et al. 2012; Yu 2012). It has been estimated that

synonymous changes represent 75 % of all cancer-related coding mtDNA muta-

tions (Yu 2012), indicating that many of such randomly occurring genetic events

are mere bystanders that may not affect tumor progression. It is important, however,

not to neglect the potential effects of such variants since a few have been shown to

alter protein structure (Kimchi-Sarfaty et al. 2007; Komar 2007). Moreover, some

studies implicated a haplogroup-related predisposition to cancer development,

indicating that mtDNA polymorphisms may have a role in cancer progression, a

hypothesis that warrants further investigation in larger cohorts (Liu et al. 2003;

Canter et al. 2005). It has been indeed hypothesized that haplogroups may favor a

looser coupling between oxidation and phosphorylation, thereby generating a

surplus of heat at the expenses of ATP and in turn a better survival of human

populations in colder climates (Ruiz-Pesini et al. 2004). Although controversial,

this hypothesis suggests that polymorphic germline mtDNA variants may exert a

phenotypic effect, when working synergistically. On the other hand, even function-

ally active (pathogenic/phenotype changing) mtDNA mutations may be neutral, as

it has been observed for the m.6930G>A/MT-COI, which causes decrease in ATP

synthesis and reduces respiration of osteosarcoma-derived cybrids, but shows no

influence on tumor growth (Sharma et al. 2011). Similarly, the heteroplasmic

m.3571insC/MT-ND1 induces no modifying effects on tumorigenic potential com-

pared to wild-type mitochondria with completely functional complex I (Gasparre

et al. 2011). However, the same mutation in mutant loads higher than 83 % exhibits

antitumorigenic properties in the same cells.

Pro-tumorigenic mtDNA mutations are also commonly found in cancer tissues

and mostly include point mutations inducing amino acid changes. The first func-

tional studies on the role of mtDNA mutations in cancer demonstrated that an

MT-ATP6 mutation increased tumorigenesis in vivo by causing elevated ROS

production and downregulation of apoptotic mechanisms in prostate and cervix

cancer cells (Petros et al. 2005; Shidara et al. 2005). Although this mutation is not

usually found in cancer, but is etiological for the NARP syndrome, these experi-

ments confirmed the Warburg hypothesis and were in line with the suggested

bioenergetic profile of decreased ATP synthase expression described in most

solid tumors (Cuezva et al. 2009). It is important to note that such a mutation

may not be an initiator of tumorigenesis since otherwise NARP patients would be

more prone to cancer development. A subsequent series of studies aimed at

identifying diverse mechanisms by which mtDNA mutations may exhibit

pro-tumorigenic properties. Taken together, a dozen pro-tumorigenic mtDNA
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mutations were functionally characterized up to date, which include different

mtDNA loci, including the D-loop (Li et al. 2008), and affect function of diverse

respiratory chain complexes. For instance, the m.6124T>C/MT-COI induced a

decrease in cytochrome c oxidase (COX) activity and elevated tumorigenic poten-

tial of prostate cancer cells (Arnold et al. 2013); reduced complex III activity

caused by a deletion in MT-CYTB increased bladder cancer growth (Dasgupta

et al. 2008) and mtDNA mutations in genes encoding different complex I subunits

led to increased tumorigenic potentials of head-and-neck (Zhou et al. 2007; Sun

et al. 2009), colon (Park et al. 2009), lung (Dasgupta et al. 2008; Ishikawa

et al. 2008), and breast (Kulawiec et al. 2009b) cancer cells. Particularly interesting

are the mtDNA mutations that have been shown to increase metastatic potential of

cancer cells in vivo. These were mainly associated with increased ROS production

(Ishikawa et al. 2008; Kulawiec et al. 2009a), although mtDNA mutations that

promote metastatic events through ROS-independent mechanisms have been

described (Imanishi et al. 2011).

Certain mutations may induce neutral effects on tumorigenesis and yet confer

resistance to therapeutic approaches, which substantially renders them

pro-tumorigenic. Association of mtDNA mutations with therapy resistance is a

particularly interesting field of research since their identification may be helpful in

the prediction of therapy response in patients. Pancreatic cancer-specific mtDNA

mutations showed to confer resistance to staurosporine-induced apoptosis

(Mizutani et al. 2009); mtDNA-depleted HeLa (Shidara et al. 2005) and osteosar-

coma (Yen et al. 2005) cells showed resistance to cisplatin, and chronic lympho-

cytic leukemia patients refractory to conventional therapeutic agents tended to have

higher mtDNA mutation rates than patients who responded to treatment (Carew

et al. 2003). Moreover, a case of ovarian carcinoma harboring a pathogenic mtDNA

mutation, probably induced by carboplatin chemotherapy, displayed resistance to

paclitaxel combined treatment (Guerra et al. 2012). Albeit in a small number of

studies, the functional status of mtDNA mutations has been shown to play an

essential role also in radiation induced cytotoxicity, in the way that radiosensitivity

of cells bearing such mutations was reduced (Alsbeih et al. 2009; Cloos et al. 2009).

Interestingly, gamma radiation commonly used in anticancer therapy was shown to

increase mtDNA copy number, which may further prompt accumulation of mito-

chondrial mutations (Bartoletti-Stella et al. 2013).

