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Chapter 1
How Far Can Mitochondrial DNA Drive
the Disease?

Hongzhi Sun, Weibin Shi, and Xiangdong Wang

Abstract Mitochondria are one of the dominant drivers for producing cellular
energy to meet a large number of biological functions, of which the mitochondrial
DNA (mtDNA) is the control center of energetic driving force and the dominant
driver of mitochondrial molecular diversification. mtDNA transcription generates
the necessary RNAS to regulate the extent and nature of mtRNA post-transcriptional
modifications and the activity of nucleus-encoded enzymes. With a special focus on
mtDNA, the current volume aims to overview the biology and structures of mtDNA,
regulatory roles of mtDNA in lung diseases, or involvement of mtDNA in metabo-
lism. We explore the significance of mtDNA sequencing, methylation, stability, and
mutation in the pathogenesis of the diseases. Molecular mechanisms by which
mtDNA contribute to the regulation of mitochondrial homeostasis and drug resis-
tance are also discussed. We also point out the importance of mitochondrial ribo-
some, single cell biology, and gene editing in the understanding of the development
of mitochondrial dysfunction in lung disease.
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1 Why We Focus on mtDNA

Mitochondria are the dominant driver of cellular energy for a large number of bio-
logical functions, while mitochondrial DNA (mtDNA) is the control center of ener-
getic driving force and the dominant driver of mitochondrial molecular diversification.
mtDNA can act as the part of genome to transcript genetic messages to maintain
cell’s own function, as the genetic copy for other cells which have the capacity of the
sensibility to mtDNA and as the toxicant to “poison” owners intra- or extramitochon-
drially. Macrophages have strong uptake and weak digestion capacities of tumor
mtDNA, while dendritic cells have strong sensitivity and digestion capacities [1].
Both cells belong to the family of native immunity but have different senses to
mtDNA, due to the variation of integrin-associated protein-signal regulatory protein-a
axis function between cells. Elements of mtDNA or elements associated with mtDNA
function are considered as diagnostic biomarkers or therapeutic targets. With the
development of biotechnology, mapping mtDNA genomes can provide more details
of the genetic information for the understanding molecular mechanisms mtDNA is
involved in. For example, a new strategy of PacBio full-length transcriptome sequenc-
ing was applied for the first full-length human mitochondrial transcriptome, and two
novel long non-coding RNAs of ATP-binding cassette permease MDL1 and MDL1AS
were discovered in human mitochondrial DNA from animal mitochondrial genomes
[2]. mtDNA epigenetics is also a new merging area to be explored. mtDNA methyla-
tion and histone modifications were detected and suspected to regulate the mitochon-
drial unfolded protein response, although the exact mechanisms are not unclear yet.
The oxidative phosphorylation system and RNA granules ribosome are the major
players in the posttranscriptional processes of mitochondrial gene expression,
mtDNA perturbation, and the coordination of mitochondrial and cytosolic translation
[3]. mtDNA transcription generates the necessary RNAs to regulate the extent and
nature of mtRNA posttranscriptional modifications and the activity of nucleus-
encoded enzymes. With a special focus on mtDNA, the current volume aims to over-
view the biology and structures of mtDNA, regulatory roles of mtDNA in lung
diseases, or involvement of mtDNA in metabolism. We explore the significance of
mtDNA sequencing, methylation, stability, and mutation in the pathogenesis of the
diseases. Molecular mechanisms by mtDNA that contribute to the regulation of mito-
chondrial homeostasis and drug resistance are also discussed. We also point out the
importance of mitochondrial ribosome, single-cell biology, and gene editing in the
understanding of the development of mitochondrial dysfunction in lung disease.

2  Why We Start with the Relationship Between mtDNA
and Lung Diseases

Lung diseases include acute and chronic lung injury and failure, infections, intersti-
tial inflammation, vascular pathology, allergic immune disorders, and cancer. The
incidence of lung diseases is one of the highest ones in the world, with a continuous
increase. For example, the incidence and mortality of lung cancers become the top
one in all kinds of cancers, and chronic lung diseases become the leading one in all
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kinds of chronic diseases, especially in the developing countries with air pollution
[4-6]. Even though, lung diseases are relatively ignored, gain less attentions than
they should have, or are underestimated, due to a large compensatory capacity the
lung has, less incidence of sudden death, and wide distribution of clinical category.
Lu et al. collects experimental and clinical evidence to show the potential links
between mtDNA and lung cancer and demonstrates the fact that alterations of
mtDNA copy number and sequence mutations may contribute to carcinogenesis and
development of lung cancer [7]. One of the exciting points from the chapter is that
variations of mtDNA sequencing, mutation, and epigenetics are suggested to be
potential biomarkers to monitor severity, duration, stage, response to therapy, and
prognosis in patients with lung cancer. The significance of mtDNA mutations and
altered copy numbers in lung cancer and clinical relevance was comprehensively
overviewed [8-10], although a number of issues should be considered before
mtDNA changes can be an effective strategies for lung cancer diagnosis and therapy.
One of the most challenges to develop mtDNA-dependent biomarkers is to ensure
the disease specificity and sensitivity, since mitochondria are the power and metabo-
lism driver of the cells and have the function and responsibility more generally.
Qian et al. bring a critical question how we can properly identify disease-specific
values from mtDNA sequencing, mutations, molecular interactions and networks, sig-
naling pathways, and heteroplasmy in mitochondrial genome [11]. From practical
points, this chapter presents what the proper and optimal way to prepare the library
preparation, sequencing, data analysis, and professional interpretations and call the spe-
cial attentions to recognize advantages and disadvantages of mtDNA. One of the critical
issues the chapter delivers is how and why we should choose the most appropriate
mtDNA sequencing in the real application, and we should seriously take care of bioeth-
ics in multi-aspects. Another important issue the chapter bring on the table at the first
time is the urgent need to evaluate the potential cytotoxicity and genotoxicity of gene
editing, especially the long-term effects, before mtDNA editing marches into clinic.

3 How mtDNA Works in the Disease

It is easier to understand the importance of mtDNA in mitochondrial function, cel-
lular metabolism, and organ function, while it is hard to describe how mtDNA
works and regulates the element interaction intra- or extramitochondrially. The
mechanism by which mtDNA regulates and controls the occurrence of the disease
is more complex than we can image. Of those, the epigenetic mechanisms are
recently overviewed and believed to be important in bidirectional mitonuclear com-
munication between mitochondria and the nuclear epigenome represents [12]. It
seems that the mitochondria can generate a number of the intermediate or terminal
metabolites to mediate or participate in the processes of acetylation or methylation
to regulate and alter nDNA epigenetic phenotypes. The modified epigenetic mes-
sages in the nuclear are transferred into the mitochondria to mediate mtDNA gene
expression of mitochondria-produced proteins or mtDNA acetylation or methyla-
tion. The mitochondrial proteins can participate and regulate the production of bio-
energy, oxygenation, and metabolism in mitochondria, which in turn can feedback
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the signaling to the nuclear or mitochondria. It is possible or necessary for nDNA
and mtDNA to have such crosstalk and interactions.

Wang et al. furthermore explore the intercommunication and interaction of the
molecules within mitochondria during immune responses or the development of
immune-related diseases [13]. This chapter collects scientific evidence to show the
roles of mtDNA in immune responses and lead an initial discussion on the main func-
tion and mechanisms of mtDNA in immune responses. mtDNA per se can interact
with native immune cells and influence their capacities, dependently upon the sensi-
tivity of cells. mtDNA can also contribute to the immune response by regulating
mtDNA-dependent TLRO signaling pathways, autophagy pathways, or cGAS-STING
signaling pathways. The chapter also uncovers the potentials of mtDNA-oriented
therapeutic targets and mtDNA gene editing in immune diseases and inflammation,
although it is still at the early stage of the discovery and development.

Huo et al. describe potential mechanisms by which mutations or sequence aberra-
tions of nDNA or mtDNA occur in the disease and specially focus on USP30. USP30
is a mitochondrial deubiquitinase to contribute to mitochondrial fusion by mediating
the deubiquitination of ubiquitylated forms of mitofusins [14]. USP30 can regulate
the removal of Ub-chains from Lys 6 and Lys 11 on mitochondria-derived proteins
and of the ubiquitin chains added by Parkin, a cytoplasmic E3 ubiquitin-ligase.
Mitochondrial fission and mitophagy as well as mtDNA genetic alterations can be
regulated and controlled by autophagy-related genes, mitochondrial-quality control
pathways, or USP30-triggered mitochondrial dynamic signaling.

4 Whether mtDNA Can Influence Cell Metabolism

Lv et al. demonstrate the fact that metabolic disorders, oxidative stress, or inflamma-
tion can alter mtDNA, resulting in the occurrence of mitochondrial dysfunction [15].
It is questioned how mtDNA control and influence energy metabolism, signaling
pathways, and cell death. The intra- or extracellular factors can induce DNA single-
or double-strain breaks and provoke DNA-dependent protein kinase, e.g., aging [16].
The activated DNA-dependent protein kinase can phosphorylate threonines 5 and 7
of HSP90« and downregulate the activity of AMP-activated protein kinase, leading to
the dysfunction of mitochondrial biogenesis, energy metabolism, and physical fit-
ness. Drugs and toxicants could alter mitochondrial motility, structure, and cell injury
[17-19], probably through mtDNA-associated mitochondrial dysfunction. Intra- or
extracellular toxicants could induce overproductions of oxidative stress, dysfunction
of mitochondrial respiration, alterations of mitochondrial membrane potential, and
apoptosis through the downregulation of intracellular adenosine triphosphate activi-
ties and the down-activation of mitochondrial enzymes, e.g., mitochondrial respira-
tory enzymes, NADH dehydrogenase, cytochrome c oxidase, and oxidative
stress-sensitive aconitase. It is critical that toxins-induced compromises and fragmen-
tation of nDNA and mtDNA can deliver “wrong” messages to activate the apoptosis
signal pathways, e.g., apoptosis-initiator caspase-9 and apoptosis-effector caspase-3/
caspase-7. This is one of complex mechanisms to reach mtDNA-associated or mito-
chondria-dependent cytotoxicity and metabolic disorders. Song et al. at first time
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describe potential mechanisms of mtDNA in telocytes and foresee the importance to
explore telocyte mitochondrial function and mtDNA regulations in this volume [20].

Pan et al. extend the discussion from mtDNA-regulated mitochondrial function
to mitochondria-dependent metabolism in cancer and mitochondria-mediated meta-
bolic regulation in cancer drug resistance [21]. This chapter systemically overviews
the historical development of mitochondrial metabolism and characteristic pheno-
types of mitochondria-dependent metabolism from various aspects, e.g., glycolysis
and the Warburg effect, pentose phosphate pathway, glutamine reductive carboxyl-
ation lipid, and amino acid metabolism. Pan et al. combine their own with published
knowledge and experience to propose a new therapeutic strategy for different cate-
gories of cancer on the basis of the principle of mitochondrial metabolism. Firstly,
it is critical to select precision methodologies to carry out the personalized diagno-
sis tools by measuring mutations of nDNA and mtDNA, mass of mtDNA and mito-
chondria, quality of mitochondrial OXPHOS, or levels of mitochondrial metabolites
and RO. Secondly, novel therapeutics have been developed and optimized, e.g.,
drug repositioning, specific pathways of inhibitors/activators of genetic engineering
techniques, and mitochondria-targeting drug resistance. Finally, the mitochondria-
targeting delivery systems for cancer should be designed and validated to meet the
clinical needs, including targeting peptides, lipophilic cations, nanoparticles, nano-
vesicles, or nano-liposomes. The chapter clearly points out the future development
of mitochondria-based therapies and explore the potential of clinical application.

Lu emphasizes the importance of mitochondrial ATP-dependent Lon protease on
the pathogenesis of diseases, especially in cancer, as the potential biomarker for
cancer diagnosis and novel target for drug discovery and development [22]. nDNA
can deliver the messages for the encoding ATP-dependent Lon proteases in the
mitochondria in various cells, which are the microenvironment for evolution and
quality control of proteins by the signaling pathways and mediating factors. The
balance of mitochondrial genome (mtDNA) and folding of mitochondria proteins
can be maintained by the selective degradation of misfolded, oxidized, and short-
lived regulatory proteins within mitochondria. A large number of intra- or extracel-
lular factors, e.g., ROS, inflammatory mediators, or kinases, can influence the
expressions and activities of ATP-dependent Lon proteases, leading mtDNA muta-
tions, mitochondrial dysfunction, or cell injury. Disordered activities of ATP-
dependent Lon proteases also change the sensitivity and susceptibility of cells to
drugs and increase drug resistance and tolerance [23-27]. Mitochondrial ATP-
dependent Lon protease was suggested as a potential biomarker for cancer diagno-
sis and therapeutic target for drug discovery and development, even though the
mechanism by proteases that interact with mtDNA remains unclear.

5 Whether mtDNA Mutations and Genetic Changes Make
the Sense

Zhang et al. describe that the mitochondria are sensitive to both endogenous and
exogenous factors and become structural alterations of mitochondria and mtDNA
[28]. One of the most important mechanisms is mtDNA repair pathways to maintain
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the mtDNA integrity and mitochondrial injury as well as the occurrence of diseases.
The base excision repair pathway may contribute to mtDNA mutations and genetic
changes and can be an alternative to treat related diseases. Potential mechanisms
include a large number of enzymes, e.g., DNA glycosylases, polymerase v, ligase,
AP endonuclease, and mtDNA repair pathways, e.g., SP-BER, LP-BER, mtDNA
degradation, direct DNA repair, nucleotide excision repair, mismatch repair, DNA
strand break repair, or nonhomologous or microhomology-mediated end joining.
Zhang et al. also discuss about roles of mitochondrial ribosomes, as oxidative phos-
phorylation, in the production of ATP during the development of diseases [29]. A
particular example of epithelial mitochondria and mtDNA is illustrated to under-
stand the relationship among mtDNA, mitochondria, cell, organ, and diseases [30].

Gao et al. arise another important roles of mtDNA epigenetics, since there is a
little discussion on the methylation of mtDNA, and question whether mtDNA meth-
ylation occurs in biology and pathology [31]. More evidence suggests that mtDNA
methylation plays an important role in mitochondrial gene regulation and the devel-
opment of diseases and is affected by a large number of intra- or extracellular fac-
tors. mtDNA methylation is proposed as a useful biomarker of disease diagnosis,
although those studies on mtDNA methylation are just initial. There are great needs
to develop methodologies to detect mtDNA methylation-orientated signal pathways,
interaction, and communications among regions of mtDNA sequences and between
mtDNA and nDNA. It is also perspective to consider that mtDNA heterogeneity
epigenetics should be investigated by measuring single-cell DNA sequencing, com-
prehensive characterizations of mtDNA, and bidirectional effects between mtDNA
and 3D genome, instability, and gene editing. It would be more help to combine the
single-cell biology with CRIPRS to mtDNA function [32-35]. Wang and Fang over-
view the sensitivity and vulnerability of mitochondria to drugs and drug candidates
or compromised effects of drugs on mitochondrial function and provide the compre-
hensive understanding regarding the mechanisms underlying mitochondrial dys-
function to uncover therapeutic targets in multiple pathologies [36].
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Chapter 2
Mitochondrial DNA in Lung Cancer

Fangming Liu, David E. Sanin, and Xiangdong Wang

Abstract Mitochondrial DNA (mtDNA) variations are increasingly discovered
and expected to be potential biomarkers to monitor severity, duration, stage,
response to therapy, and prognosis in patients with lung cancer. The present article
illustrates alterations of mtDNA in lung cancer, including alterations of mtDNA
copy number and sequence mutations, as well as their possible mechanisms for
carcinogenesis and development of lung cancer. The clear and comprehensive rela-
tionships between mtDNA variations and lung cancer are to be further confirmed to
benefit effective strategies for lung cancer diagnosis and therapy.

Keywords Mitochondria ® DNA  Mutation ® Lung cancer ¢ Diagnosis

1 Introduction

Lung cancer is an increasingly severe disease, accounting for 30% of all cancer-
related deaths [1], and has the highest occurrence and mortality among malignan-
cies. This will continue to increase if there are still no effective measures and
therapies against lung cancer. Although the mechanism of lung cancer carcinogen-
esis remains unclear, tumor development is associated with mitochondrial DNA
(mtDNA) mutations and alterations in mitochondrial genomic function [2, 3].
mtDNA mutations are found in various kinds of tumors, such as lung cancer [1, 4],
bladder cancer [4], breast cancer [5], thyroid cancer [6], and prostate cancer [7],
since mtDNA homogeneity mutation has been identified in colorectal cancer [8].
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Characterizations of mtDNA genes vary among lung cancer subtypes, stages, and
severity [9, 10]. The present article aims at overviewing the understanding of
mtDNA biology, the significance of mtDNA mutations and altered copy numbers in
lung cancer, the potential of mtDNA-associated biomarkers, and the comparison
between mtDNA and nDNA biomarkers.

2 mtDNA Biology

mtDNAs are double-stranded closed circular DNA with 16,596 base pairs, composed
of coding regions without introns and noncoding region. The coding region contains
13 polypeptides, 22 transfer RNAs, and 2 ribosomal RNAs [11]. The noncoding
region (also called D-loop region) is responsible for mtDNA replication and tran-
scription [12, 13], which has significant regulatory elements, such as L-strand pro-
moter, H-strand promoter, and H-strand replication origin. In coding regions, almost
every base plays a role in gene assembly [14]. As a result, once mutations occur,
DNA sequence will probably be altered and followed by the alteration of coding
proteins and mitochondrial dysfunction, as an important cause of human pathology.

Compared with nuclear DNA (nDNA), mtDNAs have higher mutation rates, and
there are hundreds of thousands of mtDNA copies per cell. Mitochondrion is a
major source to generate adenosine triphosphate (ATP) for cells through oxidative
phosphorylation [15], during which reactive oxygen species (ROS) are generated as
by-products and lead to DNA damage. mtDNAs are in close physical proximity to
the electron transport chain and superoxide anions generated in oxidative phos-
phorylation and easier to acquire oxidative damage [11] (Fig. 2.1). mtDNAs contain
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Fig. 2.1 An illustration of mtDNA distribution in mitochondria. mtDNAs are double-stranded
closed circular DNA; they are in close physical proximity to the electron transport chain and reac-
tive oxygen species produced in oxidative phosphorylation. It’s more likely for mtDNAs to acquire
oxidative damage
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naked and lacked protective histones, more susceptible to the damage of carcino-
gens. Once mtDNA is compromised, mtDNA is hardly self-repaired due to the lack
of DNA repair system and excision repair capacity in the mitochondria [14]. There
are a large number of intra- and extracellular factors to contribute to the DNA dam-
age of base pair mismatch and high mutation rates of mtDNAs, responsible for the
development of mitochondrial dysfunction and cell susceptibility [15].

High mutations and copies of mtDNA as distinct features are involved in the
carcinogenesis and are expected to be potential biomarkers for cancer detection and
monitoring. The frequency of sequence mutations may increase during mtDNA
copying and sequencing. The higher the number of mtDNA copies, the more sus-
ceptible mtDNAs are for mutation. The small size and closed circular structure of
mtDNAs are more resistant to the DNA damages [11]. The appearance of the same
mutation in mtDNAs and tumors indicates the clear relationship between [4], since
it is questioned whether the gene mutation is from mtDNA to tumor tissue or
reversely, genetically regulated from the source, and represent the targeting similar-
ity between. It seems clear that mtDNAs can impact tumor cell growth and sensitiv-
ity to treatments [4, 16, 17].

3 The Significance of mtDNA Mutations

mtDNA may undergo mutations, e.g., insertion, deletion, or point mutations, in
response to carcinogenetic factors [18, 19]. The mutation rate of mtDNA is much
higher than that of nDNA due to its sensitivity to cancerogens. There are an amount
of mutations in mitochondrial D-loop in lung cancer [19, 20]. mtDNA noncoding
region is important in the transcription and duplication of mtDNA. D-loop is
1124 bp in size and a replicate origin where heavy and light chains of mtDNA are
located [18]. There are two high-variable regions HVI and HVII located between
16,024-16,383 and 57-372 in D-loop, respectively. Alterations of D-loop region are
possibly associated with mitochondrial dysfunction and mutation of nuclear
genome. Single nucleotide polymorphisms of minor alleles of nucleotides 235A/G
and 324A/G in D-loop region can be a risk factor of lung cancers. Of single nucleo-
tide polymorphisms, the minor alleles 151C/T, 200A/G, 524C/CA, and 16274G/A
are associated with the induction of squamous cell carcinoma, while the mutation of
the minor allele 16,298 T/C may trigger the occurrence of small cell lung cancer [1].
In another sequencing of mtDNA, 8 of 27 primary lung tumors had mutations in the
D-loop region, including a C-to-G transversion in nucleotide 16,114 and deletions/
insertions in polyinosinic acid-polycytidylic acid [19]. In addition, 12 SCLC and 16
NSCLC cell lines of lung tumors have high frequency of homopolymeric C tract or
single nucleotide polymorphisms in the D-loop region [18].

Mutations in mtDNA coding region are correlated with clinical characteristics in
patients with lung cancer. Of those,36 mutations were detected in mtDNA coding
region and 19 missense mtDNA mutations in 9 mtDNA coding region, including
COI, COII, COIII, ATPase 6, ND2, ND3, ND4, ND5, and Cytb [3]. These alterations
of mtDNA may play an important role in tumorigenesis and metastasis of lung can-
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Fig. 2.2 Mutations in Insertion
different regions of Deletion
mtDNA. mtDNAs are Point mutation
composed of 16 coding
and noncoding regions
without introns. Several
mutations of mtDNA in
lung cancer were showed
in this figure (insertion,
deletion, or point
mutations), according to
the literature. The
noncoding region D-loop is
the “hot spot” of mutations

Point mutation

’ ATPase6
ATPase8

cer, as shown in Fig. 2.2. Mitochondrial DNA is vulnerable to alterations. When a
mutation takes place, the altered mtDNAs can coexist with wild-type mtDNA in a
heteroplasmy state [21, 22] . During cell replication, mtDNAs were divided into
daughter cells randomly, and the percentage of variant mtDNAs in daughter cells is
uncertain. After lots of passages of those heteroplasmic cells, the wild-type or muta-
tion mtDNAs will transform into a predominant rate called homoplasmy. The het-
eroplasmic mutations result in highly variable inheritance and biological impact
[22] due to the random distribution of genetic materials (Fig. 2.3). Thus, there are
still several challenges to identify the association between mtDNA mutations and
clinical phenotypes.

mtDNA mutations may contribute to carcinogenesis by decreasing cellular
energy capacities, although the exact mechanism remains unclear. The mutation rate
of mtDNA at a certain proportion can reduce the cellular energy capacity and cause
the lack of cell and tissue bioenergetics to maintain normal functions. Or it is pos-
sible that tumors are induced by increasing mitochondrial oxidative stress [23]. The
mitochondria are the primary source of endogenous ROS, including unpaired elec-
trons and oxygen free radical. mtDNA encodes 13 polypeptides involved in electron
transport chain, vulnerable to mutagens due to the lack of introns and protective
histones. It is also possible that mtDNA mutations altered proteins and the function
of respiratory chain is damaged [24]. The increased amount of electrons could result
in more free radical production and interact with genome as tumor initiators, muta-
genizing proto-oncogenes into oncogenes [25]. mtDNA mutations induce carci-
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Fig. 2.3 The random genetic mutations of mtDNA. The altered mtDNAs can coexist with wild-
type mtDNA in a heteroplasmy state. During cell replication, mtDNAs were divided into daughter
cells randomly. After lots of passages of those heteroplasmic cells, the wild-type or mutation mtD-
NAs will transform into a predominant rate called homoplasmy that causes highly variable inheri-
tance and biological impact

noma through modulating apoptosis controlled by electrochemical gradients. The
reaction through mitochondrial electron transport chain can reduce electrochemical
gradients, opening the mitochondrial permeability transition pore [22] and releasing
cell death-promoting factors to destruct cytoplasm and chromatin. In cancer cells
with mtDNA mutations, the electrochemical gradients increase more than in wild-
type cells [26], possibly making carcinoma cells resistant to apoptosis (Fig. 2.4).

4 Altered Copy Number of mtDNAs

Each human cell contains an average of 100-500 mitochondria of which each has
two to ten copies of mtDNAs [27]. The normal combination and operation of the
respiratory chain require a complete and functional mitochondrial genome. mtDNA
function depends not only on the integrity of mtDNAs’ molecular structure but also
on the copy number of mtDNAs in the cell. In addition to somatic mtDNA muta-
tions including point mutation, deletion, and insertion, alterations of mtDNA copy
number vary among human cancers. For instance, the copy number of mtDNAs
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Fig. 2.4 Hypotheses about mtDNA mutations contributing to carcinogenesis. Proteins of electron
transport chain are altered by mtDNA mutation, and the function of respiratory chain is damaged.
The increased amount of electrons could result in more free radical production. In addition, mito-
chondria control cell apoptosis by electrochemical gradient (/\W), produced by mitochondrial
electron transport chain. Loss of /AW results in opening of the mitochondrial permeability transi-
tion pore (mtPTP). In cancer cells with mtDNA mutations, the yaN 4 may increase, and mtPTP is
closed; thus, the release of cell death-promoting factors was held back. By this way, mtDNA muta-
tions possibly make carcinoma cells resistant to apoptosis

increased in prostate cancer cells [28] or in saliva of head and neck cancer [29] or
serum levels of cell-free mtDNAs in testicular cancer [30]. Those data show that
mtDNAs are altered not only in cancer cells but also in other body fluids. On the
other hand, the contents of mtDNA reduced in 82% of cancerous breast tissues [31]
and in hepatocellular carcinoma patients associated with poorer prognosis and
shorter 5-year overall survival rates [32]. It indicates that the regulation of mtDNA
copy number is out of control, with cancer site specificity [2, 33].

