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TITLE

Mitochondrial metabolism changes in cancer cells

ANNOTACE

Tato bakalai'ska prace se zabyva zménami mitochondrialniho metabolismu u nadorovych bunék.
Uvodni &ast je zaméfena na morfologii a funkce mitochondrii. Hlavni ¢ast prace se zabyva
vlastnostmi nadorovych bunék. Zbyvajici €ast vysvétluje zmény v jejich mitochondridlnim
metabolismu se zvlatnim zaméfenim na roli enzymu sukcinatdehydrogenazy. Cast prace je
vénovana také mitochondridlnim biomarkerim, vyuzivanych pro diagnostiku a terapii

mitochondrialnich onemocnéni.

ANNOTATION

This bachelor's thesis deals with changes in mitochondrial metabolism in tumor cells. The
introductory part focuses on the morphology and functions of mitochondria. The main part of the
thesis deals with the features of tumor cells. The remaining part explains the changes in their
mitochondrial metabolism with a special focus on the role of the succinate dehydrogenase enzyme.
Part of the work is also dedicated to mitochondrial biomarkers used for diagnostics and therapy of

mitochondrial diseases.
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INTRODUCTION

Mitochondria are powerful biosynthetic, bioenergetic, and signaling organelles, which
play crucial role in cell physiology through regulation of communication between cells and
tissues. As a “power plant” of the cell, mitochondria regulate the energy transformation, that
is further utilized for maintaining homeostasis in healthy cells and functional organisms.
Cells that undergo series of metabolic alterations can end up transforming into cancer cells,
which show abnormal division and proliferation, that can invade and destroy normal body
tissues. Therefore, deregulated cancer metabolism has been recognized as one of the ten

cancer hallmarks [1].

The main purpose of this review is to bring together the available information
concerning alterations in mitochondrial function, which has been proven to have a clear
impact on the physiology of tumor cells and particularly on its significance in signaling cell
survival versus cell death and in the reprogramming of energy metabolism. Understanding
these differences of mitochondrial structure and function in between normal cells and cancer
cells will not only allow us to offer clinical markers for diagnoses and prognosis, but may

also develop into a key target in cancer therapy.
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1.MITOCHONDRIA

All living organisms require a continuous source of energy for their growth,
movement, reproduction, and maintenance of viability. Heterotrophs, i.e. organisms that are
unable to synthesize their own carbon-based organic compounds from inorganic sources,
obtain their energy through a process called cellular respiration. Cellular respiration enables
the regulated release of free energy from the energy substrates — protein, fat, and
carbohydrates. The main center of the cell, that is responsible for the regulation of the
cellular respiration and the generation of most of the ATP needed to drive the cell's

biochemical reactions, is a powerful double-membrane structure known as mitochondria [2].

In addition to being the hub of the majority of biosynthetic pathways, mitochondria
also control cellular and mitochondrial redox status, produce most of reactive oxygen species
(ROS), control Ca*" concentrations, and have the ability to trigger cell death through
activation of the mitochondrial permeability transition pore (mtPTP). Furthermore, studies
conducted over the past years have revealed connection of mitochondria to a wide range of
cellular processes and pathobiologies, such as cell signaling, metabolism, cell death, aging,

and cancer [3], [4].

1.1. Eukaryotic cell and the origin of mitochondria

The eukaryotic cell is characterized primarily by the presence of a structured nucleus

and cytoplasmic organelles like mitochondria, which is not the case with prokaryotic cells

(Fig.1).
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Figure 1. Cutaway drawing of a eukaryotic cell [5]

The nucleus is the cell’s control center, which contains the genome, the genetic
information storage [6]. Organelles are intracellular membrane-bound structures, typically
specialized for a particular function within the cell. They possess characteristic sizes, shapes,
compositions, and positions within cells, allowing them the regulation of the numerous

cellular processes [7].

Some organelles are specialized and present only in specific cell types, but many
organelles share physical similarities and provide essentially the same functions in all

eukaryotic cells.

The so-called membrane-bound organelles are isolated from the rest of the cell by
membranes, whilst others, like the ribosome, are not. The nuclear envelope and the
endoplasmic reticulum are both continuous membrane systems that penetrate the cytoplasm.
The secretion of proteins or other materials from the cell to the outside occurs through the
Golgi apparatus, a stack of flattened membrane sacs and accompanying vesicles. The
membrane-bound organelles known as lysosomes are designed for digestion and contain
degradative enzymes [8]. First descriptions of these organelles were given in the 19th
century with the advent of light microscopy and the development of cell theory. The

identification of new organelles during the 20th century was made possible by electron
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microscopy and subcellular fractionation. Furthermore, with help of radiolabeling the first

contemporary research on their biogenesis was enabled [9].

The main driving factor behind eukaryotic cell evolution is endosymbiosis. According
to the endosymbiotic theory, mitochondria and plastids were previously free-living
prokaryotes that later evolved into organelles of eukaryotic cells. The theory was first
referred to plastids and later involved mitochondria. The theory's key advantage is that it
explains why organelles and prokaryotic cells are similar in terms of their physiology and

biochemistry [10].

The term “primary endosymbiosis” describes the process by which the mitochondria
and chloroplasts were first formed when initially an ancestral eukaryotic cell internalized a
prokaryotic cell. Mitochondria and chloroplasts are encased in two membranes. The exterior
membrane of mitochondria or chloroplast is established to be descended from the membrane
of the host cell, whereas the inner one is descended from the bacterial progenitor. Algae in
particular appear to have been absorbed by a number of protozoan lineages, as opposed to
other single-celled ecukaryotes. Therefore, by a process known as “secondary
endosymbiosis”, several types of algae have chloroplasts that were obtained second-hand

(Fig.2) [11].

PRIMARY ENDOSYMBIOSIS

) ) Photosynthetic
Mitachandrion eukaryote (alga)
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Figure 2. Primary versus secondary endosymbiosis. The initial independent cyanobacterium
possesses both an outer and cytoplasmic membrane that are destroyed after symbiosis. The
cyanobacterium is encircled by two membranes after the two cells connect, leaving the
cyanobacterium in the host-cell cytoplasmic membrane. In contrast to primary endosymbiosis,
secondary endosymbiosis happens when a photosynthetic eukaryotic alga is engulfed by an
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ancestral host cell. The chloroplast of the alga already has two membranes, a nucleus, and other
organelles. The other abducted organelles deteriorate and finally disappear since the host cell only
requires the energy from the chloroplast. However, the membranes frequently persist, leaving the
chloroplast with four as opposed to two membranes [11].

Furthermore, the availability of complete genome sequence data from both bacteria
and eukaryotes provides information about the contribution of bacterial genes to the origin
and evolution of mitochondria. Phylogenetic analyses based on genes located in the
mitochondrial genome indicate that these genes originated from within the endosymbiotic
alpha-proteobacteria in an archaeal-derived host cell. A number of ancestral bacterial genes
have also been transferred from the mitochondrial to the nuclear genome, as evidenced by
the presence of orthologous genes in the mitochondrial genome in some species and in the

nuclear genome of other species [6], [12].

The transition from an autonomous endosymbiotic alpha proteobacterium to the
mitochondrial cenancestor entailed many evolutionary changes such as genome reduction.
In general transition has three stages pre-mitochondrial alpha proteobacterium, intermediate
proto-mitochondria and mitochondrion last eukaryote common ancestor (LECA). The
mitochondria of LECA, also known as the “mitochondrial cenancestor”, are completely
integrated organelles in eukaryotic cells that were able to undertake aerobic respiration as

well as a variety of other metabolic processes [13].

Till this day endosymbiotic theory for the origin of organelles offers the best
explanation for similarities of chloroplasts and mitochondria to free living bacteria. Even
though there are other noteworthy alternative theories, they usually tend to offer unstated

premises, which make them more challenging to be accepted [10].

1.2. Structure of mitochondria

In the cells of animals, plants, and fungi, mitochondria are semiautonomous organelles
that resemble chloroplasts of plant cells. They are usually located in the cytoplasm of
eukaryotic cells and their size can vary between 0.5 micrometer to 1 micrometer. They have
mostly tubular shape and are made of two specialized membranes, an interior and an outer
membrane, which are structurally and functionally different from one another. One
significant difference is their permeability characteristics. The inner membrane functions as

an effective barrier to even small, charged molecules like ions and protons, while the outer
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membrane allows unrestricted passage of the majority of molecules with a molecular weight
of less than about 10,000 daltons [12]. The protein porin creates numerous channels, that
play a significant role in filtering out big molecules in the outer membrane, while a collection
of transport proteins is present in the inner membrane to facilitate the flow of various ions

and metabolites from the cytosol to the mitochondrial matrix [14].

ribosomes

outer membrane

matrix
/ inner membrane
/ intermembrane

DNA

Fo portion /@
F4 portion cristae

Figure 3. Mitochondrion in longitudinal cut [15]

© Encyclopzedia Britannica, Inc.

Furthermore, the inner membrane is the site of the respiratory chain and ATP
generation. The cristae, which are the folded structures on the inner membrane of
mitochondria, serves as a residing place for transport proteins, electron transport chains, and
enzymes that produce ATP. The major coupling factors F1 (hydrophilic protein) and FO
(hydrophobic lipoprotein complex) are also located in the cristae. Together these factors

make up the ATPase complex that is activated by Mg [16].

There are two soluble submitochondrial compartments, the intermembrane space, and
the matrix. The matrix houses both the enzymes in charge of the primary oxidative metabolic
reactions and the mitochondrial genetic system. The key participants in the oxidative
breakdown of carbohydrates, fatty acids and amino acids are the enzymes of the citric acid
cycle [6].

Mitochondria carry its own ribosomes and cyclic DNA, which does not segregate
during meiosis since it is outside the nucleus of the cell. The mitochondrial DNA (mtDNA)
in humans is tiny (approximately 16.5 kbp), fully sequenced, and contains genes that
specifically code for 13 proteins involved in oxidative phosphorylation [17]. Since

mitochondria of sperm do not penetrate the egg or are degraded after fertilization, inheritance
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is solely maternal and occurs through the mtDNA found in the mitochondria of the ovum
[18].

Time-lapse microcinematography of living cells reveals that mitochondria are
extremely changeable and mobile organelles, continually altering their shape and even
fusing with one another and then separating again [19]. This highly dynamic nature of
mitochondria is explained by its continuous fusion and division, which exhibits tightly
controlled pattern. These dynamic behavior patterns regulate the amount, distribution, and
morphology of mitochondria inside the cell, and as a result, they become crucial for a variety
of mitochondrial functions including energy production, metabolism, intracellular signaling,

and apoptosis [20].

1.3. Mitochondrial function

Cells rely on mitochondria for their energy supply, which is delivered in form ATP
(adenosine 5'-triphosphate). ATP is an organic compound, which serves as a universal
energy source for all biological systems. It is chemical composition consists of adenine, a
nitrogenous base, ribose, the sugar molecule, and a chain of three phosphate groups bound
to the sugar molecule. Energy in ATP is stored in between its phosphate bonds and is
released as these phosphate groups breaks apart. The majority of ATP synthesis takes place
during cellular respiration inside the inner mitochondrial membrane, producing about 32

ATP molecules for every glucose molecule that is oxidized [21].

Glucose is the primary source of metabolic energy in animal cells. Once it enters the
bloodstream, glucose can be taken up by tissues with help of specific glucose transporters

(GLUTI1-GLUT4) located in cell membranes [22].

The first phase of glucose metabolism (glycolysis) takes place in the cytoplasm of the
cell, where a 6-carbon molecule of glucose is oxidized to produce two 3-carbon molecules
of pyruvate. In the presence of aerobic conditions, pyruvate continues its metabolism in the
mitochondria and undergoes oxidative phosphorylation. Whereas under anaerobic
conditions pyruvate remains in the cytoplasm, where it is transformed into lactate by the

enzyme lactate dehydrogenase [23], [24].

Pyruvate dehydrogenase is a multienzyme complex located in the mitochondrial
matrix, which helps to convert pyruvate to acetyl-CoA. Acetyl-CoA in its turn powers the

tricarboxylic acid (TCA) cycle and generates six nicotinamide adenine dinucleotide
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(NADH) + H', four flavin adenine dinucleotide (FADH2), and six CO, molecules per
molecule of glucose [25], [26].