Finally, mtDNA mutations that lead to a reduced tumorigenic potential have

only recently been recognized, along with a thorough revision of the essential

function of mitochondria in cancer and of the Warburg hypothesis (Wallace

2012). The first evidence came from experiments with mtDNA-depleted cancer

cells (Rho zero), characterized by a severe mitochondrial respiration damage and

displaying low proliferative and low invasive potentials, often failing to form

tumors in vivo, unlike their nuclearly isogenic counterparts carrying normal

mtDNA pool (Morais et al. 1994; Cavalli et al. 1997; Shidara et al. 2005; Imanishi

et al. 2011). Likewise, several functional studies demonstrated how clearly patho-

genic mtDNA mutations reduce or inhibit tumor growth. These mainly include

mutations affecting complex I subunits (Park et al. 2009; Gasparre et al. 2011) and
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tRNA loci (Arnould et al. 2002; Iommarini et al. 2014), which lead to such an extent

of complex I deficiency and respiratory chain defects to cause lethality. In fact,

highly severe mutations are negatively selected in cancer tissue and are usually

found heteroplasmic (Brandon et al. 2006; Larman et al. 2012). In case such

mutations do cross the threshold value for their disruptive phenotypic effect, the

concordant low aggressive phenotype is developed, as observed in oncocytomas

(Iommarini et al. 2012; Pereira et al. 2012) (see Sect. 10.6).

10.5 Mitochondrial Mutations and Cancer Metabolism

Apart from being genetically determined, cancer is also a metabolic disease.

Metabolic reprogramming has been recently introduced as one of the hallmarks

of cancer cells (Hanahan and Weinberg 2011; Ward and Thompson 2012), since a

high proliferation rate requires rapid energy production, a shift toward biosynthetic

reactions and parallel maintenance of the redox homeostasis (Cairns et al. 2011). It

has been extensively demonstrated that oncogene-driven tumorigenesis is always

accompanied by adequate metabolic adaptations. Oncogenes promoting phosphati-

dylinositide 3-kinases (PI3K) signaling was shown to lead to increased glucose

uptake and glycolysis (Elstrom et al. 2004). Myc-induced transformation promotes

glutaminolysis, the second major carbon source in cancer metabolism necessary for

TCA cycle maintenance and anaplerosis (DeBerardinis et al. 2007; Wise

et al. 2008). On the other hand, loss of p53 function is associated with

downregulation of mitochondrial metabolism (Matoba et al. 2006; Wang

et al. 2013) and redirection of glucose to the pentose phosphate pathway, which

ensures NADPH-dependent redox maintenance (Bensaad et al. 2006).

In the context of genetically regulated metabolic reprogramming (DeBerardinis

et al. 2008; Ward and Thompson 2012), mtDNA mutations represent a powerful

tool for modulation, since mitochondria play a substantial role in a number of

metabolic reactions. Moreover, due to heteroplasmy and threshold effect, the

reversibility and the array of mtDNA mutation-induced phenotypes, ranging from

mild to severe functional consequences, allow an efficient fine-tuning of cancer cell

metabolism depending on the ever-changing selective pressures during tumor

progression. The following key elements of cellular metabolism have been shown

to be altered in response to the occurrence of mtDNA mutations in cancer cells:

ROS The most investigated metabolic consequence of cancer mtDNA mutations is

related to ROS signaling, since complex I and complex III are two main sources of

ROS, and they are both partly encoded by mtDNA genes. Increased ROS levels

have been mainly associated with promotion of tumor progression and metastases

(Ishikawa et al. 2008). Their mitogenic properties are exhibited through the inter-

action with various regulatory factors such as MAP kinases, PI3Ks, PTEN, and

protein tyrosine phosphatases (Ray et al. 2012), and their pro-metastatic capacity

has been suggested to be related to HIF1α stabilization (Chandel et al. 2000;
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Ishikawa et al. 2008). However, although ROS appear to be required for anchorage-

independent growth, chronically increased levels severely damage mitochondria.

At high levels, they are toxic, and, depending on their type and concentration, they

may mediate both pro- and antiapoptotic events (Shen et al. 1998). It has been

shown that functionally mild mtDNA mutations, such as the heteroplasmic

m.12417insA/MT-ND5, lead to pro-tumorigenic signaling by increasing superoxide

in mitochondria. Elevated peroxide levels in cytosol, which are induced by the

homoplasmic version of the same mutation, may instead lead to apoptosis (Park

et al. 2009). In that study, an increased expression of anti-oxidative enzymes levels

was detected in heteroplasmic cells. Similar compensatory effect in the form of

upregulation of detoxifying enzymes was observed in osteosarcoma and thyroid

cancer cells carrying the nearly homoplasmic m.3571insC/MT-ND1 mutation

(Porcelli et al. 2010), suggesting that the effect of a mutation on tumor progression

will depend also on the activity of detoxifying mechanisms which may protect from

harmful ROS effects. It is interesting to note that it remains to be explained how

such truncative mutations that likely abolish function of the main ROS-generating

sites may lead to an increased ROS production.