Alterations of mtDNA content also exist in patients with lung cancer. Lee et al.
[34] found increased mtDNA content in about 50% of patients with lung cancers,
while decreased mtDNA content was found in about 23%. Multiple factors influ-
ence alterations of mtDNA content, e.g., cancer type, DNA damage type, or sample
size. The reduction of mtDNA copy number seems more common in lung cancer.
For example, the copy number of mtDNAs is reduced in lung carcinoma tissues [35]
and in advanced stages of the disease correlated with a shorter survival time [36].
There was no correlation between mtDNA content and gender, age, or smoking
status [11] [36, 37]. Lee et al. reported that mtDNA contents initially increased with
pack-years of smoking and then declined to levels below nonsmokers [38].
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Different changes of mtDNA content in cancer may be caused by diverse mecha-
nisms. D-loop region has regulatory elements containing promoters and replication
origin and controls mtDNA replication and transcription. Once mutations occurred
in D-loop region especially in regulatory elements, the replication and transcription
rate of mtDNAs would be changed. The mutation in D-loop region was about 40%
hepatocellular cancer, while decreased mtDNA content was more than 70% cancer
with D-loop region mutation [34]. It is possible that the mutation in D-loop region
decreases mtDNA content or a point mutation in coding region reduces mtDNA
copy number. The introduction of mtDNA with mutant A3243G into mtDNA-
deficient teratocarcinoma cells results in the depletion of mtDNA content [39].

Another possibility is that mtDNA contents are altered through ROS-mediated
pathway. High levels of ROS would lead to mtDNA damage (oxidative damage),
and 8-hydroxy-2-deoxyguanosine (8-oxo-G) as an indicator of oxidative damage
increased in lung tissues of heavy smokers [27]. The 8-oxoguanine-DNA glycosyl-
ase | protein and polymerase y are two key enzymes to repair 8-0xo-G damage in
mtDNAs [40, 41]. Devitalized 8-oxoguanine-DNA glycosylase 1 and deficient
polymerase y lead to accumulation of mtDNA mutations responsible for changes of
mtDNA content. The deficiency of repair system probably is responsible for the
decrease of mtDNA content in ROS-mediated damage. ROS-mediated damage can
also be a compensatory mechanism by which the process of mtDNA content to copy
increases an oxidative stress [27]. When it comes to oxidative damage, the combina-
tion of mtDNA mutations and compensatory mechanism should be considered to
estimate the changes of mtDNA copy number (Fig. 2.5).

ROS
D-loop
8-oxoguanine-DNA
glycosylase 1 protein; 8-0x0-G
polymerase y Repair Mutations in
regulatory elements
Damaged mtDNAs ‘
Abnormal replication
and transcription of
mtDNAs
Compensatory Altered copy
mechanism number of
mtDNA

Fig. 2.5 Possible mechanisms of altered copy number of mtDNAs. When mutations occurred in
regulatory elements in D-loop region, the replication and transcription rate of mtDNAs would be
changed, decreasing mtDNA copy number. Another possibility is that high levels of ROS would
lead to production of 8-hydroxy-2-deoxyguanosine (8-oxo-G) as an indicator of oxidative damage.
Meanwhile, devitalized 8-oxoguanine-DNA glycosylase 1 and deficient polymerase y lead to a
failure of repairing 8-oxo-G damage in mtDNAs, which is responsible for changes of mtDNA
content. ROS-mediated damage can also be a compensatory mechanism to estimate changes of
mtDNA copy number
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Loss of p53 protein is another reason to reduce mtDNA content through increased
accumulation of mtDNA damage [42], since pS3 protein regulates the response to
DNA damage and can maintain the stability of mtDNAs [43]. In coping with
mtDNA damage, p53 protein can move to mitochondria and interact with poly-
merase y to strengthen the expression of polymerase y to repair oxidative damage
[42]. The alteration of mtDNA copy number in lung cancer is subject to the mtDNA
mutations and oxidative damage. Although there are several causes to interpret the
changes of mtDNA content, a clear and comprehensive explanation for increased or
decreased mtDNA content of each case remains unknown. More research is required
to determine the exact relationship between mtDNA content and lung cancer
development.

5 Potential Value of mtDNA as Biomarkers for Lung Cancer
Diagnosis

Although nuclear genome detection plays a significant role in cancer screening, the
biological role of mtDNA alteration in tumor formation has drawn more and more
attention in recent years. The alteration of mtDNA content or sequence mutations
has evitable relationship with oncogenesis and becomes potential biomarkers for
certain types of cancers [4, 44]. It is widely accepted that mtDNA is more vulnera-
ble to mutagens by genotoxin, oxidative press, or other factors compared with
nuclear genome [45, 46]. mtDNA has potential implications for lung cancer diagno-
sis, since mtDNA is easier to be detected and has a high copy number or mtDNA
mutations have strong resistance to damage. The 16,596 base pairs make up 16 gene
regions, arranging closely on the double-strand loop, which should be easier to be
characterized with current advances of methodologies. There are several thousand
copies of mtDNA in a cell [47], as compared to two copies of nuclear genome. Less
samples were required for DNA extraction to evaluate mtDNA. For precious clini-
cal samples, mtDNA content is usually enough for sequencing and other detection
methods. On the other hand, mtDNA sequence alterations are more stable and can
be detected with high repeatability.

Abnormal expression of mtDNA encoding proteins can also cause mitochondrial
dysfunction and cell damage, due to the lack of introns and accumulation of muta-
tions in coding regions. Changes of downstream proteins and clinical phenotypes
can also imply the corresponding mtDNA mutations. Due to the high heterogeneity
of mtDNA mutations, it is a challenge to identify lung cancer in an early stage.
Sanger sequencing is a common type of mitochondrial sequencing technique, but as
to heterogeneity detection, the next generation of sequencing will be more competi-
tive. In addition, there are quantitative PCR techniques, array chips [48], and other
measurement techniques, which can also achieve good detection results.

It is necessary for further study to identify and validate the function of mtDNA
mutations in initiation and progression of lung cancer in order to be helpful to
develop lung cancer detection and treatment strategies. It is also a challenge to
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Fig. 2.6 Potential value of mtDNA as biomarkers. mtDNA has a prospect of becoming biomark-
ers to develop lung cancer detection and treatment strategies, to monitor disease severity and stage,
to monitor the transit of chronic diseases especially chronic obstructive pulmonary disease to lung
cancer, and to describe alterations of cell functions induced by mtDNA mutations. In addition, it
will be a power if mtDNA alterations can act as a biomarker to measure the cell behavior in drug
pharmacology

apply mtDNA changes for clinical application as biomarkers, especially to monitor
the transit of chronic obstructive pulmonary disease to lung cancer [49-51], to inte-
grate clinical phenotype mtDNA mutations for dynamic monitoring of disease
severity and stage [52-54], and to describe alterations of cell functions induced by
mtDNA mutations [55-58]. Mitochondrion is one of the most important organelles
to regulate and control drug pharmacological profiles. It will be a power if mtDNA
alterations can act as a biomarker to measure the cell behavior in drug metabolism
[59-61], pharmacokinetics [62—-64], and sensitivity to drug toxicity [65-68]
(Fig. 2.6).

6 Conclusion

Alterations of mtDNA possibly are related to carcinogenesis of lung cancer, as well
as their mechanisms for promoting the development of lung cancer, including alter-
ation of mtDNA copy number and sequence mutations. Although the definite mech-
anism by which mtDNA is altered is to be further confirmed, it will be helpful in
developing diagnostic and therapeutic strategies for lung cancer.
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Chapter 3
Approach, Application, and Bioethics
of mtDNA Sequencing in Cancer

Mengjia Qian, Claudio Spada, and Xiangdong Wang

Abstract Mitochondrial DNA (mtDNA) is more vulnerable to mutations and asso-
ciated with many solid tumors. Through mtDNA sequencing, we can find useful
information on the mutations implicated in diseases and can better define the impact
of mitochondrial dysfunction on the process of carcinogenesis. In current article, we
will discuss the current approaches of mtDNA sequencing and the challenges we
should overcome, their applications in various cancers, and the potential bioethics
problems we should face in the application of mtDNA sequencing in clinical diag-
nosis and treatment.

Keywords mtDNA sequencing ¢ Cancer ® Bioethics

1 Introduction

Mitochondrial diseases (MDs) is caused by a dysfunction of the mitochondrial
respiratory chain which is associated with the mutations of genes encoding either
nuclear DNA (nDNA) or mtDNA (mtDNA) [1]. mtDNA mutations not only lead to
the mitochondrial diseases but also affect a wide range of cancers. mtDNA is a
16.319 bp closed-circle genome that encodes 13 respiratory chain subunits, 2 rRNAs
and 22 tRNAs [2]. Compared with nDNA, mtDNA lacks repair capacity and is three
to ten times more vulnerable to mutations [3]. Through mtDNA sequencing, we can
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find useful information on those mutations and define the impact of mitochondrial
dysfunction on the process of carcinogenesis, to improve the diagnosis and treat-
ment in cancers. Here, we will discuss potential applications of mtDNA sequencing
in the diagnosis and treatment in cancers including lung cancer.

mtDNA sequencing is measured with the next-generation sequencing (NGS).
Currently, NGS is used in the detection of mitochondrial genome. There are many
different sequencing platforms and methods to approve the sequencing, although a
number of challenges need to be faced on the data analysis and library preparation.
In the current article, we will summarize main approaches of mtDNA sequencing
and discuss proper ways to avoid potential problems we may face in the process of
mtDNA sequencing. With the development of the mtDNA sequencing in clinic, we
should be aware of the ethics problems they brought. To some extent, more and
more mutations will be found to be related with cancer, people will have the idea of
editing their genes or even design babies. Another problem is with more genome be
sequenced, we have to promise the safety of these large volume of data and informa-
tion they may tell. The present article will discuss the bioethics of mtDNA sequenc-
ing and try to find proper ways to handle this issue (Fig. 3.1).

Sample

challenge 1: library preparation

. direct isolation
Library ¢ { multiplexPCR

capture-based approach

Sequencing
—— sequencing data
mitochondrial genome
. —— sequencing data
Data * Cha"enge 2_' mitochondrial genome
. data analysis ———— nuclear genome
analysis
——— sequencing data |:> data alignment with Numts

— nuclear genome mitochondrial genome

* challenge 3:

heteroplasmy detection

NGS (detection limit down to 1% level)

Fig. 3.1 Challenges of current mtDNA sequencing approaches

The main process of mtDNA sequencing includes sample acquisition, library preparation, sequenc-
ing, and data analysis. However, there are still some challenges we should overcome in our current
sequencing approaches. The first one is how to prepare high-quality libraries; we listed several
ways, and each one has its own advantages and disadvantages. The second one is how to identify
mitochondrial genome from nuclear genome through data analysis. We summarized three ways.
One is align the raw data directly against the mitochondrial genome; second one is against both the
nuclear genome and mitochondrial genome at the same time; third one against the nuclear genome
first, then against the mitochondrial genome. All the methods are based on NGS, which can make
us overcome the third challenge, how to detect low level heteroplasmy. NGS can reduce the detec-
tion limit as low as 1% level
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2 Approaches of mtDNA Sequencing: Opportunities
and Challenges

How to Perfectly Prepare Sequencing Libraries? The next-generation sequencing
assay for mtDNA detection has become available recently [4]. For example, duplex
sequencing is one of the methodologies of NGS to detect very-low-frequency genetic
alterations [5]. It has been successfully applied in mtDNA sequencing [6]. The main
process of mtDNA sequencing in clinic mainly includes sample acquisition, library
preparation, sequencing, data generation and analysis, variant alleles report, and
interpretation of clinical significance to the doctors [7]. Whole mtDNA genome
sequencing can describe all known and potentially novel mutations related with can-
cer in a single sequencing run [8]. However, there are still many challenges exist in
mtDNA sequencing that we should overcome and make it more suitable in clinic.

There are mainly three methods to derive mtDNA fragments for sequencing,
including direct isolation of mitochondrion [9], multiplex PCR [10], and capture-
based approach with mtDNA-specific oligonucleotides [11]. Isolation of mitochon-
dria to derive mtDNA is only suitable to small number of samples, while the other
two methods cannot get rid of the affection of nuclear encoded mitochondrial pseu-
dogenes (Numts) [12], especially in the samples that mtDNA occurring at a low
frequency [13]. Moreover, the process of library construction in capture-based
approach will easily cause high false positives in mutation callings [14]. In order to
avoid false variant reports, the optimal method is differential centrifugation isola-
tion followed by exonuclease digest. Such method can get more than 35% mtDNA
reads and yielded hundreds-fold enrichment over baseline, especially suitable for
small amounts of samples [15].

MitoRCA-seq is a new library construction approach suitable for small amounts
of samples and is a PCR-free procedure with only 1 ng of total DNA and rolling
circle amplification. The method can amplify full-length mtDNA and reduce Numt
contamination simultaneously, to easily detect low-frequency point mutations of
mtDNA [16]. However, the methods of library construction are various with advan-
tages and disadvantages. More studies should be done to explore a perfect way to
prepare sequencing libraries that not only disregard the Numts but also have low
false positives. Importantly, it can be done with small amounts of samples and little
artificial time.

How to Identify Mitochondrial Genome from Nuclear Genome? The current
sequencing approaches mainly focus on resequencing both the targeted mtDNA and
candidate nuclear genes [17]. Co-amplification of nDNA in the process of sequenc-
ing will easily affect the analysis of mtDNA sequencing, especially in low-cellularity
samples [18]. So, the difficulty in dealing with the sequencing data is how to iden-
tify mitochondrial genome from nuclear copies of the mitochondrial genomes.
Three main methods to handle this issue are to align the raw reads directly against
the mitochondrial genome, against the nuclear and mitochondrial genomes at the
same time, and against Numts first and then align only the nonaligned reads to the
mitochondrial genome, while those approaches will largely ignore the reads that
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really derive from the Numts which actually introduce false heteroplasmic variabil-
ity, will easily cause incorrect alignment, and will largely decrease the coverage of
the mitochondrial genome and reduce the chance of detecting true variants [19].

How to Detect Heteroplasmic Mutations? In mitochondrial genome sequencing,
there is a challenge to detect low-abundance point mutations and heteroplasmic
mutations [20]. A typical human cell contains about 100 mitochondria, and 1 mito-
chondrion has an average of 5 mtDNA molecules; thus, 1 human cell totally has
about 500 copies of mtDNA [21]. The heteroplasmy describes a phenomenon that
some mitochondrial genomes have mutations within a single cell, while others not.
Heteroplasmy has the ability to promote tumor growth [22] and predict whether
mutant phenotypes will be expressed [23]. One of the challenges is to detect hetero-
plasmic mutations. NGS can be used to detect the heteroplasmy to a higher level of
detail and compare with Sanger sequencing. The results are that the limit of Sanger
sequencing is 10%, while NGS is 1% [24]. When the mean depth reached 5000x,
NGS is able to have enough number of reads to detect true heteroplasmy even in
badly covered regions [25].

However, data analysis through different software will generate different results,
e.g., mtDNA-Server offers the analysis of mtDNA studies. The workflow of the
analysis mainly includes parallel read alignment, heteroplasmy detection, artifact or
contamination identification, variant annotation, and quality control metrics. The
specificity and sensitivity are evaluated to detect heteroplasmy down to 1% level
[26].

Future Directions of Method Development mtDNA sequence can be obtained
from whole exome sequencing (WES), whole genome sequencing (WGS), and
high-throughput RNA sequencing technology (RNA-seq) data [19]. Mitochondrial
genome found in exome sequencing data is for the detection of pathogenic point
mutations possible through comprehensive single diagnostic test [27]. Due to the
high copy number of mtDNA per cell, the average coverage of the mitochondrial
genome from exome sequencing can reach nearly full [19]. Despite the repeated
poly-C sequence errors, the exome sequencing error is much lower when the
sequencing depth reaches >20-fold as compared to Sanger sequencing [28].The
detection limit of heteroplasmy obtained from exome sequencing is only 1% [29].
If deeper sequencing is performed, it is likely to detect lower levels of heteroplasmy
in mitochondrial genome [28]. mtDNA sequencing data obtained from WGS are
useful in the detection of copy number variants and intronic mutations [30].
However, this approach is restricted by the high cost.

mtDNA copy number had a significant correlation with mitochondrial gene
expression levels measured by RNA-seq [31]. Genome sequencing has been per-
formed in a large number of mitochondrial studies, of which there are few studies
focusing on mitochondrial transcriptomes. This will be changed with the develop-
ment of the technology of RNA-seq. Transcriptomes of intergenic regions of mito-
chondrial genomes can also be active [32]. More mitochondrial transcriptomes will
be sequenced due to the improvement of operation and cost efficiency [33].
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Furthermore, the development of data analysis of RNA-seq should also be acceler-
ated. Recently developed package of method and software called MINTmap could
analyze nuclear and mitochondrial RNA fragments from RNA-seq data. It can cal-
culate both raw and normalized abundance of the RNAs and report the false posi-
tives of them [34]. mtDNA heteroplasmy can be found in tissues and acted on some
somatic mtDNA mutations [35]. So, mtDNA sequencing at single-cell level becomes
much more important in future direction to detect mitochondrial genome through
WES, WGS, and RNA-seq, especially at single-cell level.

3 Applications of mtDNA Sequencing in Cancer

The mitochondrial medicine includes nDNA and mtDNA control, level of hetero-
plasmy, tissue energy demand, maternal inheritance, and mitotic segregation [36].
Of those, the detection of mitochondrial genome has better clinical sensitivity and
impact [37]. NGS approach is quicker and cheaper in diagnosis of mitochondrial
mutations. Through analyzing thousands of NGS mitochondrial genome data, we
can find revolutionary diagnostic process in mitochondrial medicine and understand
unresolved cases and previously unknown genetic and pathogenic mechanisms
[38].

The overproduction of reactive oxygen species (ROS) from mitochondria in
tumor cells can induce genomic instability and modify gene expression and signal-
ing pathways contributing to tumorigenesis [39] and leading to the development and
cancer recurrence and therapy resistance [40]. For example, mitochondrial D310
mutation was reported to serve as an ideal marker for tumor clonality in many solid
tumors [41]. Somatic mtDNA mutations and altered mtDNA copy number exist in
nearly all ovarian, breast, kidney, urinary bladder, pancreas, colorectal, and lung
tumors [42]. It can be examined to identify tumor stage and metastasis stage [43],
especially for bladder, breast, and kidney cancer which have significant depletion of
mtDNA [40].

Lung Cancer In the beginning of neoplastic transformation stage, mitochondrial
dysfunction results in the excessive production of ROS, leading to mtDNA damage
and mutations [44]. mtDNA mutation is a marker of poor survival in cancer progno-
sis which was proved by comparing the frequency of mtDNA mutations in patients
with non-small cell lung cancer (NSCLC) at different stages. Currently, most
reported mutations have been focused on the D-loop region of mtDNA [45], which
is a 1124 bp noncoding region related with mtDNA expression, replication, and
transcription [46] and may play a key role in carcinogenesis [47]. Mutations in this
region may lead to the change on mtDNA copy number and gene expression [48].
D-loop region had a relatively higher frequency of somatic mutations among the
whole mtDNA genomes in tissue samples from patients with lung cancer were col-
lected and sequenced the whole mtDNA genomes [49]. D-loop mutation rate of
mtDNA in the lung cancer increased by measuring mtDNA sequencing in the
exhaled breath condensate of patients. Those results suggest that mtDNA sequenc-
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ing can be an invasive method to identify specific markers and mtDNA changes
could be the specific markers for the carcinogenesis of lung cancer [50].

Moreover, mtDNA mutations are highly associated with epidermal growth factor
receptor gene mutations in patients with lung cancer [51], suggesting that mtDNA
and nDNA mutations contribute to the progression of lung cancer. mtDNA could be
selected as markers in cancer when measuring a complete mitochondrial genome
sequencing in squamous cell carcinoma [52]. Study on whole mitochondrial genome
sequencing of 26 pair of tumor and non-neoplastic tissue samples was extended by
reviewing published data of 326 cases to analyze the potential role of mitochondrial
mutations and frequency in lung cancer [53]. They demonstrate that mtDNA muta-
tions found in NSCLC are rather passenger mutations and their suitability as rele-
vant targets for anticancer therapy should be questioned and furthermore validated.

Other Cancers mtDNA D-loop sequencing and its reliability were assessed in
head-and-neck tumors [54]. mtDNA sequencing is suggested as a useful and precise
method to identify different tumor clones and evaluate the relationship between
primary cancer and lymph node metastasis [55]. In order to evaluate a new potential
therapy for renal carcinoma, 2 mutated mitochondrial molecules, COX1 and NDS5,
were selected after 13 coding genes were sequenced and aligned in kidney cancer
[56]. Derived peptides from these mutated genes were measured and synthesized to
develop a tumor mitochondria vaccine to treat cancer [57]. A chemical compound,
called organometallic half-sandwich Os (II), was tested to treat ovarian cancer both
in vitro and in vivo. Through whole-transcriptome sequencing, three mutations in
the mitochondrial genome, p.1257 V, p.N447S, and p.L517P, were identified for
coding NDS5, a proton pump to maintain the coupling gradient in mitochondria.
Consequently, induced overproduction of ROS led to downstream DNA damage,
defining a promising candidate for ovarian cancer treatment [56].

mtDNA mutations in breast cancer are caused by a deficiency in the electron
transport chain function, and change of ROS levels [58] might be correlated with
increased mtDNA copy number [59] or decreased mtDNA copy number [43]. High
copy number of mtDNA was detected in body fluids which are noninvasive and very
accessible, especially in urinary bladder carcinoma [60]. Whole mtDNA sequenc-
ing using body fluids is recommended for both initial tumor screening and tumor
surveillance of urinary bladder carcinoma, better than other current cytological and
molecular methods in the patient follow-up. D310 mutation in other cancers has a
hot spot, e.g., head-and-neck tumor (37%), breast cancer (29%), or rectal cancer
(28%) [61], while not found in bladder cancer [62]. Mitochondrial C16069T poly-
morphism was considered as bladder cancer-specific mtDNA mutation.

Colorectal Cancer Higher levels of heteroplasmy and decreased mtDNA copy
number are correlated with colorectal adenocarcinoma through NGS approach [63].
The mitochondrial genome and nuclear genome have cross talk in the regulation of
oncogenic pathways, since both simultaneously had mutations on the genes involved
in the same function [64]. For example, MUTYH-associated polyposis is susceptibly
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related with colorectal cancer carcinogenesis and was driven by both mutations at
nuclear gene KRAS and mitochondrial genes [65]. These results indicated that
mtDNA instability can be recommended as a cancer hallmark.

Recently, the mutation of mitochondrial tRNA genes was suggested as a bio-
marker in many cancers. tRNA genes have many functions including processing
and translation which are related with mitochondrial protein synthesis. For exam-
ple, A12308G, a polymorphic mutation in V-loop tRNA, was reported highly asso-
ciated with many cancers [66—68], as a useful detection spot in colorectal cancer
diagnostic [69]. Mitochondrial tRNA gene mutation is associated with tumor dif-
ferentiation in oral squamous cell carcinoma [70]. Though the application of
mtDNA sequencing in cancer has been discussed, both in diagnosis and treatment
and in various cancers, we still have more to do to make it suitable in real clinical
stage (Fig. 3.2).

mutation copy number change
D-loop V-loop other regions  colorectal canceri
@ tRNA CN%X; bladder cancer
colorectal cancer lung cancer .
oral cancer ovarian cancer  preast cancer | controversial
kidney cancer  kidney cancer
colorectal breast
cancer head and cancer
28% neck 29%
cancer
37%

cancer diagnosis and treatment

Fig. 3.2 Application of mtDNA sequencing in cancer diagnosis and treatment

M(DNA changes and copy number change can be biomarkers for cancer diagnosis and treatment.
D310 mutation which located in D-loop region of the mitochondrial is a hot spot in many solid
tumors, while mutation in V-loop tRNA is also a novel target. Copy number change can also be
regarded as biomarker in cancer diagnosis and treatment. Despite decreased mtDNA copy number
is related with colorectal cancer, whether high copy number or low copy number is related with
other cancers still need to be further studied
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4 Bioethics in Gene Editing

The Growing Need of Baby Design With the development of the sequencing
technology, more cancer-related mitochondrial genes are discovered and needed for
editing genes to get rid of those unwanted genes. mtDNA mutations can arise from
de novo or are maternal inherited [71]. For example, point mutations are always
inherited while large deletions usually appear from de novo. Preimplantation genetic
diagnosis (PGD) is a technique to test genetic disorders in embryos and prevent the
inherited mtDNA diseases before intrauterine transfer as the tool. However, PGD
still has many limitations, of which PGD cannot 100% eliminate the risk of trans-
mitting mtDNA diseases to offspring but only can reduce the percentage. Another
limitation is that PGD may lead to random and rapid changes in mtDNA hetero-
plasmy levels to their offspring [72]. In recent years, mtDNA replacement therapy
as a novel method has raised the attention of the public because it has so many ethi-
cal problems. The most controversial one is that this technique will allow us to
design babies. Without knowing the effects for the future of the designed babies, it
is unethical and too risky to permit this program [73].

Mismatch of Nuclear and mtDNA Mitochondrial gene editing is a technique to
prevent the transmission of mtDNA mutations. However, it has the potential to have
a mismatch between nDNA and mtDNA which makes it controversial. Mismatch of
nDNA and mtDNA will lead to health complications, and every case should be
strictly examined, considering the possible consequences both positive and nega-
tive, the risks of treatment techniques, and the probability of transmitting [74].

Risk and Safety of Sequencing Data All novel diagnosis approaches and treat-
ments are involved in risks at some extent when first introduced in clinic. For exam-
ple, how to deal with the incidental findings that are not associated with the current
disease through mtDNA sequencing? Patients may not want to hear that they have
the risk of having a family history of an inherited disease, even occasionally or
expectedly. The suggested way to handle this circumstance is to introduce the
informed consent that let the patients to choose whether they want to know it or not.
Another question is how to ensure the safety of the large amounts of mtDNA
sequencing data in the near future. The sequencing data related with the genetic
information of the patients are very private. If these data are exposed to the public,
people will easily find them in the public databases which will seriously affect the
privacy of the patients. It would be very important to let the people be aware of the
risks and sign the informed consent before they enroll [75] (Fig. 3.3).