NADH + H' and FADH>, that come from TCA cycle, serve as electron donors [27].
The TCA cycle is made up of eight steps, each of which is catalyzed by various enzymes.
The first intermediate metabolite of the TCA cycle, acetyl-CoA, is coupled with oxaloacetate
to produce citrate and to release coenzyme A (CoA-SH). With help of aconitase enzyme
citrate is further transformed into isocitrate as a result of hydration and dehydration
reactions. As isocitrate loses a molecule of C>0, it undergoes oxidation, which results in the
formation of a-ketoglutarate. The loss of a C>O molecule of a-ketoglutarate ends with
oxidization to succinyl CoA, which is further enzymatically converted to succinate.
Succinate is then oxidized to form fumarate, which undergoes hydration reaction to produce
malate. The cycle is ended with the oxidization of malate to oxalacetate (Fig.5) [28], [29] .
In total two molecules of CO., a hydrogen atom and two molecules of NADH and FADH
are produced by this process. Later NADH molecule donates its electrons to the electron
transport chain, which is located in the inner membrane of mitochondria. The electron
transport chain (ETC) is made up of four protein machines (Complex I — Complex IV), which
through series of redox reactions undergo conformational changes to pump protons from the
matrix into the intermembrane space (IMS) [30]. The ATP synthase machine, also known as
complex V, is a rotating turbine-like structure that powers the phosphorylation of ADP to
ATP using the proton gradient produced by respiratory complexes I, III, and IV. Electron
flow through these complexes enables generation of a mitochondrial membrane potential,
which is the key for ATP production. This whole process is known as oxidative
phosphorylation (OXPHOS) and it only takes place in the presence of oxygen. Complex I
and II of ETC replenish NAD" and FAD, respectively, which then enables the proper
functioning of TCA cycle. The only enzyme, which takes part in both the TCA cycle and the
ETC, is the succinate dehydrogenase (SDH). We will discuss more about this enzyme in the

upcoming chapters [31].
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Figure 4. Brief description of ATP generation pathway. Glycolysis, the tricarboxylic acid cycle,
and oxidative phosphorylation are the three mechanisms that regulate in ATP production. In
eukaryotic cells, the TCA cycle and oxidative phosphorylation take place in the mitochondria of

the cell [32].
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NADH + H+ CO»
fumarate
a-ketoglutarate
FADH» NAD+
6 FAD NADH + H* 4
succinate 5 succinyl
CoA CO,
GTP GDP
ADP ATP
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Figure 5. The TCA cycle [29]
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Figure 6. Mitochondrial respiratory chain complex. The inner membrane of the mitochondria
houses the mitochondrial respiratory chain. It enables ATP synthesis by oxidative phosphorylation
and is made up of four complexes and two coenzymes. Coenzyme Q10 (CoQ10) will receive two
electron transfers from Complexes I (NADH: coenzyme Q oxidoreductase) and II (succinate
dehydrogenase), respectively. The two electrons that were transported from complex I to complex
II were produced by the oxidation of NADH and the oxidation of succinate to fumarate,
respectively. Electrons can be transferred to complex III (CoQ10-cytochrome C oxidoreductase)
with the use of CoQ10. When cytochrome C connects with complex IV (cytochrome C oxidase),
the complex III will then transfer these electrons to it. In a molecule of H,O, the complex IV
decreases O. Proton pumps, such as Complexes I, 111, and IV, enable the movement of protons in
the opposite direction of the gradient from the matrix to the intermembrane space. Complexes I and
IIT let the passage of four protons, but complex IV only permits the passage of two protons. The
final complex of the chain, ATP synthase, will enable protons to pass once the intermembrane gap
has been enriched with protons. This allows protons to flow in the gradient's direction. The
synthesis of ATP from ADP will be made possible by this proton influx [32].
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2.CANCER

With approximately 10 million deaths as per the year 2020, cancer is estimated to be
the leading cause of death globally. According to the WHO, from the recent cancer cases for
the year 2020, the most prevalent cancer types are estimated to be breast cancer, lung cancer,
colon and rectum cancer, prostate cancer, non-melanoma skin cancer and stomach cancer

(Fig.7), with lung cancer being the most common death cause [33].

Estimated number of new cases in 2020, World, both sexes, all ages

Breast
2 261 419 (11.7%)

Lung
2206 771 (11.4%)

Other cancers
8 879 843 (46%)

Colorectum
1 931 590 (10%)

Prostate
1414 259 (7.3%)
Stomach

1089 103 (5.6%)

Cervix uteri Liver
604 127 (3.1%) 905 677 (4.7%)

Total : 19 292 789

Figure 7. Estimated annual number of new cancer cases globally for the year 2020 [34]

Cancer is generally defined as the cell proliferation that has managed to elude central
endogenous regulatory mechanisms. Uncontrollable cell proliferation and division results
with invasion of healthy tissues and organs, and eventually can spread throughout the body.
This behavior of cancer cells is explained by their lack of ability to adequately react to the
signals that regulate normal cell behavior. As a result of accumulating aberrations in
numerous cell regulatory systems, cancer cells demonstrate a broad loss of growth control

that is reflected in a number of behaviors that set them apart from normal cells [35], [36].
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There are more than a hundred different varieties of cancer, each with a unique
behavior and response to treatment. Cancer can be caused by the abnormal multiplication of
any type of cell in the body. The difference between benign and malignant tumors is the
most crucial aspect of cancer pathology. Any aberrant cell proliferation, whether benign or
malignant, is referred to as a tumor. A benign tumor, like a typical skin wart, stays in its
original position and doesn't invade nearby healthy tissue or spread to other parts of the body.
However, a malignant tumor has the capacity to both travel throughout the body through the
circulatory or lymphatic systems and invade nearby normal tissue (metastasis). Only
malignant tumors are appropriately referred to as cancers. While benign tumors may
typically be surgically removed, malignant tumors are frequently resistant to such targeted

treatment due to their tendency to metastasize to distant body regions [6].

The development of cancer is caused by a succession of gene changes that alter how
cells operate. Evidently, chemical substances have a part in the development of cancerous
cells and gene alterations. It's interesting to note that environmental chemicals with
carcinogenic tendencies affect cells' cytoplasm and nuclei directly or indirectly, causing
genetic diseases and gene alterations. Another 7% of all cancers are caused by carcinogenic
agents such viruses, bacteria, and radiation. In general, cancer alters cellular interactions and

causes critical genes to malfunction [35].

A set of functional characteristics that human cells acquire as they transition from
normal growth stages to neoplastic growth states, i.e., abilities that are essential for the
development of malignant tumors, is known under the concept of “Hallmarks of Cancer”.
As shown in the Fig.8, the eight hallmarks currently comprise the acquired capabilities for
sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling
replicative immortality, inducing/accessing vasculature, activating invasion and metastasis,
reprogramming cellular metabolism, and avoiding immune destruction. This evaluation also
takes into account other suggested emerging hallmarks and enabling traits involving
“unlocking phenotypic plasticity”, “nonmutational epigenetic reprogramming”’,

“polymorphic microbiomes”, and “senescent cells” [1].
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Figure 8. The hallmarks of cancer [1]

Even though the eight hallmarks of cancer and their two enabling characteristics have
demonstrated their enduring heuristic value in the conceptualization of the disease, there
may be new aspects of some generality that are relevant to better comprehending the

complexities, mechanisms, and manifestations of the disease.

2.1. Cancer cells versus normal cells

Cancer cells can be differentiated from normal cells, based on the characterization of
their growth patterns, chromosomal structure, regulation of cell death, presence of contact
inhibition, ability to spread, cell specialization, maturation process and senescence,
appearance, nuclear shape, and their ability to sustain organized arrangement in the body.
(Fig.9) [37].

In the in vitro cell culture setting, growth factors are essential for normal cell division,
whereas malignant cells can divide even when growth factors are absent. This ability to grow
in the absence of growth factors is explained by cancer cells’ capability to synthesize their
own growth factors. Furthermore, cancer cells do not respond to the signals instructing them
to stop further cell division. Immortality is another significant feature of cancer cells, which
enables them to divide multiple times in contrast to normal cells. Normal cells' genomic

integrity is maintained by the DNA telomere cap, and their progressive shortening occurs
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during successive cell divisions. However, in cancer cells, telomere length is maintained by

telomerase activity, which plays a critical role in cancer cell survival and development [38].

Cancer cells achieve replicative immortality by activating the silent telomerase
encoding gene human TERT (hTERT), which possesses reverse transcriptase activity and
aids in cancer cell senescence [39]. During cancer development, malignant tumor cells
migrate to neighboring cells and tissues (a process known as metastasis) and promote the
formation of new blood vessels (a process known as angiogenesis) as a source of oxygen
and nutrients [40]. Cancer cells also avoid apoptosis by altering their metabolic strategy to

allow for fast cell division [41], [42].

EETTTEEN TR

Controlled growth Uncontrolled growth
Normal chromosomes Abnormal chromosomes
Undergo apoptosis No apoptosis

Contact inhibition No contact inhibition

Stay in organ Ability to metastasize
Specialized cells Nonspecialized cells
Undergo maturation and senescence Immature/undifferentiated
Even appearance Variable appearance

Even shaped nuclei Variable shaped nuclei
Organized arrangement Disorganized arrangement

Figure 9. Differences between normal and cancer cells [37]

2.2, Energy metabolism in cancer cells

Changes in cancer cell metabolism are regarded as a key indicator of cancer
progression. In contrast to normal cells, when cancer cells proliferate unchecked, they must
rewire their metabolism to accommodate higher nutrient needs than healthy cells do. In order
to survive the process of intravasation through vessels, where growth is essentially
anchorage-independent, cancer cells try to grow in an oxygen and nutrient-deficient
microenvironment at the primary site during tumor progression. They then colonize and
grow 1n an entirely different microenvironment at the secondary site, which allows them to
undergo metabolic reprogramming at each stage of cancer development. Cancer cells can
obtain the nutrients they require from a nutrient-poor environment to both survive and

produce new biomass thanks to this dysregulated metabolism [43].

Healthy cells tend to have a slower rate of glycolysis followed by the reduction of

pyruvate to form lactic acid in the mitochondria, whereas abnormal cells tend to produce
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their energy primarily by a high rate of glycolysis followed by lactic acid fermentation in the
cytosol. This phenomenon was characterized by Otto Warburg in his 1920s report [44].
However, the Warburg effect does not represent a fundamental difference between normal
and cancer cells. Instead, it is considered to be the result of a metabolic shift in dividing
cells. Cells in their dormant state maintain a constant rate of glycolysis, converting glucose
to pyruvate, which is then oxidized to carbon dioxide in the mitochondria via the TCA cycle.
The Warburg effect sparked the idea that cancer could be caused by defective mitochondrial
metabolism. Several decades of research later, the concept that cancer cells switch to
fermentation rather than oxidative respiration has become widely accepted, even though it

is no longer regarded as the primary cause of cancer [45].
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Figure 10. The Warburg effect in cancer cells. The Warburg effect is mainly driven by
mitochondrial dysfunction. UCPs: uncoupling proteins; PEP: phospho-enolpyruvate; GLUTSs:
glucose transporters; HK: Hexokinase; G6P: glucose 6 phosphate; MCTs: monocarboxylate
transporters; PPP: pentose phosphate pathway; PFK1: phosphofructokinase-1; LDHA/B: lactate
dehydrogenase A/B [46]
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2.3. Mitochondrial mechanisms in cell communication and cancer
formation

To maintain cellular homeostasis, mitochondria have developed various ways for
integrating external stimuli and communicating their condition to the rest of the cell. There
are four major mechanisms, which enable mitochondrial communication with the rest of the
cell: the release of cytochrome ¢ to induce cell death, activation of AMP-activated protein
kinase (AMPK) to control mitochondrial fission and fusion, production of ROS to activate
transcription factors, and the release of mitochondrial DNA (mtDNA) to activate immune
responses (Fig.11) [47], [48]. The fifth mechanism that is indicated in the recent studies is

the release of TCA cycle metabolites by mitochondria to control cell fate and function [49].
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e MtDNA ¥ Inflammation
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Figure 11. Crucial signaling functions of mitochondria. Three prominent mitochondrial-dependent
signaling events are the release of cytochrome c to trigger caspase-dependent cell death, the release
of reactive oxygen species to oxidize thiols within redox-regulated proteins and induce gene
expression, and the stimulation of AMPK under energetic stress to control mitochondrial dynamics.
Inflammasome activation and pro-inflammatory responses are also triggered by the release of
mitochondrial DNA into the cytosol via the cGAS-STING cytosolic DNA-sensing pathway.
Mediation of signaling activities of TCA cycle metabolites is enabled through influencing
chromatin changes and DNA methylation, as well as post-translational protein modifications [49].

2.3.1. Cytochrome c

Cytochrome ¢ (cyt c) is a tiny, globular nuclear-encoded metalloprotein with a
covalently attached heme group. It is embedded in the IMS and functions as a mobile single
electron carrier between Complexes Il (bci complex) and IV (cytochrome c oxidase, COX)

of the ETC [50]. It has been found that cytochrome ¢ plays an essential role in the critical
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apoptotic processes of caspase-3 activation and DNA fragmentation. Its release from
mitochondria is a key driving step in activation of cell death pathways. Upon
permeabilization of the mitochondrial outer membrane, cyt c is released into the cytoplasm
where it interacts with apoptotic protease-activating factor 1 (Apaf-1) to form the
apoptosome. This step leads to the further activation of caspase-9 and the downstream
caspase cascade (Fig.12). Under pathological conditions cyt ¢ can also enter the blood
circulation. Levels of circulating cyt ¢ can be an indication of a novel in-vivo marker of
mitochondrial damage after resuscitation from heart failure and chemotherapy. Additional
to its role as an apoptosis biomarker, screening of cyt ¢ can thus provide an understanding

of certain abnormalities at cellular level [51].

Since apoptosis inhibition is one of the hallmarks of cancer, its activation in tumors
can also be used as a treatment strategy. Apoptosis inhibition and induction are associated
with lower and higher serum levels of cyt c, respectively. Therefore, the quantification of
cyt ¢ in serum is used in evaluating patient response to chemotherapy and may provide

prognostic value [52].
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Figure 12. Role of cytochrome c¢ in apoptotic processes of caspase-3 activation and DNA
fragmentation [53]
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Other essential cyt ¢ functions include oxidization of cardiolipin, the mitochondrial
membrane lipid, at earlier stages of apoptosis, which leads to the cyt c release from the IMS
into the cytosol. Cyt ¢ can also play a role in the destruction of ROS and at the same time in

their production, which takes place via reduction of p66*™

, a protein involved in ROS
generation and apoptosis [54]. Furthermore, cyt ¢ serves as the electron acceptor in the Erv1-

Mia40 redox relay system involved in mitochondrial IMS protein import [55].