ATP Production of energy in the form of ATP is the main task of OXPHOS and

thus mtDNA mutations are very often associated with a decrease in OXPHOS-

derived energy production (Park et al. 2009; Gasparre et al. 2011; Sharma

et al. 2011; Jandova et al. 2012a). However, this is recuperated through increased

glycolysis rate, and thus an alteration in ATP concentrations has rarely been

brought into a direct association with a modification of hyperproliferative pro-

cesses. Nevertheless, it has been demonstrated that despite the reduced OXPHOS

in cancer, a significant amount of cancer cell energy still derives from at least

partially functional ETC (Zu and Guppy 2004). In fact, severe mtDNA mutations,

such as the m.3243A>G/MT-TL1, were shown to induce energetic crisis, alteration
in AMP/ADP/ATP levels, and subsequent decrease of tumor growth of cybrids

in vivo (Iommarini et al. 2014), indicating that substantial damage to OXPHOS-

mediated energy production may be fatal for the cancer cell. In fact, such mutations

are typical of neuromuscular mitochondrial diseases and rarely found in human

cancers (Iommarini et al. 2012). The mechanism by which these severe mutations

modulate tumor progression involves activation of AMP-activated protein kinase

(AMPK) (Iommarini et al. 2014), the main cellular energy sensor which promotes

catabolic ATP-generating reactions, while downregulating ATP-consuming bio-

synthetic pathways (Hardie 2011), for which a tumor suppressor role has been

inferred (Faubert et al. 2013). It is interesting to note that AMPK also upregulates

mitochondrial biogenesis and regulates disposal of damaged mitochondria

(mitophagy) to preserve the overall cellular ATP-generating capacity (Hardie

2011), suggesting that AMPK status may contribute to mtDNA selection in cancer.

NAD+/NADH NAD homeostasis is vital for cellular signaling reactions, such as

protein ribosylation and deacetylation reactions, and generation of Ca2+-mobilizing

messenger molecules (Chiarugi et al. 2012). In comparison to normal cells, the

NAD+/NADH ratio is somewhat reduced in cancer due to the high glycolysis rate
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accompanied with lower ETC reducing activity and due to elevated biosynthetic

reactions for which NAD+-derived NADP is required (Chiarugi et al. 2012). An

additional drop in this ratio would be fatal for a cell and thus targeting NAD+

synthesis has been proposed as a cancer therapy (Hasmann and Schemainda 2003).

Along this line, since mitochondrial complex I is the main regenerator of cellular

NAD+, mtDNA mutations causing defects in NADH dehydrogenase activity may

compromise NAD+ homeostasis and prevent tumor growth. In fact, severe mtDNA

mutations leading to substantial reduction in the NAD+/NADH ratio were shown to

decrease the tumorigenic potential of cancer cells (Calabrese et al. 2013; Iommarini

et al. 2014). It must be noted, however, that non-lethal reduction in NAD+ levels

induced a more aggressive, pro-metastatic phenotype in breast cancer models

(Santidrian et al. 2013) and some studies indicate that the decrease in NAD+/

NADH ratio promotes tumor growth through NADH-regulated PTEN inactivation

and promotion of AKT survival signaling (Pelicano et al. 2006; Sharma et al. 2011).

Again, the specific tumor microenvironment, the genetic background, and the

degree of imbalance in NAD+ homeostasis probably explain the pleiotropic effects

of mtDNA mutations on cancer progression.

Lactate High rate of aerobic glycolysis in cancer leads to elevated lactate produc-

tion which compromises intracellular pH homeostasis but promotes invasiveness by

acidification of tumor stroma (Warburg et al. 1924; Chiche et al. 2010).

HIF1α-signaling contributes to lactate increase in cancer cells by inhibiting pyru-

vate dehydrogenase and redirecting pyruvate from the TCA cycle to fermentation

and, at the same time, activating pH maintenance pathways which ensure that cell

survival is not jeopardized by lactate-induced acidosis. Several complex I mtDNA

mutations have been shown to contribute to elevated lactate levels in cancer cells

and to promote tumor growth by inducing HIF1α-dependent mechanisms (Zhou

et al. 2007; Sun et al. 2009). On the other hand, the increase in lactate concentration

described in breast cancer cell lines carrying the m.12084C>T/MT-ND4 and the

m.13966A>G/MT-ND5mutations was not associated with elevated HIF1α expres-
sion but was nonetheless sufficient to confer a higher metastatic potential (Imanishi

et al. 2011). The latter study suggests that mtDNA mutations may influence tumor

progression by regulating cancer cell pH homeostasis, also in an HIF1-

α-independent manner. Interestingly, the same breast cancer cells deprived of

their mtDNA produced extremely high lactate levels, which were not associated

with metastasis development, indicating that cells that have not gone through

HIF1α-mediated adaptation may not sustain the extreme acidosis caused by severe

mitochondrial defects (Imanishi et al. 2011).

Although lactate acidosis is mainly associated with hypoxia, it has also been

observed in normoxic cancer cell environment (Icard and Lincet 2012). It has been

suggested that lactate produced by hypoxic cells is not merely a waste product, but

may be used as an energy fuel for ATP production through OXPHOS in normoxic

cells (Feron 2009). Such metabolic symbiosis spares glucose which may then reach

hypoxic and anoxic cells where it is used for anaerobic glycolysis. It is important to
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note that in this context, different selective pressures would affect accumulation of

mtDNA mutations between normoxic and anoxic cancer cell.