Potential Cytotoxicity Gene editing as an alternative of clinical therapies goes
closer to the clinical practice and becomes more reliable and realistic for patients,
with the rapid development of CRISPR. Cytotoxicity and genotoxicity become
the priority of gene editing to be considered as other drug development [76-78].
It is questioned if mtDNA gene editing can change more mitochondrial functions
as designed, which often occurs when the cell responses to drug, even those
nature herbs [79-81]. It is important to clarify the difference of mitochondrial
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Fig. 3.3 Bioethics problems

With the development of mtDNA sequencing applied in clinic, there are many bioethics problems
appeared that we should discuss and evaluate. On one hand, mtDNA sequencing will produce large
volume of data, if we cannot ensure the safety of these data, the privacy of the patients will be
affected. Moreover, from analysis of these data, we will get more information unrelated with cur-
rent disease which may add the burden of the patients. On the other hand, mtDNA sequencing will
explore more cancer-related mutations which will make people have the idea of gene editing. Gene
editing will make people have the choice to select sex of the baby or even design a baby, and the
mismatch of nuclear and mtDNA may bring health complications. These bioethics problems we
should further discuss and evaluate

dysfunctions induced by chemicals from those by mtDNA gene editing [38, 40,
82-84]. Genotoxicity is another issue for mtDNA editing to be faced, since it can
be caused by a large number of influencing factors [85], which may be generated
directly or indirectly during mtDNA editing or post-editing modification. It
should be clearly understood that manipulations of nDNA or mtDNA mutations
in the human genome for gene therapy and homology-directed repair and editing
must be fully specific and exact and have the lowest off-target effects to protect
the human genotoxicity. Lin et al. developed a new method with the monomeric
endonuclease to recognize at least 33 bp by fusing the DNA-recognizing domain
of TALEN and to reengineer homing endonuclease I-Scel. Using such method,
homology-directed repair and editing can be performed using the reengineered
I-Scel to increase target specificity and low genotoxicity [86]. Recently, the sin-
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gle-cell CRISPR was suggested as a strong potential to understand gene func-
tions and heterogeneity, a breakthrough way to cure monogene diseases, and a
future approach to prevent and improve drug resistance [§7-90].

5 Conclusion

mtDNA sequencing demonstrates that mtDNA mutations are related with several
cell pathways and can be targeted by the anticancer treatments. mtDNA mutations
exist and are widely used in many cancers and can be targeted for diagnosis and
treatments. NGS is one of the most important tools to perform mtDNA sequencing
and one of the most precise ways to detect heteroplasmy in mitochondrial genome.
There are a number of main library preparation methods and data analysis methods
of mtDNA sequencing, of which each has its advantages and disadvantages. We
shall choose the most appropriate one in our real application. mtDNA sequencing
may bring the bioethics problems in the future which should be paid more attentions
to. There is an urgent need to evaluate the potential cytotoxicity and genotoxicity of
gene editing, especially the long-term effects, before mtDNA editing marches into
clinic. Thus, we have the reason to believe, with combined WES, WGS, and RNA-
seq and even single-cell sequencing, mtDNA sequencing will benefit cancer diag-
nosis and treatment in the near future.
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Chapter 4
Roles of Mitochondrial DNA Signaling
in Immune Responses

Lingyan Wang, Michael N. Liebmen, and Xiangdong Wang

Abstract Mitochondrial DNA (mtDNA) plays an important role in immune
responses during the evolution. The present chapter systemically describes its role
on immune-related diseases and its interaction on immune responses. It is important
to explore the main function and mechanisms of mtDNA in immune responses by
which mtDNA regulates the signaling pathways of Toll-like receptor 9, autophagy,
and STING. There are potentials to discover therapeutic targets of mtDNA in
immune diseases and inflammation. It will be more exciting if the CRISPR-Cas9
method can be applied for mtDNA gene editing to cure diseases and provide a novel
insight of mtDNA in immune responses as well as new therapies.

Keywords mtDNA ¢ Immune responses ¢ TLR9 e Autophagy ¢ STING -
CRISPR-Cas9

Abbreviation
ALI Acute lung injury
CPB Cardiopulmonary bypass

CRISPR-Cas9  Prokaryotic type II clustered regularly interspaced short palin-
dromic repeats-CRISPR-associated 9
DAMPs Damage-associated molecular patterns
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HMGBI High-mobility group protein B1

IRF7 Interferon regulatory factor 7

IRP Immune-related pancytopenia

ISG Interferon-stimulated genes

LC3B Microtubule-associated proteinl light chain 3B
MAPKSs Mitogen-activated protein kinases
MELAS Stroke-like episodes

MPT Mitochondrial permeability transition
mtDNA Mitochondrial DNA

MYDSS8 Response protein 88

NAFLD Nonalcoholic fatty liver disease
nDNA Nuclear DNA

NET Neutrophil extracellular traps

NF-xB Nuclear factor-xB

OXPHOS Oxidative phosphorylation

PMN Polymorphonuclear neutrophils

RA Rheumatoid arthritis

ROS Reactive oxygen species

SHR Spontaneously hypertensive rats
TLR9 Toll-like receptor 9

1 Introduction

Mitochondria are a double-membrane organelle, to encode essential proteins of the
oxidative phosphorylation system [1]. Mitochondria function not only in ATP pro-
duction and regulation of reactive oxygen species (ROS), traditionally considered as
energy generator, but also in metabolism, apoptosis, and calcium homeostasis [2—
6]. The mitochondrial DNA (mtDNA) consists of the coding region and transcrip-
tion and replication sites. The mtDNA is more susceptible to damage than nuclear
DNA (nDNA), probably due to the lack of protection of genetic materials in the
DNA repair system of mtDNA [7]. In the cytosolic step, the mtDNA release relies
on the switch of mitochondrial permeability transition pores, which was caused by
the concentrations of calcium and other signals at the inner membrane [8, 9]. In
terms of extracellular release, cellular stress and necrosis are important factors in
the liberation of mtDNA. Endosomes are small vesicles and contain substances
such as protein and DNA and carry mtDNA as a mtDNA transporter to be involved
in inflammatory response pathway (Fig. 4.1) [10, 11]. The present article overviews
the close relationship, interaction, and communication between mtDNA and
immune function and describes the importance of mtDNA in the maintenance of the
immune system and in the pathogenesis of diseases. We specially focus on molecu-
lar mechanisms by which mtDNA contributes to the occurrence of diseases; regu-
lates the transcriptional signaling and biological functions, e.g., metabolism,
apoptosis, and autophagy; and is involved in cell sensitivity and susceptibility to
therapies. mtDNA-associated therapies are also explored.
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Fig. 4.1 Types of mtDNA release and its functions. The picture showed that mtDNA can be
released by mitochondrial permeability transition pores and endosomes and has the different func-
tions of ATP production, ROS regulation, metabolism, apoptosis, and calcium homeostasis due to
different regions of coding, transcription, and replication sites

2 mtDNA and Immune Responses

Mitochondria have a number of biological functions, e.g., the synthesis of
N-formylated proteins, amount of unmethylated DNA present, the system in trig-
gering innate immune responses, and inducing formation of neutrophil extracellular
traps [12—15]. mtDNA is widely involved in multi-processes of energy production,
oxidative stress, metabolism, inflammation, and carcinogenesis [14—16]. mtDNA
also plays an important role in immune responses when released into the circula-
tion. mtDNA can activate human neutrophils through the immune signaling path-
way, leading to leukocyte migration and degranulation [17]. Viable neutrophils per
se release the mtDNA to form neutrophil extracellular traps after trauma [18, 19].
The decreased formation of neutrophil extracellular traps may become a critical
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factor in aging, patient prognosis, and inflammatory initiation [20]. This indicates
that impaired formation of neutrophil extracellular traps is associated with the
trauma-related organ failure in patients.

Accumulating evidences also suggest that mtDNA is involved in immunity and
plays a direct antimicrobial role. Mitochondria have the ability to induce antibacte-
rial immunity by generating ROS in macrophage-associated immune responses
[21]. Human basophil-produced ROS form extracellular mtDNA traps upon inter-
leukin (IL)-3 priming and then activate the complement factor 5, a receptor of
FceR1, in the NADPH oxide-independent form [22]. Cell-derived IL-26 can bind
with mtDNA and form a complex to trigger type I interferon (IFN) production and
achieve antivirus resistance [23]. IL-26 could bind to both mtDNA and neutrophil
extracellular traps and transfer them to the human myeloid cells. Such binding can
trigger the production of pro-inflammatory cytokines such as TNF-a secretion in a
STING- and inflammasome-dependent manner, or through P2Y1 receptor-cAMP
signal pathway [24, 25]. In addition to those roles of mtDNA in acquired immunity,
mtDNA was recently found to contribute to the integration of antiviral innate immu-
nity [26]. The aberrant mtDNA packaging promotes the mtDNA release into the
cytosol and increases the interferon-stimulated gene expression to confer broad
viral resistance. Furthermore, the virus infection could cause disruption of mtDNA
homeostasis and trigger antiviral innate immunity [26].

3 mtDNA and Immune Diseases

mtDNA plays critical and necessary roles in the pathogenesis of diseases. mtDNA
was detected in the synovial fluids of patients with rheumatoid arthritis [25] and in
the plasma of patients with femur facture [17], rather than in healthy individuals.
More free mtDNA was detected in the circulation in septic patients compared with
non-septic patients [27]. It seems that mtDNA is more disease specific in the loca-
tion of immune diseases, while more severity specific in the circulation of systemic
severe inflammation. Furthermore, pressure-overload released mtDNA could cause
inflammatory responses in cardiomyocytes and induce myocarditis and dilated car-
diomyopathy [28], indicating that mtDNA plays a key role in the heart inflammation
responses. mtDNA are also detected in the systemic inflammation in acute liver
failure [29], atherosclerosis [30], and Parkinson’s disease [31]. Cancer is a diseases
related with microenvironment immunity with pro-inflammatory cells impaired and
immunosuppressive cells increased [32]. mtDNA acts as a critical message to travel
and communicate between tumor cells and neighbor non-tumor cells. Tumor cells
can acquire functional mtDNA from healthy cells to restore respiratory function and
metabolic activity which enabled them to proliferate [33]. In the absence of mtDNA,
tumor cells were inhibited in the growth ability. The outcome of mtDNA horizontal
transfer could induce chemoresistance in the treatment [34]. The mechanism by
which mtDNA induced inflammation in immunology diseases seems different from
the one by which mtDNA induces tumor progression and metastasis.



4 Roles of Mitochondrial DNA Signaling in Immune Responses 43
4 mtDNA-Dependent TLR9 Signaling Pathways

Toll-like receptor 9 (TLRY) is one of the first defenses in the innate immune system
and can bridge the adaptive immunity with innate immunity during immune
responses. TLRO is an important sensor to damaged components and to unmethyl-
ated CpG dinucleotides [35]. TLRY signaling pathway acts as an important signal-
ing to link one of the many unmethylated CpGs present in mtDNA during immune
responses [36]. The intercommunication between mtDNA and TLR9Y is through the
signaling pathways of protein 88, mitogen-activated protein kinases, and nuclear
factor-kB (NF-kB) in inflammation and could enhance type I IFN responses through
interferon regulatory factor 7 in immune responses [35]. mtDNA acted as damage-
associated molecular patterns (DAMPs) and activated TLR in patients with nonal-
coholic fatty liver disease. When blocking the TLR9, the disease progression could
be reversed [37]. Those data indicate that mtDNA-activated TLR9 plays important
roles in immune diseases.

On the other hand, mtDNA can activate the TLR9 signaling to provoke systemic
inflammation, e.g., overproduction of inflammatory mediators, over-activation of
leukocytes, and lung injury [38]. Such mtDNA-induced tissue injury can be pre-
vented by pretreatment with the specific TLR9 inhibitor ODN2008. However, the
extraordinary roles of nDNA differ from mtDNA in TLR-mediated immune
responses, since nDNA hardly acts as mtDNA in the systemic inflammation. The
mechanisms of such difference between nDNA and mtDNA in inflammation remain
unclear, even though some differences, e.g., genetic code, inheritance, and structure,
have been described. In addition, mtDNA could induce the overproduction of IL-12
and the acute renal injury through a TLR9-dependent pathway, evidenced by the
inhibitory effects of TLROKO [39]. These phenomena highlight that TLRO is a
potential therapy target in tissue injury. In septic patients, researchers also found that
mtDNA activated TLR9 signaling possibly linked with initial inflammation and asso-
ciated with increased mortality in critically ill patients [40]. mtDNA induced vascu-
lar dysfunction in spontaneously hypertensive rats through the TLR9 pathway [41].

The endogenous mtDNA was a direct dangerous signal effect on cardiomyocytes
through TLR9-dependent NF-xB activation [42]. The mtDNA induced local inflam-
mation and leukocyte recruitment through mtDNA-mediated TLR9-p38 MAPK
signal pathway [43]. mtDNA released into the circulation could activate human
neutrophils through TLR9 and promote neutrophil Ca(2+) flux as well as MAPK
phosphorylation, increasing the migration and degranulation of neutrophils [17].
The surgery like cardiopulmonary bypass induced the lease of mtDNA and hyper-
expression of neutrophil IL-6 gene [44]. Critical illness like shock can also induce
the release of mtDNA accompanied with the overproduction of MMP-8/MMP-9
from neutrophils through TLRO signaling pathway linked with p38 phosphoryla-
tion, but not p44/42 of MAPK [45]. It indicated that a specific phosphorylation site
of MAPK is involved in mtDNA-induced neutrophil over-activation.

It is a challenge to identify and validate diagnostic biomarkers or therapeutic
targets from mtDNA, mtDNA-TLRY interaction, and TLR9-dependent signals,
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especially with disease specificity. Some epigenetic biomarkers were discovered
when mtDNA activated neutrophil through TLRY signaling in immune responses.
For example, mtDNA released by hepatocytes and activated neutrophils can cause
the occurrence of acute liver failure through TLR9 [37]. In such process,
microRNA-223 could be upregulated as a negative feedback to attenuate TLR9/
NF-kB-mediated inflammation and liver injury. It is questioned if microRNA-223
can be selected as the biomarker or target, since there are a large number of increased
molecules during the induction. It is also questioned whether those molecules are
stable and measurable in diseases; have the specificity of disease pathology, sever-
ity, and duration; as well as process biological specificity among the complex net-
works and interactions [46—48].

5 mtDNA and Autophagy Pathways

Autophagy as a lysosomal degradation pathway of cells is a process by which pro-
tein complexes are relocated into to the endolysosomal system for degradation.
Autophagy plays critical roles in the protection against internal and external chal-
lenges and in the pathogenesis of diseases [49]. mtDNA can gather with cathelicidin
antimicrobial peptide to form a complex and blind the autophagic recognition in
TLR9-mediated inflammatory responses [50]. mtDNA can activate NLR family
pyrin domain containing 3 (NLRP3) inflammasome complex, which is the activator
of NF-kB signaling and enables the recruitment and activation of caspase-1, an
important apoptosis protein in the innate immune system [21, 51, 52]. It is possible
that mtDNA is involved in the process of autophagy through overproduction of
inflammatory mediators and apoptotic signal pathways, since apoptosis can interact
with autophagy [53]. Of those signal pathways, the activation of TLR/NF-kB path-
way is a necessary priming step to upregulate NLRP3 and subsequent downstream
signaling. mtDNA activated NLRP3 inflammasome in the autophagy pathways. The
microtubule-associated proteinl light chain 3B/Beclin-1 can negatively regulate the
NLRP3 activation [54]. On the other hand, autophagy may be a negative regulator
of mtDNA-mediated inflammatory responses, since autophagy could inhibit
mtDNA-induced TLR9 overexpression accompanying inflammatory state [55]. The
release of mtDNA is accompanied by the secretion of protein that reside in autoly-
sosomes such as LC3-II and cathepsin D in sepsis patients [56]. It indicated that
mtDNA might be associated with LC3-II and cathepsin D in autophagy signaling in
the function of immune responses.

6 mtDNA and cGAS-STING Signaling Pathway

Mitochondria are the major source of damage-associated molecular patterns
(DAMPs). The cyclic GMP-AMP synthase (cGAS)/stimulator of interferon genes
(STING) signaling plays a central role in mtDNA activity. The heterozygosity of the
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histone-like mitochondrial transcription factor triggers the disruption and release of
mtDNA which can activate the STING-mediated pathway. The activation of the
STING pathway is correlated with cyclic GMP-AMP (cGAMP) synthase (cGAS)
[57]. The mechanism by which STING interacts with mtDNA is that STING as an
adapter transmembrane protein located in the endoplasmic reticulum is changed and
recruited into the Golgi after cGAMP is activated. After then, STING recruits tank-
binding kinase 1 and phosphorylates the transcription factor interferon regulatory
factor 3, to drive the transcription of type I IFNs such as IFNa and IFNp and initiate
the process of autophagy [58]. Through such mechanism, virus and toxicants may
induce the maturation of autophagosomes and the process of autophagy with the
involvement of Nrf2-ROS endosomal pathway [21, 59]. mtDNA promotes the anti-
virus immunity through STING signaling pathway [26].

Palmitic acid inhibits endothelial cell proliferation and mtDNA release to cytosol
through the activation of the cGAS-STING-IRF3 signaling [60]. After that, macro-
phage stimulating 1 (MST1) gene has been induced and Hippo-YAP pathway dys-
regulated, which caused angiogenesis suppression. Palmitic acid treatment can
disconnect the mtDNA-activated STING signaling, leading to IRF3 phosphoryla-
tion and induced intercellular adhesion molecule 1 (ICAM-1) expression [61].
ICAM-1 plays important roles in leukocyte migration and infiltration into the
inflamed tissue and development of organ dysfunction and injury, e.g., infection,
organ failure, and immune hyperresponsiveness [62]. A deletion of the ICAM-1
could ameliorate mtDNA-mediated neutrophil infiltration and liver injury [37]. A
large number of signal pathways are involved in the interaction between mtDNA
and autophagy, e.g., STING, MST1, and ICAM-1, which may become potential
therapeutic targets for the prevention and therapy for immune-regulated diseases.
STING was also an important player in the RIG-1-IFN pathway [63]. West et al.
found that [26] when deleting cGAS or STING in null mice, it exhibited signifi-
cantly impaired IFN secretion, reflecting mtDNA stimulation [64].

The mtDNA involved cGAS-STING pathway also has some actions in cell apop-
tosis. mtDNA activates STING/IRF3 which could interact with pro-apoptotic mol-
ecule, BAX/BAK, and leads to hepatocyte apoptosis in an alcoholic liver disease
model [15, 65]. mtDNA can stimulate cGAMP/STING signaling to upregulate the
expression of IFN and apoptotic genes, inducing IFN-dependent responses and cell
apoptosis [20, 66]. Furthermore, mtDNA released during BAX- and BAK-mediated
apoptosis can activate cGAS-STING-IRF3-type I IFN signaling responses and cas-
pase 9-associated responses. After then, caspases 3 and c7 and IFNs induce cGAS-
STING pathway which were activated by mtDNA released from dying cells and could
be silenced [67, 68]. Thus, mtDNA in IFN response and apoptosis reaction plays
critical roles in switch off/on between the immunological silence and inflammatory
reactions, to maintain the host immune homeostasis.
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7 mtDNA-Targeted Potential Therapies

A number of factors and signal pathways, e.g., TLR9, autophagy, and STING signal-
ing pathways, contribute to the immune responses and the mtDNA-caused immune
activation (Fig. 4.2). Simultaneously, the corresponding molecular inhibitors are being
discovered and developed for therapies. For example, ODN2088, a TLRY inhibitor,
could significantly ameliorate mtDNA-induced cardiac inflammation, spontaneous
hypertension, and tissue injury [41, 69]. Another TLR9 inhibitor, chloroquine, could
relieve the mtDNA-specific cell proliferative inhibition and TLR9-MAPK activation
which are not caused by nDNA [70]. Chloroquine can benefit patients with heart fail-
ure by inhibiting the mtDNA-induced TLR9-NF-kB activation [11]. The inhibitor of
autophagy, 3MA, could relieve the mtDNA-mediated liver cell injury [56].
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Fig. 4.2 Signaling pathways of mtDNA in immune responses. The picture elucidates the three
main signaling pathways of mtDNA in immune responses. In the first pathway, mtDNA activates
TLRY and then phosphorylates MAPK and NF-kB and promotes the transcript of interferon regu-
latory factor 7, which stimulates the secretion of IFNs. In the second pathway, mtDNA activates
the NLRP3 and increased the secretion of IL-1p and IL-18, and the autophagy proteins could
reverse this effect. In the third pathway of STING, mtDNA activates cGAMP-STING; STING then
recruits TBK1 and phosphorylates the IRF3 which drives the transcription of type I IFNs such as
IFNa and IFNp
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The mutation of mtDNA is involved in a number of immune diseases. Normally,
human immune surveillance recognizes mtDNA as self-antigen, while spontaneous
mutations and sequence changes of mtDNA occur and are recognized as foreign
subtracts by its own immune system for the immune responses, through the binding
to MHC ligand [71]. Various mutations of mtDNA occurred in D-LOOP region of
peripheral lymphocytes from patients with immune-related pancytopenia, corre-
lated with cellular IgM and IgG levels [72]. The mutation of mtDNA A3243G was
correlated with stroke-like episodes [73]. Between nDNA and mtDNA mutation,
specific mtDNA mutation enhanced tumor progression with the involvement of
ROS [74]. mtDNA mutation in complex I subunit 5 could gradually decrease oxida-
tive phosphorylation while increasing glucose-dependent lactate production to
enhance tumor growth [75].

Gene editing as a new strategy to cure mtDNA mutation can be an alternative to
develop new therapies. Clustered regularly interspaced short palindromic repeats
(CRISPR)-associated 9 (CRISPR-Cas9) system is rapidly developed and matured
for gene editing of nDNA, although there are still a number of challenges to be
faced [76-78]. mtDNA CRISPR-Cas9 is recently proposed as one of the novel ther-
apies for mitochondrial disease [87]. Using CRISPR-Cas9 technology, specific
sequences of mutated DNA can be deleted to treat patients with disease caused by
mutant mtDNA; a number of ethical considerations have been raised. The mito-
chondrial 16S rRNA can contribute to cell proliferation and can regulate NGRN,
WBSCR16, RPUSD3, RPISD4, TRUB2, and FASTKD? after the oxidative phos-
phorylation (OXPHOS) gene was edited using CRISPR-Cas9 [79]. The mitochon-
drial gene PGCla could influence the mitochondrial energetic metabolism and
suppressed metastasis of melanoma after gene editing (Fig. 4.3) [80].
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Fig. 4.3 CRISPR-Cas9 therapy for mtDNA mutant diseases. The picture stated that mtDNA-
related mutation genes such as NGRN, PGCl-alpha, TRUB2, etc. could be edited by CRISPR-
Cas9 systems. Then, the editing process resulted in the different responses to the immune system
which relieve the mtDNA mutation-related immune diseases
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8 Conclusion

mtDNA plays an important role in immune responses and the occurrence of immune
diseases, through the TLR9, autophagy, and STING signaling pathways. The inhibi-
tors of those signaling pathways can be strong candidates for new drug discovery
and development. mtDNA gene editing can be an alternative to treat mtDNA
mutation-dependent immune diseases, although it will need more efforts to be vali-
dated in the future.
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Chapter 5
Mitochondrial DNA in Telocytes

Dongli Song, Dragos Cretoiu, and Xiangdong Wang

Abstract Telocyte (TC) is a new identified interstitial cell type with a small nuclear
and one or several long and thin prolongations with enlargements on them. They
were found in many mammals including humans, mouse, rats, dogs, and monkeys
and play vital roles in many physiological and pathological conditions. The ultra-
structure of mitochondria was observed in TCs, and the alterations were found in
TCs from inflammatory ureter tissue. MtDNA is associated with mitochondria nor-
mal functions and involved in physiological and pathological processes. However,
mitochondria and mtDNA in TCs were not investigated deeply. This review will
introduce the origin, distribution, morphology, and functions of TCs and the distri-
bution and functions of TC mitochondria in order to improve a better understanding
of the potential functions of mtDNA in TCs.
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1 Introduction

Telocyte (TC), a new identified cell type, is a kind of interstitial cell. It is different
from stem cells and fibroblast from the characteristic features; one or several long and
thin prolongations with enlargements on them, named telopodes (Tps); and specific
markers detected by immunocytochemistry. TCs are distributed widely in many
organs and tissues in human bodies, and they were also found in many other mam-
mals, i.e., mouse, rats, dogs, and monkeys. The roles of TCs include embryogenesis,
homeostasis, regeneration, remodeling, repair, angiogenesis, and tumorigenesis.

Energy production is the main function of mitochondria; besides, ATP transport
and stress responses are involved in mitochondria. MtDNA is the own genome that
the mitochondria individually encapsulate. Mitochondria were observed in the cyto-
plasm of TCs under scanning electron microscope. The roles of mitochondria and
mtDNA in TCs should not be ignored; however, there is no direct research on the
roles of them under biological and pathological process [1]. Therefore, we will sum-
marize the functions of mitochondria and mtDNA involved in the physiological and
pathophysiological roles of TCs and supply perspectives of TCs associated with
mitochondria and mtDNA.

2 Brief Introduction of TCs

2.1 Discovery of TCs

The beginning of TCs is from 100 years ago, when S. Ramon y Cajal discovered a
cell type in the gut and named it “interstitial neuron” [2]. This type of cells has fea-
tures looking like neurons and located in the interstitial. Although the existence of this
cell is controversial in the scientific community after discovery, their ultrastructure
was observed, and the existents were demonstrated by the application of electron
microscope [3]. Then, they were demonstrated not neurons by L. Thuneberg and
named interstitial cells of Cajal (ICC) later [4]. When Popescu and his team looked
for Cajal cells in the pancreas, “interstitial neurons” were found, and these cells were
named interstitial Cajal-like cells (ICLC) by a series of publications [5]. After Popescu
distinguished ICLC from ICC in 2010, the name “telocytes” was proposed instead of
Cajal-like cells. The brief history of TCs discovery was summarized in Fig. 5.1.