2.3.2. Reactive oxygen species (ROS)

ROS are highly reactive oxygen-containing molecules, which include hydroxyl (HOe)
and superoxide (Oze) free radicals as well as nonradical molecules such as hydrogen
peroxide (H203). In eukaryotic cells ROS are generated via aerobic metabolism and have
emerged as key regulators of crucial signaling pathways. Production of ROS takes place in
mitochondria (mostly via the electron transport chain, where approximately 1-2% of O is
reduced to create superoxide anions), peroxisomes (by B-oxidation of fatty acids), and the

endoplasmic reticulum (via protein oxidation) [56].

Early studies on the role of ROS in tumor initiation discovered that ROS can cause
DNA-damage, significantly raising the mutation rate inside cells and stimulating oncogenic
transformation. The majority of ROS-induced DNA damage is caused by the non-specific,
destructive behavior of hydroxyl radicals. Recent research has shown that, in addition to
inducing such non-specific actions, ROS (except hydroxyl radical) can specifically activate
certain intracellular signaling cascades, thereby contributing to tumor development and
metastasis via the regulation of cellular phenotypes such as proliferation, death, and motility

[57].
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Figure 13. Impact of ROS on cellular structures. A large group of intracellular signaling proteins
called kinases are activated via phosphorylation from up-stream kinases and exert their effects by
phosphorylation of down-stream targets. Protein phosphatases act as kinase suppressor. SH-groups
on phosphatases are being oxidized by ROS (H202), enabling reversible inactivation of the
phosphatase, which in its turn leads to increased kinase activation and increased signaling. H202
may further oxidize thiolate anions into sulfinic (SO2H) or sulfonic (SO3H) species under higher
concentrations, which can lead to the irreversible protein damage. High oxidative stress levels
(especially from eOH) can damage proteins, DNA, and membrane lipids (lipid peroxidation). Lipid
peroxidation can cause cell membrane and organelle damage, as well as the generation of reactive
oxygenated, a,B-unsaturated aldehydes as 4-hydroxy nonenal (4-HNE) [58].

2.3.3. AMP-activated protein kinase (AMPK)

AMPK is a stress response kinase and an important energy sensor that is activated to
control diverse signals and metabolic pathways in response to various stimuli such as caloric
restriction, exercise, aging and obesity. It is considered as a metabolic guardian stimulating
mitochondrial biogenesis, which generates ATP to meet the energy demands of cells in
response to metabolic stress. This process is accomplished through the ability of AMPK to
regulate the mitochondrial protein transcription. By phosphorylating mitochondrial fission
factor (MFF), a protein of the mitochondrial outer membrane, AMPK acts as a sensor to
monitor the cell’s energy state. MFF then stimulates mitochondrial fission by recruiting a

cytoplasmic guanosine triphosphatase [59], [60].
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AMPK contributes to inhibition or promotion of cancer progression, through the
phosphorylation of several downstream substrates and ubiquitination or phosphorylation of

AMPK by upstream enzymes [59].
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Figure 14. Role of AMPK as a tumor suppressor and an oncogene, regulated by a wide range of
signaling cascades [59].

2.3.4. Mitochondrial DNA (mt-DNA)

mtDNA is a special type of deoxyribonucleic acid, which constitutes a genetic material

outside the nucleus that is replicated, transcribed, and translated independently [61]. Human
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mtDNA has a circular-shape and a double-stranded DNA measuring about 16,569 bp [62].
It encodes for 13 proteins that take part in the ETC and OXPHOS, which is crucial for ATP
production. Mitochondrial DNA is a main target of ROS and absence of histone protection,
makes it particularly prone to oxidative damage [63].

It has been established, that mtDNA can serve as a significant genetic biomarker in
disease, cancer, and evolution. Mutations in mtDNA, single-nucleotide polymorphisms
(SNPs) in mtDNA, mtDNA-encoded microRNAs (mitomiRs), mitochondria-derived long
noncoding RNAs (IncRNAs), and mitochondrial proteins have all been linked to cancer
development in functional and clinical investigations (Fig.15). Nuclear-encoded genes, on
the other hand, have been identified to be coding for thousands of mitochondrial proteins
and affecting mitochondria-encoded gene expression, which in turn regulates mitochondrial
homeostasis. These findings highlight the significance of interaction between the nuclear

and mitochondrial genomes for cellular activity [64].

Homeostasis balance Homeostasis imbalance, gene dysregulation. mutation

MO
7

Mitochondrial genome Mitochondrial genome = ’4’ IncNDS

ND2

3 S
o SR ol |
v ATPase6 © v ATPase6 .
ATPase 8 ATPase § + : Mutation ™ : mitomiRNA
v v A :IncRNA @ : methylation
TCA cycle, OXPHOS, fatty acid metabolism, Cancer progression
amino acid metabolism and nucleotide metabolism
I Complex 1 Complex 11l [l Complex IV omplex V RyA [l RNA

Figure 15. A graphical illustration of the human mitochondrial genome, comprising protein-coding
genes, noncoding RNAs and control regions. The mtDNA encodes 2 rRNAs, 22 tRNAs and 13
mitochondrial protein subunits. Teal colored part represents the rRNA genes. Complex I genes are
represented in green. Complex III genes are in peach buff. Complex IV genes are in blue and
Complex V genes are in yellow. Amethyst colored part illustrates the D-loop, the regulatory region.
Heavy strand promoters (HSP) and light strand promoters (LSP) are two mtDNA promoters. Left
panel represents normal mitochondrial functions as regulators of cellular homeostasis, such as the
TCA cycle, OXPHOS and fatty acid metabolism. Right panel represents mitochondrial DNA
mutations (red star), mitochondrial genes dysfunction and methylation, which lead to homeostasis
imbalance and cancer progression [64].
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According to current evidence, mtDNA mutations are more common in cancer cells
than in normal cells, which can possibly be explained by the increased production of ROS
in cancer cell mitochondria [65]. An overview of mtDNA mutations in the coding regions
of respiratory chain components found in various kinds of cancer tissues are summarized in
Fig.16. Mutations may arise in any part of the mtDNA, while there may be particular “hot
spots” where mutations are more abundant. Many mutations have also been discovered in
the non-coding region (D-loop), which contains the replication origin and transcription
promoter regions. D-loop mutations do not directly impact the structure and function of any
specific protein encoded by mtDNA, but they may impair mtDNA replication and

transcription [66].
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Figure 16. Map of human mtDNA and cancer types related to mutations in mtDNA metabolism.
Mutations at the 13 ETC-encoding genes may cause alterations of the respiratory chain activity and
thus affect metabolism. Boxes represent a partial list of mutations that have been identified in
mtDNA of human cancers referring to particular mitochondrial gene region and the specific cancer
types are indicated. The locations of the mutated bases are represented by numbers. (C, cytosine;
G, guanine; T, thymine; A, Adenine). Note that the two adjacent genes for ATPase6 and ATPase8
are shown in a single box [66].
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2.3.5. TCA cycle metabolites

As mentioned earlier, additional to their role in regulation of metabolic homeostasis
and ATP production, mitochondria are responsible for other cell activities such as cell death
decisions and immune signaling. Wide range of metabolites, urea (in hepatocellular
mitochondria), heme molecules, steroids etc. are synthesized by mitochondria, for further
utilization in mitochondria itself or as signaling molecules to other regions of the cell. The
communication of mitochondrial metabolites with the nucleus provides the cells with a
dynamic regulatory mechanism capable of responding to changing metabolic conditions.
Dysregulation of the interaction between mitochondrial metabolites and the nucleus has been

linked to cause of number of diseases, including cancer and type II diabetes [67].
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Figure 17. The TCA cycle as a signaling hub. Metabolites of TCA cycle play a wide range of non-
metabolic signaling roles in physiology and disease. Acetyl-CoA, itaconate, succinate, fumarate,
and L-2-hydroxyglutarate (L-2-HG) are all metabolites that can affect the innate and adaptive
immune systems. Other processes, including lymphangiogenesis and stem cell pluripotency
maintenance, have been linked to acetyl-CoA and a-ketoglutarate (0-KG), respectively. Succinate,
L-2HG, and fumarate are well-known tumor-promoting oncometabolites. Succinate, in addition to
its intracellular roles, can operate as a systemic signal to modulate thermogenesis when exposed to
cold temperatures [49].

TCA cycle metabolites were primarily considered as byproducts of cellular

metabolism important for the biosynthesis of macromolecules such as nucleotides, lipids,
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and proteins. Although this is an essential function for the maintenance of cellular
homeostasis, it is rapidly appreciated that metabolites in the TCA cycle are also involved in
controlling chromatin modifications, DNA methylation, and post-translational modifications

of proteins to alter their function [68].
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3. ABNORMALITIES IN TCA CYCLE ENZYMES AND
TUMOR FORMATION

A crucial pathway for oxidative phosphorylation in cells, the TCA cycle satisfies the
needs of cells for bioenergetic, biosynthetic, and redox equilibrium. The TCA cycle has a
series of metabolic processes in the mitochondria that result in CO,, H>O, and the
bioenergetic products GTP, NADH, and FADH: are catalyzed by specific enzymes including
citrate synthase, aconitase, isocitrate dehydrogenase (IDH), a-KG dehydrogenase complex
(a-KGDHC), SDH, fumarate hydratase (FH), and malate dehydrogenase [69]. Even though
it was once believed that cancer cells mainly used aerobic glycolysis and skipped the TCA
cycle, new research shows that some cancer cells, particularly those with aberrant oncogene
and tumor suppressor expression, heavily depend on the TCA cycle for energy synthesis and
macromolecule synthesis [70]. TCA cycle enzymes are found in the mitochondrial matrix
except for succinate dehydrogenase, which faces the matrix in the inner mitochondrial
membrane. These enzymes are encoded by nuclear DNA (nDNA) and a number of them
have been reported mutated in both sporadic and hereditary cancers throughout the last

decade [71].

The TCA cycle is involved in many different disease disorders. Rare but severe genetic
illnesses, such as FH deficiency, cause the TCA cycle to malfunction due to hereditary cycle
enzyme abnormalities. Citrate synthase, which has decreased activity in obese mice, is one
of the TCA cycle enzymes that is deregulated in obesity. Reduced activity of a-KGDHC has

been linked to a number of neurodegenerative diseases, including Alzheimer's disease [70].
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enzymes involved in cancer, with a focus on TCA cycle enzymes (A) and respiratory chain and
ATP synthase (B). Boxes describe the type of cancer related with each specific enzyme. The text
color shows whether the enzyme was discovered to be elevated (red), decreased (blue), or mutated
(black) in the particular tumor type. CS: citrate synthase; Aco: aconitase; IDH*: mutant IDH;
OGDH: oxoglutarate dehydrogenase; ME: malic enzyme; MDH: malate
dehydrogenase; PDH: pyruvate dehydrogenase; OG: 2-oxoglutarate; 2-HG: 2-hydroxyglutarate;
HLRCC: hereditary leiomyomatosis and renal cell cancer; PGL/PCC: hereditary paraganglioma
and pheochromocytoma; CI-CV: complex [-V; UQ: ubiquinone; UQHo>: ubiquinol; ATPIF: ATP
synthase inhibitory factor. Dashed lines indicate a series of reaction in a complex pathway, whereas
solid lines indicate a single step reaction [71].

3.1. Mechanisms of tumor formation

Genes that encode the SDH, SDHB, SDHC, and SDHD, and the FH enzymes are
described as tumor suppressors and have been found mutated in many forms of cancer.
Deficiency of these TCA cycle enzymes leads to the accumulation of succinate and fumarate,
which was observed to inhibit hypoxia-inducible factor (HIF-la) prolyl hydroxylases
(PHDs) in the cytosol. The similar case is observed in the mutation of FH, or IDH, leading
in the Krebs cycle to an excess of fumarate, or 2-hydroxyglutarate, which exert the same role
of oncometabolite [72]. High levels of these metabolites promote tumor development and
progression by inhibiting several dioxygenases dependent on 2-oxoglutarate (2-OGDD)
[73]. The inhibition of PHDs leads to the stabilization and activation of HIF-1a, which
enables the transcription of several genes involved in enhanced glycolysis and angiogenesis

[74]. Therefore, the downregulation of mitochondrial respiration in tumor cells leads to
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buildup of the tricarboxylic cycle substrates, which may act as a signal for increased

glycolysis, hence enhancing the Warburg effect [45], [75].

The dysfunction of SDH and FH (through SDH mutations) results in the accumulation
of succinate or fumarate in the mitochondria. The accumulated metabolites then make their
way into the cytosol, where they inhibit PHD. PHD inhibition in its turn causes the buildup of
HIF, which is reliant on the von Hippel-Lindau (VHL) tumor suppressor protein. Inhibition of
the PHD enzymes (and HIF induction) can promote cancer by increasing tolerance to apoptotic
signals [76] and/or by a pseudohypoxic signaling that enhances glycolysis in tumor cells [77].
The rise in HIF caused by a lack of degradation can also stimulate angiogenic signaling and

the new blood vessel formation, which will further feed and nourish the tumor [78].