TCA Cycle Intermediates The TCA or Krebs cycle is a central pathway in the

metabolism of sugar, lipids, and amino acids. Far from being a closed pathway,

the TCA cycle rather integrates several metabolic reactions in a cell, such as the

metabolism of amino acids, fatty acids, and heme, via anaplerotic reactions. The

cytoplasmic and mitochondrial pools of TCA cycle intermediates are in tight

connection, and metabolite accumulation in one of the pools is immediately

reflected in the other.

Alteration of TCA cycle as a mechanism of tumorigenesis has been initially

associated to mutations in two key enzymes that catalyze essential steps within the

cycle, namely, SDH and FH, whose loss of function leads to the accumulation of

fumarate and succinate, causing abnormal normoxic stabilization of HIF1α, since
high levels of these metabolites inhibit the prolyl-hydroxylase reaction which

mediates HIF1α degradation (Isaacs et al. 2005; Selak et al. 2005). Moreover,

high concentrations of fumarate and succinate have been shown to induce aberrant

patterns of gene expression by inhibiting enzymes involved in DNA and histone

demethylation (Cervera et al. 2009) or by causing protein impairment via

succinylation (Alderson et al. 2006).

Imbalance in TCA cycle intermediates concentrations has also been observed as

a consequence of mtDNA mutations. Cancer cells harboring nearly homoplasmic

levels of the m.3571insC/MT-ND1 mutation, which leads to a dysfunctional

complex I, display an increased α-ketoglutarate/succinate ratio as a direct conse-

quence of NADH accumulation. In this case, conversely from what is observed in

SDH and FH mutated tumors, HIF1α is chronically destabilized even in hypoxic

conditions (pseudonormoxia), since α-ketoglutarate feeds and promotes the prolyl-

hydroxylase reaction (Gasparre et al. 2011). Therefore, the m.3571insC/MT-ND1
may hamper tumor growth by introducing imbalance in TCA cycle metabolites. It is

very likely that other mtDNA mutations may modify tumor progression by simi-

larly changing the cellular metabolite concentrations.

The stalling of the TCA cycle due to FH or SDH deficiency may prevent cells

from generating TCA cycle intermediates such as malate, oxaloacetate, and citrate

by conventional oxidative metabolism. It has been shown that in such conditions, a

cell turns to alternative pathways. For instance, in vitro studies on cancer cell lines

with FH mutations or defective complex I or III have demonstrated a switch to

anoxic glutaminolysis as a dominant mode of metabolism for supporting cell

proliferation and generating citrate (Mullen et al. 2011). However, according to

the model suggested by Smolkova and colleagues (Smolkova et al. 2011), this

process would not be sufficient to support proliferation for a long period due to

energetic deficiency, and increase in glycolysis or oxidative carboxylation would

have to be established. In this context, it is important to note that because of its

essential dependence on complex II (Smolkova and Jezek 2012), oxidative

glutaminolysis may be sustained only in cancer cells with at least partially func-

tional ETC. For instance, severely dysfunctional complex I cells should be able to
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sustain oxidative glutaminolysis, whereas cancer cells with a downstream damage

in ETC would compromise this metabolic pathway and possibly hold back tumor

progression.

10.6 Cell-Systemic Consequences of mtDNA Mutations

That Modify Tumor Progression

Apart from their role in metabolic reactions, mitochondria are involved in many

other pivotal cellular processes, such as apoptosis, hypoxic adaptation, or

autophagy. The ways in which mtDNA mutations may influence tumor progression

by altering proper functions of such pathways are here described.

Apoptosis The most common form of cell death in mammalian cells involves the

mitochondrial apoptotic pathway, in which the outer mitochondrial membrane is

permeabilized, releasing caspase-activating molecules and caspase-independent

death effectors (Green and Kroemer 2004). This process is regulated by cytosolic

p53 and Bcl-2 family of pro- and antiapoptotic proteins, but may also be a

consequence of mitochondrial damage, such as dissipation of mitochondrial mem-

brane potential (Green and Kroemer 2009). Evasion of apoptosis and, in particular,

a related resistance to mitochondrial outer membrane permeabilization is a hall-

mark of cancer cells. In this context, mtDNA mutations are often associated with

modulation of apoptotic mechanisms in cancer. Decrease in apoptosis was associ-

ated with elevated ROS production in m.6124T > C/MT-COI mutant prostate

cancer cells (Arnold et al. 2013), m.10398G>A/MT-ND3 mutant breast cancer

cells (Kulawiec et al. 2009b), and colorectal cancer cell heteroplasmic for the

m.12417insA/MT-ND5 (Park et al. 2009). On the other hand, certain mutations

have been shown to boost apoptotic mechanisms and prevent tumor growth, such as

the homoplasmic version of the m.12417insA/MT-ND5 (Park et al. 2009).