2.2 Cell Morphology and Ultrastructural Aspects

TCs were described as small cell body with one to five long and thin prolongations,
named telopodes (Tps), containing dilatations termed podoms and podomeres. And
the presence of Tps is the most characteristic feature of TCs. Mitochondria, small
Golgi apparatus, endoplasmic reticulum, and lipid blobs were shown in the cyto-
plasm of TCs (Fig. 5.1). The morphology of TCs is similar with the phenotypes of
fibroblasts, pericytes, and neurons, while neurons have more prolongations with
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Fig. 5.1 The brief discovery history of telocytes. S. Ramon Cajal discovered “interstitial neurons”
in the muscle coat of the gut in 1911. Faussone-Pellegrini MS observed ultrastructure of ICC in the
esophagus and stomach in 1977. Popescu and his team found an “interstitial neuron” in the pan-
creas which is called ICLC in 2005. Popescu distinguished “ICLC” from ICC by different ultra-
structure and gave it a new name, TELOCYTE, in 2010

complex branches and no expansions like Tps on the cell body. Synapses are differ-
ent with Tps since they are located in the terminal of a neuron and can form synaptic
junction. The cell body of pericytes is flattened with various shapes, and their nuclei
are elongated and fail to have Tps [6]. Table 5.1 demonstrates the comparisons of
ultrastructure of TCs with other interstitial cells including fibroblast-type interstitial
cells, myoid interstitial cells, and branched interstitial cells [7].

The shape of cultured TC body depends on the number of Tps including piri-
form, spindle, triangular, and stellate shaped corresponding to one to four or more
Tps, respectively [8]. The formation of the shapes of TCs mainly depends on move-
ment, presented as cellular polymorphism [9]. Mitochondria, Golgi, actin, and
endoplasmic reticulum were also observed by molecular probes using laser scan-
ning confocal microscope (Fig. 5.2). TCs can release exosomes as biological media-
tors, and cultured TCs produce exosome as well (Fig. 5.3).

2.3 Immunophenotypes of TCs

TCs show a broad range of staining affinity positive to CD117/c-kit, caveolin-1,
vimentin, CD34, desmin, S-100 protein, and progesterone and estrogen receptors
alpha. However, the immunophenotypes of TCs are dependent on organs, tissues,
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Table 5.1 Morphology and ultrastructural features of telocytes and three types of fibroblasts

Cell types
Myoid Branched

Fibroblast-type | interstitial interstitial

interstitial cells | cells cells Telocytes
Cell body Large Sheet like Thin Flat

(1-4 pm)

Cytoplasm Plenty

(prominent)
Process Slender Slender Very thin
Nucleus
Number of Variable 1-5
prolongations number
Branching of the Dichotomic
prolongations pattern
Sprouting of the Thin
prolongations out of the
cell body
Length of the Short Long Very long, tens
prolongations of micrometers
Podomeres No No Yes Yes
Podoms No No Yes Yes
Mitochondria Abundant Little and Yes

small

rER and sER Prominent Little Yes
Basal lamina No No
Microfilament bundles | No Yes Yes
Fibronexus-type No No Numerous
adhesion plaques
Intercellular junctions No Few Yes Yes

and embryonic periods. TCs are located in the gastrointestinal tract and do not
express c-kit [10]. TCs in the skeletal muscle of human and rat interstitium express
c-kit, caveolin-1, vimentin, and VEGF. TCs in lung tissue are positive reactions for
c-kit, vimentin, and CD34. Double immunolabeling for c-kit/CD34 and for c-kit/
vimentin is used to identify epicardial TCs and myocardial TCs in humans. The
expression of c-kit of myocardial TCs was different during the embryonic life since
c-kit-negative TCs were observed during the early stage of embryonic and in new-
borns [11]. No single immuno-marker can identify TCs alone, since there are CD34*
stromal cells, fibroblasts, fibrocytes, TCs, and mesenchymal cells [12].

TCs belong to the endothelial lineage since they share the similar markers of
CD34 and PDGFR-a with endothelial cells, CD34 with endothelial progenitor cells,
and a-SMA with pericytes in larger vessels. However, the characteristic structure of
Tps and double immunolabeling for CD34/c-kit c-kit/vimentin expression were
ignored [13]. Moreover, TCs were demonstrated with stem cells and fibroblasts on
morphology, ultrastructure, and profiling [14—18].
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Fig. 5.2 The ultrastructure
of telocytes under
transmission electron
microscopy. Cultured
telocytes were observed
under transmission
electron microscopy, and
the mitochondria were
indicated with black
arrowhead

Fig. 5.3 Exosomes
released by cultured
telocytes (Under
transmission electron
microscopy). Exosomes
were isolated from cultured
telocytes and observed
under transmission
electron microscopy
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2.4 Location and Roles

TCs are located in the various organs and tissues, including the heart, thoracic duct,
trachea and lungs, pancreas, liver, gallbladder, spleen, cornea, skin, pleura, bone
marrow, meninges, choroid plexus, dura mater, urinary system, uterus, oviduct,
gland, placenta, testicles, prostate, parotid gland, pleura, minor salivary glands, gas-
trointestinal tract, mesentery, fascia lata, temporomandibular joint disc, skeletal
muscles, blood vessels, neuromuscular spindles, and trigeminal ganglion. They
were also discovered in cancerous tissues: squamous cell carcinoma and basal cell
carcinoma, mammary gland carcinoma, as well as in non-small-cell lung cancer
(Fig. 5.4). TCs are involved in physiological and pathophysiological processes.
They were first considered to be communication cells, and the classical roles of TCs
were regeneration and repair. Activated CD34+ SC/TCs were considered to be the
substrate of tissue repair through granulation tissue [19].

TCs play an essential role in maintaining the integrity of the myocardium and in
the regeneration of damaged myocardium. The pretransplantation of TCs and the
combination with MSCs will relieve lung tissue inflammation and improve airway
hyperresponsiveness and could be a new therapeutic role for asthma [20].
Pretreatment of TCs decreases the infarct size and improves myocardial functions
during myocardial infarction. Translation of TCs increased angiogenesis at the
infarct site, decreased myocardium fibrosis, and improved pathological reconstruc-
tion of ventricles [8, 12, 21]. Macromolecular assembly would be one type of
TC-CM connection that is essential for cardiac development, renewal, repair, and
cardiac physiology. Calcium signaling is another mechanism involved in TCs in

Fig. 5.4 Telocytes in
tumor tissue of non-small-
cell lung cancer. Tumor
tissue of non-small-cell
lung cancer was isolated
and observed under
transmission electron
microscopy. Telocytes
were indicated with black
arrow, and telopodes were
indicated with black
arrowhead
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cardiac pathologies [22]. TCs were involved in inflammatory/repair processes in
intestine diseases, including appendicitis, diverticulitis of the large bowel, and
Crohn’s disease of the terminal ileum, and mediated inflammatory, proliferative,
and remodeling [23].

Recently, the roles of TCs in tissue homeostasis maintenance, organ develop-
ment regulation, and immune surveillance were found. TCs were demonstrated to
mediate liver regeneration and could give therapeutic effects on liver fibrosis. TCs
in the spleen might alleviate the progress of splenic malfunction via recruiting
hematopoietic stem cells and macrophages in type C1 Niemann-Pick disease. TCs
are potential functional players in local immunoregulatory and immunosurveillance
in gynecologic diseases and infertility. TCs in the prostate were in normal metabo-
lism and prostate development [9].

3 Mitochondria in TCs

3.1 Distribution of Mitochondria in TCs

Accommodate mitochondria marked with Janus Green and MitoTracker were
shown in TCs of lung tissue and they located in TC cell body and as well as the level
of podoms. Mitochondria were observed under transmission electron microscope
together with vesicles accommodated in the thick bead-like portions of TCs which
are named podoms. Although the cell body of TCs was small, their cytoplasm con-
tained numerous mitochondria. Significant accumulations of mitochondria were
present within some of the podoms as well. The vesicles together with mitochondria
in podoms are including endoplasmic reticulum and caveolae and alternate with
podomeres. Ribosomes were observed existing nearby mitochondria in Tps of TCs
from lung tissues under transmission electron microscopy [20].

Mitochondria were swollen and had a clear matrix, and few cristae in TCs of dif-
ferent stages of systemic sclerosis of the skin indicate that mitochondria in TCs dis-
play ultrastructural abnormalities. And the ultrastructural abnormalities of numerous
swollen mitochondria were shown in advanced diffuse cutaneous systemic sclerosis
of the skin. Few mitochondria and cisternae of endoplasmic reticulum and a small
Golgi apparatus were observed in advanced limited cutaneous systemic sclerosis of
the skin indicating the content of mitochondria would change in diseases [24].

3.2 Mitochondrial Respiration and ATP Production in TCs

The central role of mitochondria is energy production. Mitochondria oxidate food
molecules and convert energy in the form of ATP that fuels cell functions.
Mitochondrial efficiency has been suggested to be a major physiological adaptation
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for regulating energy homeostasis in extreme environmental conditions of starva-
tion [25]. The motility of TCs with rich mitochondria in Tps suggest that energy
providing of mitochondria for movement of TCs [9].

Furthermore, the hypothesis of an ischemic injury is strongly supported by the
presence in TCs of numerous swollen mitochondria and extensive cytoplasmic vac-
uolization [24]. Mitochondria are involved in human diseases, including acute lung
injury, myocardial infarction, and many tumor types. Mitochondria mediate oxida-
tive stress and DNA damage, trigger death signals inside the cells, and regulate cell
apoptosis pathways. The release of cytochrome ¢ and apoptosis-inducing factor and
caspase activation by mitochondria are the mechanisms of apoptosis regulations.
Variation in the amount of ATP has significant consequences at all levels of biologi-
cal organization, including energy homeostasis, tissue function, disease patholo-
gies, and normal aging [26-28]. Levels of small heat shock proteins in mitochondrial
of the failing heart following myocardial infarction were decreased and the induc-
tion of small heat shock proteins mediated by geranylgeranylacetone improved
mitochondrial function and augment cardiac contractile function in rats myocardial
infarction model. Ultrastructural alterations including swollen mitochondria in TCs
may indicate a cellular degenerative process in early diffuse cutaneous systemic
sclerosis and be more marked in the advanced stage of both systemic sclerosis sub-
sets [24].

The mechanisms involved in mitochondrial fragmentation in tissue injury had
been studied. Ultraviolet B radiation damages mitochondria and reduces ATP pro-
duction by increasing reactive oxygen species (ROS) formation [29]. AKT/PKB
signaling pathway was involved in mancozeb induces a mild oxidative stress, affects
mitochondrial activity and ATP production in mouse and human granulosa cells
[30]. Glucocorticoid receptor-y has the role in modulating mitochondrial function,
including increased mitochondrial mass, basal respiration, and ATP generation [31].
E2F1/miR-421/Pink axis was found to be a promoter of mitochondrial fragmenta-
tion, cardiomyocyte apoptosis, and myocardial infarction [32]. Recent research sug-
gested pyrimidinol antioxidant analogues as potential therapeutic agents for
neurodegenerative and mitochondrial disorders since they suppressed lipid peroxi-
dation and reactive oxygen species (ROS), to preserve mitochondrial membrane
potential and support ATP production [33].

3.3 Endoplasmic Reticulum-Mitochondria Interactions in TCs

It is not difficult to find from the ultrastructure of TCs that mitochondria are usually
nearby endoplasmic reticulum which creates the physical basis for the endoplasmic
reticulum (ER)-mitochondria interactions in TCs. The endoplasmic reticulum-
mitochondria encounter structure (ERMES) is a protein complex that is located in
the ER-mitochondria interactions, associates the two organelles to each other physi-
cally, creates communication between them, and plays roles in the regulation of
various cellular functions: Ca’* homeostasis, mitochondrial dynamics, transport,
autophagy, ER stress, apoptotic signaling, and inflammation [34].
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Alterations of the ER-mitochondria axis could be responsible for the onset and
progression of several diseases, including neurodegeneration, cancer, and obesity
[35]. ERMES exchanges calcium (Ca®"), regulates cellular homeostasis, controls
hepatic metabolism, and plays a central role in metabolic inflexibility and insulin
resistance during the procession of hepatic metabolic diseases [34]. Enriched
ER-mitochondria interaction could increase mitochondrial Ca?* which is associated
with increased apoptosis and compromised cytoplasmic maturation in oocytes from
obese mice models. Downregulation of ERMES-related protein IP3RI1 and
PACS-2 in oocytes from obese mice decreases mitochondrial Ca?*, reduces the rate
of apoptosis, and improved cytoplasmic maturation of oocytes from obese mice.
This findings suggest ERMES should be a therapeutic target for obesity-induced
oocyte defects [36]. The stimulation of ER-mitochondria cross talk could inhibit
apoptotic pathways in STZ-induced type I diabetes [37]. Manipulation of
ER-mitochondria interaction on Ca*" flux is the key mechanism underlying the
action of several tumor suppressor and oncogenic genes. Besides, providing asylum
to a number of proteins with oncogenes and tumor suppressor properties represents
one of the key functions of ER-mitochondria [38].

3.4 Mitochondria and Cancers

TCs showed promotion on typical breast structure assembly, induced breast cancer
cell proliferation, and inhibited apoptosis, mediated or associated with mitochondria.
Moreover, the ultrastructure of TCs was investigated in tumor stroma in basal cell
carcinoma and squamous cell carcinoma using transmission electron microscopy
[39]. Since Ca?* signaling-mediated tumor-stroma interaction is necessary for tumor
progression and ER-mitochondria interaction in TCs is involved in exchanges of
Ca?* [34], mitochondria of TCs are probably involved in tumor-stroma interaction.
Myricetin-activated caspase cascades upregulated the release of apoptosis-inducing
factor, induced the mitochondria dysfunction, and finally led to the death of human
papillary thyroid cancer cells. Those results provided therapeutic agents for human
thyroid cancers [40, 41]. Reactive oxygen species (ROS) induction and alterations in
mitochondrial membrane potential induced by caffeic acid n-butyl ester were deter-
mined to be the mechanisms involved in A549 cell death induction [42].

4 Mitochondria DNA in TCs

Mitochondrial DNA (mtDNA) is located near the inner mitochondrial membrane
and electron transport system, making it prone to oxidative stress from the electron
transport system. Human mtDNA, similar to that of its bacterial ancestors, is a
double-stranded circular molecule. On one hand, the mtDNA encodes the mito-
chondrial respiratory chain complex associated protein under physiological condi-
tions. On the other hand, mtDNA is generally released and plays an important role
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in the development of different kinds of inflammatory diseases, including acute and
chronic ischemic diseases, traumatic brain injury, and infectious diseases. Moreover,
expression of mtDNA-encoded genes is largely regulated by mtDNA copy number
[43].

4.1 mtDNA Injuryin TCs

mtDNA oxidative damage resulted in acute lung injury and was demonstrated in rat
cultured pulmonary artery endothelial cells, perfused lungs, and intact mice. ROS,
one of second messengers, were involved in [44]. Human uterus TCs are considered
to be mechanical sensors and involved in transferring a signal which leads to the
activation of gene expression [45]. PI3K signaling pathways was found mediated
oxidative mtDNA damage and accompanied molecular patterns in the development
of trauma-related multiple organ dysfunction syndrome. Pretreatment with the PI3K
inhibitor LY294002 resulted in damage suppression and indicates a new strategy for
preventing mtDNA damage and associated inflammatory factor release and prevents
patients from trauma-related multiple organ dysfunction syndrome [46].

Alterations of mtDNA sequence caused by heteroplasmic mtDNA variants have
been detected in types of tumors. Urinary bladder carcinoma would release tumor
cells with high copy number of tumor-derived mtDNA into bodily fluids. Recently
researchers studied mtDNA copy number in patients with head and neck cancer and
compared with that of malignancy-free controls. The results showed significantly
higher mtDNA copy number in head and neck cancer patients, and the mtDNA copy
number was associated with cancer stage and survival. A study on 109 gastric can-
cer samples showed that mitochondrial DNA copy number was significantly higher
in cancer tissue compared with that in the adjacent normal mucosa and might be
involved in gastric cancer initiation and progression. Bacteria of the gastrointestinal
tract including Helicobacter pylori and Enterococcus faecalis were demonstrated to
induce genomic instability and mitochondrial dysfunction in cancer [47].

4.2 mtDNA Copy Number Disorders in TCs

TCs are involved in inflammation and regeneration. mtDNA release can mediate acute
and chronic inflammatory diseases, including acute lung injury, rheumatoid arthritis,
and acute myocardial infarction, by activating neutrophils and inducing inflammation
and regeneration. Higher plasma leukocyte mtDNA copy number would be a select-
able prognostic biomarker in myocardial infarction patients since they were associ-
ated with improvement of left ventricular shape and myocardium remodeling [48].
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Mitochondria damage resulted in the release of mtDNA into blood circulation
which activates inflammatory signaling pathways and tissue injury. The accumulation
of mtDNA and inflammatory factors, such as TNF-a and IL-6, was detected in the
plasma of thermal injury rat models and caused severe ARDS. Moreover, inflamma-
tory factors would recruit neutrophils to the alveolar capillary membrane, release
various proteases, and cause endothelium damage. Injection with mtDNA signifi-
cantly augments the concentrations of inflammatory factors. Limiting mtDNA
release by epigallocatechin gallate would relieve acute lung injury and have a pro-
tective role on acute respiratory distress syndrome (ARDS) in a rat model [49].

5 Conclusion and Perspectives

Although the mitochondria and mtDNA of TCs and the signaling mechanisms are
incompletely understood, great therapeutic opportunities were opened for predomi-
nantly organs and diseases, on which mitochondria and mtDNA have vital roles.
Targeting mitochondria and mtDNA of TCs may provide a novel prognostic bio-
marker for diseases. The single-cell biology is an alternative to explore human telo-
cyte biology and heterogeneity, although we should consider the irregular shapes of
telocytes which make the single-cell isolation more difficult [50-54]. Telocyte
mtDNA should be furthermore investigated and compared with mtDNA of other
interstitial cells as well as own nDNA by rapid development of clustered regularly
interspaced short palindromic repeats [55-57]. One of the most difficult challenges
is to discover and develop telocyte-specific biomarkers to monitor telocyte evolu-
tion, differentiation, and development, which are reliable, repeatable, measurable,
and targetable, as described for criteria of other biomarkers [58—65].
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Chapter 6
Roles of Mitochondrial DNA in Energy
Metabolism

Jiapei Lv, Madhav Bhatia, and Xiangdong Wang

Abstract Mitochondria are independent double-membrane organelles responsible
for energy production, specifically by completing oxidative phosphorylation.
Mitochondria are essential to regulate energy metabolism, signaling pathways, and
cell death. Mitochondrial DNA (mtDNA) can be altered by metabolic disorders,
oxidative stress, or inflammation in the progression and development of various
diseases. In this chapter, we overview the role of mtDNA in energy metabolism and
the diseases that are associated with mtDNA abnormality, with a special focus on
the major factors which regulate the mechanism of mtDNA in metabolism.
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TFAM Mitochondrial transcription factor A
TFB2M Mitochondrial transcription factor B2
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1 Introduction

Mitochondria are the powerhouse in cells where most of the metabolic energy is
generated for cellular use by many metabolic pathways, including citric acid cycle,
oxidative phosphorylation (OXPHOS), oxidation of fatty acids, ketogenesis, por-
tions of the pathways related to urea cycle, heme synthesis, or gluconeogenesis
[1-3]. The functions and contents of mitochondrial DNA (mtDNA) vary according
to a large number of factors and physiopathological changes. Recent study covered
310 human subjects and found the correlation between increased peripheral blood
mtDNA content with low metabolic score, high neutrophil-to-lymphocyte ratio, and
overproduction of inflammatory mediators [4]. It seems that an imbalance of sys-
temic metabolisms and immune responses can change mtDNA vulnerability to oxi-
dative stress, energy homeostasis, senescence, and aging [5].Single species of
mtDNA deletion develops to high heteroplasmy during clonal expansion. Primary
mitochondrial disorders can change mtDNA molecules and metabolic rate by sign-
ing transcriptional elements to affect the rate of clonal expansion in single cells [6].

Transcriptional elements, e.g., mitochondrial transcription factor A (TFAM) and
mitochondrial transcription factor B2 (TFB2M), play the important roles in the
regulation of nuclear-encoded single-subunit RNA polymerases in transcription of
the mitochondrial genome [7, 8] TFAM as a DNA-binding protein maintains tran-
scriptional activation and mtDNA organization [8]. The primary part of TFB2M
stabilizes the open promoter complex and thaws the promoter by coinstantaneous
binding of the priming substrate and the templating DNA base [9]. Transcription
factors play critical roles in the regulation and bridging of signaling and interactions
between mtDNA and mitochondria-dominated metabolism, mitochondrial dysfunc-
tion and drug metabolism, or mitochondrial metabolism and cell apoptosis/autoph-
agy [10-13]. In this chapter, we will focus on the mechanisms of mtDNA in energy
metabolism and the pivotal factors in mtDNA transcription.

2 Function of mtDNA in Energy Metabolism

Mitochondria execute multiple essential functions, such as OXPHOS, which gener-
ates energy, for ATP formation, by the electron transport chain (ETC) complexes in
the inner mitochondrial membrane. Complexes I, I, III, and IV constitute the ETC,
of which complex V is the ATP synthase [14]. Hydrogen atoms produced from dif-
ferent catabolic pathways bind to flavin adenine dinucleotide and nicotinamide
adenine dinucleotide (NAD+) to yield FADH2 and NADH, respectively. NADH is
oxidized by NADH dehydrogenase (complex I), whereas the electrons are trans-
ferred through multiple iron—sulfur (Fe-S) and flavin mononucleotide centers in
complex I until they are transferred to coenzyme Q10 (CoQ10). CoQ10 receives
hydrogen atoms from FADH?2 produced by p-oxidation and the tricarboxylic acid
enzyme succinate dehydrogenase (complex II). Electrons are subsequently
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Fig. 6.1 Mitochondria are the place where oxidative phosphorylation proceeds, complexes I, II,
III, and IV constitute the electron transport chain, or complex V acts as the ATP synthase. Diverse
mitochondrial genome regions regulate the activities of complexes I, III, IV, and V, respectively,
whereas complex II is controlled by nuclear genome

transported from CoQ10 to bcl complex (complex IIT) within which the electrons
move through the Fe-S components, cytochrome b, and cytochrome cl [15]. The
electrons which transfer the electrons to cytochrome c¢ oxidase (complex 1V) are
then transferred from complex III to cytochrome c. Ultimately, the electrons are
transferred through copper centers and cytochromes a and a3 and combine with O,
to generate H,O within this complex. The energy is released during electron transfer
and accustomed to pump protons from inside the mitochondrial matrix across the
inner mitochondrial membrane into the intermembrane space through complexes I,
III, and IV. The resulting electrochemical gradient impels protons to move back
through a proton channel in ATP synthase (complex V), which use this energy in
compounding ATP. Both mtDNA and nuclear DNA (nDNA) encoded the ETC com-
plexes, of which multipolypeptides are encoded entirely by nDNA except for com-
plex II (Fig. 6.1) [16].

The mtDNA encodes 13 most significant OXPHOS polypeptides, including 7 of
the 45 polypeptides of OXPHOS complex I (ND1-3, ND4L, ND4-6), 1 of the 11
polypeptides of complex III (cytochrome b, cytb), 3 of the 13 polypeptides of com-
plex IV (COI-III), and 2 of the 15 polypeptides of complex V (ATP6 and 8) [17].
mtDNA deletions are formed, critical mutation threshold level reduces, and then the
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biochemical vulnerability occurs. High levels of mtDNA deletion and depletion fre-
quently contributed to certain abnormalities, containing complex I, III, IV, and V
dysfunction through the reduction of COX expression [18]. However, in the unex-
plained population of respiratory-deficient fibers, the patterns of complex I and
complex IV subunits had little difference between the population explained by
mtDNA deletions and mtDNA depletion (Fig. 6.1) [19].

3 Mitochondrial DNA Changes in Human Metabolism
Diseases

Mitochondrial proteins are encoded by nuclear and mitochondrial genomes.
Chromosomes include more than 1000 nuclear-encoded mitochondrial genes, while
mtDNA contains only 37 genes encoding 13 messenger RNAs for essential peptides
of respiratory chain complexes, 22 transfer RNAs, and 2 ribosome RNAs [20].
Although mtDNA-encoded proteins represent a minor part, mtDNA mutations
cause the major part of mitochondrial dysfunction due to the deficiency of energy
production, and the consequence of organ dysfunction and injury, since the mito-
chondria-dominated energy productions are critical and necessary to satisfy the
demands for diversified organs, including the central nervous system, cardiac and
skeletal muscles, liver, pancreas, and endocrine system (Fig. 6.2) [21].

The cardiac muscle, similar to the skeletal muscle, has a high demand for ATP
and is governed by mitochondrial high-energy phosphate production. Compared
with cardiomyopathy children without mitochondrial diseases, the mortality of car-
diomyopathy patients with mitochondrial diseases is significantly higher [22].
mtDNA can cause the deficiency of the OXPHOS in the cardiac muscle. mtDNA
mutations, e.g., MTND1 and MTNDYS, in cardiomyopathy might encode complex I
subunits [23], and the MTCYB gene encoding cytochrome b leads to complex III
deficiency and mutations in individuals with histiocytoid, dilated, and hypertrophic
cardiomyopathies [24]. Such cardiomyopathies occurred in complex IV deficien-
cies related to mutations in complex IV subunit genes (MTCO2, MTCO3, and
COX6B1) and complex IV assembly factor genes (SCO2 and SURF1) [25].

mtDNA also serves as a key regulator to impel and maintain inflammation in the
cardiac muscles and escapes from autophagy cell autonomously. mtDNA regulates
Toll-like receptor 9-mediated inflammatory responses in cardiomyocytes and
induces dilated cardiomyopathy and myocarditis [26]. Any genetic manipulation
leading to prominently decreased mtDNA could accelerate the aging process and
cause the adverse myocardial remodeling and dysfunction. In aortic wall, decreased
mtDNA content preceded the development of perceptible atherosclerotic lesions
[27].