3.1.1. Succinate dehydrogenase

SDH (also known as succinate-ubiquinone oxidoreductase, or Complex II) is an
enzyme complex attached to the inner mitochondrial membrane that transforms succinate to
fumarate in a mechanism linked to the reduction of FAD to FADH; [79]. It is a highly
conserved heterotetrameric protein complex, which acts as a bridge between the
tricarboxylic acid cycle and the electron transport chain. The absence of subunits encoded
by the mitochondrial genome and the lack of proton pumping function makes SDH differ

from the other respiratory chain enzymes [80], [81].

SDH is comprised of four subunits, which are encoded by the SDHA, SDHB, SDHC,
SDHD genes. Each of these subunits are independently transported to the mitochondria and
together they form a mature protein complex placed in the inner mitochondrial membrane.
SDHA and SDHB are the catalytic subunits of SDH, which protrude into the mitochondrial
matrix and are anchored to the inner membrane by SDHC and SDHD (Fig.19). These latter
subunits can also serve as the ubiquinone binding site [82].

It has been reported that the mutations responsible for the inactivation of SDH subunits
and assembly factors are associated with a variety of hereditary and sporadic cancers.
Particularly SDHB, -C,-D, and SDH5 mutations have been linked to PGLs, including head
and neck paragangliomas (HNPGLs) and PCCs. Other tumors associated with mutated SDH
genes include GIST (gastrointestinal stromal tumor), thyroid cancer, renal tumors, and even

neuroblastoma [81], [83].
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SDH has ability to function as a typical tumor suppressor gene due to the mutant allele,
which is transmitted in a heterozygous form, whereas the rest of the wild type allele is lost
in tumor samples. The majority of the carcinogenic activity of SDH mutations has been

linked to a metabolite, succinate, which accumulates in SDH-deficient cells [84].
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Figure 19. The structure of complex II (succinate dehydrogenase). This enzyme functions as a
bridge between oxidative phosphorylation and TCA cycle. SDHA-B oxidizes succinate to fumarate
in the TCA cycle and the derived electrons are further transported to coenzyme Q and then to
complex III. Along this path, electrons reduce FAD of SDHA subunit, later passing through Fe-S
clusters in SDHB subunit, and finally reducing the ubiquinone before transferring to complex III
[85].

3.1.2. Succinate as a cancer metabolite

Succinate is one of the TCA cycle metabolites that plays a crucial role in variety of
intracellular functions, as well as organismal functions. It is regarded as an oncometabolite
that accumulates as a result of SDH inactivating mutations. Through two key metabolic
pathways (TCA cycle and OXPHOS), succinate buildup influences gene expression
regulation and promotes cancer [86]. Because succinate is a byproduct of the processes of
2-OGDD enzymes, its buildup inhibits these enzymes. As a result, variations in succinate
have a significant impact on histones and DNA methylation, altering the epigenetic

landscape of cells and gene expression [49].

Few other studies highlight the significance of succinate in the regulation of innate
immunity. It was shown that a high abundance of succinate, that was detected in the metabolic

profile of LPS treated macrophages, leads to HIF-la stabilization as well as the
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transcriptional activation of the pro-inflammatory cytokine IL-1B [87]. A number of
signaling cascades have been described in response to succinate binding to its specific
receptor SUNCRI in various cell types, including dendritic cells and macrophages where it
appears to contribute to their functionality in driving endo- and paracrine modulation and
inflammation [88]-[90].

Succinate was also described as a systemic molecule that promotes thermogenesis in
brown adipocytes in response to cold exposure [91]. Brown adipocytes were highly receptive
to increased levels of circulating succinate, which was later oxidized by SDH. This further
leads to the increase in the ROS levels and uncoupling protein 1 (UCP1) activity, a proton
transporter/channel located on the inner mitochondrial membrane, which is involved in heat

production of cell [68], [92].

Recent reports describe succinate as an archetypal “epigenetic hacker”, which may
function as inhibitor of both DNA [93], [94] and histone demethylases [95], resulting in

epigenetic changes similar to those found in mutant IDH cancers [84].

3.1.3. The relationship between succinate and HIF-1a in cancer

HIF-1a has been described as a critical succinate target that acts as a transcriptional
regulator in the transition to glycolysis [96]. Many key enzymes in the glycolytic pathway
are specifically targeted by HIF-la, which enables the stimulation of most glycolytic
enzymes expression by binding to HIF response elements (HRESs) in target genes. The ability
of HIF-la to promote cancer development is linked to the increase in the glucose

metabolism, generation of proliferative intermediates, and stimulation of angiogenesis.

Under extreme hypoxia, HIF-1a blocks pyruvate entrance into the tricarboxylic acid
cycle and increased mitochondrial ROS by activating the 3-phosphoinositide-dependent
protein kinase 1 (PDK1) protein, preventing a huge rise in ROS that would trigger apoptosis.
It has been established that the metabolic alterations are attributable to tumor cells adapting

to a hypoxic environment [97].

Another recent study discovered that up-regulation of HIF-1a in tumor cells makes
them resistant to apoptosis and proliferation hindrance caused by hypoxia and
hypoglycemia, whereas inhibition of HIF-1a expression makes cancer cells more susceptible

to apoptosis and proliferation hindrance caused by hypoxia and hypoglycemia [98].
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Figure 20. Behaviors of malignant HIF-1a in tumorigenesis under hypoxic conditions. Tumor cells
reside in a complex environment called the tumor microenvironment (TME). The TME is essential
for carcinogenesis, growth, and metastasis. Oxygen consumption is enhanced as malignant tumor
cells proliferate rapidly, whereas metastasis leads to decreased oxygen supply, therefore resulting
in a hypoxic microenvironment (HME) for tumor growth. In a hypoxic environment, HIF-1a
accumulation can regulate the expression of downstream genes through a variety of mechanisms,
promoting tumor cell proliferation, angiogenesis, energy metabolism, epithelial-mesenchymal
transition (EMT), and immune escape, among other things, thereby making tumor cells more
tolerant to HME and acquiring a greater capacity for proliferation, metastasis, and invasion [98].

PHD enzymes play a role of strict HIF regulators and are considered to be a type of
dioxygenases that utilize oxygen generated from the conversion of a-KG to succinate to
hydroxylate HIF-1a. This prepares it for ubiquitination by E3 ubiquitin ligase and, later
allowing its proteasomal destruction [99]. Succinate has been found in tumor cells to limit
PHD activity via product inhibition and to promote HIF-1a stability [100]. This significant
discovery was the first evidence that succinate can serve as an intracellular messenger,

altering gene expression in tumors by targeting HIF-1a [101].
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Figure 21. The proposed mechanism of the interaction between mitochondrial complex II and FH
in the HIF-a signaling pathway stability. Mitochondrial complex II, positioned on the inner
mitochondrial membrane, is made up of SDH-proteins and acts as a catalysator in the succinate to
fumarate conversion. Another mitochondrial enzyme that converts succinate to malate is FH. In the
case of a mutation in one of the SDH subunits (SDHA, SDHB, SDHC, or SDHD gene mutations)
or FH genes, the intracellular concentration of succinate and fumarate rise, resulting in inhibition
of 2-oxyglutarate-dependent dioxygenases, including PHD, histone lysine demethylases (KDMs),
and the Ten-eleven translocation (TET) enzymes, and leading to HIF-stimulated increase of
transcription of the gene encoding TH, and to hypermethylation of the dopamine D2-receptor
(DAD2-receptor) gene [102].

3.1.4. Prolyl hydroxylase domain (PHD) enzymes

The PHD enzymes function as the regulator of the HIF stability, based on the response
to oxygen availability. The inhibition of PHD enables the stabilization of HIF, during the
oxygen limitation, which leads to the cellular adaptation to hypoxia. This adaptability is
particularly important for solid tumors, which are frequently exposed to a hypoxic

environment [103].

PHD enzymes are considered to be a part of 2-oxoglutarate (aKG)-dependent, non-
haem iron-binding dioxygenase family. As previously stated, the major target of PHD

enzymes is the transcription factor HIF (three main subunits reported, HIF-1, HIF-2, and
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HIF-3), which governs cell response to hypoxic circumstances. In the presence of oxygen,
PHD hydroxylates HIFa in its oxygen-dependent degradation (ODD) domain at two proline
residues (P402 and P564). This hydroxylation process causes HIFa to bind to the von Hippel-
Lindau (pVHL) tumor suppressor protein, which leads to ubiquitination and subsequent
proteolytic destruction by the E3 ubiquitin ligase complex [104]. Whereas in the hypoxic
environment, PHD are inactivated, and HIFa is stabilized, allowing target genes to be

expressed [105], [106].

Despite their original purpose as oxygen sensors, PHD are now recognized to have
HIF-independent and hydroxylase-independent activities in the modulation of several
physiological processes, including the mammalian target of rapamycin (mTOR) system, the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) pathway, apoptosis,

and cellular metabolism [103].
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Figure 22. Metabolic components controlling PHD activity. The hydroxylation of HIFa by PHD
proteins takes place depending on the oxygen level. Under normoxic conditions, HIFa is
hydroxylated in its ODD domain at two proline residues (P402 and P564 in HIF-1a). This
hydroxylation causes the HIF subunit to bind to the pVHL protein, causing ubiquitination and
subsequent proteolytic destruction by the E3 ubiquitin ligase complex. PHD activity is suppressed
and HIFa accumulates as oxygen levels fall under hypoxic conditions. Stable HIFa further interacts
with HIFp to stimulate the expression of various target genes. Several upstream inputs make PHD
susceptible to the modulation of their activity in response to changes in external factors. Activity
of PHD depends on various factors, such as oxygen and aKG as co-substrates, or iron and ascorbate
as co-factors [106].
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4. MITOCHONDRIAL BIOMARKERS

A biomarker is defined as a trait that may be tested and assessed objectively as an
indicator of normal biological processes, pathogenic processes, or pharmacological
responses to a therapeutic intervention [107]. Based on their definition and application,
biomarkers can be categorized as diagnostic, monitoring, pharmacodynamic/response,
predictive, prognostic, safety, and susceptibility/risk biomarkers [108]. Detection and
analysis of biomarkers can be conducted in tissue, in blood or lymph circulation, and in body
fluids (urine, stool, sputum, breast nipple aspiration, etc.). Furthermore, biomarkers may be
detected in cells of concern (premalignant or even existing cancer cells) or in tissues around
the region of interest (for example, indications of neo-vascularization or inflammation
surrounding a tumour). Biomarkers may also be found in exfoliated cells, soluble or
suspended molecules, such as proteins, DNA, microRNA, in circulation or in secretions.
Lastly, inherited germline biomarkers can be assessed from circulating leukocytes or

exfoliated cells from easily accessible tissues, such as from a cheek swab [109].

According to the research conducted by Hubens, W.H.G., et al. [110], mitochondrial
biomarkers can be divided into three main classes: 1) functional markers measured in blood
cells, 2) biochemical markers of serum/plasma and 3) DNA markers. It’s important to
highlight the fact, that none of the above-mentioned single biomarkers can fully explain the
whole underlying mitochondrial dysfunction. However, the biomarker panel, that has been
brought together by various aspects of mitochondrial impairment, may help with the
diagnosis of primary mitochondrial patients. Additionally, the panel may serve to assess
mitochondrial dysfunction in complex multifactorial diseases, such as Alzheimer’s disease
and glaucoma, as and enable selection of patients who could benefit from therapies targeting

mitochondria.

4.1. Functional markers measured in blood cells

One of the functional markers measured in blood cells is the diagnosis of defective
OXPHOS, which is considered by the Mitochondrial Medicine Society to be the main
criterium for MD [111]. The research conducted on 101 primary mitochondrial disease (MD)
patients, showed the results of 69 patients’ blood cell respiration levels to be lower when

compared to the average reference values of control subjects.
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Another important blood cell functional marker is the mitochondrial membrane
potential (AWm), which is formed as the result of active pumping of protons transferred by
the mitochondrial complexes. In healthy cells its potential is maintained at approximately
—180 mV [112], [113]. It is still not clear how mitochondrial dysfunction increases or
decreases A¥Ym. However, it has been demonstrated that the altered A¥Ym over a longer
period of time is damaging for the cell and can trigger apoptosis [114], [115]. The staining
technique, which is based on the intensity of staining the negatively charged AWYm by
positively charged dyes (tertramethylrhodamine (TMRM), JC-1), was used to quantify of
the A¥Ym. As a result, AYm in blood cells of primary MD patients reported a significant
difference, either elevated or decreased levels of AWYm, when comparing with the average

A¥m of healthy controls [116].

4.2. Biochemical markers of serum/plasma

Lactate

As a product of anaerobic ATP production, lactate can be used as an effective
biomarker for MDs [117]. In fact, lactate was the first circulating biomarker used to
identify patients with suspected mitochondrial dysfunction. Studies show the elevated

lactate levels in 172 of 234 MD patients.

Pyruvic acid

Another suggested biomarker for primary MD is pyruvic acid. As a diagnostic tool
for MDs, blood pyruvic acid levels tend to be assessed along with lactate levels. Similar to
lactate, blood pyruvate levels are also elevated in many MD patients. It’s important to
mention that both lactate and pyruvic acid levels tend to vary depending on the physical
activity of the studied individual. Higher levels are detected during exercise with further

gradual post exercise recovery [118], [119].