Interestingly, mtDNA mutations appear to have the ability to influence expres-

sion of apoptotic genes. Depending on the degree of respiratory chain damage

induced by different mtDNA mutations, osteosarcoma-derived cybrids displayed

diverse levels of Bcl-2 family protein expression and exhibited either pro- or

antiapoptotic signaling, despite their isogenic nuclear background (Kwong

et al. 2007). In particular, COX- and CYTB-deficient cells showed lower expres-

sion of Bcl-XL and Bcl-2, respectively, resulting in resistance to staurosporine-

induced apoptosis. On the other hand, NARP mutants that maintain all respiratory

chain complexes, albeit at reduced amounts and activities, displayed staurosporine

sensitivity followed by low Bcl-2 and high Bcl-XL expression levels. Moreover,

thapsigargin, which mimics stress derived from the endoplasmic reticulum, was

shown to induce apoptosis in all of these cells, while Rho zero cells and MERRF

mutants, which completely lack functional and structural integrity of respiratory

chain complexes, were resistant to this type of programmed death (Kwong

et al. 2007).
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Interestingly, it has been shown that mitochondrial damage may cause alter-

ations in pyrimidine synthesis and folate metabolism and thus result in less efficient

DNA repair and chromosomal instability (Desler et al. 2007; Minocherhomji

et al. 2012). In this context, since p53 responds to DNA damage, it is interesting

to speculate that mtDNA mutations might influence p53 activity by regulating the

nucleotide pool of a cancer cell (Naviaux 2008).

Taken together, the apoptotic responses in mtDNA-mutated cancer cells may

depend on the type of cellular stress, their effective consequence on mitochondrial

membrane potential, and on the expression of pro- and antiapoptotic proteins.

Hypoxic Adaptation The ability to stabilize HIF1α is considered a feature of

malignant tumors. During the oxygen deprivation that follows the increase in size

of a cancer mass before neovascularization sets in, HIF1α stabilization is pivotal to

adapt to hypoxic conditions, mainly by upregulating the expression of glycolytic

genes (Semenza et al. 1994). Moreover, it has been shown that hypoxic adaptation

also requires HIF1α-mediated suppression of TCA cycle and OXPHOS (Kim

et al. 2006; Papandreou et al. 2006). As mentioned earlier, FH and SDH mutations

have been associated with tumorigenesis due to an aberrant HIF1α stabilization.

Indeed, by slowing down oxidative metabolism during hypoxia, tumor cells

decrease their oxygen requirements, and in this context, many mtDNA mutations

have been shown to contribute to hypoxic adaptation. For instance, cells harboring

the m.4776G>A/MT-ND2missense mutation showed an increased tumorigenicity

and HIF1α accumulation (Zhou et al. 2007). These effects were due to the

ROS-mediated upregulation of pyruvate dehydrogenase kinase 2, with a subsequent

inhibition of pyruvate dehydrogenase and finally block of pyruvate entrance in the

TCA cycle (Sun et al. 2009). Moreover, it has been shown that ROS-mediated

HIF1α accumulation may lead to enhanced metastatic potential of cells harboring

the m.13997G>A/MT-ND6 missense mutation (Ishikawa et al. 2008). However,

conversely from the hypoxic and anoxic areas of quickly growing primary tumors,

it is interesting to note that metastatic cells ought to be well oxygenated. Conse-

quently, revival of mitochondrial function may be profitable in such cells. Indeed,

there are single reports of mtDNA mutations present in primary tumor, but purified

in putative metastases (Horton et al. 1996). Therefore, it remains to be explained

why mitochondrial damage should be an advantageous feature of pre-metastatic

clones.

Besides the well-known negative regulation of mitochondrial function by

HIF1α, through activation of pyruvate dehydrogenase kinase 1 (Kim et al. 2006;

Papandreou et al. 2006), there are indications that HIF1α stabilization actually

depends on functional mitochondria. For instance, several studies have reported

that loss of respiratory complex III may contribute to ROS-mediated destabilization

of HIF1α (Guzy et al. 2005; Mansfield et al. 2005). Moreover, it has been shown

that dysfunction in complex I caused by the severe m.3571insC/MT-ND1 mutation

strongly contributes to HIF1α destabilization by alteration of TCA cycle metabolite

balance (Gasparre et al. 2011). Allotopic expression of functional ND1 inMT-ND1
osteosarcoma mutant cells demonstrated that a certain portion of functional

216 I. Kurelac et al.



complex I is required for the establishment of the Warburg effect during response to

hypoxia (Calabrese et al. 2013). In this context, it is interesting to note that,

conversely from SDH and FH mutated tumors, a novel class of mutations in

isocitrate dehydrogenase (IDH) 1 and 2 genes was recently reported in gliomas

and acute myeloid leukemia (AML) (Koivunen et al. 2012; Losman et al. 2013).

These mutations have been shown to induce the accumulation of (R)-2-

hydroxyglutarate (R-2HG), an activator of prolyl-hydroxylases, thus causing con-

sequent destabilization of HIF1α. This characteristic has been suggested to be

responsible for less malignant behavior in glioma patients (Koivunen et al. 2012).

Therefore, it seems that a two-way relationship between hypoxic adaptation and

mitochondrial function exists, in which mtDNA mutations may result as positive or

negative modifiers of hypoxic adaptation, since the ETC is de facto a fundamental

oxygen sensor as is the HIF1α pathway.