Mitochondrial dysfunction leads to the fat imbalance and an overproduction of
reactive oxygen species (ROS) in hepatocytes. The ROS induce fatal hepatocyte
injury related to nonalcoholic fatty liver disease. Oxidative stress may break the
homeostasis at cellular level, such as cell death by apoptosis, cell degeneration and
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Fig. 6.2 Mutations of mtDNA lead to vulnerabilities of electron transport chain complexes to
challenges and cause mitochondrial dysfunction due to the deficiency of the energy production to
meet the demands for various organs

necrosis, membrane lipid peroxidation, overproduction of proinflammatory cyto-
kines, hepatic stellate cell activation, or fibrogenesis [28-31]. Different types of
mtDNA damage can cause point mutations and deletions, increase
8-hydroxydeoxyguanosine level, and the development of nonalcoholic fatty liver
disease [29, 32]. Levels of mutations in the mitochondria-encoded subunit I and
subunit IT genes of complex I and complex IV are higher in patients with nonalco-
holic fatty liver disease than those with fatty liver alone [33]. On the other hand, the
expression of enzymes in lipid metabolism is downregulated, including CPT1 and
acyl-CoA synthetase genes in the translocation of long-chain fatty acids or other
enzymes involved in B-oxidation, leading to the accumulation of long-chain fatty
acids in plasma. Defective f-oxidation is probably responsible for the ANTP deple-
tion and gradual loss of liver mtDNA [34].

Insulin release from pancreatic f-cells is governed by plasma glucose levels via
mitochondrial fuel metabolism. The insulin secretion is critically dependent on
mtDNA and the proteins mtDNA encodes. In diabetes, mitochondrial dysfunction
or decreased mtDNA copy number can cause insulin resistance and dysregulation of
lipid metabolism [35]. Mitochondrial regulation of pB-cell function occurs through
many various pathways, including maintenance of mitochondrial mass, generation
of reactive oxygen species, metabolic coupling, or interaction with other cellular
organelles [36, 37]. For example, loss of TFB2M led to diabetes due to disrupted
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transcription of mtDNA and reduced mtDNA content [38]. The mitochondrial dys-
function activated compensatory mechanisms limit the dysfunction and damage of
fB-cells, through the mitochondrial unfolded protein response, mitophagy, and
autophagy.

Cell-protective systems were overridden, leading to mitochondrial dysfunction
and activation of mitochondrial-dependent apoptotic pathways. Cell function and
mass were reduced. These perturbations resulted in impaired insulin secretion, pro-
gressive hyperglycemia, and the development of diabetes [39]. The exact mechanism
by which multiple mtDNA deletions accumulate with age in other highly respiring
tissues remains unclear during cell dysfunction, although mtDNA content does
decrease with age [40]. Based on age-related accumulation of mtDNA mutations and
deletions in decreased mtDNA content, mtDNA decrease may accelerate age-related
vulnerability for mitochondrial dysfunction. With the addition of increased insulin
requirements by obesity, susceptibility to age-dependent mitochondria genome
instability could be a potential factor to age-related p-cell failure [41].

4 Major Factors of Mitochondrial DNA in Energy
Metabolism

mtDNA transcription is regulated by mitochondrial RNA polymerase (POLRMT),
TFBIM, TFB2M, and TFAM [42, 43]. The mitochondrial methyltransferase
TFB1M depends on its primary sequence, similar to the yeast transcription factor
mtTFB [44]. By methylating 12SrRNA, TFB1M regulates the expression of mito-
chondrial genes and ribosome subunit assembly, while the loss of TFB1M leads to
the origin of the small ribosomal subunit damage and the unaffected transcription
[45]. Either TFB1M mutation or overexpression in the nearby ribosomal sequence
is associated with hypermethylation, to activate the proapoptotic transcription factor
E2F1, increase mitochondrial reactive ROS, alter mitochondrial OXPHOS defects
and ribosome function, or culminate in the progressive loss of critical cells [46]. For
example, a common single-nucleotide polymorphism of TFB1M locus has a strong
correlation with a decreased complex I activity and content in human pancreatic
islets and increased risk D for diabetes in females [44].

There is another mtTFB homolog, the mitochondrial methyltransferase TFB2M,
in mammalian cells [39]. Both TFB1M and TFB2M in sequence are similar to a
large family of rRNA methyltransferases in archaea, bacteria, and eukaryotes [39].
TFB1M usually stands for the original methylation, while TFB2M without the
methyltransferase activity represents a gene replication for a specialized mitochon-
drial transcription factor [47-49]. TFB2M can facilitate the biogenesis of transcrip-
tion from light-strand promoter and the heavy-strand promoter 1 in the appearance
of single-subunit POLRMT and TFAM (Fig. 6.3) [39]. TFB2M is essential for the
structural changes that occur around the transcription initiation site and for the for-
mation of the first phosphodiester bond [9]. Mitochondrial TFB2M controls the
transcription of mitochondrial-encoded genes. Loss of TFB2M leads to diabetes
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Fig. 6.3 A model of transcription initiation on light-strand promoter and heavy-strand promoter
which is located in D-LOOK region in human mitochondria DNA. TFAM, TFB2M, and POLRMT
are bound to the upstream site. The resulting POLRMT + TFAM + TFB2M promoter DNA com-
plex plays an important role in maintaining mtDNA transcription and replication (Abbreviation:
TFAM, mitochondrial transcription factor A; TFB2M, mitochondrial transcription factor B2;
POLRMT, single-subunit RNA polymerase)

due to disrupted transcription of mtDNA and reduced mtDNA content [S0]. TFAM
and TFB2M were the only two essential initiation factors to activate transcription of
the mitochondrial genome, as well as light-strand promoter and heavy-strand pro-
moter 1 [51].

TFAM is a high-mobility group class protein, binds to mitochondrial DNA, and
protects a region 14-35 bp upstream of the light-strand promoter transcription ini-
tiation site [52]. TFAM induces the assembly of the initiation complex by causing
initial melting of the promoter and inducing POLRMT-TFB 1M and/or POLRMT-
TFB2M [53]. As a sequence-specific transcription factor, TFAM serve as a key
regulator to maintain normal levels of transcripts from the light-strand promoter and
the heavy-strand promoter 1 of the mtDNA [54], since truncated transcripts from
light-strand promoter are used to prime DNA synthesis during mtDNA replication.
Thus, lacking TFAM can impair mtDNA transcription and fail to maintain mtDNA
stability, resulting in bioenergetic failure and embryonic lethality [55-57]. In addi-
tion, TFAM is necessary for energy production from oxidative phosphorylation
because of its function of encoding for 13 essential components of the respiratory
chain. mtDNA can decide the expression and activity of a large number of
metabolism-involved proteins indirectly through the signal of transcriptional factors
or ROS or directly through the release of mtDNA. For example, Nrf2 signaling
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pathway can be activated to reduce mtDNA release or overproduction of ROS or
inflammatory mediators by enhancing autophagy [30, 58—60] is questioned what
kind of role the autophagy plays between mtDNA and mitochondrial metabolism,
whether the mtDNA can regulate the formation of autophagy during the metabo-
lism, or whether the autophagy just plays a role in the clearance of damaged mito-
chondria or in the prevention from metabolic toxicity [61-65].

5 Conclusion

Mitochondria play a significant role in oxidative phosphorylation, autophagy, and
apoptosis. Changes in mtDNA may disturb a number of metabolic processes and
lead to the abnormal function of the cell. mtDNA encodes 13 most significant
OXPHOS polypeptides. Deletions or mutations of mtDNA lead to a disorder in
OXPHOS in the involved regulation of mitochondrial transcription factor TFAM
and TFB2M. TFB2M is essential for the structural changes, whereas TFAM plays
an important role in protecting a region upstream of the transcription initiation site.
Although mtDNA has been shown to play a significant role in experimental models
of various diseases, the values in clinic still need to be explored. More exact mecha-
nism by which each mtDNA gene regulates the specific metabolism and control the
metabolic process can be investigated by using clustered regularly interspaced short
palindromic repeats in single cell [66—68]. We hope that active research in this
direction will help us better understand disease processes and lead to the develop-
ment of novel therapeutic approaches.
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Chapter 7
The Role of DNA Repair in Maintaining
Mitochondrial DNA Stability

Linlin Zhang, Aurelio Reyes, and Xiangdong Wang

Abstract Mitochondria are vital double-membrane organelles that act as a “pow-
erhouse” inside the cell and have essential roles to maintain cellular functions, e.g.,
ATP production, iron-sulfur synthesis metabolism, and steroid synthesis. An impor-
tant difference with other organelles is that they contain their own mitochondrial
DNA (mtDNA). Such powerful organelles are also sensitive to both endogenous
and exogenous factors that can cause lesions to their structural components and
their mtDNA, resulting in gene mutations and eventually leading to diseases. In this
review, we will mainly focus on mammalian mitochondrial DNA repair pathways
that safeguard mitochondrial DNA integrity and several important factors involved
in the repair process, especially on an essential pathway, base excision repair. We
eagerly anticipate to explore more methods to treat related diseases by constantly
groping for these complexes and precise repair mechanisms.

Keywords Mitochondrial DNA e Lesions ¢ DNA repair * BER ¢ Major pathway

1 Introduction

The nucleus contains most of the genetic material, while only a small fraction is
present in mitochondria. Nuclear DNA (nDNA) is inherited from both parents
unlike mitochondrial DNA (mtDNA) that is essentially maternally inherited [1].
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Fig. 7.1 The human mtDNA

The human mtDNA. It is a circular genome about 16.5 kb long which contains the heavy and the
light strand, respectively. This mtDNA contains 37 genes: 22 transfer RNAs (tRNAs), 2 ribosomal
RNAs (rRNAs), and 13 coding for proteins which are all connected with the oxidative phosphory-
lation system. ND1-6, NADH dehydrogenase, forming complex I; CYT b, cytochrome b of coen-
zyme Q, forming complex III; COX1-3, cytochrome ¢ oxidase, forming complex IV; ATPS, ATP6,
ATP synthase 8 and 6, forming complex V

Human mtDNA is a circular genome about 16.5 kb long, containing 37 genes: 13
coding for proteins which are structural components of the oxidative phosphoryla-
tion system, 22 transfer RNAs (tRNAs), and 2 ribosomal RNAs (rRNAs) essential
for mitochondrial translation (Fig. 7.1) [2]. There are >100 mitochondria, of which
each is comprised of 10 DNAs in eukaryotic cells [3]. Of genetic materials, mtDNA
molecules with high mitochondrial densities are small in contrast to the size of the
nuclear genome, accounting for only about 1%. nDNA contains 6 billion base pairs,
coding with 25,000 protein-coding genes.

Despite representing a small amount as compared to nDNA, mtDNA plays an
important role in maintaining the normal functioning of the organism. When mtDNA
is damaged, repair is impossible or damage cannot be repaired in time, it can accu-
mulate genetic mutations that eventually lead to various diseases involving diabetes,
cancer, neurodegenerative disorders, and aging [4-9]. The mutation rate of mtDNA
is estimated to be 10—100 times higher than nDNA [10]. mtDNA is more suscepti-
ble to damage (e.g., oxidative damage) as it is linked to the electron transport sys-
tem, while nDNA is less vulnerable to such damage. mtDNA lacks certain protective
proteins like histone [11]. Because of the biological characteristics of mitochondria,
there are many channels to produce reactive oxygen species (ROS). For instance,
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzymes produce
ROS in phagocytic cells, to fight against microbial infections [12]. Moreover, epi-
thelial and endothelial cells can also produce ROS, e.g., Nox1 and Nox4, respec-
tively, by NADPH oxidase enzymes [13, 14].
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Mitochondria are the major site of ROS production. Superfluous ROS may lead
to DNA damage in the form of oxidized bases and DNA strand breaks [12]. However,
a variety of DNA repair systems are in place in mitochondria in order to maintain
the integrity of mtDNA and the normal function of mitochondria. Base excision
repair (BER) contains two ways of repairing DNA, the short-path BER (SP-BER)
and long-path BER (LP-BER), existing in the nucleus and in the mitochondrion.
Other repair systems like nonhomologous end joining, which is crucially important
for the repair of DNA double-strand break [15], have been less studied, and related
mechanisms remain unclear. Our purpose of this review is to sketch several types of
mtDNA damage and the differentiation between nDNA and mtDNA as well as sum-
marize several repair pathways and major enzymes.

2 Characteristics of Mitochondria

Mitochondria are involved in the synthesis of heme, cholesterol, and phospholipids,
in immune responses [16], and in aging and apoptosis [17]. Despite mitochondria
containing less genetic materials, their genetic information is at a higher density
than the nDNA, since there are no introns, reduced or absent UTRs, no or very small
intergenic regions, small regulatory regions, and some genes that overlap [1]. As a
consequence, damage to mtDNA is likely to happen in a coding region. mtDNA
damage often occurs in individual cells, due either to intracellular processes (e.g.,
DNA replication mismatch, base deamination, oxidative damage, depurination, or
depyrimidination) [18] or to external factors (e.g., ionizing radiation, ultraviolet
radiation, cisplatin) [19]. mtDNA damage can result in base substitutions, deletions,
and missense mutations, which lead to mtDNA malfunction [20]. This does not
mean that the damage of a single base definitely causes a disease. Only when muta-
tion load in mtDNA reaches a high level, about 75% for most cases, will it have an
impact in mitochondrial function [21]. Although DNA repair was present in the
nucleus, there are a number of repair systems in mitochondria after the discovery of
the presence of uracil-DNA glycosylase (UNG) within mitochondria [22].

3 Types of Damage

Mitochondrial DNA damage can be caused by endogenous or exogenous factors and
either biological or chemical agents. Additionally, the proximity of mtDNA to dam-
aging agents presents within mitochondria, and the high replication rate of mtDNA
may also contribute to higher levels of DNA damage compared to the nucleus.

The alkylation is a type of mtDNA methylation by internal agents [18] like
S-adenosylmethionine [23] and by external factors like chemotherapy for tumors
[1]. Alkylation damage can lead to modified DNA bases, genetic instability, the
normal function of cells, and development of cancer [24]. The alkylation-associated
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mtDNA damage is repaired by BER [25]. Hydrolytic damage includes the forma-
tion of abasic sites produced by hydrolysis of glycosidic bonds [26] and hydrolytic
deamination of bases, mostly cytosine [27]. The formation of adducts can be gener-
ated by endogenous ROS (14) or estrogens [28] or by exogenous chemical agents
[1], and these adducts are removed by the nucleotide excision repair (NER) system
[29, 30]. However, there is no evidence of nucleotide excision repair in mitochon-
dria. Mismatched bases of mtDNA damage originate from DNA replication errors,
by incorporation of either wrong nucleotides or nucleotides mainly in oxidized
bases [31]. Single-base mismatches are identified by Y-box-binding protein 1 (YB1)
[32] and repaired by the mismatch repair (MMR) system [33]. DNA strand breaks
include single-strand (SSBs) [34] and double-strand breaks (DSBs) [35]. DNA
strand breaks may originate from ROS-induced DNA lesions [17] or during the
BER repair if the repair intermediates cannot accomplish the proper steps [12].
Oxidative damage in mtDNA may occur as base modifications, abasic sites, and a
variety of lesions [36]. Of those, repair of §-oxoguanine is the most comprehen-
sively studied one [4], and oxidative damage is the most prevalent damage in mito-
chondria [37]. The increased oxidative damage can lead to mitochondrial dysfunction
and repaired BER or NER [38]. nDNA possesses unique types of injury with altered
3D chromatin architecture, rather than mtDNA [39]. Such a high-order chromatin
structure is damaged by radical and prevented by antioxidant treatment [40].

4 Major Enzymes Involved in mtDNA

BER is one of the most studied DNA repair pathways both in the nucleus and mito-
chondria involved with a large number of proteinases, e.g., DNA glycosylases, AP
endonuclease, DNA polymerase, DNA ligase, and other synergistic effect enzymes.
Roles of those proteinases in the development of mtDNA damage and repair path-
ways remain unclear.

4.1 DNA Glycosylases

DNA glycosylase can damage and remove bases from the DNA and can be divided
into four superfamilies [41], e.g., uracil-DNA glycosylase (UDG) family, alkylad-
enine DNA glycosylase (AAG) family, helix-hairpin-helix (HhH) family, and for-
mamidopyrimidine DNA glycosylase (Fpg)/Nei (endonuclease VIII) or
helix-two-turn-helix (H2TH) family.

The UDG Family UDG family can be further subdivided into five subfamilies of
monofunctional glycosylases, e.g., uracil-DNA glycosylase (UNG), thymine DNA
glycosylase (TDG), MUG (mismatch uracil-DNA glycosylase), single-strand-
specific monofunctional uracil-DNA glycosylase (SMUG), and DNA glycosylases.
Of those, only UNG was found in human mitochondria [41], of which UNG1 has a
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30-amino acid leader peptide that targets the protein to mitochondria, while UNG2
lacks this domain and is targeted to the nucleus. The main role of UNG is to dis-
lodge uracil from mtDNA [2] and remove other substances, e.g., isodialuric acid,
5-hydroxyuracil, and alloxan, albeit with low efficiency [42]. UNG has a single
domain made of a fP-sheet with four parallel p-strands flanked by two sets of
a-helices and contributes to narrow and shallow DNA binding groove [30].

The AAG Family AAG, also known as MPG/MDG, is a monofunctional glycosyl-
ase able to recognize alkylated and deaminated bases. There are three isoforms,
AAG-A, AAG-B, and AAG-C, originated by posttranscriptional processing of a
single transcript [43]. Targeting to mitochondria happens thanks to an N-terminal
mitochondrial targeting signal in isoforms A and B [43]. Similar to UDG, AAG also
has a single domain, but in this case, it has a mixed o/ topology comprising a posi-
tive DNA binding groove [30].

The HhH Family HhH family comprises a diverse group of glycosylase that is
further split into six subfamilies, e.g., endonuclease III (EndollI or Nth) in several
species, 8-oxo-7,8-dihydroguanine DNA glycosylase 1 (Oggl) in eukaryotes, A/G
mismatch-specific adenine glycosylase (MutY/Mig), alkyladenine DNA glycosyl-
ase (AlkA) in bacteria and eukaryotes but not in mammals, 8-0xoG DNA glycosyl-
ase 2 (Ogg2) in archaea, and N-methylpurine-DNA glycosylase II (Mpgll) in
bacteria and archaea. In the human genome, there are four representatives of this
HhH family: NTHL1, OGG1, MUTYH, and MBD4 (methyl-CpG-binding domain
protein 4). Human NTHLI or NTHI (E. coli endonuclease III-like 1) is present in
the nucleus and mitochondria, while mouse Nth1 is primarily in mitochondria [44].
Human NTHI is a bifunctional glycosylase to excise oxidized DNA bases such as
5-hydroxycytosine, 5-hydroxyuracil, as well as the ring-opened 2,6-diamino-4-
hydroxy-5-formamidopyrimidine [45]. NTH1 contains an iron-sulfur (4Fe-4S)
cluster formed by the N- and C-terminal ends for the protein involved in DNA bind-
ing [46]. Unlike NTH1, OGGI can remove damaged DNA bases induced by ROS,
7,8-dihydro-8-oxoguanine (8-0xoG) [47]. DNA glycosylase removes basesl and has
AP lyase activity [46]. Up to eight different isoforms containing an MTS are gener-
ated by alternative splicing, but their precise function is still to be established.
MUTYH is a monofunctional glycosylase and plays a role in removing adenine
opposite 8-0xoG, guanine, or cytosine. Unlike other members of this family,
MUTYH has a unique mechanism to cleave the undamaged bases from the DNA
opposite the damaged ones, such as a mismatch A:8-oxo-G [48], and can prevent
mutations in DNA. Alternative splicing generates three primary transcripts that can
further be spliced into an over 15 different transcripts in total. However, there seems
to be a main mitochondrial isoform that contains an N-terminal MTS. The glycosyl-
ase also contains an iron-sulfur cluster within the catalytic region [47]. MBD4 is a
monofunctional glycosylase with the peculiarity of having two functional domains:
a methyl-binding domain at the N-terminus (MBD) and a glycosylase domain at the
C-terminus [49]. Another feature is that this glycosylase was not found in mitochon-
dria [30]. All these subfamilies have a common HhH motif with two a-helices that
are important for DNA contact. The iron-sulfur clusters are not present in every
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subfamily and may play a role in lesion detection since the redox potential shift was
detected upon DNA binding [47].

The Fpg/Nei Family Included under the Fpg/Nei family are three human Neil
(Nei-like) DNA glycosylases in the nucleus, NEIL1, NEIL2, and NEIL3, of which
NEIL1 and NEIL2 are present in human mitochondria and NEIL1 has a long
N-terminal MTS [50]. Double-strand DNA (dsDNA) lesions are mainly cleaved by
NEILI, while lesions in single-strand DNA (ssDNA) are mostly excised by NEIL2.
Both are able to recognize the same type of structures, e.g., bubbles, forks, and
bulges [30]. Fpg has no homologous enzyme in humans. All family members pres-
ent an N- and a C-terminal domain linked by a flexible region with the long axis of
the protein placed orthogonal to DNA binding groove.

DNA glycosylases play a role in the identification of damaged bases and BER
processes via creating intermediates or transferring the lesion to other repair meth-
ods [46]. X-ray repair cross-complementing protein 1 (XRCCI) [51], for example,
acts as a BER scaffolding protein, but it can also team up with AAG, NTHLI, or
NEILI to enhance the repair activity of BER.

4.2 AP Endonuclease

AP endonuclease exists both in the nucleus and in mitochondria and is encoded by
anuclear gene. In addition to excising abasic sites created during the repair process,
it can regulate different transcription factors and inhibit ROS production as a way of
controlling redox status in the cell [52]. The main hydrolytic AP endonuclease in
mammalian cells is APE/Ref-1 (APE1) [26] and functions throughout the BER
pathway [53]. The AP sites are left after the excision of the damaged bases by
monofunctional glycosylases (e.g., UDG1) and excised by APE1 through a hydro-
lytic mechanism. By contrast, bifunctional glycosylases (e.g., OGG1, NTHLI) have
both the capabilities of incising the damaged bases and cleaving the AP site from 3’
side in DNA backbone by the phosphodiesterase activity of APE1. AP site disrepair
may result in blocking DNA transcription and replication [54]. APE1 can be subject
to different posttranslational modifications and phosphorylation in repair activity;
S-nitrosation targets the protein to the cytoplasm and binds to certain regulatory
elements promoted by acetylation [55].

4.3 DNA Polymerase y

The DNA polymerase y (poly) is encoded in the nucleus and consists of the catalytic
and the accessory subunit [56] and plays a role in BER in mitochondria to fill the
gaps created during repair [57]. The dRP lyase activity is essential to end the pro-
cess of a combination of monofunctional glycosylases and APE1 [3]. Poly is able to



7 The Role of DNA Repair in Maintaining Mitochondrial DNA Stability 91

perform translesion synthesis (TLS), i.e., nucleotide incorporation opposite a dam-
aged template and past the damage via extension of a DNA primer [56]. Polymerase
f is present in the BER process in the nucleus and enhances mtDNA BER activity
to maintain mitochondrial function [57].

4.4 DNA Ligase

Nuclear mammalian DNA ligases include ligases I, IV, and III, of which ligase III
(Lig3) is only confined to vertebrates [58]. Alternative splicing of the human DNA
ligase III gene originates both the nuclear and mitochondrial forms of the protein
[59]. It plays a role in cell replication, recombination, and DNA repair (single-
strand DNA repair and BER) [12]. Mitochondrial Lig3 also plays a role in maintain-
ing cell survival under long-term oxidative stress and removing dysfunctional
mitochondria via autophagy, rather than nuclear Lig3. The overexpression of Lig3
increases the rate of base excision repair pathway in mitochondria and is associated
with XRCCl1 in various DNA repair activities [58]. XRCC1 can protect mammalian
cells from ionizing radiation [60] and can participate in the DNA repair process of
alkylation or ultraviolet light [61] to maintain the integrity of DNA [62]. DNA Lig3
is closely bound to XRCC1, dependent on the expression of XRCC1 in the nucleus
[63], but not in mitochondria [64].

5 mtDNA Repair Pathways

Lose of mtDNA integrity leads to mitochondrial dysfunction and ultimately to mito-
chondrial diseases. Reduced activity for DNA glycosylases, OGG1, NTHI1, or
UNGl, is accompanied by increased APE1 activity in aged brain mitochondria [65].
In the following section, we will discuss several significant repair pathways in mito-
chondria (Fig. 7.2).

5.1 SP-BER

BER repairs spontaneous base damages at a rate of more than 20,000 events per cell
daily [66], associated with the repair of oxidation, alkylation, deamination, and
SSBs. Uracil-DNA glycosylase could catalyze and cleave the mutagenic uracil-
DNA base [67]. SP-BER and LP-BER are present in mitochondria. Although the
BER pathways present in the nucleus and mitochondria contain similar steps [30],
there are still significant differences. Mitochondrial BER has lower efficiency to
repair oxidative DNA lesions than nuclear BER. The major type of DNA damage
caused by ROS, 8-oxoguanine (8-0xoG), or thymine glycol (TG) [68], is more
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MtDNA repair pathways. In mitochondrial DNA, there are many pathways of repair, including
BER (SP, LP), mtDNA degradation, direct DNA repair, mismatch repair, as well as DNA strand
break repair (single, double)

efficient in mitochondrial BER than nuclear BER [12]. In the nucleus, there are
multiple polymerases involved, including polf, pold, pole, polk, and polA, that con-
nect with various sub-pathways, while human mitochondrial BER contains mainly
Poly [1], polp, and PrimPol. BER comprises the recognition and incision of the
damaged base by DNA glycosylases generating an abasic or AP site, removal of the
AP site by AP endonuclease 1(APE1), gap filling by DNA polymerase, and finally
ligation by DNA ligase [12].

