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Spotlight on the relevance of mtDNA in cancer
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Abstract The potential role of the mitochondrial genome

has recently attracted interest because of its high mutation

frequency in tumors. Different aspects of mtDNA make it

relevant for cancer‘s biology, such as it encodes a limited

but essential number of genes for OXPHOS biogenesis, it

is particularly susceptible to mutations, and its copy

number can vary. Moreover, most ROS in mitochondria are

produced by the electron transport chain. These charac-

teristics place the mtDNA in the center of multiple sig-

naling pathways, known as mitochondrial retrograde

signaling, which modifies numerous key processes in

cancer. Cybrid studies support that mtDNA mutations are

relevant and exert their effect through a modification of

OXPHOS function and ROS production. However, there is

still much controversy regarding the clinical relevance of

mtDNA mutations. New studies should focus more on

OXPHOS dysfunction associated with a specific mutational

signature rather than the presence of mutations in the

mtDNA.

Keywords Cancer � Warburg effect � Mitochondria �
mtDNA � OXPHOS � ROS

Abbreviations

OXPHOS Oxidative phosphorylation

ROS Reactive oxygen species

mtDNA Mitochondrial DNA

Spotlight on mtDNA, why now? Characteristics
that makes it relevant for cancer

Although a relationship between mitochondria, metabo-

lism, and cancer was originally proposed by Warburg

nearly a century ago [1], interest in the field has grown

rapidly in recent years [2]. Mitochondria are semiau-

tonomous organelles containing their own DNA, and are

present in the vast majority of eukaryotic cells. Mito-

chondria play vital roles in a variety of cellular functions,

including metabolism, energy production through the

oxidative phosphorylation (OXPHOS) system, reactive

oxygen species (ROS) generation and signaling, apopto-

sis, and calcium homeostasis [3]. Massive sequencing

efforts in tumor and healthy tissue control pairs have

identified numerous mutations in the mitochondrial DNA

(mtDNA) of tumor cells, suggesting the involvement of

mtDNA in malignant transformation; however, the

pathological relevance of these findings remains contro-

versial [4–6].
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Human mtDNA is a circular double-stranded DNA

molecule of approximately 16 kb in length that encodes a

limited but essential number of genes for OXPHOS bio-

genesis [7] (Fig. 1a). The OXPHOS system transfers

electrons from reduced cofactors to molecular oxygen and

pumps protons from the mitochondrial matrix into the

intermembrane space, generating a proton gradient that is

used by complex V to generate ATP (Fig. 1b). Thus, the

type and number of mtDNA mutations occurring can

impact multiple facets of cellular bioenergetics, which is

considered a cancer hallmark [2]. mtDNA is particularly

susceptible to mutations compared to nuclear DNA. This

phenomenon has been attributed to its proximity to sources

of ROS, and consequent ROS-mediated oxidative damage,

as well as the absence of nucleosome protection [8]. Over

the past few years, however, earlier theories of oxidative-

induced mtDNA mutations have been questioned by stud-

ies showing that defective replication plus less efficient

repair machinery are largely responsible for somatic

mtDNA mutations [9, 10]. Regardless of the source of

these mutations, the increased mutation rate in mtDNA

favors the appearance of variants that may result in a clonal

advantage for cancer progression. Moreover, because

mtDNA does not contain introns or intergenic spaces, the

vast majority of mtDNA mutations affect coding regions

necessary for OXPHOS function. Indeed, even mutations

in the non-coding D-LOOP region can affect OXPHOS

function by altering mitochondrial DNA copy number [11].

A key feature of the mitochondrial genome is its high

copy number in cells (10–10,000 copies), a condition

known as polyplasmia, and two scenarios are possible

during cellular division, since mitochondria are randomly
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Fig. 1 Mitochondrial DNA, oxidative phosphorylation system, and

ROS metabolism. a Human mtDNA molecule encodes 37 genes,

including: 7 subunits of complex I (ND1, 2, 3, 4, 4L, 5, and 6), 1

subunit of complex III (Cyt b), 3 subunits of complex IV (COX I, II,

and III), 2 subunits of complex V (ATP6 and ATP8), 2 rRNAs (12S

and 16S), and 22 tRNAs. In the last years, two small peptides have

been described in the ORF of the 12S and 16S rRNAs, revealing new

mitochondrial-derived peptides (MDPs) with signaling functions.