Signaling Pathways In order to maintain cellular homeostasis, mitochondria are

capable of communicating with the nucleus through so-called retrograde signaling

(Guha and Avadhani 2013). Among others, mitochondria-to-nucleus crosstalk

includes Ca2+ (Biswas et al. 1999) and a redox-related flow of information (Ray

et al. 2012), both of which may be altered due to a mitochondrial damage (Amuthan

et al. 2002; Ishikawa et al. 2008). For instance, mtDNA depletion has been shown to

induce a drop in membrane potential, which decreases Ca2+ uptake into mitochon-

dria, increasing the levels of cytoplasmic Ca2+ concentrations, activating retrograde

signaling, and promoting invasiveness of lung cancer cells (Amuthan et al. 2002).

On the other hand, ROS signaling has been associated with AKT survival pathway.

In particular, in cancer cells carrying heteroplasmic complex I damaging MT-ND5
mutation, ROS- and NAD+-/NADH-mediated phosphorylation of AKT led to

upregulation of HIF1α activity (Sharma et al. 2011). These effects on AKT signal-

ing pathway were specific to complex I damage, since mutations in COX only

displayed a decrease in ATP and respiration defects, without affecting the ROS-

AKT-HIF axis (Sharma et al. 2011). Similarly, AKT activation was induced by

mtDNA depletion in a number of cancer cell lines, in which increases in NADH

concentrations and subsequent decreases in NADPH were associated with PTEN

inactivation and promotion of AKT signaling (Pelicano et al. 2006). Moreover, a

CPEO-associated mtDNA mutation in MT-TRNA for leucine was shown to cause

ROS-independent AKT activation, resulting in apoptosis resistance and increase in

metastatic potential of breast cancer cells (Kulawiec et al. 2009a).

Phosphorylation of AKT leads to mTOR kinase activation, one of the best

known pathways regulating cell metabolism (Memmott and Dennis 2009) and the

main cellular sensor of nutrients promoting protein and lipid synthesis. Alterna-

tively, mTOR is negatively regulated by AMPK, which switches off biosynthetic

reactions in low energy conditions, in order to maintain cellular energy homeostasis

(Hardie 2011). In the study by Sharma et al, complex I mutant cybrids displayed

dephosphorylation of AMPK, in comparison to wild-type mtDNA cybrids. Con-

versely, severe mtDNA mutants appear to induce AMPK activation, which ulti-

mately results in suppression of tumor growth, in agreement with the inferred role
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of tumor suppressor for this crucial kinase (Iommarini et al. 2014). Therefore,

depending on their type and mutant load, mtDNA mutations may influence

mTOR signaling through both AKT and AMPK pathways.

Furthermore, it has recently been demonstrated that mtDNA depletion may lead

to increased expression of HMGR, a rate-limiting enzyme in the mevalonate

pathway, which is an important source of farnesyl moieties (Cook and Higuchi

2012). The latter are used for K-Ras prenylation, a posttranslational modification

that allows K-Ras/Raf complex formation and downstream AKT activation. That

study provides an interesting example on how mitochondrial function is connected

to the cellular signaling pathways and suggests that targeting such metabolic

reactions may be potentially exploited in cancer therapy development.

Apart from mTOR, a number of other signaling pathways have been shown to be

influenced by mitochondrial damage, such as ERK1/2-MAP kinase (Weinberg

et al. 2010) and NFKB2 (Higuchi et al. 2002; Dasgupta et al. 2008; Jandova

et al. 2012b).

Taken together, it is emerging that oncogenic signaling pathways may depend on

mitochondrial function, among others, through alteration of cellular ROS and Ca2+

concentrations and by modulating the availability of metabolites involved in

pro-oncogenic signaling.

Epigenetics Oncogenes and tumor suppressors are known to regulate metabolic

reprogramming during cancer progression (Ward and Thompson 2012) and thus

create selective pressures under which mtDNA mutations may be accumulated or

purified. In turn, mitochondrial damage induced by mtDNA mutations may have

consequences on oncogenes and tumor suppressors function by regulating their

gene expression, indicating that oncogenic properties may be transmitted from

mitochondria to the nucleus (Ma et al. 2010; Jandova et al. 2012b). It was shown

that certain mtDNA haplogroups may influence nuclear methylation patterns

(Bellizzi et al. 2012) and that mtDNA depletion leads to general hypomethylation

of nuclear genes, potentially promoting activation of oncogenes (Smiraglia

et al. 2008).

Since epigenetic control of gene expression involves a series of enzymatic

reactions, including DNA and histone methylation, acetylation, hydroxylation,

and phosphorylation, mechanisms through which mitochondrial alterations may

regulate nuclear gene expression mainly concern the availability of metabolic

substrates or cofactors required for these reactions (Naviaux 2008). For instance,

the NAD+/NADH ratio is important for the activities of sirtuin histone deacetylases