Damaged bases are recognized by either mono- or bifunctional DNA glycosyl-
ases. Monofunctional DNA glycosylases are uracil-DNA glycosylase 1 (UDG1/
UNG1) [22] and human MutY homolog glycosylase MUTYH (MYH) [69] in mito-
chondrial BER. After then, monofunctional DNA glycosylases remove the dam-
aged base by hydrolysis of the N-glycosidic bond, leaving in the DNA a baseless or
AP site (Fig. 7.3a). AP site is created and subsequently cleaved by APE1 from the
5’ end after the action of a monofunctional DNA glycosylase. A 5'-dRP is generated
at one side and a 3’-OH at the other side [70]. Types of damages are instead recog-
nized by bifunctional DNA glycosylases in mitochondria. There are four types of
mitochondrial bifunctional glycosylases, e.g., 8-oxoguanine DNA glycosylase
(OGG1) [71], NTH1/NTHL1 [72], NEIL1, or NEIL2 [50, 73], and have an inherent
AP lyase activity. Bifunctional DNA glycosylases can recognize, remove the dam-
aged base, and cleave the AP site in patterns of - or f, d-eliminations [74]. The
specific process is shown in Fig. 7.1. Bifunctional glycosylases can be further
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subdivided into OGG1 and NTHL1 to possess fB-lyase activity, while NEIL1 and
NEIL?2 are f, 8-lyases. Those different activities produce different cleaved products
at the 3’ end. p-Lyases produce 5'P and 3’-phospho-a, p-unsaturated aldehyde
(3’PUA) ends, while f, 8-lyases generate 5'P and 3’P at each end, respectively. The
specific process is shown in Fig. 7.3b.

A 3’-OH and a 5'dRP are generated after the action of UNG1 or MUTYHI1 and
APE1 and accomplished by the mitochondrial poly, thanks to its dRP lyase activity.
Either a 3'PUA or a 3'P is generated after the action of bifunctional DNA glycosyl-
ases and completed by the 3’'phosphodiesterase activity of APE1 [75] and the phos-
phatase activity of the polynucleotide kinase 3’-phosphatase (PNKP) [3],
respectively. The single-nucleotide gaps with 5'P and 3’-OH groups are generated
and can be filled by the mitochondrial poly [70]. After gap filling by Poly, a nick left
in mtDNA is carried out by Lig3 to complete the DNA repair process, where Lig3
plays an essential role in SP-BER of mtDNA repair.

5.2 LP-BER

LP-BER is initiated when mtDNA is damaged beyond the capacity of SP-BER or
the type of damageis not suitable for this type of repair system. 2-Deoxyribonolactone-
induced damage is repaired via LP-BER pathway in mitochondria [76]. This repair
process requires APEI1, Poly, and Lig3 [21], as well as other factors (Fig. 7.3c). In
the LP-BER pathway, the 5" blocking group becomes a single-stranded DNA flap
with 6-9 nucleotides after incision by APE1 and displacement by Poly as a conse-
quence of the extension from the 3’-OH [17]. Then, the flap endonuclease 1(FEN1)
[77] acts as 5’-endonuclease cooperating with DNA2 [78] or 5" EXO/endonuclease
(EXOG) [79] to incise the flap. The Lig3-dominant repair pathway and the machin-
ery can be also caused by other oxidative lesions and could be involved in mtDNA
replication [76]. The involvement in mtDNA replication is similar to the nucleus
[78]. LP-BER exists both in the nucleus and in mitochondria, although there are
differences regarding the enzymes or specific mechanisms. LP-BER occurs in the
nucleus mainly in cell proliferation with the involvement of PCNA, FEN-1, pold
(e), polp, and Ligl [75]. Pold/e is the preferred polymerase in proliferating cells,
while Polf is the main polymerase for repair in nonproliferating cells. Due to the
weak dRP lyase of Poly, it would be possible that LP-BER can actually be the pre-
dominant mode of repair for damaged bases in mitochondria.
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by APE1 from 5’ to the site. This step generates 5'-dRP at one side and a 3'-OH at another side.
Since 5'-dRP cannot be ligated by DNA ligase, it must be removed. This step is accomplished by
mitochondrial poly, which possesses dRP lyase activity. But for bifunctional DNA glycosylases,
other than that, they also have another characteristic which is inherent AP lyase activity. The
bifunctional DNA glycosylases cleave the AP site through two methods: a f-elimination or f,
d-elimination reaction. Incision via the B-elimination reaction results in a strand break at the AP
site with 3’PUA and 5'P, whereas 3, 8-elimination leads to a single-nucleotide gap with 3'P and 5'P
termini. In both cases, the ends cannot be ligated and have to be further processed. This procedure
is completed by the 3’'phosphodiesterase activity of APE1 (71) and phosphatase activity of the
PNKP, respectively. As a result, this step generates a single-nucleotide gap with 5'P and 3’-OH
groups. After gap filling by Poly, a nick left in mtDNA is carried out by Lig3 to complete the DNA
repair process. This procedure via DNA Lig3 closes the remaining nick. If the 5’ends produced by
base excision and strand cleavage cannot be used to generate a sequent DNA strand, repair this
damage via LP-BER. For instance, formation of the 2-deoxyribonolactone damage is not associ-
ated with glycosylase activity because the base is lost as a result of hydrogen abstraction and oxi-
dation of the C1’ of deoxyribose and cannot be removed by dRP lyase activity of poly. During
LP-BER, the 5’ blocking group is displaced by DNA polymerase extending from the 3’-OH ending
and forming a so-called flap. And the 5’ blocking group becomes part of a single-strand DNA flap.
This flap in mitochondria has a length of up to 6-9 nucleotides. FEN1 acts as 5’-endonuclease
cooperating with DNA2 or 5" EXO/endonuclease (EXOG) to incise the flap. Finally, ligase III is
used to fill the rest of the nick

5.3 mtDNA Degradation

mtDNA has many copies within mitochondria and is degraded without compromis-
ing organelle and cell function, different from nDNA. When mtDNA suffered from
serious excessive injuries and repair is no longer possible or damage cannot be
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repaired, the occurrence of cell degradation can prevent from further damage.
Degradation to repair mtDNA plays a role in the maintenance of DNA stability and
can improve the ability to repair damages caused by oxidative and alkylation, when
BER is inhibited by compounds like methoxyamine or the repair system is over-
whelmed. mtDNA degradation can process some damages of pyrimidine dimers
induced by UV light and numerous chemical carcinogens, which otherwise are not
able to be dealt with in mitochondria. UV-related DNA lesions can also be repaired
in mitochondria by polymerase zeta (Pol{) subunit REV3, a translesion DNA poly-
merase [80]. Indirect mtDNA degradation may also result in mitophagy. Damaged
mtDNA leads to mitochondrial dysfunction and decreased membrane potential,
directing the organelle and mtDNA to degradation.

5.4 Direct DNA Repair

There are three main repair mechanisms for DNA direct repair: UV light-induced
photolesions are repaired by photolyases, a series of O-alkylated damaged DNA are
reversed via Og-alkylguanine-DNA alkyltransferases, and N-alkylated base adducts
are reversed by AlkB family dioxygenases [81]. The photoreactivation of cyclobu-
tene pyrimidine dimers by photolyase was described in yeast [82] or plant mito-
chondria [82]. Other direct reversal enzymes such as DNA methyltransferase and
ABH2 dioxygenase are recently identified [83], although their mitochondrial local-
ization is not described. However, the repair pathways in human mitochondria
remain unclear.

5.5 Nucleotide Excision Repair

NER exists in the nucleus to repair damages induced by UV and various chemicals,
while this seems not to be the case in human mitochondria [84]. Despite this, two
related proteins, Cockayne syndrome A and B, form complexes with DNA glyco-
sylase Oggl and ssDNA binding protein SSBP1 during oxidative stress and accu-
mulate in mitochondria [70]. In addition, another NER-related protein, RAD23A, is
present in human cardiomyocyte mitochondria co-localizing with mtDNA [85].

5.6 Mismatch Repair

MMR exists in the nucleus and in mitochondria to repair mismatches caused by alkyl-
ation, oxidation, deamination of bases, erroneous insertions, or slippage errors caused
by dysfunction of the DNA polymerase in the DNA replication. Mitochondrial MMR
is strand unbiased and not nick-directed unlike bacterial or nuclear counterparts,
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while nuclear MMR proteins are not found in mitochondria, suggesting a completely
independent machinery. mtDNA instability is rarely associated with alterations in
nuclear MMR genes, due to the variation between nuclear and mitochondria repair
systems [70]. MMR begins with the recognition of mismatches and insertion/deletion
loops in the nucleus by heterodimeric complexes MutSa and MutSp, while those
mismatches are recognized in mitochondria by the multifunctional Y-box-binding
protein 1 [86, 87], although the mechanism by which other mitochondrial MMR pro-
teins are recruited has been poorly understood. Y-box-binding protein 1 is also pres-
ent in the nucleus and functions as a transcription factor.

5.7 DNA Strand Break Repair

Single-Strand Break Repair The single-stranded DNA is more susceptible to
damage as compared to double-stranded DNA. SSB repair can be induced by ROS-
induced disintegration of oxidized deoxyribose, genotoxic elements, aberrant
hydrolytic processes, or ineffective enzymatic activities. The latter group includes
abortive DNA topoisomerase 1 (TOP1) activity during replication and transcription
[89], abortive DNA ligase activity at existing SSBs, and inefficient BER repair [70].
SSB repair pathway consists of break detection, DNA end processing, gap filling,
and finally DNA ligation, similar to base excision repair pathway, of which the latter
two are the same as BER [89]. The enzymes involved in SSB repair are different to
distinct enzymes such as aprataxin [90] and tyrosyl-DNA phosphodiesterase [69] in
DNA ligase and TOP1-related SSBs, respectively, rather than DNA glycosylases.

Double-Strand Break Repair In the nucleus, double-strand breaks can be repaired
in nonhomologous end joining (NHEJ), homologous recombination [91], or
microhomology-mediated end joining (MMEYJ). In mitochondria, NHEJ and homol-
ogous recombination are initially described [4], and MME] is recently repaired as a
very efficient repair system in mitochondria [92].

Homologous Recombination

Compared to the NHEJ and MMEJ of DSB repair, homologous recombination
maintains genetic information and requires an intact copy of the DNA as template,
of which the activity is restricted to S and G2 phases. The DSB is recognized by a
complex of MRE11, RADS50, and NBS1. Then exonuclease 1 or STR-DNA2 pro-
duces an ssDNA which invades a homolog molecule of DNA with RADS51 to create
a crossing the break site from DNA polymerase to synthesize DNA. Homologous
recombination exists in yeast, Chlamydomonas reinhardtii, and plant mitochondria
[93, 94]. Although homologous recombination occurs not widely in mammalian
mitochondria, the large amounts of recombination junctions and catenation are
often seen in human heart and associated to the initiation of replication in adult
human heart, but not in infants and rodents [95]. Proteins involved in homologous
recombination, e.g., RADS51, DNA2, and EXOG, are equivalent to the



98 L. Zhang et al.

mitochondrial exonuclease 1. We believe that homologous recombination plays a
role in the maintenance of human mtDNA integrity.

Nonhomologous End Joining

NHEJ is the main form of DNA strand break repair in the nucleus of mammalian
cells and is performed by direct rapid ligation of chromosome broken ends with no
template requirement and at stages of the cell cycle except for M phase [96]. The
repair process of NHEJ includes Ku heterodimer to prevent DSBs from degradation
and promote the recruitment of other mediator elements. Of those, the DNA-
dependent protein kinase catalytic subunit forms a bridge between two blunt DNA
ends, XRCC4 and XLF (XRCC4-like factor), then binds to the complex, and facili-
tates sealing by DNA ligase IV (Lig4). The meticulous process of NHEJ seems to
be involved in other repair processes, such as BER and NER [15]. Mitochondrial
extracts also have blunt-ended DNA binding activities, and Ku proteins and MRE11
were identified in mitochondria [97, 98]. It is evidenced that NHEJ is an important
repair pathway in mitochondria, albeit not the main one for resolving DSB.

Microhomology-Mediated End Joining

In addition to the classical NHEJ repair pathway, MMEJ functions in the cell with
or without the deficiency of factors required for NHEJ. The junctions are often
associated with larger deletions and the use of 5-25-nucleotide microhomology.
The microhomology in regions is associated with mtDNA deletions in patients [99].
Proteins involved in mitochondrial MMEJ (MREI11, FEN1, PARPI1, LIG3) may
also contribute to this repair, instead of NHEJ [92].

6 Conclusion

The understanding of mtDNA repair experiences from the initial thought of no
DNA repair pathway in mitochondria to the discovery of the BER repair pathway
and to multiple mtDNA repair pathways. NER proteins are present in mitochondria,
while their activities and functions are not clear [45]. The integrity of mtDNA is a
prerequisite for maintaining mitochondrial function, dependent upon a variety of
DNA repair pathways. Mitochondrial gene mutations cause mitochondrial diseases
and other diseases, including cancer [100], diabetes [101], cardiovascular diseases,
and neurodegenerative disorders, as well as aging [68]. There are clear differences
of mtDNA function, regulation, and repair from nDNA, even though the repair
machinery and some proteins can be shared between the nucleus and mitochondria.
Such variations can reflect different environments and factors to DNA damage.
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7 Future Outlooks

There are urgent and great needs to explore more precise mechanisms by which DNA
is involved in the repair of various pathways, and mtDNA components interact
between them owns and between mitochondria and nuclear. It is questioned whether
actually NER exists in mitochondria and how mitochondrial DNA repair pathways
function in pathological states. We should pay more attention to factors to control and
regulate the balance between mtDNA injury and repair. In addition, new technical
developments will benefit the understanding and potential application of gene editing
and gene therapy as well as molecular mechanisms of mtDNA damage and repair.
More efforts should be offered to investigate mtDNA damage dependent on cross
talk, signaling, and interaction between mitochondria and the nucleus [102, 103].
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Chapter 8
Is Mitochondrial Cell Fragility a Cell
Weakness?

William Wang, Jiayuan Hou, Zhenghua Zhu, and Hao Fang

Abstract Mitochondrial dysfunction has historically been linked to the cessation
of cell function and ageing. Downstream effects such as reduced calcium buffering
capacity, elevated levels of reactive oxygen species, and alterations in adenosine-5'-
triphosphate are linked to a wide variety of pathological diseases. The importance
of the mitochondria has increasingly been highlighted due to its potential as a thera-
peutic target for drug intervention and cell elimination in cancer. In addition, due to
its origin, drugs targeting bacteria are required to be thoroughly tested prior to
administration to prevent toxicity for the mitochondria. In this chapter, we will dis-
cuss a variety of factors that could influence mitochondrial dysfunction and high-
light potential solutions to these. A comprehensive understanding regarding the
mechanisms underlying mitochondrial dysfunction could aid in developing future
therapeutic targets in multiple pathologies such as cancer and liver diseases.

Keywords Mitochondria ® Dysfunction * Therapy e Fragility ¢ Cancer

1 Introduction

Mitochondria exist within cells as a subcellular organelle involved in the generation
of energy via different complex metabolic pathways such as the Krebs cycle and
B-oxidation chain. Like its bacterial ancestor, a eukaryotic progenitor, which has
engulfed an alpha-proteobacterium, the mitochondrium is divided into an inner
membrane (IM) and outer membrane (OM), both with distinctive functions and fea-
tures [1]. Both an intermembrane space (IMS) and multiple matrix compartments
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are encapsulated within IM and OM. Throughout evolution the circular mitochon-
drial DNA (mtDNA) has progressively been condensed through transfers between
the mtDNA and nucleus. Its bacterial ancestry is responsible for mtDNA suscepti-
bility to antimicrobial drugs such as tetracyclines and amino-glycosides. In addi-
tion, antiviral nucleoside analogues are likely to affect the maintenance mechanisms
of the mtDNA, although the exact mechanisms by which these drugs are challeng-
ing to pinpoint remain unclear. Reactive oxygen species (ROS) generation is associ-
ated with mutations in NAD/NADPH, AMP/ATP, etc. [2]. Another major contributor
for ROS is electron leakage from the mitochondrial electron transport chain. These
factors will impact both the regulation and homeostasis of stem cells, but it will also
result in mitochondrial damage resulting in dysfunctions. Thus, mitochondrial dam-
age can be directly linked to age-related pathologies and syndromes [3]. An under-
standing of the mechanisms involved in mitochondrial activities during phases as
well as its signalling pathways is crucial to discover treatments for a wide variety of
pathologies. In this chapter, we will highlight potential causes to mitochondrial
damage as well as what therapeutic treatments are suggested.

2 Mitochondrial Structure and Autophagy

Histone deacetylase inhibitors (HDACH) such as quisinostat can function to reverse
non-genotoxic phenotypical alterations. Quisinostat inhibits A549 cell proliferation
which prevents migration of cells by inhibiting the epithelial-mesenchymal transi-
tion (EMT) process; additionally it induces up-acetylation in a variety of both his-
tone and nonhistone proteins. More significantly, it causes the destruction of
mitochondrial membrane potential (AWm) and increases reactive oxygen species
(ROS) production resulting in extrinsic and intrinsic apoptosis of mitochondrial cell,
of which the regulatory details of the apoptosis are explained in Fig. 8.1. p. 53 acety-
lation was also increased in the presence of quisinostat resulting in the arrest of the
G1 phase [4]. A sesquiterpene lactone, gaillardin, has similar properties as quisino-
stat, resulting in increased ROS production and A¥Ym degradation, and induces apop-
totic mechanism activation in mitochondria. However, in contrast to quisinostats,
gaillardin affects caspase-3, caspase-6, and caspase-9 activations. Upregulation of
pro-apoptotic proteins such as Bax and p53 and downregulation of anti-apoptotic
proteins like Bcl-2 occurred when gaillardin was introduced to cancer cell lines [5].

Autophagy occurs via protein complex recruitment at the phagophore assembly
site (PAS) where autophagosomes are degraded via endolysosomal interactions.
The process of autophagy is furthermore categorised into three subcategories,
including macroautophagy, microautophagy, and chaperone-mediated autophagy
(Fig. 8.2). Due to its role as a stress responder against infections or environmental
fluctuations, it is an important participant in cytoprotective functions. Thus, defi-
ciencies and impairment are frequently indicators for human diseases [6].
Additionally, quinocetone involved in autophagy can induce stress to the endoplas-
mic reticulum and trigger cell trafficking related to MRLC-mediated mAtg9, known
for being a key component in the formation of autophagosomes through death-
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Fig. 8.1 Regulatory mechanism of extrinsic and intrinsic apoptosis. (a) Extrinsic apoptosis can be
ignited by ligand-death receptor superfamily, such as tumour necrosis factor-a (TNF-o) and
tumour necrosis factor receptor 1 (TNFR1). TNFR1 drives the assembly of a complex consisting
of Fas-associated via death domain (FADD), receptor-interacting serine/threonine kinase 1
(RIPK1), and pro-caspase-8, which activates the caspase-8 — caspase-3 cascade. The pro-apoptotic
cascade eventually leads to cell apoptosis in type I cells, such as lymphocyte, without the contribu-
tion of mitochondria. (b) Active caspase-8 cleaves the apoptosis regulator Bcl-2 family member
BID in hepatocyte, a type II cell, to form truncated BID, leading to mitochondrial outer membrane
permeabilisation. (¢) Intrinsic apoptosis can be ignited by multiple intracellular stress conditions,
including oxidative stress and DNA damage. The effector proteins, BAX and BAK, belong to the
Bcl-2 family members and form pores in the outer mitochondrial membrane. In both BID and
BAX/BAK cases, toxic proteins, such as cytochrome ¢ (Cyt ¢), are released from permeabilised
mitochondria to cytoplasm. The apoptosome can be assembled by Cyt c, apoptotic peptidase acti-
vating factor 1 (APAF-1), and dATP, which activates the caspase-9 — caspase-3 cascade, resulting
in cell apoptosis

associated protein kinases (DAPKI1) overexpression traggered by ATF6. Other
effects include ATF6 cleavage and MRLC phosphorylation. Cell lines which were
exposed to stable ATF6 and DAPK1 also experience a reduced level of LC3 conver-
sions when introduced to quinocetone [7] (Fig. 8.3).

Ubiquitin-proteasome system (UPS) inhibitors such as MG132, epoxomicin, and
lactacystin could be important to consider as potential therapeutic agents in treating
amelanotic melanoma (Ab cells). Epoxomicin, the most cytotoxic of the three,
induces apoptosis via the mitochondrial pathway by activating caspase-9, cyto-
chrome c, and AIF. In addition, Noxa and Mcl-1, part of the Bcl-2 family are targets
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Fig. 8.2 Forming processes from autophagy into three subcategories, including macroautophagy,
microautophagy, and chaperone-mediated autophagy. Macroautophagy includes selective autoph-
agy and non-selective autophagy. Selective autophagy can clear damaged or unneeded organelles,
such as mitochondria, in a selective manner. Non-selective macroautophagy occurs and mediates
the generation of essential nutrients to needed cells. In the process of macroautophagy, a phago-
phore surrounds a damaged or unneeded organelle or some cytoplasm to form an autophagosome
harbouring double membranes. The fusion of autophagosome and lysosome makes the formation
of autophago-lysosome, which mediates the selective destruction of the autophagosome contents.
The microautophagy is the process from the lysosomal membrane to engulf some cytoplasmic
components. The chaperone-mediated autophagy is the process of degradation of KFERQ-amino-
acid motif-containing target proteins. The substrate proteins are recognised by the chaperone heat
shock protein 70 (Hsp70) complex, bound to lysosomal-associated membrane protein 2
(LAMP-2A) lysosomal protein, and subsequently targeted for lysosomal membrane

for the drug bortezomib. Pan-caspase inhibitor BAF was not only discovered to
inhibit the cell cycle post-inactivation of caspases, but it also proved that caspase
inhibition is only partially responsible for cell apoptosis [8].

Indole-based chalcones can simulate methuosis to trigger cell death within can-
cer cell lines and glioblastomas. These molecules (which contain 3-(5-methoxy-2-
methyl-1H-indol-3-yl)-1-(4-pyridinyl)-2-propen-1-one (MOMIPP)) can cause
expansion and vacuolisation of macropinosome compartments in the endocyte and
are also able to destabilise and prevent the trafficking of vesicles in lysosomal nex-
uses through the EGF and LDL receptor degradation, mutating procathepsin pro-
cessing, and excessive accumulation of autophagosomes. MOMIPP analogues exert
a similar effect with vacuolisation and the disruption of cathepsin processing,
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Fig. 8.3 The balance between apoptosis and mitophagy. The mitochondria impaired by mild
stress are cleared by mitophagy, leading to cell survival. The mitochondria compromised by severe
stress may cause the occurrence of cell apoptosis. Some autophagy-related proteins, such as
autophagy-related 5 (Atg5), beclin-1, and autophagy and beclin 1 regulator 1 (AMBRA1), will be
cleaved during apoptosis. The truncated Atg5, beclin-1, and AMBRAI translocate to mitochon-
dria, leading to enhanced apoptosis and reduced mitophagy

while these analogues do not impact cell viability to a large extent, and they do not
cause significant receptor degradations either, suggesting that although indole-
based chalcones have cytotoxic properties, they vary in response to how it interacts
with the pathways for endolysosomal trafficking [9].

3 Mitochondrial DNA

Mitochondrial DNA (mtDNA) content is frequently measured as the ratio between
the mitochondrial and nuclear genome using quantitative PCR in real time. With
defensive antioxidant properties, free curcumin is a promising ionising radiation
(IR) alternative, whereas dendrosomal nanoformulation of curcumin (DNC)
expresses THP-1 apoptosis induction by caspase-3 activation and caspase-
independent apoptosis using mitochondrial cytochrome c activation when used in
tandem with IR [10]. The introduction of BAPTA-AM, a calcium chelator, and the
SERCA inhibitor, thapsigargin, could potentially limit cancer progression by
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influencing Akt levels through cell survival reduction. Both resulted in HIF-1a pro-
tein level upregulation; however, while BAPTA-AM mildly inhibited Akt activa-
tion, thapsigargin acted as a trigger for Akt activation. Thus, calcium signalling
could be important in understanding cancer metastasis and deregulation [11]. In the
presence of mono(2-ethylhexyl) phthalate (MEHP) and rosiglitazone, PPARY path-
ways involving energy metabolism and signalling were upregulated, whereas adipo-
kine and inflammation signal genes were deregulated. Adipocytes with MEHP/
rosiglitazone had elevated lipolysis and glycolysis and MEHP induced nuclear acti-
vation and translocations in the PPARY indicating gene alteration treatments for
bioenergetics as a possibility [12].