b Oxidative phosphorylation (OXPHOS) system is composed of

complex I (NADH dehydrogenase–CoQ reductase, CI), complex II

(succinate dehydrogenase, CII), complex III (ubiquinone-cytochrome

c oxidoreductase, CIII), complex IV (cytochrome oxidase, CIV), and

complex V (ATP synthase, CV), plus two electron carriers: coenzyme

Q (CoQ) and cytochrome C (CytC). Complexes I–IV transfer

electrons from reduced cofactors to molecular oxygen to produce

water through a chain of redox reactions, simultaneously pumping

protons from the matrix to the intermembrane space to generate a

proton gradient. Some of these reactions produce ROS as a byproduct,

mainly CI and CIII. The proton gradient is dissipated across the

mitochondrial inner membrane (MIM) back to the matrix, passing

through complex V generating ATP. Note that CoQ also receives

electrons from dihydroorotate dehydrogenase (DHOD) and electron

transfer flavoprotein-ubiquinone oxidoreductase or electron transfer

flavoprotein-dehydrogenase (ETFDH). Subunits encoded by mtDNA

are in colors corresponding to panel A. c ROS homeostasis.

Superoxide is mostly produced by the OXPHOS system and NOX

proteins. Superoxide is transformed to hydrogen peroxide (H2O2) by

superoxide dismutases (SODs). The H2O2 produced plays a central

role in ROS dynamics, since it can generate the highly reactive

hydroxyl radical (�OH), which produces oxidative damage and

produces modifications in proteins by thiol oxidation, thus initiating

complex signaling cascades, or be safely converted to water (H2O) by

detoxification enzymes, such as catalase, peroxiredoxins (PRX), or

glutathione peroxidases (GPX)
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distributed between daughter cells: homoplasmy (identical

molecules) or heteroplasmy (coexistence of different

mtDNA variants). This property of mitochondria is key to

understand the cellular consequences of mtDNA mutations.

Thus, the final phenotype of the cell will depend not only

on the severity of the mutation and the gene affected, but

also on the percentage of heteroplasmy, a phenomenon

known as the ‘‘threshold effect’’. mtDNA copy number is

strictly regulated and can vary among different tissues and

also in response to environmental conditions to ensure that

OXPHOS function is appropriate to the needs of the cell

[12]. Interestingly, this adaptation mechanism is also used

by tumor cells [13, 14], and correlations exist between

changes in mtDNA copy number and the onset of different

types of cancer, with higher levels associated with an

increased risk for lymphoma, but a lower risk factor for

bone cancer [15]. Moreover, it is also possible that the

mtDNA copy number can vary with tumor progression or

in response to treatments as a decline in the mtDNA con-

tent has been associated with lung cancer progression after

neoadjuvant chemotherapy [16].

Recently, Reznik et al. analyzing data from the Cancer

Genome Atlas (TCGA) consortium found alterations in

mtDNA copy number in many tumor types when compared

with adjacent normal tissue, with decreased tumor mtDNA

levels observed for kidney (clear cell and papillary sub-

types), breast, bladder, liver, head and neck squamous cell

cancer, esophageal cancers, and increased levels observed

only for lung adenocarcinoma [17]. In addition, the authors

also found a correlation between mtDNA copy number and

the incidence of key driver mutations. While interestingly,

a clear limitation of these studies is the lack mtDNA

mutation co-analysis, which may contribute to a more

comprehensive evaluation.

mtDNA variants in cancer

mtDNA is strictly maternally transmitted [18], and

throughout evolution, mtDNA has accumulated a high

number of ‘‘neutral’’ nucleotide substitutions with no

apparent consequences for OXPHOS function. In silico

approaches have allowed the classification of the evolution

of human mtDNA into distinct lineages or so-called

mitochondrial haplogroups, comprising specific combina-

tions of these polymorphisms. Although assumed to be

neutral, mtDNA haplogroups have been linked to evolu-

tionary adaptations to different climatic conditions. For

example, haplogroups from polar regions have a slightly

uncoupled electron transport chain (ETC) that increases

heat production [19]. In addition, mtDNA haplogroups

have been epidemiologically associated with different

diseases, such as Alzheimeŕs or Parkinsońs diseases [20].