Creatine and creatine kinase

Tissues with higher energy demand (skeletal muscle, brain, or the liver) store their
energy in the form of phosphocreatine (PCr). When cells need high energy supply and
ATP production through OXPHOS is not sufficient, PCr can be converted into creatine by

cytosolic creatine kinase (CK) enzyme and later release ATP. Dysregulation of this
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alternative energy metabolism may cause an OXPHOS related mitochondrial dysfunction
[120]-[122].

Only 26.5% of primary MD patients were presenting enhanced creatine levels in a
study of a large cohort as well as an untargeted liquid chromatography with tandem mass
spectrometry [122], [123].

Some other energy-balance-associated metabolites include acylcarnitines and amino
acids. Acylcarnitines are metabolic compounds for transportation of activated long-chain
fatty-acids into the mitochondria, for further beta oxidation [124]. Based on literature, the
mechanism underlying the higher levels of acylcarnitines in these disorders remains
unknown and there is no clear rationale to quantify acylcarnitines in order to diagnose
general mitochondrial dysfunction [125]-[127]. However, quantification of the amino acid
profile (in particular alanine, guanine, proline, threonine) is common for diagnosing

mitochondrial dysfunction [128].

Markers of mitochondrial integrated stress response

Studies conducted on gene expression of muscle tissues with MD, revealed two
crucial markers that showed enhanced expression when compared to average control
values. These two markers are known as fibroblast growth factor-21 (FGF-21), a growth
factor that regulates lipid and glucose metabolism and growth differentiation factor (GDF-

15), a member of the transforming growth factor beta family.

4.3. DNA markers

The use of mtDNA as a biomarker is gaining more interest in many different research
fields, such as cancer, uncommon metabolic diseases, aging, tracing ancient human
migration patterns, demographic characterization via maternal markers, and human identity.
mtDNA use as a cancer biomarker is considered advantageous due to its absence of introns
(mutations are detected in coding regions), relatively small size, simplicity of extraction,
lack of genetic rearrangements and rapid mutation rates [129]. Furthermore, a large numbers
of mtDNA copies (up to hundreds of copies per cell) allows to conduct the rare disease
studies with minimal amount of tissue samples. Mitochondrial genome mutations can be
detected in primary tumor tissues and non-invasively obtained bodily fluids. Therefore,
further studies on mtDNA mutations may provide a significant molecular tool for cancer

identification and prognosis [130].
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Damage in mitochondrial function can be caused by mtDNA variations, such as
deletions, depletion, and point mutations, which may result in clinically heterogeneous
primary mitochondrial or, also known as, OXPHOS disorders [131]. Mitochondrial
dysfunctions that are caused as a result of mtDNA alterations can be measured by several
assays conducted on DNA that is isolated from white blood cells (for example quantifiying

the mtDNA amount and detection of inherited (pathogenic) variants).

According to Nashwa Mohd Khair, Siti, et al. [132] the main mtDNA biomarkers can
be classified as small- and large-scale deletions, mtDNA copy number, cell-free mtDNA,

mitochondrial microsatellite instability (mtMSI), somatic mtDNA alterations, and mtDNA

and mitochondrial RNA (mtRNA) methylation.

4.3.1. Small- and large-scale deletions

During mtDNA studies it was observed that diseases are mainly related to the deletions
of mtDNA [133]. The term “multiple mitochondrial DNA deletions” describes missing
portions of mitochondrial DNA with different size ranges. Functional cellular mtDNA would
be reduced in prostate cancer due to small- and large-scale deletion. Specifically,
quantification of the 3.4 kb (3379 bp) large-scale deletion enables the detection of cancer
and is particularly used for the identification of breast and prostate cancer. The detection of
deletions in neighboring benign tissue, also known as field-effect or cancerization, which
occurs prior to carcinogenesis was detected using quantitative polymerase chain reaction
(qPCR) to identify the presence of small tumor foci. This has raised the possibility of
detecting the early carcinogenesis or cancer cell transition, additionally allowing to
distinguish proximal benign prostate tumor biopsies from malignant ones [134]. Higher rate
of mtDNA*7" was detected in patients with breast carcinoma and hepatocellular carcinoma,
which makes mtDNA*77 a useful non-invasive biomarker for the early cancer diagnosis.
Another major large-scale deletion, which serves as an indication for the breast cancer is the

4576 bp loss [135].

4.3.2. mtDNA copy number

Another important biomarker in cancer detection is known as mtDNA copy number.
mtDNA copy number refers to the number of copies of the mitochondrial genome, or

mtDNA, in each cell, which ranges from 10° to 10, depending on the type of cell and the
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stage of development [136]. Decrease in the mtDNA copy number can be an indication of
alterations in nuclear encoded genes related to mtDNA biosynthesis and maintenance, which
leads to mitochondrial impairment. Other factors that can cause the alteration of mtDNA
copy number are aging, disease or drugs like antiviral therapy in human immunodeficiency

virus infection [137].

A lower mtDNA copy number was observed in patients with a mtDNA depletion
syndrome (MDDs) [138], [139]. However, in some other MDs, such as Leber’s hereditary
optic neuropathy (LHON), mitochondrial encephalomyopathy lactic acidosis and stroke-like
episodes (MELAS) and myoclonus epilepsy with ragged-red fibers (MERRF), a higher
mtDNA copy number could be observed, and patients with a higher mtDNA copy number
were less severely affected [140]-[145].

4.3.3. Cell-free mtDNA

The third significant biomarker of mtDNA is the cell-free mtDNA, which is defined
as the cellular mtDNA that has leaked from within mitochondria into the cytosol or
peripheral blood circulation as a result of disturbance of the regular mitochondrial life cycle
(mtDNA replication and replacement), with further disruption of the damaged mtDNA
mitophagy [146], [147].

Studies show that the analysis mtDNA content from peripheral blood of patients with
hepatitis C, lung cancer, and neck cancer may serve as a noninvasive biomarker and may
predict their further risk of developing into hepatocellular carcinoma [148]-[152].
Additionally, the levels of cf-mtDNA were enhanced in the developing of cancer linked to
lymph node metastasis [152]. However, it is important to mention the conflicting findings in
certain research, which demonstrates cf-mtDNA content in cancer patients to be lower value
than in control samples. These findings may imply that the association between mtDNA
copy number and breast carcinogenesis is governed by an underlying mechanism that is still

not fully understood.

4.3.4. Mitochondrial microsatellite instability (mtMSI)

Next possible mtDNA biomarkers are the microsatellites, which are short tandem

repeats (mononucleotide or dinucleotide) ranging in size from 1 to 6 bp that are dispersed
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throughout the mitochondrial and nuclear genomes [153]. The D-loop region is home to the
most often reported mtMSI overall [154]. The D310 region, which is defined as a highly
polymorphic homopolymeric C stretch, is a mutational hotspot in primary cancers [155].
According to some reports, the D310 mutation is the first sign of malignancy and has the

potential to be a precancerous tumor marker [156].

4.3.5. Alterations in somatic mtDNA

Studies conducted on neoplasms, suggest 25 to 80 percent of somatic mtDNA
mutations are thought to be responsible for neoplastic transformation by altering energy
sources of cells, regulating apoptosis, and raising oxidative stress [157]. Numerous studies
have been done on the mtDNA A12308G change, and they demonstrate that it may be used
as a diagnostic tool for colorectal cancer, lung cancer, prostate cancer and breast cancer when

combined with other mtDNA alterations [158].

4.3.6. MtDNA and mitochondrial RNA (mtRNA) methylation

In recent years, a number of studies have found a link between cancer and mtDNA
methylation deficiencies. In their cellular models, the mechanism linking mtDNA
methylation and cancer is similar to decreasing 5-methylcytosine (5mC) levels of
glioblastoma and osteosarcoma cells during tumor progression were found at mtDNA-
specific locations, which may be consistent with the growth of the mtDNA copy number.
Later, the SmC levels would also rise to prevent further mtDNA replication, suggesting that
enough mtDNA had been recovered to start carcinogenesis. When mtDNA is translated into
RNA utilizing continuous polycistrons, this mechanism is known as posttranscriptional
modulation, and it is critical for RNA processing [159]. Alterations in mitochondrial N1-
methyladenosine (m1A) and N1-methylguanosine (m1G) tRNA methylation levels are seen
after identifying the varied increase of mtRNA transcripts in human malignancies [160],

showing that they have a substantial impact on mitochondrion-mediated metabolism.
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CONCLUSION

In this review, we explored the relationship between mitochondrial metabolic
abnormalities, particularly alterations of mitochondrial enzymes induced by mtDNA
mutations or altered oncogenes/tumor suppressors. Additional to energy production,
mitochondria play a crucial role in cancer initiation, growth, survival, and metastasis. We
have briefly explained the tumorigenic potential of mitochondria, associated with its mass,
dynamics, regulation of metabolism and cell death, redox homeostasis, and cell signaling. It
is now clear that the interaction of various components of mitochondrial biology leads to
coordinated programing of cellular physiology, displaying mitochondria's multifaceted roles
in cancer. Mitochondrial alterations and malfunction have been related to a wide range of
diseases in all fields of medicine. Many mtDNA features, such as increased sensitivity for
mutations, simplicity of extraction and minimal need for the tumor tissue sample makes
mtDNA particularly advantageous for cancer studies. Recent discoveries in mitochondrial
intervention and gene therapy for mitochondrial diseases may serve as a blueprint for future
research towards high specificity and sensitivity mtDNA biomarkers, which may provide a

promising strategy for the development of selective anticancer treatment.

51



REFERENCES

(1]

(2]

(3]

(4]

[3]

[10]

[11]

[12]

[13]

[14]

[15]

D. Hanahan, “Hallmarks of Cancer: New Dimensions,” Cancer Discov, vol. 12, no. 1, pp. 31—
46, Jan. 2022, doi: 10.1158/2159-8290.CD-21-1059.

S. E. Cox, “Energy Metabolism,” Encyclopedia of Human Nutrition, vol. 2—4, pp. 177-185,
Jan. 2013, doi: 10.1016/B978-0-12-375083-9.00091-X.

M. Kong et al., “Aging-associated accumulation of mitochondrial DNA mutations in tumor
origin,” Life Medicine, vol. 1, no. 2, pp. 149—167, Oct. 2022, doi:
10.1093/LIFEMEDI/LNACO014.

E. Bertero and C. Maack, “Calcium Signaling and Reactive Oxygen Species in Mitochondria,”
Circ Res, vol. 122, no. 10, pp. 1460-1478, May 2018, doi:
10.1161/CIRCRESAHA.118.310082.

“Eukaryote | Definition, Structure, & Facts | Britannica.”
https://www.britannica.com/science/eukaryote (accessed Jun. 29, 2023).

G. M. Cooper, “Mitochondria,” 2000, Accessed: Apr. 15, 2023. [Online]. Available:
https://www.ncbi.nlm.nih.gov/books/NBK 9896/

W. Li, S. Zhang, and G. Yang, “Dynamic organization of intracellular organelle networks,”
WIREs mechanisms of disease, vol. 13, no. 2, 2021, doi: 10.1002/WSBM.1505.

D. P. Clark, N. J. Pazdernik, and M. R. McGehee, “Cells and Organisms,” in Molecular
Biology, Elsevier, 2019, pp. 2-37. doi: 10.1016/B978-0-12-813288-3.00001-X.

B. M. Mullock and J. P. Luzio, “Theory of Organelle Biogenesis: A Historical Perspective,”
2013, Accessed: Jul. 07, 2023. [Online]. Available:
https://www.ncbi.nlm.nih.gov/books/NBK 6609/

V. Zimorski, C. Ku, W. F. Martin, and S. B. Gould, “Endosymbiotic theory for organelle
origins,” Curr Opin Microbiol, vol. 22, pp. 38-48, Dec. 2014, doi:
10.1016/J.MIB.2014.09.008.

D. P. Clark and N. J. Pazdernik, “Molecular Evolution,” Mol Biol, pp. 812-853, Jan. 2013, doi:
10.1016/B978-0-12-378594-7.00026-3.

M. W. Gray, “Mitochondrial Evolution,” Cold Spring Harb Perspect Biol, vol. 4, no. 9, Sep.
2012, doi: 10.1101/CSHPERSPECT.A011403.

A.J. Roger, S. A. Muinoz-Gémez, and R. Kamikawa, “The Origin and Diversification of
Mitochondria,” Current Biology, vol. 27, no. 21, pp. R1177-R1192, Nov. 2017, doi:
10.1016/J.CUB.2017.09.015.

G. M. Ullmann, “Charge Transfer Properties of Photosynthetic and Respiratory Proteins,”
Supramolecular Photosensitive and Electroactive Materials, pp. 525-584, Jan. 2001, doi:
10.1016/B978-012513904-5/50008-9.

V. Ribas, C. Garcia-Ruiz, and J. C. Fernandez-Checa, “Glutathione and mitochondria,” Front
Pharmacol, vol. 5 JUL, 2014, doi: 10.3389/FPHAR.2014.00151/FULL.

52



[25]

[26]

(27]

(28]

[29]

Y. Demirel, “Thermodynamics and biological systems,” Nonequilibrium Thermodynamics, pp.
293-355, Jan. 2002, doi: 10.1016/B978-044450886-7/50012-6.