4 Mitochondrial Cytotoxicity

Extracellular adenosine-5'-triphosphate (ATP) could reduce ethanol toxicity in
cells. P2Y1 receptors in epithelial cells have an immunological function and ele-
vated intracellular cyclic adenosine monophosphate (cAMP) levels intracellularly.
Similar effects were noted using forskolin and 8-Br-cAMP; however these could be
inhibited using an H-89 protein kinase A inhibitor. Additionally, intracellular toxic
mechanisms that were caused from significantly elevated levels of ethanol were
found to be reversed with micromolar ranges of ATP present, and an increase in
structural integrity within the monolayers of cells was observed preventing leakage.
These observations highlight the potential use of purinergic receptors in treating
patients with ethanol toxicity [13]. Methanol has similar properties to ethanol and
contains formic acid and formaldehyde, causing neurotoxicity when ingested. In
particular, formaldehyde has multiple toxic effects and in contrast to formic acid is
able to exert cytotoxic effects in a large amount of cell types. In neuronal SK-N-SH
cells, formaldehyde was noted to induce oxidative stress, significantly reduce the
availability of ATP intracellularly, reduce the mitochondrial membrane potential
(MMP), and cause a dose-dependent inhibition of NADH dehydrogenase (complex
1), aconitases sensitive to oxidative fluctuations, and other mitochondrial respiratory
enzymes [14]. Similarly, to formaldehyde, haloalkenes such as trichloroethylene
and tetrachloroethylene are known to cause nephrotoxicity via the glutathione con-
jugation pathway. Cysteine conjugate [3-lyase activation resulted from the presence
of haloalkenes has varying degrees of toxicity such as S-(1,2,2-trichlorovinyl)-L-
cysteine being more toxic in contrast to S-(1,2,3,4,4-pentachloro-1:3-butadienyl)-L-
cysteine with N-acetyl-L-cysteine conjugates also possessing toxic characteristics.
These cysteine-c conjugates are also involved in oxidative pathways forming
sulfoxides which in vitro and in vivo were more toxic compared to cysteines through
mediators such as cytochrome P-450 3A and flavin-containing monooxygenase 3
which are also toxic [15]. Non-nucleoside reverse transcriptase inhibitors (NNRTI)
are often considered as therapeutic targets for antiretroviral treatments. However,
the mechanisms are poorly understood and frequently have significant negative
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effects in tandem with treatment. An example is efavirenz (EFV) which is suggested
to cause dysfunction and has significant toxic effects towards the mitochondria. The
toxic effects are stemmed from depolarisation in Aym due to OM alterations in the
mitochondrium. Important events in the cascade are the secretion of cytochrome c,
morphological alterations, and activation of apoptosis via the mitochondrial path-
way, which ultimately results in the reduction of mitochondrial DNA and RNA
levels and apoptosis [16].

5 Mitochondrial Stem Cells

Mitochondrial dysfunction is increasingly present in aged cells suggesting a direct
relationship; however pinpointing the mechanisms for cell ageing is challenging.
The free radical theory of ageing is suggested to be one major factor, as elevated
ROS levels result in mitochondrial DNA (mtDNA) mutations causing respiratory
chain dysfunction, and mitochondrial DNA polymerase y which mediates errors in
replication inducing mtDNA mutations is suggested as well [17]. Cellular and meta-
bolic alterations are often considered to be participants, such as the homeostasis of
energy and the detection and sensitivity to nutrients [18]. Studies suggest that mito-
chondrial decay is linked with NAD* reduction which disrupts the process of oxida-
tive phosphorylation. In contrast, enhanced function of mitochondrium is associated
with increased stem cell functions through inducing oxidative metabolism and
increasing content within the mitochondria.

An emerging way to investigate how drugs interact with cells and potentially
could result in toxicology is via stem cells. Human-induced pluripotent stem cells
(hiPSC) or embryonic stem cells (ESC) are differentiated into target cells, and drugs
such as acetaminophen (AAP) and aflatoxin B1 (AFB1) are administered to test for
toxic effects to hepatocytes. Functional markers such as secretion of albumin or
urea, calcium influx, and oxidative stress were reduced in the presence of AAP and
AFBI1 [19].

6 Mitochondrial Immunity

Tests using caudatin, derived from Cynanchum bungei decne and evaluated using
U251 and U87 cells, resulted in inhibition of cell production and maturation. This
was caused by the stimulation of cell apoptosis shown from PARP cleavage, activa-
tion of caspase-3, caspase-7, and caspase-9, and the maximal increase of sub-Gl
peak. Additionally, Bcl-2 members were un-stabilised resulting in dysfunction in
mitochondrial functions. The apoptosis was linked to the induction of ROS produc-
tion through redox homeostasis disturbance. Cell angiogenesis was noted to be
inhibited in xenografted in vivo tumour U251 cells, and reduced mitochondrial
functionality was present [20].
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Cancer stem cells (CSC) possess strong resistance mechanisms to drug therapy
complicating therapeutic drug regiments. One factor affecting drug-induced stress
is the endoplasmic reticulum (ER) and its structural integrity. Clusterin (CLU), a
component of regulating the integrity, is a potential target to inhibit and reduce the
efficacy of drug resistances in CSC and preventing recurrences of metastatic
tumours. Camptothecin (CPT)-treated cells had reduced ECs, values in both CSC
and MCF-7 cells with CLU suppression increasing its anticancer effects through
elevating induction signals for necrosis and apoptosis. Increased values for mito-
chondrial permeability transition pores (MPTP) and Ca®* cytosolic were also
observed highlighting CLU suppression methods to be a beneficial tool for antican-
cer agents [21].

Elevated ROS levels trigger the activation of the autophagosomal pathway
involved in degradation of lysosomes intracellularly. Hepatitis C virus (HCV) inhib-
its enzymes involved in detoxifying ROS that are Nrf2/ARE-dependent with a
poorly understood mechanism. Theories propose that endosomal pathways and
their derivatives, exosomes, are involved when released virally. Due to the connec-
tion between the endocytic pathway and autophagy, ROS elevated levels caused by
HCYV could stimulate viral particle releases via autophagy activation [22].

TNF-a, responsible for mediating immunological responses via membrane
receptors, is frequently elevated in a variety of pathologies. The severity of TNF-a
in pathology such as congestive heart failure (CHF) is often attributed to how the
endothelium and the heart itself respond to the downstream effects. Protein break-
down in tissues is elevated with an increased TNF-a presence due to its effect on
cultured myotubes where it directly stimulates catabolism. Increased ubiquitination
of protein is also present due to poor pathway clearance and an induction of autoph-
agy. Together with an increase in E3 ubiquitin ligase expression and a reduction in
proteasome levels, it is suggested that TNF-« results in an increased myofibrillar
protein degradation rate as well as a disturbance in autophagy resulting in sarco-
meric dysfunction [23]. Additionally, inflammatory mediators that impact glucocor-
ticoids (GCs) have been shown to be influenced by mucin-1 (MUCT1) through testing
done with tumour necrosis factor-alpha (TNF-a) or dexamethasone (DEX), indicat-
ing the use of MUCI as a target for adenocarcinoma (ADC) treatment [24].

7 Conclusion

Mitochondria participate in multiple key roles in a wide variety of metabolic pro-
cesses within the cell and are integral for the structural and functional features of the
cell. However, due to this mitochondrial dysfunction is also a major factor for cell
failure, ageing, and pathologies. Thus, it is vital that the complex interactions and
signalling networks in the mitochondria act as a focal point for drug research.
Currently, a multitude of studies regarding the functional characteristics of mito-
chondria have been researched, and multiple potential targets have been identified,
yet both the knowledge regarding the interactions within the mitochondria itself and
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how drug interacts with this organelle remains superficial. This is partially due to
the barriers that need to be overcome to succeed in selectively target sites but also
due to a lack of optimal methods. Although advancements have been made, it is
crucial to continue researching how to optimise therapeutic outcomes for different
pathogens, increase drug efficiency, and discover applicable analytics regarding the
accumulation of drug concentration and what the detailed physiological effects
these drugs have on the mitochondria and on the human body.
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Chapter 9
Mitochondrial DNA Methylation and Related
Disease

Danyan Gao, Bijun Zhu, Hongzhi Sun, and Xiangdong Wang

Abstract Most researchers focused on methylation of genomic DNA, while
methylation of mitochondrial DNA (mtDNA) is rarely tauched, and there is still
controversy about the existence of mtDNA methylation. The study of cytosine
methylation in mtDNA is limited. The mtDNA was recently found to exist CpG
hypomethylation, and more studies provided evidence that mtDNA methylation
plays an important role in mitochondrial gene regulation. In present review, we
will overview recent studies of mitochondrial DNA methylation and potential
influencing factors in diseases that are involved in mtDNA methylation. Thus, the
further studies on mtDNA methylation will provide more evidence to explain the
mechanism of mtDNA methylation and an advantageous approach for human

clinical diagnosis and prevention.
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1 Introduction

Mitochondria exist in almost all eukaryotic cells and are one of, if not, the major
organelles tasked with cellular energy production. The nucleus DNA (nDNA) and
the mitochondrial DNA (mtDNA), two genetic systems, control mitochondrial
function. MtDNA is found in the matrix of mitochondria or the inner membrane of
mitochondria, with the loop structure of heavy chains (H) or light chains (L). More
specifically, mtDNA is 16,569 base pairs in length and encodes 37 genes. These
genes include 2 rRNA molecules, 22 tRNA molecules, and 13 protein subunits of
the electron transport chain/oxidative phosphorylation system (OXPHOS) [1], as
explained in Fig. 9.1. The mtDNA has unique genetic characteristics, including
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Fig. 9.1 Mitochondrial DNA. Mitochondrial DNA (mtDNA) molecules in mammals generally
are 15,000 ~ 18,000 base pairs in size, double stranded, circular, and divided into two chains (a
guanine-rich outer heavy chain [H] and a cytosine-rich inner light chain [L]). mtDNA contains a
total of 37 genes: two ribosomal RNA-encoding genes, 13 genes encoding polypeptides (including
cytochrome b, three subunits of cytochrome oxidase, two subunits of ATP synthase, and seven
subunits of NADH dehydrogenase), and 22 genes encoding transfer RNAs. mtDNA also contains
a noncoding region known as the D-loop. The D-loop is rich with transcription promoters
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heterogeneity, maternal inheritance, high mutation, and threshold effect, especially
in stem cells [2, 3]. In response to changes of biological environments and genetic
status, mtDNA can be mutated without binding with histone ten times higher than
nDNA. The ATP levels, redox state, and membrane potential can be varied in the
depletion of mtDNA, although it is not clear whether individual changes in the cell
are related with mitochondrial dysfunction or in combination with signal methyla-
tion changes. The current article will be specially focused on the biological signifi-
cance of mtDNA mutation.

2 Biological Significance of mtDNA Mutation

The mutation in mtDNA may be involved in important functional areas of the
human genome [2], of which mtDNA methylation can be affected by dietaries,
drugs, oxidative stresses, or environmental factors, while others have no methyla-
tion. The existence of mtDNA methylation was found in umbilical cord blood which
is correlated with the level of free thyroid hormones (FT3 and FT4) in MT-RNRI1
(12S ribosomal RNA). In 128 ribosomal RNA and the D-loop control region, using
bisulfite pyrosequencing to measure the level of mtDNA methylation, Bram et al.
found that the placental mtDNA methylation was negatively correlated with D-loop
regions while positively with two types of hormones [4]. Three regions of mtDNA
are methylated by sodium bisulfite or high concentrations of metals. 12S ribosomal
RNA (MT-RNR1) and the transfer RNA phenylalanine (MT-TF) were significantly
associated with airborne particulate matter (PM1) exposure [5]. DNA methyltrans-
ferase 1 (DNMT1) — one major enzyme catalyzing DNA methylation — can translo-
cate to the mitochondria, bind to mtDNA, and possibly facilitate mtDNA cytosine
methylation, which exists in the mitochondrial matrix and can be influenced by
5-hydroxymethylcytosine [6]. However, the existence of mtDNA methylation was
not detected in the mitochondria of frogs and Hela cells 30 years ago [7]. Further
evidence for the lack of mtDNA methylation was spurred by an inability to detect
histone proteins in the mitochondria. Given that histone proteins are a major com-
ponent of chromatin and play a large role in epigenetic processes, their absence
seemed to further suggest that mtDNA methylation was unlikely [8]. More recent
study demonstrates that there are very low levels of DNA methylation in HTC116
cells and normal male blood samples or little methylation [9]. Such disagreement or
different findings may be resulted from the variation of applied methods and their
sensitivities, e.g., mass spectrometry, restriction enzyme digestion, bisulfite conver-
sion, affinity enrichment, and others. It is also associated with various distributions
of enzymes among species and tissues during the mtDNA methylation.
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3 Regulations of mtDNA in Biological Processes

DNA methylation is one of the three major epigenetic modifications — histone modi-
fications and noncoding RNAs are the other two — known as mitochondrial epi-
genetics (mitoepigenetics), representing interactions between the mitochondrial and
nuclear genome [10]. The mitoepigenetics take the action to reverse gene function,
heritable changes, DNA methylation, or histone modification, when nDNA sequence
changes are absent. The mtDNA methylation can affect gene transcription activity
without changes in DNA sequence. In mammals, DNA methylation almost exclu-
sively occurs on cytosine residues that are followed by guanine residues (CpG
sites). Clusters of CpGs near transcriptional start sites are called CpG islands. The
CpG dinucleotide sequence in mitochondria is altered with challenge of chemicals
and multifactors and contributes to cell aging [6, 11]. The amount of CpG dinucleo-
tides and 1 typical CpG islands in mtDNA are less than those in noncoding DNA,
since the primary targets of internal and external challenges may mediate gene regu-
lation in the noncoding region of DNA.

DNA methylation regulates a number of biological processes, e.g., gene expres-
sion, development, genomic imprinting, or inactivation of X chromosome. DNA
methylation is catalyzed by enzymes called DNA methyltransferases (DNMTs).
Mammals have three major DNMTs: DNMT1, DNMT3A, and DNMT3B. DNMT1
is the most abundant methyltransferase and active throughout adulthood. DNMT1
is active in maintenance methylation which involves maintaining methylation pat-
terns throughout an organism’s life. When DNA is replicated and the template
strand is methylated, DNMT1 methylates the newly synthesized strand accordingly.
In most organisms, S-adenosylmethionine serves as a methyl donor in methylation
processes [6]. In addition, DNMT3A and DNMT3B are recently found in mito-
chondria. S-Adenosylmethionine is found in living cells and organisms, by methio-
nine and ATP synthesis, which plays an important role in the regulation of
mitochondrial function for cytotoxicity and autophagy [12]. In addition to being
methyl group donor in methylation pathway, S-adenosylmethionine also contributes
to the metabolic pathway of sulfur-containing metabolites for synthesis of cysteine
and glutathione, as well as the aminopropylation pathway for polyamine synthesis
of precursor molecules, in early gene expression, protein metabolism, and disease
occurrence [13-15]. Deficiency of S-adenosylmethionine may lead to mitochon-
drial dysfunction and finally lead to insulin resistance. Of the two forms of mtDNA
methylation, CpG methylation occurs in mtDNA without changes of mtDNA gene
expression, while mtDNA expression is downregulated during the process of GpC
methylation [16].

DNA methylation can change the molecular structure and protein binding with
DNA, e.g., transcription factor, topoisomerase, RNA polymerase, or inhibitory pro-
tein, leading to the loss and dysfunction of gene expression and transcription. mtD-
NMT1 plays an important role in the epigenetic mechanism of mtDNA methylation
in the mitochondrial matrix and in the maintenance of mtDNA methylation and regu-
lation of mitochondrial gene expression [6]. MtDNMT 1 regulates the expression of
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mitochondrial gene through mtDNMT1 binding to the D-loop control region and
carrying the promoters to drive transcription of both strands. The central roles of
mtDNMT1 in mtDNA methylation and expression can be influenced by a large num-
ber of intra- or extramitochondrial factors. MtIDNMT1 binding to the mitochondrial
genome is associated with the density of CpG dinucleotides. DNMT3A and
DNMT?3B are involved in de novo methylation and are most active during embryo-
genesis and early life [17].

Cytosine methylation is essential and critical in normal development during
which the lethality and mitosis of the embryos occur if DNMTI is deleted. CpG
methylation patterns of human mtDNA depend upon the number of the promoter
region and first exon of multiple genes. Methylation of CpG islands with enriched
regions of CpG will lead to condensed chromatin, delayed replication, and inhibi-
tion of transcription initiation by which new drugs can be discovered and developed
[18-20]. The genome function can be dependent upon the location of DNA meth-
ylation, e.g., methylation occurs in the promoter region to inhibit gene expression.
In fact, approximately 80% of CpGs in mammalian genomes are methylated. Many
CpG sites exist in clusters near transcriptionally integral regions of the genome like
promoters and enhancers, controlling DNA chain synthesis during cell division.
Dysfunction of mtDNA could increase genetic heterogeneity, instability, fragile,
and strand break. Aberrance of methylation in CpG islands causes the inactivation
of gene. The development of human tumor is often related with the decreased level
of total genomic DNA methylation or hypermethylation or oncogene hypomethyl-
ation of tumor suppressor gene promoter [21].

4 mtDNA Methylation in Late-Onset Alzheimer’s Disease

Changes of mtDNA methylation and mtDNMT1 expression are influenced by levels
of mtDNA-encoded RNAs. The second heavy-strand promoter of human mtDNA is
repressed by transcription factor A by altering bind sites and subsequent transcrip-
tion reaction as epigenetic markers [22]. Alzheimer’s disease (AD) is a chronic neu-
rodegenerative disease that accounts for 60—70% of all dementia cases. AD symptoms
can be clustered into three primary groups: The first group includes cognitive dys-
function such as language barriers, memory loss, and executive dysfunction; the sec-
ond group includes psychiatric symptoms, depression, and behavioral disorders; and
the third group includes difficulties implementing activities of daily living.
Mitochondrial dysfunction including issues with ion permeability and oxidative
stress has been shown to play an important role in neurodegenerative diseases such
as AD [23, 24]. A study by Stoccoro and colleagues found significantly lower mtDNA
D-loop methylation in the blood of 133 patients with late-onset Alzheimer’s disease
patients compared to the blood of 130 normal controls (2.3% vs. 3.1%) [20]. D-loop
is a noncoding region of mitochondrial DNA with 1.1 Dalton and plays an important
role in the replication and transcription of mtDNA. Methylation of D-loop region
regulates transcription of mitochondrial genes. The late onset of Alzheimer’s disease
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is a complex and critical phase caused by the interaction of more factors. Of those,
DNA methylation and histone modification play an important role in the pathogen-
esis of late-onset Alzheimer’s disease [25]. The methylation level in the mitochon-
drial D-loop region is considered as a critical measure in the clinical stage of a
healthy individual; a greater understanding of how methylation in this region affects
mtDNA genes could provide further insight to the pathophysiology of AD [26].

5 mtDNA in Metabolic Diseases

Approximately 422 million people worldwide have diabetes mellitus (DM), and
obesity is one of the major risk factors for type 2 diabetes mellitus (T2DM), which
is characterized by insulin resistance. Given its involvement in cellular energy
dynamics, it has long been appreciated that mitochondrial dysfunction is related to
DM, insulin resistance, and obesity. Furthermore, the mitochondrial genome and
qualitative changes in mtDNA (including mtDNA methylation) are widely appreci-
ated genetic contributors of DM pathophysiology [22]. The mtDNA methylation is
associated with early insulin sensitivity and BMI with a complex molecular mecha-
nisms [23-25]. Insulin signaling regulates the signaling axis of genes on mitochon-
dria as the main metabolic platforms and responses to therapies. mtDNA methylation
in D-loop region occurs under with the help from mitochondrial NADH dehydroge-
nase 6, which is a major contributor to insulin sensitivity [26—28]. It seems clear that
insulin resistance is associated with DNA methylation in mitochondrial NADH
dehydrogenase 6 and D loop-region. Insulin resistance can affect sirtuin-1 activity
and sirtuin-1-mediated deacetylation of DNMT1, leading to alternations in DNMT1
activity and gene expression [29-32]. Patients with type 2 diabetes and insulin resis-
tance have mutation or deletion of mitochondrial dysfunction. Altered
S-adenosylmethionine is associated with mitochondrial dysfunction and insulin
resistance. This is evidenced by the fact that S-adenosylmethionine is correlated
with skeletal muscle mitochondrial density and insulin sensitivity [33].
S-Adenosylmethionine can increase the density of mtDNA in skeletal muscle and
furthermore improve the insulin sensitivity. Mitochondrial function may be related
with age which easily develops insulin resistance to reduce the effect of insulin on
glucose [34]. Decreased number of mtDNA copies is associated with insulin resis-
tance in obese individuals, possibly due to increased methylation in the D-loop
region [35]. The mitochondrial D region controls the replication and transcription of
mtDNA, revealing an increase in DNA methylation and a decrease in the number of
mtDNA replication in obese patients. It is unclear whether and how abnormal meth-
ylation in D-loop region can regulate mtDNA replication and transcription, to
change cell biological roles, evolution, and pharmacologic manipulation [36-38].
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6 mtDNA and Neuro-Diseases

Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease
that results in the death of motor neurons (brain, brainstem, spinal cord) ultimately
manifesting in paralysis and death. To date there is no cure for ALS, and most indi-
viduals die 3-5 years following symptom onset. The expression levels of DNMT1
and DNMT3A in neuronal mitochondria increased in amyotrophic lateral sclerosis
[39]. Levels of DNMT' protein increases in nuclear fraction, activity and amount of
transferase and 5-methylcytosine and DNMT expression are upregulated in the
motor cortex of sporadic patients with amyotrophic lateral sclerosis. Increased
activity and amount of 5-methylcytosine in DNA is an important feature of pathol-
ogy in amyotrophic lateral sclerosis and can be a therapeutic target for drug devel-
opment. The upregulation of DNMTs and 5SmC in human ALS motor neuron
mitochondria suggests that aberrant regulation of DNA methylation is an important
feature of ALS pathology and may serve as a target for drug development.

Trisomy 21 or Down syndrome (DS) is closely associated with Alzheimer’s dis-
ease and has common genetic risk factors. Down syndrome is the most common
trisomy syndrome caused by all parts or critical parts of trisomy 21 of human chro-
mosomes. Mitochondrial dysfunction has been widely described in DS, and mtDNA
defects have also been reported in DS. Infantino and colleagues investigated the role
of methylation of mitochondrial DNA in Down syndrome patients’ cells. They
found that the level of S-adenosylmethionine was decreased in DS subjects when
compared to the normal control group [40], leading to the imbalance in mitochon-
drial methylation. The abnormalities in the mtDNA methylation donors and mtDNA
methylation status may impact the mitochondrial dysfunction that is widely docu-
mented in Down syndrome.

7 Influencing Factors of mtDNA Methylation

mtDNA has a molecular weight of 16.5 kb, without the protection of histone and
loss of relative high-efficiency repair system [41]. It is easy for mtDNA to be
attacked by a large number of influencing factors from intra- and extra-cell, organ,
and body. For example, reactive oxygen species can play an important role in altera-
tions of mtDNA methylation, the air pollutants [42] can increase mtDNA copy
number, and chemicals can damage mtDNA and change mitochondrial gene expres-
sion (Fig. 9.2) [43]. Long-term exposure of alcohol could change the expression of
more than 700 genes in the promoter region of the h3k4me3 [44]. From one early
in vitro study of human HTC 116 cells, alcohol exposure was found to induce oxi-
dative stress and increase levels of mtDNAMT1 [45]. From Bram G. Janssen’s
study, we got the idea that fetal thyroid hormones play an important role in mito-
chondrial methylation and mitochondrial DNA (mtDNA) content.
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Factors and Processes Associated
with mtDNA Methylation:
« Airborne Pollutants
« Alcohol
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Fig. 9.2 Mitochondrial DNA methylation. This figure depicts the enzymes involved in mitochon-
drial DNA methylation. Cytosine residues are converted to 5-methylcytosine (SmC) and then 5
hydroxymethylcytosine (5ShmC). Existing research demonstrates that the process of mtDNA meth-
ylation may be influenced by a number of factors including air pollution, diet, aging, and oxidative
stress

Although the mechanism by which the fructose induces metabolic disorders
remains unclear, the role of fructose in the apparent modification of mtDNA in cell
biology and toxicology should be paid attentions to [46, 47]. One existing study of
fructose-fed rats reported that fructose increased mtDNA content and mtDNA tran-
scription in the rat liver cells [48]. It is possible that metabolic syndrome caused by
fructose is dependent upon the status of DNA methylation. Folic acid is one of the
necessary substances for methylation [49]. The deficiency of folic acid can damage
mtDNA and induce deletions of mtDNA. Recent study demonstrates that mtDNA
methylation is a new form of epigenetic mechanism, with a special sensitivity to
environmental exposures or signals from nuclear genome. Changes of mtDNA
methylation lead to dysregulation of gene expression in the development of nervous
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system and brain activity. A number of toxicants can perform toxic effects by influ-
encing mitochondrial function, including membrane, mtDNA, mtRNA, and metab-
olisms [50, 51]. The oxidative stress as one of the most important factors can
regulate mtDNMT1 and increase mtDNA susceptibility to reactive oxygen species
much more than nDNA [52]. The aging also plays an important role in the mainte-
nance of mtDNA methylation [53]. For example, 12SrRNA methylation was found
to be associated with aging, by analyzing the methylation of cytosine residues of
two mitochondrial genes, 12S and 16S rRNA [54].