The implication of mtDNA haplogroups to cancer is not

entirely understood, but recent data have shown their

associations with different types of cancer, including gas-

tric [21], cervical [22], lung [23], breast [24–26], pancre-

atic [27], thyroid [28], and prostate and renal cancer [29].

The importance of mtDNA haplogroups has further been

demonstrated in cellular models, suggesting an important

role in OXPHOS performance [30], in modifying expres-

sion of the NAD-dependent deacetylase SIRT3 [31], and in

the assembly of OXPHOS complexes [32]. Therefore,

mtDNA haplogroups can influence OXPHOS function to

favor or protect against the development of certain

pathologies [33].

In addition to polymorphisms, about 300 mutations have

thus far been identified in the mitochondrial genome, which

are associated with classical mitochondrial diseases [8],

and many somatic substitutions are known in human can-

cers with yet unclear consequences [4–6]. In both cases,

changes have been shown to affect the function of ribo-

somal RNAs, transfer RNAs (tRNAs), and protein coding

genes. Mutations in the latter principally affect a single

OXPHOS complex, whereas mutations in tRNAs alter the

translational capacity of all 13 mtDNA-encoding proteins,

impacting four out of five OXPHOS complexes and

resulting in a diversity of functional deficiencies [34].

Frame-shift mutations caused by insertions or deletions in

mtDNA can be variable in length and can affect any region.

These mutations typically have a serious impact on mito-

chondrial function. Interestingly, deletions in the D-LOOP

region, which is involved in mtDNA replication and tran-

scription, are highly represented in cancers with respect to

other pathologies [35].

Moreover, a relationship has been described between

cancer and proteins involved in mtDNA maintenance,

such as POLG [36, 37], POLG2 [38], helicases [39], and

DGUOK [40]. For example, due to an OXPHOS defect

caused by hampered mtDNA replication, mutant POLG

DNA polymerase expressed in breast cancer cells

increases in vitro tumorigenicity [41], and mice

heterozygous for the DNA helicase SUV3 develop tumors

at multiple sites [42].

Although functional studies are required to fully

understand the role of these mtDNA changes in cancer,

clinical studies suggest that mtDNA mutations may influ-

ence disease prognosis [43–45], and indicate that severe

mtDNA mutations are less frequent in cancer patients

[5, 6].

Clearly, more comprehensive studies are necessary,

taking into account different variables altogether, such as

the type of mutation, its functional impact, heteroplasmy

levels, tumor grade, relationship with nuclear mutations, as

well as the role of low percentage germline mutations in

the origin of the disease.
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mtDNA and mitochondrial ROS

ROS are chemically reactive molecules containing oxygen

which, in high amounts, can oxidize other molecules.

Although several sources of ROS exist in cells, mito-

chondria are one of the main contributors to the ROS

levels, thus determining the cellular redox status.

Traditionally, the origin of mitochondrial ROS was

attributed entirely to the ETC; however, ROS production from

several other mitochondrial enzymes has been described

[46–48]. Most ROS in mitochondria are produced by reduc-

tion of oxygen (O2) to superoxide anion (O2
-) by complexes I

and III [49]. Complex I releases the O2
- into the mitochon-

drial matrix, whereas complex III releases O2
- on both sides

of the membrane. This evidently generates a different sig-

naling potential depending on the origin of ROS [49]. Two

O2
- molecules can then be converted to one molecule of

hydrogen peroxide (H2O2) by different isoforms, mitochon-

drial, and cytoplasmic of the enzyme superoxide dismutase

(SOD). H2O2, in turn, can accept an additional electron by the

Fenton reaction to yield the highly reactive hydroxyl radical

(OH-), or it can be reduced to H2O by various enzymes, such

as glutathione peroxidases, peroxiredoxins, or catalases

(Fig. 1b, c). H2O2 has the ability to cross biological mem-

branes and is significantly more stable than other ROS

allowing H2O2 to act as second messenger through oxidation

of cysteine residues in proteins. Cysteine residues exist in

equilibrium between the reduced thiol (Cys-SH) and the

oxidized thiolate (Cys-S) forms; the latter may react with

H2O2 to give a residue Cys-SOH. The oxidation of cysteine

residues can directly affect the catalytic center of the protein or

indirectly modify its activity by affecting regulatory residues,

or its ability to interact with other molecules. These properties

make ROS important signaling molecules, acting at multiple

levels and regulating numerous physiological and pathologi-

cal key processes involving proteins, such as GAPDH [50],

NOX1 [51], ERK [52], NF-kB [53], AKT [54], HIF1a [55]

and SRC [56], among others.