C. Lawless, L. Greaves, A. K. Reeve, D. M. Turnbull, and A. E. Vincent, “The rise and rise of
mitochondrial DNA mutations,” Open Biol, vol. 10, no. 5, May 2020, doi:
10.1098/RSOB.200061.

M. G. Hanna and P. Cudia, “Peripheral Nerve Diseases Associated with Mitochondrial
Respiratory Chain Dysfunction,” Peripheral Neuropathy: 2-Volume Set with Expert Consult
Basic, pp. 1937-1949, Jan. 2005, doi: 10.1016/B978-0-7216-9491-7.50087-9.

B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, and P. Walter, “The Mitochondrion,”
2002, Accessed: Apr. 15, 2023. [Online]. Available:
https://www.ncbi.nlm.nih.gov/books/NBK26894/

Y. Tamura, M. lijima, and H. Sesaki, “Mitochondrial Dynamics: Fusion and Division,”
Handbook of Cell Signaling, Second Edition, vol. 3, pp. 2499-2503, Jan. 2010, doi:
10.1016/B978-0-12-374145-5.00297-7.

T. B. Updegrove ef al., “Reformulation of an extant ATPase active site to mimic ancestral
GTPase activity reveals a nucleotide base requirement for function,” 2021, doi:
10.7554/eLife.65845.

A. M. Navale and A. N. Paranjape, “Glucose transporters: physiological and pathological
roles,” Biophys Rev, vol. 8, no. 1, p. 5, Mar. 2016, doi: 10.1007/S12551-015-0186-2.

J. Naifeh, M. Dimri, and M. Varacallo, “Biochemistry, Aerobic Glycolysis,” StatPearls, Jan.
2023, Accessed: Apr. 15, 2023. [Online]. Available:
https://www.ncbi.nlm.nih.gov/books/NBK470170/

J. Feher, “ATP Production II: The TCA Cycle and Oxidative Phosphorylation,” Quantitative
Human Physiology, pp. 227-240, Jan. 2017, doi: 10.1016/B978-0-12-800883-6.00021-5.

Z.Zeng et al., “The Pyruvate Dehydrogenase Complex in Sepsis: Metabolic Regulation and
Targeted Therapy,” Front Nutr, vol. 8, Dec. 2021, doi: 10.3389/FNUT.2021.783164.

L. Gibellini et al., “The biology of Lonpl: More than a mitochondrial protease,” Int Rev Cell
Mol Biol, vol. 354, pp. 1-61, Jan. 2020, doi: 10.1016/BS.IRCMB.2020.02.005.

S. Rubinstein-Litwak, “ENERGY METABOLISM,” in Encyclopedia of Food Sciences and
Nutrition, Elsevier, 2003, pp. 2108-2114. doi: 10.1016/B0-12-227055-X/01208-6.

J. Eniafe and S. Jiang, “The functional roles of TCA cycle metabolites in cancer,” Oncogene,
vol. 40, no. 19, pp. 3351-3363, May 2021, doi: 10.1038/s41388-020-01639-8.

“Tricarboxylic acid cycle | Biochemistry, Metabolism, Enzymes | Britannica.”
https://www .britannica.com/science/tricarboxylic-acid-cycle (accessed Jul. 07, 2023).

N. S. Chandel, “Mitochondrial complex III: An essential component of universal oxygen
sensing machinery?,” Respir Physiol Neurobiol, vol. 174, no. 3, pp. 175-181, Dec. 2010, doi:
10.1016/j.resp.2010.08.004.

J. Feher, “ATP Production II: The TCA Cycle and Oxidative Phosphorylation,” Quantitative
Human Physiology, pp. 227-240, Jan. 2017, doi: 10.1016/B978-0-12-800883-6.00021-5.

53



[32]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

P. Andrieux, C. Chevillard, E. Cunha-Neto, and J. P. S. Nunes, “Mitochondria as a Cellular
Hub in Infection and Inflammation,” Int J Mol Sci, vol. 22, no. 21, Nov. 2021, doi:
10.3390/1JMS222111338.

“Cancer.” https://www.who.int/news-room/fact-sheets/detail/cancer (accessed Apr. 15, 2023).

F. Bray, J. Ferlay, 1. Soerjomataram, R. L. Siegel, L. A. Torre, and A. Jemal, “Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in
185 countries,” CA Cancer J Clin, vol. 68, no. 6, pp. 394—424, Nov. 2018, doi:
10.3322/caac.21492.

S. H. Hassanpour and M. Dehghani, “Review of cancer from perspective of molecular,”
Journal of Cancer Research and Practice, vol. 4, no. 4, pp. 127-129, Dec. 2017, doi:
10.1016/j.jcrpr.2017.07.001.

“What Is Cancer? - NCL.” https://www.cancer.gov/about-cancer/understanding/what-is-cancer
(accessed Apr. 15, 2023).

S. Article, K.-W. Kim, S.-J. Lee, W.-Y. Kim, J. H. Seo, and H.-Y. Lee, “How Can We Treat
Cancer Disease Not Cancer Cells?,” Cancer Res Treat, vol. 49, no. 1, pp. 1-9, 2017, doi:
10.4143/crt.2016.606.

K. Lafferty-Whyte et al., “A gene expression signature classifying telomerase and ALT
immortalization reveals an hTERT regulatory network and suggests a mesenchymal stem cell
origin for ALT,” Oncogene 2009 28:43, vol. 28, no. 43, pp. 3765-3774, Aug. 2009, doi:
10.1038/0nc.2009.238.

S. P. Atkinson, S. F. Hoare, R. M. Glasspool, and W. N. Keith, “Lack of telomerase gene
expression in alternative lengthening of telomere cells is associated with chromatin remodeling
of the hTR and hTERT gene promoters,” Cancer Res, vol. 65, no. 17, pp. 7585-7590, Sep.
2005, doi: 10.1158/0008-5472.CAN-05-1715.

C. Mader, “The Biology of Cancer,” Yale J Biol Med, vol. 80, no. 2, p. 91, 2007, Accessed:
May 08, 2023. [Online]. Available: /pmc/articles/PMC2140189/

D. Hanahan and R. A. Weinberg, “Hallmarks of Cancer: The Next Generation,” Cell, vol. 144,
no. 5, pp. 646674, Mar. 2011, doi: 10.1016/J.CELL.2011.02.013.

A. K. Kashyap and S. K. Dubey, “Molecular mechanisms in cancer development,”
Understanding Cancer: From Basics to Therapeutics, pp. 79-90, Jan. 2022, doi:
10.1016/B978-0-323-99883-3.00016-0.

K. Ohshima and E. Morii, “metabolites H OH OH Metabolic Reprogramming of Cancer Cells
during Tumor Progression and Metastasis,” 2021, doi: 10.3390/metabo11010028.

B. Otto Warburg, F. Wind, and N. Negelein, “THE METABOLISM OF TUMORS IN THE
BODY”.

X. Wang, S. Peralta, and C. T. Moraes, “Mitochondrial Alterations During Carcinogenesis: A
Review of Metabolic Transformation and Targets for Anticancer Treatments,” Adv Cancer Res,
vol. 119, pp. 127-160, Jan. 2013, doi: 10.1016/B978-0-12-407190-2.00004-6.

Y. Fu et al., “The reverse Warburg effect is likely to be an Achilles’ heel of cancer that can be
exploited for cancer therapy,” Oncotarget, vol. 8, no. 34, pp. 57813-57825, 2017, doi:
10.18632/ONCOTARGET.18175.

54



[47]

(48]

[56]

[57]

[58]

[59]

[60]

[61]

X. Liu, C. N. Kim, J. Yang, R. Jemmerson, and X. Wang, “Induction of Apoptotic Program in
Cell-Free Extracts: Requirement for dATP and Cytochrome c,” Cell, vol. 86, no. 1, pp. 147—
157, Jul. 1996, doi: 10.1016/S0092-8674(00)80085-9.

A. P. West and G. S. Shadel, “Mitochondrial DNA in innate immune responses and
inflammatory pathology,” Nat Rev Immunol, vol. 17, no. 6, pp. 363-375, Jun. 2017, doi:
10.1038/NRIL.2017.21.

I. Martinez-Reyes and N. S. Chandel, “Mitochondrial TCA cycle metabolites control
physiology and disease,” Nat Commun, vol. 11, no. 1, Dec. 2020, doi: 10.1038/S41467-019-
13668-3.

M. A. Hough, G. Silkstone, J. A. R. Worrall, and M. T. Wilson, “NO Binding to the
Proapoptotic Cytochrome c—Cardiolipin Complex,” Vitam Horm, vol. 96, pp. 193-209, Jan.
2014, doi: 10.1016/B978-0-12-800254-4.00008-8.

P. Manickam, A. Kaushik, C. Karunakaran, and S. Bhansali, “Recent advances in cytochrome ¢
biosensing technologies,” Biosens Bioelectron, vol. 87, pp. 654668, Jan. 2017, doi:
10.1016/1.B10S.2016.09.013.

J. Pessoa, “Cytochrome ¢ in cancer therapy and prognosis,” Biosci Rep, vol. 42, no. 12, p.
20222171, Dec. 2022, doi: 10.1042/BSR20222171.

G. Ichim and S. W. G. Tait, “A fate worse than death: apoptosis as an oncogenic process,” Nat
Rev Cancer, vol. 16, no. 8, pp. 539-548, Jul. 2016, doi: 10.1038/NRC.2016.58.

M. Giorgio et al., “Electron Transfer between Cytochrome ¢ and p66Shc Generates Reactive
Oxygen Species that Trigger Mitochondrial Apoptosis,” Cell, vol. 122, no. 2, pp. 221-233, Jul.
2005, doi: 10.1016/J.CELL.2005.05.011.

J. Riemer, M. Fischer, and J. M. Herrmann, “Oxidation-driven protein import into
mitochondria: Insights and blind spots,” Biochimica et Biophysica Acta (BBA) -
Biomembranes, vol. 1808, no. 3, pp. 981-989, Mar. 2011, doi:
10.1016/J.BBAMEM.2010.06.003.

B. Perillo et al., “ROS in cancer therapy: the bright side of the moon”, doi: 10.1038/s12276-
020-0384-2.

P. Storz, “Reactive oxygen species in tumor progression,” Front Biosci, vol. 10, no. 2, pp.
1881-1896, 2005, doi: 10.2741/1667.

J. @vrevik, M. Refsnes, M. Lag, J. Holme, and P. Schwarze, “Activation of Proinflammatory
Responses in Cells of the Airway Mucosa by Particulate Matter: Oxidant- and Non-Oxidant-
Mediated Triggering Mechanisms,” Biomolecules, vol. 5, no. 3, pp. 1399-1440, Jul. 2015, doi:
10.3390/biom5031399.

C. C. Hsu, D. Peng, Z. Cai, and H. K. Lin, “AMPK signaling and its targeting in cancer
progression and treatment,” Semin Cancer Biol, vol. 85, pp. 52—68, Oct. 2022, doi:
10.1016/J.SEMCANCER.2021.04.006.

E. Q. Toyama et al., “Metabolism: AMP-activated protein kinase mediates mitochondrial
fission in response to energy stress,” Science (1979), vol. 351, no. 6270, pp. 275-281, Jan.
2016, doi: 10.1126/SCIENCE.AAB4138/SUPPL FILE/AAB4138-TOYAMA-SM.PDF.

N. Nissanka and C. T. Moraes, “Mitochondrial DNA heteroplasmy in disease and targeted
nuclease-based therapeutic approaches,” EMBO Rep, vol. 21, no. 3, Mar. 2020, doi:
10.15252/EMBR.201949612.

55



[64]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

V. Garcia-Olivares et al., “A benchmarking of human mitochondrial DNA haplogroup
classifiers from whole-genome and whole-exome sequence data,” Scientific Reports 2021 11:1,
vol. 11, no. 1, pp. 1-11, Oct. 2021, doi: 10.1038/s41598-021-99895-5.

R. P. Ureshino and A. L. Ramirez, “Linking aging and animal models to neurodegeneration:
the striatum, substantia nigra, and Parkinson’s disease,” Assessments, Treatments and
Modeling in Aging and Neurological Disease: The Neuroscience of Aging, pp. 539-552, Jan.
2021, doi: 10.1016/B978-0-12-818000-6.00048-2.

Y. H. Lin, S. N. Lim, C. Y. Chen, H. C. Chi, C. T. Yeh, and W. R. Lin, “Functional Role of
Mitochondrial DNA in Cancer Progression,” Int J Mol Sci, vol. 23, no. 3, p. 1659, Feb. 2022,
doi: 10.3390/1JMS23031659.

J. S. Carew and P. Huang, “Mitochondrial defects in cancer,” Mol Cancer, vol. 1, Dec. 2002,
doi: 10.1186/1476-4598-1-9.

N. Hammoudi, K. B. R. Ahmed, C. Garcia-Prieto, and P. Huang, “Metabolic alterations in
cancer cells and therapeutic implications,” Chin J Cancer, vol. 30, no. 8, p. 508, 2011, doi:
10.5732/CJC.011.10267.

J. J. E. Janssen, S. Grefte, J. Keijer, and V. C. J. De Boer, “Mito-Nuclear Communication by
Mitochondrial Metabolites and Its Regulation by B-Vitamins,” Front Physiol, vol. 10, no. FEB,
2019, doi: 10.3389/FPHYS.2019.00078.