(Imai et al. 2000); TCA cycle intermediates have been shown to regulate histones

and DNA demethylation reactions by Jumonji C-domain-containing histone lysine

demethylases (JHDM) and ten-eleven translocation family of 5-methylcytosine

hydroxylases (TET) (Lu and Thompson 2012), and cytosolic citrate is converted

to acetyl-CoA required as a donor of acetyl groups for HAT-mediated histone

acetylation (Wellen et al. 2009). Moreover AMPK, activated by a low ATP/AMP

ratio, is able to phosphorylate histones (Bungard et al. 2010). The abundance of

metabolic substrates and cofactors in epigenetic mechanisms is highly dependent
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on the metabolic state of a cell and may be regulated by a mitochondrial damage

induced both by mtDNA mutations and mutations in nuclear genes encoding

mitochondrial proteins. The latter have been particularly often associated with

epigenetic reprogramming in cancer, since TCA cycle intermediates may inhibit

α-ketoglutarate-dependent dioxygenases involved in DNA and histone demethyla-

tion, as observed in tumors harboring dysfunctional FH and SDH where fumarate

and succinate have been shown to inhibit JHDM and TET protein function by

competitive inhibition (Xiao et al. 2012). Along this line, increase in R-2HG

concentrations, caused by IDH mutations, has been shown to induce epigenetic

alterations that affect cell differentiation in gliomas and AML, eventually leading to

cell transformation (Koivunen et al. 2012; Losman et al. 2013). Interestingly, the

same metabolite has been associated with inability to stabilize HIF1α, which may at

least partly explain the more favorable prognosis in glioma patients carrying IDH
mutations (Koivunen et al. 2012; Losman et al. 2013).

Furthermore, it was recently discovered that DNA methyltransferase 1 may

translocate into mitochondria (Shock et al. 2011) and methylate mtDNA CpG

islands. Interestingly, the distribution of CpG islands in mtDNA reveals that they

are more common in the regulatory D-loop region, where the control of the whole

polycistron resides, and less frequent than expected by chance in mitochondrial

tRNA and coding genes (Chinnery et al. 2012). Along this line, it has been shown

that mutations in mtDNA may influence its own methylation causing metabolic

alterations potentially important for cancer progression (Raimundo et al. 2012).

Autophagy Autophagy is the main cellular route for degradation of bulk cytoplasm

and organelles, which may lead either to cell death (Gozuacik and Kimchi 2004) or

to the recycling of cellular building blocks for macromolecule synthesis in stress

conditions such as hypoxia (Lozy and Karantza 2012). Generally, it is inhibited by

high nutrient availability and growth factors, whereas ROS, hypoxia, and starvation

promote autophagy (Lozy and Karantza 2012). In normal conditions, autophagy

accounts for removal of damaged and permeabilized mitochondria (mitophagy) and

thus counteracts proapoptotic effects of mitochondrial outer membrane permeabi-

lization (Hill et al. 2012). In cancer, autophagy seems to be context dependent

(Lozy and Karantza 2012). On one hand, the decrease in autophagy often observed

in cancer may permit the relaxation of negative selection and promote accumula-

tion of proapoptotic mtDNA mutations. Along this line, complementation of

mitochondrial damage caused downregulation of mTOR signaling pathway and

subsequent increase in autophagy, inhibiting the metastatic activity of breast cancer

cells (Santidrian et al. 2013). Conversely, KRAS-driven tumorigenesis was shown

to upregulate autophagy in order to maintain functional mitochondrial metabolism,

necessary for propagation of such tumors (Guo et al. 2011). In such KRAS-driven
models, defects in autophagy were shown to mimic the antitumorigenic effects of

severe mtDNA mutations by redirecting cancer progression from carcinoma to

benign oncocytoma (Guo et al. 2013). The relationship between mitochondria,

autophagy, and tumor progression is therefore not straightforward, and further

studies are warranted to resolve their connections.
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10.7 Oncocytic Tumors

Cells of certain tumor types are characterized by abnormal accumulation of mito-

chondria in their cytoplasm, a phenotype that in pathology is referred to as

oncocytic change (Tallini 1998). Oncocytic tumors are mainly observed in lesions

of endocrine tissues such as the thyroid (Gasparre et al. 2010a), kidney (Akhtar and

Kott 1979), parotid, or pituitary gland (Silbergeld et al. 1993), but have also been

described in cases of breast, colon, lung, glioblastoma, nasopharynx, and endome-

trial cancers (Damiani et al. 1998; Gasparre et al. 2010b; Guerra et al. 2011;

Marucci et al. 2013). Mitochondria of oncocytic cells are often damaged, as

observed from electron micrographs showing their swollen morphology and

deranged cristae. This has been partly explained by the high frequency of patho-

genic mtDNA mutations that is found in oncocytic lesions. Depending on the tissue

type, 45–100 % of such neoplasms carry some kind of mtDNA mutations, which is

significantly more frequent than what is observed in their non-oncocytic counter-

parts (Gasparre et al. 2007, 2010b; Porcelli et al. 2010; Pereira et al. 2012; Kurelac

et al. 2013). In particular, frameshift and nonsense mtDNA mutations are far more

common and are often homoplasmic in oncocytomas, resulting in substantial

defects in mitochondrial function.