Conditions that alter the electron transport flow through

the ETC, such as ETC complex inhibition [51], mutations

in ETC subunits [57], the presence of regulatory elements

[58], as well as defects in the assembly of individual

complexes or supercomplexes [59], are associated with an

increased production of mitochondrial ROS. In addition,

some physiological processes, such as the induction of the

complex I NDUFA4L2 subunit by hypoxia [60], the

expression of uncoupling proteins [61], or ROS themselves

modulating the transition between active and inactive

forms of complex I, can also regulate the production of

mitochondrial ROS [62].

The increased production of mitochondrial ROS has

been proposed as a pathological mechanism in different

mitochondrial and degenerative diseases [63], as well as a

key element in the development of cancer [52, 64, 65].

The cybrid model to study mtDNA variants
in cancer

Cytoplasmic hybrids, also known as transmitochondrial

cybrids or cybrids, represent a model widely used to study

the effects of mtDNA variants on cell physiology and

human pathology. Cybrids are generated by fusing

mtDNA-depleted cells (q0 cells) with donor cytoplasts,

typically platelets, or enucleated fibroblasts [66] (Fig. 2).

Cybrid analysis has been employed to determine the

metabolic consequences of pathological OXPHOS defects,

which are of key importance for elucidating pathogenic

mechanisms of different mtDNA mutations [67].

The first studies involving mtDNA variants and cancer

were carried out before the development of q0 cells and

cybrid technology. In these seminal studies, the tumori-

genic properties of cells could be modified by cytoplasm

from normal cells [68, 69]. Later, both somatic mtDNA

mutations found in cancer cells and pathogenic mtDNA

mutations were studied using transmitochondrial cybrids.
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Fig. 2 Overall strategy for studies using transmitochondrial cybrid

cell lines in cancer. Tumoral cell lines previously depleted of mtDNA

(known as rho0 or q0 cells) are fused with mitochondria containing

different mtDNAs (usually using platelets or cytoplasts of enucleated

cells as source). After fusion, cybrid cells harboring the same nucleus

from the parental q0 and mtDNA from the exogenous source are

clone-selected and expanded. Although there are disputes about the

role of mtDNAs variants in cancer biology among different studies, it

seems clear that mtDNA is able to modify tumoral properties
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In a pioneering study, Hayashi et al. demonstrated that the

tumorigenicity of HeLa cells depended on the presence of

mtDNA, but the modulation of the phenotype was unaf-

fected by mtDNA mutations [70]. Subsequently, the same

authors showed that the metastatic potential of different

mouse tumor cells was strictly dependent on mutated

mtDNA. In these experiments, some mutations acted

through an ROS-dependent mechanism, while others acted

in a ROS-independent manner [64, 71].

The MT-ATP6 m.8993T[G mutation introduced into

PC3 prostate cancer q0 cells gives rise to cells that generate

tumors more efficiently and produce higher levels of ROS

than those receiving wild-type mtDNA [72]. Two addi-

tional mutations in the MT-ATP6 gene, m.8993T[G and

m.9176T[C, identified in patients with encephalomyopa-

thy, have also been demonstrated to be critical for the

capacity of transmitochondrial cybrids to generate tumors.

Mutant mtDNAs conferred to cybrids from q0 HeLa cells

an advantage in the early stage of tumor growth compared

to wild-type mtDNA. These results also suggested that

mutated mtDNA contributes to the promotion of tumors by

preventing apoptosis [73].

Similar conclusions were reached using the nuclear

background of the 143B osteosarcoma cell line. Cybrids

carrying a frameshift mutation of MT-ND5 with different

mutation load levels, 72 % heteroplasmy, and nearly

mutant homoplasmy, exhibited striking differences in their

tumorigenic properties. While cybrids harboring the

heteroplasmic MT-ND5 mtDNA mutation produced tumors

with significantly enhanced growth, tumor formation was

inhibited in homoplasmic cybrids. These differences could

also be attributed to an alteration of ROS production and

apoptosis [74], and indicate that a severe impairment of

mitochondrial function disrupts the development of tumors.