I. Martinez-Reyes and N. S. Chandel, “Mitochondrial TCA cycle metabolites control
physiology and disease,” Nature Communications 2020 11:1,vol. 11, no. 1, pp. 1-11, Jan.
2020, doi: 10.1038/s41467-019-13668-3.

N. M. Anderson, P. Mucka, J. G. Kern, and H. Feng, “The emerging role and targetability of
the TCA cycle in cancer metabolism,” Protein Cell, vol. 9, no. 2, pp. 216-237, Feb. 2018, doi:
10.1007/s13238-017-0451-1.

Y. Luo, J. Ma, and W. Lu, “The Significance of Mitochondrial Dysfunction in Cancer,” Int J
Mol Sci, vol. 21, no. 16, p. 5598, Aug. 2020, doi: 10.3390/ijms21165598.

E. Gaude and C. Frezza, “Defects in mitochondrial metabolism and cancer,” Cancer &
Metabolism 2014 2:1, vol. 2, no. 1, pp. 1-9, Jul. 2014, doi: 10.1186/2049-3002-2-10.

A. Morin, E. Letouzé, A. P. Gimenez-Roqueplo, and J. Favier, “Oncometabolites-driven
tumorigenesis: From genetics to targeted therapy,” Int J Cancer, vol. 135, no. 10, pp. 2237—
2248, Nov. 2014, doi: 10.1002/1JC.29080.

J. A. Losman, P. Koivunen, and W. G. Kaelin, “2-Oxoglutarate-dependent dioxygenases in
cancer,” Nat Rev Cancer, vol. 20, no. 12, pp. 710-726, Dec. 2020, doi: 10.1038/S41568-020-
00303-3.

M. A. Selak et al., “Succinate links TCA cycle dysfunction to oncogenesis by inhibiting HIF-a
prolyl hydroxylase,” Cancer Cell, vol. 7, no. 1, pp. 77-85, 2005, doi:
10.1016/J.CCR.2004.11.022.

C. Bardella, P. J. Pollard, and I. Tomlinson, “SDH mutations in cancer,” Biochim Biophys Acta
Bioenerg, vol. 1807, no. 11, pp. 1432-1443, Nov. 2011, doi: 10.1016/J.BBABIO.2011.07.003.

S. Lee ef al., “Neuronal apoptosis linked to EgIN3 prolyl hydroxylase and familial
pheochromocytoma genes: developmental culling and cancer,” Cancer Cell, vol. 8, no. 2, pp.
155-167, 2005, doi: 10.1016/J.CCR.2005.06.015.

56



[77]

[78]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

A. King, M. A. Selak, and E. Gottlieb, “Succinate dehydrogenase and fumarate hydratase:
linking mitochondrial dysfunction and cancer,” Oncogene, vol. 25, no. 34, pp. 46754682,
Aug. 2006, doi: 10.1038/SJ.ONC.1209594.

J. Rutter, D. R. Winge, and J. D. Schiffman, “Succinate Dehydrogenase—Assembly,
Regulation and Role in Human Disease,” Mifochondrion, vol. 10, no. 4, p. 393, Jun. 2010, doi:
10.1016/J.MIT0O.2010.03.001.

E. Gaude and C. Frezza, “Defects in mitochondrial metabolism and cancer,” Cancer &
Metabolism 2014 2:1, vol. 2, no. 1, pp. 1-9, Jul. 2014, doi: 10.1186/2049-3002-2-10.

M. A. Selak et al., “Succinate links TCA cycle dysfunction to oncogenesis by inhibiting HIF-a
prolyl hydroxylase,” Cancer Cell, vol. 7, no. 1, pp. 77-85, 2005, doi:
10.1016/j.ccr.2004.11.022.

J. Rutter, D. R. Winge, and J. D. Schiffman, “Succinate Dehydrogenase—Assembly,
Regulation and Role in Human Disease,” Mifochondrion, vol. 10, no. 4, p. 393, Jun. 2010, doi:
10.1016/J.MITO.2010.03.001.

C. Bardella, P. J. Pollard, and I. Tomlinson, “SDH mutations in cancer,” Biochim Biophys
Acta, vol. 1807, no. 11, pp. 1432—-1443, Nov. 2011, doi: 10.1016/J.BBABIO.2011.07.003.

L. Amar et al., “International consensus on initial screening and follow-up of asymptomatic
SDHx mutation carriers,” Nature Reviews Endocrinology 2021 17:7,vol. 17, no. 7, pp. 435—
444, May 2021, doi: 10.1038/s41574-021-00492-3.

E. Gaude and C. Frezza, “Defects in mitochondrial metabolism and cancer,” Cancer &
Metabolism 2014 2:1, vol. 2, no. 1, pp. 1-9, Jul. 2014, doi: 10.1186/2049-3002-2-10.

“The structure of complex II (succinate dehydrogenase). This enzyme... | Download Scientific
Diagram.” https://www.researchgate.net/figure/The-structure-of-complex-II-succinate-
dehydrogenase-This-enzyme-links-oxidative figl 333988857 (accessed Jun. 15, 2023).

B. Moosavi, X. Zhu, W.-C. Yang, and G.-F. Yang, “Genetic, epigenetic and biochemical
regulation of succinate dehydrogenase function,” Biol Chem, vol. 401, no. 3, pp. 319-330, Feb.
2020, doi: 10.1515/hsz-2019-0264.

E. L. Mills et al., “Succinate Dehydrogenase Supports Metabolic Repurposing of Mitochondria
to Drive Inflammatory Macrophages,” Cell, vol. 167, no. 2, pp. 457-470.e13, Oct. 2016, doi:
10.1016/J.CELL.2016.08.064.

W. He et al., “Citric acid cycle intermediates as ligands for orphan G-protein-coupled
receptors,” Nature, vol. 429, no. 6988, pp. 188—193, May 2004, doi: 10.1038/NATURE02488.

N. Keiran et al., “SUCNRI1 controls an anti-inflammatory program in macrophages to regulate
the metabolic response to obesity,” Nat Immunol, doi: 10.1038/s41590-019-0372-7.

L. Tretter, A. Patocs, and C. Chinopoulos, “Succinate, an intermediate in metabolism, signal
transduction, ROS, hypoxia, and tumorigenesis,” 2016, doi: 10.1016/j.bbabio.2016.03.012.

E. L. Mills et al., “Accumulation of succinate controls activation of adipose tissue
thermogenesis,” Nature, vol. 560, no. 7716, p. 102, Aug. 2018, doi: 10.1038/S41586-018-
0353-2.

G. Alexandra, B. Konstantina, K. Dimitra, K. Christos, S. Efthimios, and 1. K. Michael,
“Thermogenic protein UCP1 and UCP3 expression in non-small cell lung cancer: relation with

57



[97]

(98]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

glycolysis and anaerobic metabolism,” Cancer Biol Med, vol. 14, no. 4, p. 396, 2017, doi:
10.20892/5.issn.2095-3941.2017.0089.

M. Xiao et al., “Inhibition of a-KG-dependent histone and DNA demethylases by fumarate and
succinate that are accumulated in mutations of FH and SDH tumor suppressors,” Genes Dev,
vol. 26, no. 12, pp. 1326-1338, Jun. 2012, doi: 10.1101/GAD.191056.112.

J. K. Killian et al., “Succinate dehydrogenase mutation underlies global epigenomic divergence
in gastrointestinal stromal tumor,” Cancer Discov, vol. 3, no. 6, pp. 648—657, 2013, doi:
10.1158/2159-8290.CD-13-0092.

A. M. Cervera, J. P. Bayley, P. Devilee, and K. J. McCreath, “Inhibition of succinate
dehydrogenase dysregulates histone modification in mammalian cells,” Mol Cancer, vol. 8, p.
89, Oct. 2009, doi: 10.1186/1476-4598-8-89.

G. M. Tannahill and L. A. J. O’Neill, “The emerging role of metabolic regulation in the
functioning of Toll-like receptors and the NOD-like receptor Nlrp3,” FEBS Lett, vol. 585, no.
11, pp. 1568-1572, Jun. 2011, doi: 10.1016/j.febslet.2011.05.008.

Y. Zhao, C. Xing, Y. Deng, C. Ye, and H. Peng, “HIF-1a signaling: Essential roles in
tumorigenesis and implications in targeted therapies,” Genes Dis, Mar. 2023, doi:
10.1016/J.GENDIS.2023.02.039.

Y. Zhao, C. Xing, Y. Deng, C. Ye, and H. Peng, “HIF-1a signaling: Essential roles in
tumorigenesis and implications in targeted therapies,” Genes Dis, Mar. 2023, doi:
10.1016/J.GENDIS.2023.02.039.

P. H. Maxwell et al., “The tumour suppressor protein VHL targets hypoxia-inducible factors
for oxygen-dependent proteolysis,” Nature 1999 399:6733, vol. 399, no. 6733, pp. 271-275,
May 1999, doi: 10.1038/20459.

M. A. Selak et al., “Succinate links TCA cycle dysfunction to oncogenesis by inhibiting HIF-a
prolyl hydroxylase,” Cancer Cell, vol. 7, no. 1, pp. 77-85, Jan. 2005, doi:
10.1016/j.ccr.2004.11.022.

E. Mills and L. A. J. O’Neill, “Succinate: a metabolic signal in inflammation,” Trends Cell
Biol, vol. 24, no. 5, pp. 313-320, May 2014, doi: 10.1016/j.tcb.2013.11.008.

T. E. Osinga et al., “Emerging role of dopamine in neovascularization of pheochromocytoma
and paraganglioma,” FASEB Journal, vol. 31, no. 6, pp. 2226-2240, Jun. 2017, doi:
10.1096/FJ.201601131R.

T. L. Nguyen and R. V. Duran, “Prolyl hydroxylase domain enzymes and their role in cell
signaling and cancer metabolism,” Int J Biochem Cell Biol, vol. 80, pp. 71-80, Nov. 2016, doi:
10.1016/j.biocel.2016.09.026.

E. Berra, A. Ginouves, and J. Pouysségur, “The hypoxia-inducible-factor hydroxylases bring
fresh air into hypoxia signalling,” EMBO Rep, vol. 7, no. 1, pp. 41-45, Jan. 2006, doi:
10.1038/ST.EMBOR.7400598.

W. G. Kaelin and P. J. Ratcliffe, “Oxygen Sensing by Metazoans: The Central Role of the HIF
Hydroxylase Pathway,” Mol Cell, vol. 30, no. 4, pp. 393—402, May 2008, doi:
10.1016/J.MOLCEL.2008.04.009.

T. L. Nguyen and R. V. Duran, “Prolyl hydroxylase domain enzymes and their role in cell
signaling and cancer metabolism,” Int J Biochem Cell Biol, vol. 80, pp. 71-80, Nov. 2016, doi:
10.1016/J.BIOCEL.2016.09.026.

58



[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

V. O. Puntmann, “How-to guide on biomarkers: biomarker definitions, validation and
applications with examples from cardiovascular disease,” Postgrad Med J, vol. 85, no. 1008,
pp. 538-545, Oct. 2009, doi: 10.1136/PGMJ.2008.073759.

R. M. Califf, “Biomarker definitions and their applications,” Exp Biol Med (Maywood), vol.
243, no. 3, pp. 213-221, Feb. 2018, doi: 10.1177/1535370217750088.

C. M. Micheel et al., “Introduction to Biomarkers,” Mar. 2012, Accessed: Jun. 21, 2023.
[Online]. Available: https://www.ncbi.nlm.nih.gov/books/NBK202167/

W. H. G. Hubens et al., “Blood biomarkers for assessment of mitochondrial dysfunction: An
expert review,” Mitochondrion, vol. 62, pp. 187-204, Jan. 2022, doi:
10.1016/J.MITO.2021.10.008.

S. Parikh ef al., “Diagnosis and management of mitochondrial disease: a consensus statement
from the Mitochondrial Medicine Society,” Genetics in Medicine, vol. 17, no. 9, pp. 689—-701,
Sep. 2015, doi: 10.1038/GIM.2014.177.

L. D. Zorova et al., “Mitochondrial membrane potential,” Anal Biochem, vol. 552, pp. 50-59,
Jul. 2018, doi: 10.1016/J.AB.2017.07.009.

L. C. Crowley, M. E. Christensen, and N. J. Waterhouse, “Measuring Mitochondrial
Transmembrane Potential by TMRE Staining,” Cold Spring Harb Protoc, vol. 2016, no. 12, p.
pdb.prot087361, Dec. 2016, doi: 10.1101/PDB.PROT087361.

N. Zamzami et al., “Sequential reduction of mitochondrial transmembrane potential and
generation of reactive oxygen species in early prograrmned cell death,” Journal of
Experimental Medicine, vol. 182, no. 2, pp. 367-377, Aug. 1995, doi: 10.1084/JEM.182.2.367.

D. S. Izyumov et al., ““Wages of Fear’: transient threefold decrease in intracellular ATP level
imposes apoptosis,” Biochimica et Biophysica Acta (BBA) - Bioenergetics, vol. 1658, no. 1-2,
pp. 141-147, Jul. 2004, doi: 10.1016/J.BBABIO.2004.05.007.

N. Esteras, M. J. W. Adjobo-Hermans, A. Y. Abramov, and W. J. H. Koopman, “Visualization
of mitochondrial membrane potential in mammalian cells,” Methods Cell Biol, vol. 155, pp.
221-245, Jan. 2020, doi: 10.1016/BS.MCB.2019.10.003.