It has been hypothesized that the mitochondrial hyperplasia in oncocytic tumors

is a direct consequence of mtDNA mutations, since the resulting mitochondrial

damage may provoke increased organelle biogenesis in order to compensate for the

bioenergetic defect (Savagner et al. 2001). In fact, introduction of a severe complex

I disruptive homoplasmic mtDNA mutation in cybrid cells was shown to lead to the

development of osteosarcoma with an oncocytic phenotype, followed by a less

efficient tumor settlement and decreased tumor growth, compared to their wild-type

or heteroplasmic counterparts (Gasparre et al. 2011). This is in line with the recent

revision of the Warburg hypothesis, which suggests that mitochondrial function

must not be completely abolished, since it would lead to lethality. In fact, oncocytic

tumors are most often low aggressive and are usually considered benign quiescent

neoplasias (Gasparre et al. 2010b; Rossi et al. 2013), as supported by a lower

genomic instability in pituitary oncocytomas (Kurelac et al. 2013). Functional

studies in athymic mice demonstrate that the most common mtDNA mutation

found in oncocytomas, namely, the m.3571insC/MT-ND1, is capable of abolishing
osteosarcoma growth in vivo and that compensation with a functional ND1 reverts

the phenotype and reestablishes tumorigenic potential (Gasparre et al. 2009;

Calabrese et al. 2013). This mutation, when homoplasmic, leads to abolishment

of complex I function and affects efficiency of complex I assembly. In particular, it

results in a truncated ND1 subunit which most likely hampers the formation of the

binding site between different assembly modules of the complex, potentially

affecting the whole respirasome (Vogel et al. 2007; Baradaran et al. 2013). In

agreement with the main role of complex I in sustaining mitochondrial membrane

potential and cellular redox homeostasis by oxidation of NADH, in the

m.3571insC/MT-ND1 homoplasmic cancer models, both ATP production and
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NAD+/NADH ratio were significantly reduced when compared to the

heteroplasmic counterparts and wild-type cells, leading to activation of AMPK

(Iommarini et al. 2014) and destabilization of HIF1α (Calabrese et al. 2013),

respectively. These studies demonstrate that functional complex I is necessary for

the activation of the HIF1α pathway and for the establishment of theWarburg effect

(Calabrese et al. 2013), explaining at least in part why oncocytic tumors carrying

such damage often do not progress to the malignant state. In addition, the inability

to stabilize HIF1α may contribute to increased mitochondrial hyperplasia in

oncocytic tumors, since this transcription factor is a known negative regulator of

mitochondrial biogenesis (Papandreou et al. 2006; Bartoletti-Stella et al. 2013).

It is interesting to note that an oncocytic change, followed by tumor growth

arrest, was recently observed to be triggered during KRAS-driven cancer transfor-

mation when the pivotal autophagy-regulating gene was knocked out (Guo

et al. 2013). This suggests that mtDNA mutations causing inadequate function of

autophagic machinery may also contribute to the mechanism of oncocytic pheno-

type development.

Despite being a relatively rare entity, oncocytic tumors have provided many

insights on the role of mtDNA mutations and mitochondrial metabolism in cancer.

Most importantly, analyses of mtDNA mutations in oncocytic tumors allowed to

identify a novel class of cancer-associated genes, namely, the oncojanus, that may

behave in a twofold manner. Depending on the mtDNA type and mutant load, the

same gene may behave as both tumor suppressor and as a lethality gene, underlining

the importance of the application of appropriate measures when analyzing mtDNA

mutations in cancer.

Conclusions

The consequences of mtDNA mutations are numerous and primarily depend

on the type of damage, i.e., which part of the ETC is involved, to what extent,

and during which phase of tumorigenesis. It is unlikely that mtDNA muta-

tions on their own are sufficient to initiate tumorigenesis, but they may

provide a fertile ground for adaptive mechanisms and may modify tumor

progression. The general rule of thumb seems to be that mutations which

cause severe mitochondrial damage leading to extreme metabolic conditions

usually compromise tumor growth, whereas mild mutations which allow fine-

tuning of tumor metabolism may be advantageous since they represent a pool

of adaptive tools in cancer cell evolution. The most intriguing point is that an

mtDNA mutation may in some contexts act as a neutral bystander, whereas in

others it becomes advantageous for tumor growth, and thus appropriate

analyses must be performed in order to assign a role for mtDNA mutations

in tumor progression, especially in the context of using mtDNA mutations as

diagnostic and prognostic markers in oncology.

(continued)
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In this context, the advent of NGS, which has already revolutionized the

field of genomics, is expected to further elucidate the mechanisms of mito-

chondrial genetics in cancer (He et al. 2010; Tang and Huang 2010; Zaragoza

et al. 2010; Payne et al. 2013). It is peculiar to observe that the mtDNA does

not represent the direct target in any of the currently used high-throughput

sequencing methods, but is paradoxically retained as off-target sequence

because of the overlapping nuclear probes designed against NumtS (Pesole

et al. 2012; Samuels et al. 2013). As a consequence of this unintended

contamination with mtDNA in NGS, a series of bioinformatics tools have

been proposed to recover the lost mtDNA information from high-throughput

sequencing (Picardi and Pesole 2012; Calabrese et al. 2014). Therefore, large-

scale mtDNA genotyping in public cancer studies is actually possible and will

inevitably lead to even better understanding of mtDNA selection in cancer

and thus to a further elucidation of the roles of mitochondria and metabolic

reprogramming in this complex disease.

Overall, the combination of next generation genetic approaches in mito-

chondrial genomics, sustained by a deeper understanding of the metabolic

consequences that revolve around this pivotal organelle, is likely to provide

oncology not only with powerful prognostic tools but also with a novel array

of strategies and candidates for the development of anticancer therapies.
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