Further studies with the 143B cellular background

demonstrated that the transplantation of mitochondria from

the benign breast epithelial cell line MCF10A, and from

the moderately metastatic breast cancer cell line MDAMB-

468, both reversed the tumorigenic properties of parental

cells, indicating that benign mitochondria can revert the

oncogenic potential of 143B cells. In addition, microarray

studies have suggested that several oncogenic pathways

observed in cybrids with cancerous mitochondria are

inhibited in cybrids with non-cancerous mitochondria [75].

Contrastingly, recently published findings seem to

indicate that mild mtDNA mutations do not increase

tumorigenic potential. Cybrids harboring the m.3460G[A

mtDNA mutation in complex I, with a mild functional

impairment, had an equivalent tumorigenic potential to

control cells, whereas cybrids with a severe complex I

functional deficiency displayed a reduced tumorigenic

potential [76]. These results are consistent with previous

studies from the same group, in which they showed that

mitochondrial function was necessary for the metabolic

switch mediated by HIF1a and consequent tumorigenic

behavior. In these studies, the tumorigenic capacity was

lost through a high mutation load that profoundly affected

mitochondrial function. Tumorigenicity was then restored

when the mutation was complemented by the expression of

the wild-type protein, recovering the mitochondrial func-

tion and the activation of HIF1a [77].

We have found that 143B q0 cells devoid of mtDNA,

cybrids harboring wild-type mtDNA and cybrids causing

severe mitochondrial dysfunction do not produce tumors.

In contrast, cybrids containing mild mutant mtDNAs

exhibit different tumorigenic capacities that are dependent

on OXPHOS dysfunction [57]. These observed differences

in tumorigenicity correlate with an enhanced resistance to

apoptosis and high levels of ROS production. Nevertheless,

the overall capacity of the different cybrid cell lines to

generate tumors is most likely a consequence of a complex

array of pro-oncogenic and anti-oncogenic factors associ-

ated with mitochondrial dysfunction [57]. In a similar

manner, Yuan and coworkers found that missense and

nonsense mutations in MT-ND6 promote tumorigenicity of

the lung adenocarcinoma cell line A549 and are associated

with reduced survival rate in patients [44].

The importance of maintaining some OXPHOS function

for tumor progression has been elegantly demonstrated

recently using metastatic murine tumor models depleted of

mtDNA [78]. The authors showed that tumor q0 cell lines

exhibited a long lag to tumor formation that was associated

with the acquisition of mtDNA from host cells. Strikingly,

they also noted a stepwise recovery of OXPHOS function

throughout the process of tumor progression, from low

levels in primary tumor cells derived from q0 cells, to full

restoration in metastatic lung cells. This new mechanism of

horizontal mtDNA transfer would expand the metabolic

reprogramming capacity of tumor cells, a crucial process

in situations, where profound changes in the tumor

microenvironment take place, such as those occurring

during therapeutic treatment or metastatic colonization

[79].

Mitochondrial retrograde signaling and cancer

From cybrids studies, we have learned that the relevance of

mitochondrial function and mtDNA in tumorigenicity

involves complex signaling processes mediated not only by

OXPHOS function, but also by ions, proteins, metabolites,

and ROS [80–82]. One of the most illustrative examples of

the influence of mtDNA on OXPHOS performance and

nuclear reprogramming was shown by Pickard et al. in a

study demonstrating how in a set of cybrids with increased

heteroplasmy of the mutation m.3243G[A from a MELAS
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patient (0, 20, 30, 50, 60, 90 and 100 % of m.3243G[A

mutated copies), the active status of several pathways

(including glycolysis, antioxidant, and signaling pathways)

changes according to the OXPHOS defect [83]. Interest-

ingly, the pattern of many of these changes follows a

U-shape, with similar alterations for the 0 and 100 %

mutations containing cybrids but varying in between,

which would reflect the different effect of mild mutations

versus severe mutations or wild-type molecules in tumor

promotion.