M. Mancuso, D. Orsucci, F. Coppede, C. Nesti, A. Choub, and G. Siciliano, “Diagnostic
Approach to Mitochondrial Disorders: the Need for a Reliable Biomarker,” Curr Mol Med, vol.
9, no. 9, pp. 1095-1107, Dec. 2009, doi: 10.2174/156652409789839099.

J. Wang et al., “Combination of mitochondrial myopathy and biventricular
hypertrabeculation/noncompaction,” Neuromuscular Disorders, vol. 26, no. 2, pp. 165-169,
Feb. 2016, doi: 10.1016/J.NMD.2015.11.006.

R. Dengler, K. Wohlfarth, S. Zierz, M. Jobges, and M. Schubert, “Muscle fatigue, lactate, and
pyruvate in mitochondrial myopathy with progressive external ophthalmoplegia,” Muscle
Nerve, vol. 19, no. 4, pp. 456462, Apr. 1996, doi: 10.1002/(SICI)1097-
4598(199604)19:4<456:: AID-MUS5>3.0.CO;2-B.

T. Wallimann et al., “Some new aspects of creatine kinase (CK): Compartmentation, structure,
function and regulation for cellular and mitochondrial bioenergetics and physiology,”
BioFactors, vol. 8, no. 3—4, pp. 229-234, 1998, doi: 10.1002/BIOF.5520080310.

T. Wallimann, M. Wyss, D. Brdiczka, K. Nicolay, and H. M. Eppenberger, “Intracellular
compartmentation, structure and function of creatine kinase isoenzymes in tissues with high

59



[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

and fluctuating energy demands: The ‘phosphocreatine circuit’ for cellular energy
homeostasis,” Biochemical Journal, vol. 281, no. 1, pp. 21-40, 1992, doi: 10.1042/BJ2810021.

S. Pajares, A. Arias, J. Garcia-Villoria, P. Briones, and A. Ribes, “Role of creatine as
biomarker of mitochondrial diseases,” Mol Genet Metab, vol. 108, no. 2, pp. 119-124, Feb.
2013, doi: 10.1016/J.YMGME.2012.11.283.

O. Shaham et al., “A plasma signature of human mitochondrial disease revealed through
metabolic profiling of spent media from cultured muscle cells,” Proc Natl Acad Sci U S A4, vol.
107, no. 4, pp. 1571-1575, Jan. 2010, doi: 10.1073/PNAS.0906039107.

S. Li, D. Gao, and Y. Jiang, “Function, Detection and Alteration of Acylcarnitine Metabolism
in Hepatocellular Carcinoma,” Metabolites 2019, Vol. 9, Page 36, vol. 9, no. 2, p. 36, Feb.
2019, doi: 10.3390/METABO09020036.

S. Parikh ef al., “Diagnosis and management of mitochondrial disease: A consensus statement
from the Mitochondrial Medicine Society,” Genetics in Medicine, vol. 17, no. 9, pp. 689—-701,
Sep. 2015, doi: 10.1038/GIM.2014.177.

A. A. Larson et al., “Biochemical signatures mimicking multiple carboxylase deficiency in
children with mutations in MT-ATP6,” Mitochondrion, vol. 44, pp. 58—64, Jan. 2019, doi:
10.1016/J.MITO.2018.01.001.

S. Roos et al., “Mitochondrial complex IV deficiency caused by a novel frameshift variant in
MT-CO?2 associated with myopathy and perturbed acylcarnitine profile,” European Journal of
Human Genetics, vol. 27, no. 2, pp. 331-335, Feb. 2019, doi: 10.1038/S41431-018-0286-0.

R. H. Haas et al., “The in-depth evaluation of suspected mitochondrial disease,” Mol Genet
Metab, vol. 94, no. 1, pp. 16-37, May 2008, doi: 10.1016/J.YMGME.2007.11.018.

J. S. Penta, F. M. Johnson, J. T. Wachsman, and W. C. Copeland, “Mitochondrial DNA in
human malignancy,” Mutat Res Rev Mutat Res, vol. 488, no. 2, pp. 119—133, May 2001, doi:
10.1016/S1383-5742(01)00053-9.

A. Biggin, R. Henke, B. Bennetts, D. R. Thorburn, and J. Christodoulou, “Mutation screening
of the mitochondrial genome using denaturing high-performance liquid chromatography,” Mol
Genet Metab, vol. 84, pp. 61-74, 2005, doi: 10.1016/j.ymgme.2004.09.011.

R. W. Taylor and D. M. Turnbull, “Mitochondrial DNA mutations in human disease,” Nature
Reviews Genetics 2005 6.5, vol. 6, no. 5, pp. 389402, May 2005, doi: 10.1038/nrg1606.

S. Z. N. Mohd Khair, S. M. Abd Radzak, and A. A. Mohamed Yusoff, “The Uprising of
Mitochondrial DNA Biomarker in Cancer,” Dis Markers, vol. 2021, 2021, doi:
10.1155/2021/7675269.

T. Chen, J. He, Y. Huang, and W. Zhao, “The generation of mitochondrial DNA large-scale
deletions in human cells,” J Hum Genet, vol. 56, no. 10, pp. 689-694, Oct. 2011, doi:
10.1038/JHG.2011.97.

N. M. Corcoran et al., “The ability of prostate-specific antigen (PSA) density to predict an
upgrade in Gleason score between initial prostate biopsy and prostatectomy diminishes with
increasing tumour grade due to reduced PSA secretion per unit tumour volume,” BJU Int, vol.
110, no. 1, pp. 3642, Jul. 2012, doi: 10.1111/.1464-410X.2011.10681 .x.

H. Nie et al., “Mitochondrial common deletion is elevated in blood of breast cancer patients
mediated by oxidative stress,” Mitochondrion, vol. 26, p. 104, Jan. 2016, doi:
10.1016/J.MITO.2015.12.001.

60



[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

J. P. Rooney et al., “PCR based determination of mitochondrial DNA copy number in multiple
species,” Methods Mol Biol, vol. 1241, pp. 23-38, 2015, doi: 10.1007/978-1-4939-1875-1 3.

D. Dimmock, L. Y. Tang, E. S. Schmitt, and L. J. C. Wong, “Quantitative evaluation of the
mitochondrial DNA depletion syndrome,” Clin Chem, vol. 56, no. 7, pp. 1119-1127, Jul. 2010,
doi: 10.1373/CLINCHEM.2009.141549.

C.-Y. Xia et al., “Reference Intervals of Mitochondrial DNA Copy Number in Peripheral
Blood for Chinese Minors and Adults,” Chin Med J (Engl), vol. 130, no. 20, pp. 2435-2440,
Oct. 2017, doi: 10.4103/0366-6999.216395.

A. Spinazzola and M. Zeviani, “Disorders of nuclear-mitochondrial intergenomic
communication,” Biosci Rep, vol. 27, no. 1-3, pp. 39-51, Jun. 2007, doi: 10.1007/S10540-007-
9036-1.

C. Giordano et al., “Efficient mitochondrial biogenesis drives incomplete penetrance in Leber’s
hereditary optic neuropathy,” Brain, vol. 137, no. 2, pp. 335-353, 2014, doi:
10.1093/BRAIN/AWT343.

A. Bianco et al., “High Mitochondrial DNA Copy Number Is a Protective Factor From Vision
Loss in Heteroplasmic Leber’s Hereditary Optic Neuropathy (LHON),” Investigative
Opthalmology & Visual Science, vol. 58, no. 4, p. 2193, Apr. 2017, doi: 10.1167/iovs.16-
20389.

S. Li et al., “Leber’s Hereditary Optic Neuropathy—Specific Heteroplasmic Mutation
m.14495A>G Found in a Chinese Family,” Transl Vis Sci Technol, vol. 8, no. 4, pp. 3-3, Jul.
2019, doi: 10.1167/TVST.8.4.3.

T. Nishioka, A. Soemantri, and T. Ishida, “mtDNA/nDNA ratio in 14484 LHON mitochondrial
mutation carriers,” J Hum Genet, vol. 49, no. 12, pp. 701-705, Dec. 2004, doi:
10.1007/s10038-004-0209-5.

C. S. Liu et al., “Alteration in the copy number of mitochondrial DNA in leukocytes of patients
with mitochondrial encephalomyopathies,” Acta Neurol Scand, vol. 113, no. 5, pp. 334-341,
May 2006, doi: 10.1111/J.1600-0404.2006.00586.X.

A. Korsten, 1. F. M. de Coo, L. Spruijt, L. E. A. de Wit, H. J. M. Smeets, and W. Sluiter,
“Patients with Leber hereditary optic neuropathy fail to compensate impaired oxidative
phosphorylation,” Biochim Biophys Acta Bioenerg, vol. 1797, no. 2, pp. 197-203, Feb. 2010,
doi: 10.1016/J.BBABI0.2009.10.003.

J. S. Riley and S. W. Tait, “Mitochondrial DNA in inflammation and immunity,” EMBO Rep,
vol. 21, no. 4, Apr. 2020, doi: 10.15252/EMBR.201949799.

C. G. McCarthy et al., “Circulating mitochondrial DNA and Toll-like receptor 9 are associated

with vascular dysfunction in spontaneously hypertensive rats,” Cardiovasc Res, vol. 107, no. 1,
pp. 119-130, Jul. 2015, doi: 10.1093/CVR/CVV137.

D. I. Hashad, A. S. Elyamany, and P. E. Salem, “Mitochondrial DNA Copy Number in
Egyptian Patients with Hepatitis C Virus-Related Hepatocellular Carcinoma,” Genet Test Mol
Biomarkers, vol. 19, no. 11, pp. 604-609, Nov. 2015, doi: 10.1089/GTMB.2015.0132.

J. Chen et al., “Clinical application of plasma mitochondrial DNA content in patients with lung
cancer,” Oncol Lett, vol. 16, no. 6, pp. 7074-7081, Dec. 2018, doi: 10.3892/0L.2018.9515.

61



[150] W. W. Jiang et al., “Increased mitochondrial DNA content in saliva associated with head and
neck cancer,” Clin Cancer Res, vol. 11, no. 7, pp. 24862491, Apr. 2005, doi: 10.1158/1078-
0432.CCR-04-2147.

[151] M. Kumar et al., “Cell-free mitochondrial DNA copy number variation in head and neck
squamous cell carcinoma: A study of non-invasive biomarker from Northeast India,” Tumour
Biol, vol. 39, no. 10, pp. 1-9, Oct. 2017, doi: 10.1177/1010428317736643.

[152] F. Cheau-Feng Lin, Y. C. Jeng, T. Y. Huang, C. S. Chi, M. C. Chou, and S. Chin-Shaw Tsai,
“Mitochondrial DNA copy number is associated with diagnosis and prognosis of head and neck
cancer,” Biomarkers, vol. 19, no. 4, pp. 269-274, 2014, doi: 10.3109/1354750X.2014.902101.

[153] Y.D. Kelkar, N. Strubczewski, S. E. Hile, F. Chiaromonte, K. A. Eckert, and K. D. Makova,
“What is a microsatellite: a computational and experimental definition based upon repeat
mutational behavior at A/T and GT/AC repeats,” Genome Biol Evol, vol. 2, no. 1, pp. 620-635,
2010, doi: 10.1093/GBE/EVQ046.

[154] S.M. A. Radzak, S. Z. N. M. Khair, F. Ahmad, Z. Idris, and A. A. M. Yusoff, “Accumulation
of Mitochondrial DNA Microsatellite Instability in Malaysian Patients with Primary Central
Nervous System Tumors,” Turk Neurosurg, vol. 31, no. 1, pp. 99-106, 2021, doi:
10.5137/1019-5149.JTN.27893-20.4.

[155] P. Parrella et al., “Mutations of the D310 mitochondrial mononucleotide repeat in primary
tumors and cytological specimens,” Cancer Lett, vol. 190, no. 1, pp. 73—77, Feb. 2003, doi:
10.1016/S0304-3835(02)00578-5.

[156] B. De Paepe, “Mitochondrial Markers for Cancer: Relevance to Diagnosis, Therapy, and
Prognosis and General Understanding of Malignant Disease Mechanisms,” ISRN Pathol, vol.
2012, pp. 1-15, Nov. 2012, doi: 10.5402/2012/217162.

[157] L. GRZYBOWSKA-SZATKOWSKA and B. SLASKA, “Mitochondrial DNA and
carcinogenesis (Review),” Mol Med Rep, vol. 6, no. 5, pp. 923-930, Nov. 2012, doi:
10.3892/mmr.2012.1027.

[158] F. MA Mohammed, A. R. Rezaee khorasany, E. Mosaieby, and M. Houshmand,
“Mitochondrial A12308G alteration in tRNALeu(CUN) in colorectal cancer samples,” Diagn
Pathol, vol. 10, no. 1, p. 115, Dec. 2015, doi: 10.1186/s13000-015-0337-6.

[159] Z.Dong, L. Pu, and H. Cui, “Mitoepigenetics and Its Emerging Roles in Cancer,” Front Cell
Dev Biol, vol. 8, Jan. 2020, doi: 10.3389/FCELL.2020.00004.

[160] Y. Idaghdour and A. Hodgkinson, “Integrated genomic analysis of mitochondrial RNA
processing in human cancers,” Genome Med, vol. 9, no. 1, Apr. 2017, doi: 10.1186/S13073-
017-0426-0.

62



63