An increasing number of factors are now recognized as

being responsive to mitochondrial function, including cal-

cium [84], IkBb [85], NOX [86], SRC [56], iron-sulfur

cluster-containing proteins [87], AKT [88] and HIF1a [76],

among others (Fig. 3). Moreover, for many of these, ROS

are reported to play a key role, being one of the mito-

chondrial products described frequently in diverse publi-

cations in the area. Despite the increasing number of

pathways implicated in mitochondrial retrograde signaling,

a great deal of information is still to be discovered. For

example, in the last years, a novel series of small open

reading frames (ORFs) in the mtDNA sequence encoding

polypeptides with signaling functions have been described

[89, 90]. For example, humanin has anti-apoptotic activity

[91] and has been implicated in cancer chemoresistance

[92]. Another mechanism recently discovered is the so-

called ‘‘moonlighting’’ of mitochondrial proteins in the

nucleus. These proteins promote a rapid response to

changes in OXPHOS function or ROS production and may

directly link metabolic activity to genome integrity and

gene expression [93].

There is also the possibility that mtDNA changes are

involved in the phenomenon of reprogramming of cancer

stem cells (CSCs), since some metabolic phenotypes

(metabotypes) are more prone to maintain a higher pro-

portion of CSCs [94–96]. This could in part explain the

observed differences in tumorigenicity depending on the

mtDNA, as CSCs have been associated with a greater

tumorigenic potential and with increased resistance to

treatment [97, 98].

Concluding remarks

The rediscovery of the Warburg effect together with the

finding of a higher frequency of mtDNA mutations in

cancer and the recognition of mitochondrial signaling to

the nucleus to control cellular reprogramming at different

levels have placed mtDNA under the spotlight in cancer

studies (Table 1).

Tumor cells use or modify cellular tools for their own

benefit. The Warburg effect itself is the shift from OXPHOS

to glycolytic metabolism under aerobic conditions to pro-

mote cell growth and proliferation, a mechanism shared with

healthy proliferative cells in embryonic tissues [99]. It is,

therefore, not surprising that mtDNA mutations affecting

OXPHOS function, a common process in aging [9, 100],

would represent an advantage for tumor cells.
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Fig. 3 Mitochondrial retrograde signaling caused by mtDNA vari-

ants. Schematic representation of the different pathways involved in

the mitochondrial retrograde signal that may affect tumorigenic

behavior described in the literature. We propose that small changes in

OXPHOS function and ROS production trigger a complex

mitochondrial retrograde response that ultimately enhances the

tumorigenic phenotype: (:) and (;) indicate increase/activation or

decrease/inhibition, respectively; (?) and (-) indicate increase/

activation or decrease/inhibition mediated by ROS, respectively

(modified from [57])
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Although controversy remains regarding the clinical

relevance of mtDNA mutations, the majority of cybrid

studies support the notion that moderate mutations promote

tumorigenic phenotypes through different mechanisms,

with increased ROS production representing a common

factor in most cases. In addition, cybrid studies demon-

strate that a complete lack of OXPHOS function is detri-

mental for tumorigenesis; an assertion that seems to be

confirmed by studies in patients [5, 6].

It makes sense that cancer cells require some mito-

chondrial function, since it is essential for the basic cellular

processes (particularly for proliferative cells with higher

metabolic intermediates and energy requirements [101]). In

addition, slightly impaired mitochondrial function that

results in advantages in the processes of metabolic adap-

tation and ROS-mediated cellular signaling, likely also

benefit cancer cells.

Regardless of the biological significance of these

mutations, their presence could be used as tumor markers

[102] in plasma [103–106], urine [107, 108], CSF [109], or

NAF [110]. These mutations are easily detected in body

fluids, because the mtDNA has a higher copy number than

nuclear DNA; however, their clinical application is still to

be validated. Monitoring mtDNA mutations in patients

would be very interesting for cases without known driver

mutations in those cancer types with a high number of

somatic mtDNA mutations. There is no mutational hotspot

associated with different cancer types; hence, sequencing

the entire mitochondrial genome would be required to

detect potential mutations. The lack of hotspots is most

likely due to the nature of the OXPHOS system, in which

different mutations produce the same defect.

For all the aforementioned reasons, we believe that

further studies should focus more on finding a mutational

signature based on OXPHOS alterations rather than a

hotspot in a particular region, since the former is associated

with a particular defect which is ultimately responsible for

the retrograde signal and, therefore, the modulation of

tumor behavior. These studies will shed light on the rela-

tionships between the different mtDNA mutations and

other tumor variables, and this knowledge may allow for

the development of new therapies and improved diagnosis

or prognosis of cancer patients.
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