8 mtRNA and nDNA

mtDNA and nuclear genes have the close communication and interaction. The
nuclear genome-dominated epigenetic alterations can affect the mitochondrial func-
tion by regulating the expression of mitochondrial genes. mtDNA changes influence
patterns of nuclear gene expression and levels of nDNA methylation. The specific
mtDNA copy number and activity in the cell can determine the methylation pattern
of nuclear genes. Like noncoding DNA, mtDNA is also subject to epigenetic modi-
fications, particularly in the 5-methylcytosine and 5-hydroxymethylcytosine marks.
The relationship between the mitochondrial and nuclear genomes is a bidirectional
effect in the regulation of metabolism and apoptosis pathway [55]. Besides the 37
genes which are encoded by mtDNA, the remaining genes that are involved in mito-
chondrial structure and function are encoded by the nDNA, synthesized in cyto-
plasm. nDNA-directed genes then enter into mitochondria to play a role in
mitochondria, nDNA-encoding polymerase, and ribosomal protein and protein
structure. Mitochondrial transcription factor A (TFAM) is a key molecule encoded
by nDNA to regulate mtDNA replication. Moreover, the TFAM gene contains many
potentially methylated CpG islands in its promoter region. Under the control of
TSH, the thyroid gland produces FT3 and FT4, and there are two pathways T3 plays
in the methylation of mitochondrial DNA: (1) FT3 binds to the thyroid receptors
(TRs) to promote the expression of peroxisome proliferator-activated receptor-y
coactivator 1-o (PPARGC1A), transcription factors encoded by nuclear genes, such
as TFAM, regulating mitochondrial gene; (2) in the mitochondrial matrix, it binds
to the specific TRs directly to promote the mitochondrial genome transcription
(Fig. 9.3) [56]. TFAM promoter is linked with luciferase reporter gene to perform
the methylation under methyltransferase, respectively, in SssI (CG), Hpall (CCGQG),
and Hhal (GCGC) and be transiently transfected into cells for the detection of fluo-
rescein activity [57]. Binding sites of SssI and Hpall are not involved in the regula-
tion of TFAM promoter activity. Nuclear respiratory factor —1 exists in the promoter
of TFAM, a DNA binding domain which contains two Hhal binding sites rather than
the Hpall site. mtDNA methylation is related with respiratory factor —1 methylation
of TFAM promoter. The methylation of gene silencing can regulate such communi-
cation and mitochondrial biogenesis and respiratory function, contributing to the
pathogeneses of human diseases.
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Fig. 9.3 FT3 and mitochondrial DNA methylation. Seventy-seven percent methylation in 12S
ribosomal RNA (MT-RNR1) in mtDNA and 47% methylation in D-loop region. FT3 and FT4 were
negatively correlated with mtDNA methylation. FT3 controls the gene PPARGC1A and the gene
regulating mitochondrial gene expression, mitochondrial transcription factor A (TFAM) which is
a nuclear-encoded transcription factors that is responsible for mitochondrial biogenesis. FT3 has
positive association between FT3 and placental mtDNA content. While it is negatively correlated
with mtDNA methylation, T3 binds to the specific receptors, p43, in the mitochondrial matrix. In
addition, 16S rRNA, COXI, ND3, ND4, ND1, and ND5 also exist in the mtDNA. High DNA
methylation levels in the mitochondrial genome make the mtDNA less accessible to proteins and
p43 [4, 67]

On the other hand, mtDNA damage also affects the methylation status of nDNA. In
the condition of anoxia and ischemic, the content of 8-OHdG as a marker of oxidative
damage in mtDNA increased, while DNA methylation decreased [58]. 8-OHdG could
inhibit the methylation of cytosine and interfere with the function of methyltransferase,
to change the DNA methylation and gene expression. Changes in mtDNA copy num-
ber could also affect the methylation level of nDNA [59]. Using genomic restriction
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scanning, 64 low methylation regions and 50 hypermethylation regions were found in
the nDNA of tumor cells, and 22 regions were altered after removal of mtDNA, of
which 17 or 5 were hypomethylation or hypermethylation, respectively. Those changes
can be reversed after they were reintroduced to mtDNA, indicating that mtDNA reduc-
tion or deletion can cause epigenetic changes. The copy number of mtDNA can regu-
late the methylation level of nDNA to control gene expression, differentiation, and
development [60]. The depletion of mtDNA leads to genetic changes in the nuclear
genome of the muscle and spleen. mtDNA is considered as a genetic material outside
the nucleus, controls the basic function of mitochondria, and is regulated by nDNA. The
mechanism of mitochondrial transcription is different from that of nuclear transcription
[61]. The effect of mtDNA methylation may be hardly associated with nDNA methyla-
tion. Mitochondria contain a noncoding region called the D-loop.

9 Conclusions and Perspectives

mtDNA has the genetic function outside of the nucleus, of which the proportion
may be limited, while the role of mtDNA in the body cannot be ignored.
Mitochondrial dysfunction is a common cause of diseases. The existence of mtDNA
methylation can be affected by a large number of intra- or extra-cellular factors.
mtDNA methylation plays a critical role in the development of diseases, although
the understanding of mechanisms and diseases impacted by mitochondrial DNA
methylation is at present relatively rudimentary. As its role in the body is better
understood, mtDNA methylation may potentially be a useful biomarker of disease
detection and diagnosis. We have to realize that the studies on mtDNA methylation
are just excellent starts. At the same time, we also should develop more accurate
methodologies to detect mtDNA methylation-oriented signal pathways, interaction,
and communications among regions of mtDNA sequences and between mtDNA
and nDNA. The ability to understand and predict mitochondrial disease progression
is important for clinicians, who can provide guidance on the patient’s development
of disease symptoms and provide optimal care for the patient [62, 63]. Exploring
more about mtDNA in single-cell and mtDNA heterogeneity by measuring single-
cell DNA sequencing [64—66] is what we’re going to do. On the other hand, com-
prehensive characterizations of mtDNA and bidirectional effects between mtDNA
and 3D genome, instability, and gene editing should also be investigated. In all,
more and more attention should be paid to the roles of mtDNA in disease occur-
rence, duration, severity, response to therapy, as well as prognosis.
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Chapter 10

Beyond Deubiquitylation: USP30-Mediated
Regulation of Mitochondrial Homeostasis

Jiayun Hou, Mohmmad Eldeeb, and Xiangdong Wang

Abstract Mutations or sequence aberrations in the Parkin gene are among the most
common causes of autosomal recessive Parkinson’s disorder (PD). Parkin, a cyto-
plasmic E3 ubiquitin ligase, is involved in mitochondrial quality control pathways,
including mitochondrial fission and mitophagy by autophagy-related genes. Parkin
mediates the covalent addition of ubiquitin (Ub) chains to Lys 6, Lys 11, and Lys 63
on diverse mitochondrial-related target proteins. USP30, a mitochondrial deubiqui-
tinase, promotes mitochondrial fusion by mediating the deubiquitination of ubiqui-
tylated forms of mitofusins, such as Mfn1l and Mfn2. USP30 preferentially mediates
the removal of Ub chains from Lys 6 and Lys 11 on mitochondria-derived proteins.
USP30 mediates the removal of the ubiquitin chains added by Parkin. It was dem-
onstrated that overexpression of USP30 triggers the mitochondrial dynamic signal-
ing toward elevated fusion and reduced fission and halts mitochondrial clearance via
mitophagy. Although mounting lines of evidences reveal the pivotal role of Parkin
in mitochondrial quality control pathways, the crucial role of deubiquitinases
including the USP30 deubiquitinase is emerging. Herein, we review briefly the role
of USP30 in the dynamic networks of mitochondrial quality control and its physi-
ological implications.
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1 Introduction

Mitochondria as dynamic organelles are constantly undergoing fusion and fission,
culminating in mitochondrial elongation or fragmentation. Among the crucial roles
that mitochondrial fusion serves are mixing of mitochondrial components and safe-
guarding the mitochondrial DNA integrity, generating more ATP production.
Mitochondrial fission contributes to the proper distribution of mitochondria to meet
local ATP demands and selective clearance of any otherwise abnormal or damaged
mitochondria [1]. The fission of mitochondria is essential to progression of mito-
chondrial autophagy, i.e., mitophagy [2]. Two major intracellular protein degrada-
tion pathways exist. Autophagy-lysosomal degradation pathway provides a way to
clean organelles and supramolecular components in the cytoplasm [3].
Ubiquitylation-mediated (also known as ubiquitination) proteasomal degradation
involves the degradation of most of the intracellular proteins [4].

2 USP30 Deubiquitylation Counteracts Parkin-Mediated
Ubiquitylation

Ubiquitin-specific peptidase 30 (USP30), a member of the ubiquitin-specific prote-
ase family, is a mitochondrial deubiquitinase [5]. UPS-mediated protein degrada-
tion relies on the first recognition of the substrate and covalent conjugation to Ub by
specific Ub E3 ligases. After the initial ubiquitination, further Ub molecules are
conjugated in series at lysine 48 of the Ub to form a polyubiquitin structure, which
is then recruited to the 26S proteasome for degradation [6]. The canonical ubiquiti-
nation of target substrates of the UPS system proceeds via a three-enzyme cascade:
E1 (ubiquitin-activating enzyme, using ATP), E2 (ubiquitin-conjugating enzyme or
carrier enzyme), and E3 (ubiquitin-protein ligase). The ubiquitin-conjugated sub-
strate is degraded into short peptides via the 26S proteasome. Most Ub molecules of
the Ub chain are depolymerized by mitochondrial deubiquitinases, and the rest are
often degraded by the 26S proteasome [7]. Deubiquitylation provides the counter-
acting process of ubiquitylation, which requires deubiquitylating enzymes, leading
to the reversible regulation [8].

USP30 can mediate the removal of the Ub chains added by Parkin E3 Ub ligase
[9] (Fig. 10.1). Parkin is a member of RING-between-RING family. Similar to
HECT domain E3 Ub protein ligase, RING-between-RING E3 Ub ligases have a
thiol ester intermediate with ubiquitin, differentiating them from RING finger E3
Ub-protein ligase without intermediate with ubiquitin. The Ser/Thr kinase PINK1
triggers Parkin self-association and subsequently triggers its ubiquitination activity
to target protein substrates [10]. USP30 plays the crucial role in mitochondrial qual-
ity control and in counteracting the ubiquitylation mediated by Parkin in response
to carbonyl cyanide-3-chlorophenylhydrazone (CCCP) treatment in HEK293 cells
[9]. CCCP-mediated mitochondrial damage stimulates Parkin to add Ub chains to
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Fig. 10.1 Model of USP30 deubiquitylating Parkin substrates.

Ubiquitin (Ub) is activated by E1 ubiquitin-activating enzyme (E1), which forms an E1 ubiquitin-
activating enzyme-thiol ester intermediate via ATP. The activated Ub by El transferred to an E2
ubiquitin-conjugating enzyme (E2) to generate a second thiol ester intermediate. And the activated
Ub conjugated with E2 can be transferred to Parkin E3 ubiquitin ligase to generate a third labile
thiol ester intermediate. PINK1 induces Parkin self-association. Then, the activated Ub is trans-
ferred to the substrate (S), where forms a s isopeptide bond. Additional ubiquitin is then added in
the same way to generate a polyubiquitin chain. The ubiquitin-conjugated substrate is degraded to
short peptides through the 26S proteasome (P). Most Ub molecules of the Ub chain are depolymer-
ized by USP30 enzyme, and the rest are often degraded by the 26S proteasome

Lys 6, Lys 11, and Lys 63 on mitochondria-derived proteins. USP30 mediates the
removal of both noncanonical (Lys 6 and Lys 11))- linked and canonical (Lys 48 and
Lys 63)-linked Ub chains [11]. The ablation of USP30 induces the specific accumu-
lation of Lys 6-linked Ub chains [9], strongly suggesting that Lys 6-linked Ub
chains is the primary target of USP30.

Although phosphorylation impacts ubiquitylation and subsequent degradation of
diverse signaling proteins [12, 13], phosphorylation of ubiquitin chains may affect
deubiquitylation by mitochondrial deubiquitinases. For instance, phosphorylation
of Ub (pUb) at Ser65 impacts Ub polymerization, culminating in mitigation of ubiq-
uitylated protein levels [14], while the pUb chains don’t impact the expression of
USP30in cells [11]. Recombinant USP30 appears to cleave non-phosphorylated Ub
chains in ubiquitin-conjugated substrates and Lys 6-linked diubiquitin [14]. USP30
reduced activity toward pUb chains, which is common among other mitochondrial
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deubiquitinases, such as USP2, USPS5, USPS, and USP15 [14, 15]. It is noteworthy
to mention that all of the Ub molecules in Ub chains can be phosphorylated by
PINKI kinase. The phosphorylated Ub seems to not impact the Ub translocation
from EI ubiquitin-activating enzyme to E2 ubiquitin-conjugating enzyme and to
influence Ub discharging from E2 ubiquitin-conjugating enzyme to form ubiquitin
chains. Thus, Ub phosphorylation has a regulatory effect on ubiquitination and deu-
biquitination and downstream processes of ubiquitin-proteasome system like pro-
tein degradation and others [15].

Recent work unveiled some of the common target substrates of USP30 and
Parkin. The deubiquitylation of 12 mitochondrially associated proteins was signifi-
cantly high upon overexpression of recombinant USP30, including CISD1, FKBPS,
GDAP1, MULI1, MOS2, MTX1, PTRH2, TOM20, TDRKH, VDAC1, VDAC2, and
VDACS3, suggesting that they may be target substrates of USP30. These substrates,
including MUL1, MTX1, VDACI, VDAC?2, and VDAC3, are involved in diverse
mitochondrial quality control-related signaling pathways [16—18]. MUL1, a mito-
chondrial E3 ligase, is the most prominently deubiquitylated protein upon USP30
overexpression [16, 19]. USP30 contributes to the balance of mitochondrial homeo-
stasis. MTX1, a component of a preprotein, imports complex in the outer membrane
of the mitochondrion [18]. Cells lacking VDAC?2, a mitochondrial outer membrane
protein, exhibited the monomeric inactive conformation of augmented BAK, an
important mediator of mitochondrial or intrinsic apoptotic cell death. Thus, VDAC2
enhances the activity of BAK and plays a crucial role in the regulation of intrinsic
apoptotic pathway [17].

3 USP30 Promotes Mitochondrial Fusion
by Deubiquitylating Mitofusins

Mitochondria can be converted from state of fragmentation into a hyper-fused, giant
network known as elongation, upon G1-S transition in cell cycle. The mitochondrial
fusion has greater ATP outputs than other cell cycle stages, where depolarizing
mitochondria at the early stage of G1 phase halts the blocking of G1 phase progres-
sion into S phase. Prolonged mitochondria by chronic inhibition of dynamin-related
protein (DRP)-1, culminating in cyclin E overexpression, can entry into S phase and
mitotic chromosome alignment [20]. Mitochondrial fusion, like endoplasmic reticu-
lum fusion, relies on DRPs [21, 22]. DRPs belong to a family of GTPases, which
provide the structural and mechanical support for membrane remodeling [23, 24].
DRPs play an important role in membrane scission, particularly in the process of
endocytosis and some membrane budding, and participate in fission of mitochon-
dria and peroxisome biogenesis [25, 26]. Mitochondrial fusion occurs upon binding
of the two tips [27].

DRPs, known as mitofusins, are anchored to the mitochondrial outer membranes
(OM) by two transmembrane domains, and the N-terminal end and C-terminal end
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are all exposed to the cytoplasm [28]. DRPs, including Fzol in budding yeast, Fzo
and Marf/Dmfn in flies, Mfnl and Mfn2 in mammals, and FZO-1 in the worm,
mediate fusion of mitochondrial OM [29]. FZO, shortly expressed in the develop-
ment of fly, is an early indicator for mitochondrial fusion [29, 30]. All the other
DRPs, excluding FZO, are constitutively expressed in mitochondria [31, 32]. In
flies, the loss of Fzo leads to male sterility [33]. Fzol mutation causes mitochondrial
DNA loss and subsequent mitochondrial translation loss, culminating in respiratory
incompetence [34]. In mice, knockout of Mfnl or Mfn2 is embryonic lethal because
of a placental defect features [35]. In addition, Mfn2 loss occurs after placental for-
mation, but not Mfn1 loss, resulting in impaired cerebellar development and lethal-
ity soon after birth [36]. In vitro, partial ablations of both Mfn1 and Mfn2, neither
Mitnl nor Mfn2 alone, culminate in many severe cellular defects, such as poor cell
growth, decreased cellular respiration, and high heterogeneity of mitochondrial
membrane potential [31]. The overexpression of Mfn2 in cells devoid of Mfnl and
overexpression of Mfnl in Mfn2-deficient cells can both rescue mitochondrial mor-
phology, due to the abundant homotypic and heterotypic complexes assembled by
Mitnl and Mfn2 [1, 35]. The Mfn1 has different roles in OM fusion with respect to
Mifn2, because the absence of Mfn1 or Mfn2 makes cells harbor different mitochon-
drial morphologies [37]. In mammals, knockout of Mfn1 results in numerous scat-
tering small mitochondria throughout the cytoplasm, and loss of Mfn2 culminates in
mitochondrial fragmentation whose fragments are larger than Mfn1 [35, 38]. The
BCL-2-like protein CED-9 of C. elegans can promote mitochondrial fusion of both
the outer and inner mitochondrial membranes via FZO-1 and EAT-3 [39].
15-Oxospiramilactone, a diterpenoid derivative identified from plants, can trigger
the mitochondrial fusion via mitofusins (Mfns) or OPA1 on both the outer and inner
mitochondrial membranes. 15-Oxospiramilactone directly interacts with the cata-
lytic domain of USP30, resulting in USP30 inactivation. USP30 acts on ubiquity-
lated forms of Mfn1 and Mfn2, facilitating mitochondrial fusion [40].

Fzol and Mfn1/Mfn2 are involved in mitochondrial docking, mitofusins anchor
to the OM by two transmembrane domains, and the N- and C-terminal endings are
exposed to the cytosol. Mitochondrial fusion interacts between the tips of two mito-
chondria. Monomeric form of mitofusins assembles a dimer in the same mitochon-
dria, i.e., in cis, when the binding of GTP under the help of Ugol. Interactions
between two mitochondria occur via the higher oligomerization state of mitofusins
[41, 42]. Subsequently, GTP hydrolysis mediates mitofusin ubiquitylation and ulti-
mately degradation, to facilitate membrane approximation. Ugol and Mito-PLD in
mammals mediate the merging of the associated OM membrane between two mito-
chondria [43].

Mitochondrial motility is related to mitochondrial fusion, which means that the
stationary mitochondria have less probability to connect and fuse with another mito-
chondrion [44]. Mitochondrial axonal transport is mediated by motor/adaptor com-
plex, which anchors in the OM of mitochondria and encompasses Miro, Milton, and
kinesin-1 heavy chain. PINK1 senses mitochondrial depolarization upon CCCP
treatment, mediates Parkin binding and the subsequent degradation of Miro/Milton,
and culminates in motility arrest of mitochondria [5].
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4 USP30 Dampens Mitochondrial Fission
by Deubiquitylating Mitofusins

Ubiquitylation impacts the degradation of target protein substrates and regulates the
dynamics of target protein functions. This is exemplified by the observation that
ubiquitylation of mitofusins can culminate in two opposite outcomes, increased and
decreased OM fusions, which are profusion and antifusion. In the profusion aspect,
the mitofusins, Fzo in flies or Mfns in mammals, are assembled, ubiquitylated, and
degraded to facilitate the OM fusion, when the OM fusion occurs. In the antifusion
aspect, nonfunctional mitochondria lose membrane potential, leading to fusion
incompetency and fragmentation of mitochondrial tubules by ongoing fission [45].
These damaged mitochondria, which cannot mix together or protect mitochondrial
DNA integrity, become target autophagy substrates [46]. Crucial mitofusins of
mitochondrial fusion are inactivated, resulting in mitochondrial fragmentation. The
Ub E3 ligase APC/C ubiquitylates Mfnl and OPA1, leading to the proteasomal-
dependent degradation [47]. Fzol degradation takes place in the context of the mito-
chondrial fission promoted by cellular growth arrest [48]. Huwel, an E3 Ub protein
ligase, is recruited to the OM for apoptosis via diverse apoptotic stimuli or mito-
chondrial depolarization, ubiquitylates, and subsequently degrades Mfn1 and Mfn2,
leading to mitochondrial fission. Parkin is also involved in the mitochondrial fis-
sion, similar in flies and mammalian cellular models [49, 50].

The mitochondrial dynamic network encompasses fusion and fission related to
mitophagy and is pivotal to distribute mtDNA and proteins [51]. Fission often
occurs after fusion, leading to produce mitochondrial fragmentation with uneven
mitochondrial constituents. The mitochondrial fragmentations participate in fusion
and fission dynamic network, whereas the depolarized mitochondrial fragmentation
is degraded by mitophagy [22]. Depolarized mitochondria undergo fission, when
Mfnl and Mfn2 lost in outer membrane of mitochondria and Opal lost in inner and
outer membrane of mitochondria [1]. Mitochondrial fission is essential to progres-
sion of mitophagy [2]. It was revealed that Drpl is involved in the induction of
mitophagy [52] and inhibits mitophagy by downregulating overexpression of Drp1
or Opal [53].

5 USP30 Halts Mitochondrial Mitophagy

Autophagy can be categorized by macroautophagy, microautophagy, and chaperone-
mediated autophagy [3]. Macroautophagy includes selective autophagy and nonse-
lective autophagy. Mitophagy is one of the selective macroautophagy pathways to
contribute to clearing damaged or unneeded organelles in a selective manner.
Nonselective macroautophagy occurs and mediates the generation of essential
nutrients to needed cells. In macroautophagy, a phagophore surrounds a damaged or
unneeded organelle or cytoplasm to form an autophagosome harboring double
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Fig. 10.2 Ubiquitylation and deubiquitylation of mitofusins in regulating dynamic mitochondria
of fusion and fission. Mitochondria constantly occur in fusion and fission, leading to mitochondrial
elongation or fragmentation. E3 ubiquitin ligases, including Parkin, APC/C, or Huwel, inhibit
mitochondrial fusion to ubiquitylate Mfnl and Mfn2 (Mfns). Overexpression of deubiquitylase
USP30 makes the mitochondrial dynamic network toward increased fusion and decreased fission
by removing ubiquitin from ubiquitylated Mfns. 15-Oxospiramilactone, a small molecule inhibitor
of USP30, inhibits mitochondrial fusion

membranes. The fusion of autophagosome and lysosome forms autophago-lysosome
and mediates the selective destruction of the autophagosome contents [54, 55]. The
microautophagy dictates that lysosomal membrane invaginates to engulf cytoplas-
mic components. The chaperone-mediated autophagy degrades KFERQ amino acid
motif-containing target proteins. The substrate proteins are recognized by the chap-
erone Hsp70 complex, bound to LAMP-2A lysosomal protein, and subsequently
targeted for lysosomal membrane [55] (Fig. 10.2).

Mitophagy in mammalian cellular system is regulated, at least in part, by PINK1-
and Parkin-mediated pathway (Fig. 10.3). PINKI is transferred through the outer
membrane of mitochondria by TOM; located in the inner membrane of mitochon-
dria by TIM; cleaved by proteases, such as MPP and PARL proteases; and
proteolytically degraded through the N-end rule degradation machinery [1, 50]. In
damaged mammalian mitochondria, PINK1 is hardly delivered to the inner mem-
brane of mitochondria probably via the abnormal mitochondrial membrane poten-
tial and thus just localized to the outer membrane of mitochondria. PINK1 recruits
the Parkin and initiates mitophagy to selectively target the tagged mitochondria for
destruction [56, 57]. However, in flies, Parkin overexpression can rescue mitochon-
drial defects without the need of PINK1 kinase, indicating another initiator or medi-
ator molecules in addition to PINK1 [58, 59].
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Fig. 10.3 Mitophagy is relative to PINK1- and Parkin-mediated pathway. In depolarized mito-
chondria, ubiquitin-binding adaptor SQSTRM!1 localizes in mitochondria and binds the mitochon-
dria to autophagosomes by LC3. Parkin recruits Ambral to damaged mitochondria, which activates
the PI3K-Beclin-1 complex and recruits pre-autophagosomal membranes, leading to mitophagy.
The Parkin-dependent mitophagy also needs the E3 ubiquitin ligase SMURFI1, which might
deliver mitochondria to the autophagosome, because of its membrane-targeting domain rather than
its ubiquitin ligase activity

In neuronal-derived cellular models, knockdown of PINK1 stimulates mitoph-
agy [60]. Parkin overexpression promotes CCCP-induced mitophagy [61]. In
unwanted or damaged mitochondria, degradation of mitofusin dampens mitochon-
drial fusion and augments mitochondrial fission and subsequent mitophagy. The
loss of mitofusin fails to induce mitophagy per se, while PINK1 and Parkin can
induce mitophagy without the need for mitofusin [5, 62]. Parkin-mediated mitoph-
agy involves the autophagy-related genes (ATGs), including ATG1-10, ATG12-16,
and ATG18S, to form the core machinery of autophagy. In macroautophagy, ATGs
initiate the selective removal of organelles or abnormal cytoplasmic components.
About 30 ATGs were identified in Saccharomyces cerevisiae by genetic screens
[63]. The CCCP-treated mitochondria are rarely degraded via shutting function of
class IIT phosphatidylinositol-3-kinase (PI3K) Vps34, ATG3, ATGS5, and ATGS [1].
In depolarized mitochondria, ubiquitin-binding adaptor p62/SQSTRMI is localized
in mitochondria and binds the mitochondria to autophagosomes by LC3 [64]. The
Parkin-mediated mitophagy still takes place without the p62-mediated clustering
[65, 66]. Recent work has revealed the direct interaction between PINKI1/Parkin
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pathway and Beclin-1 PI3K complex [67, 68]. Parkin recruits Ambral to damaged
mitochondria and activates the Beclin-1 complex, recruiting pre-autophagosomal
membranes and culminating in mitophagy. The Parkin-dependent mitophagy also
needs the E3 Ub ligase SMURFI in the cytoplasm [69]. It was postulated that
SMURF! might deliver mitochondria to the autophagosome, because of its
membrane-targeting domain rather than its Ub ligase activity.

The starvation-induced macroautophagy is initiated by a complex ATGI and
ATGI13 [70]. In unstressed condition, ATG1 and ATG13 are separated by rapamycin
complex 1. Upon starvation, ATG1 and ATG13 are gathered to induce macroau-
tophagy. Rapamycin complex 1 also regulates the ortholog of ATG1 and ATG13, the
ULKI1 complex. The Hsp90-Cdc37 complex induces mitophagy via the ULKI-
ATG13 pathway in response to stress [70]. The ATG1/ULKI1 complex, rather than
ATG13, is involved in other pathways in the autophagosome assembly by ATG14,
Beclinl, and Vps34 [71]. Vps34 mediates the induction of the nucleation of the
isolation membrane by PIP3-rich membrane domains [54].

USP30 regulates Parkin-mediated mitophagy. Lys 6 and Lys 11 Ub chains are
involved in mitophagic signaling pathway. Mitochondrial damage by CCCP stimu-
lates Parkin to covalently add Ub chains to Lys 6, Lys 11, and Lys 63 on mitochondria-
derived proteins, and USP30 selectively removes Ub chains from Lys 6- and Lys
11-containing protein substrates [9]. USP30 overexpression culminates in deubiqui-
tinating target substrates, including TOM20, TOM70, and VDACs, and thus can
rescue the Parkin-mediated mitophagy [72]. The downregulation of USP30 rescues
abrogated mitophagy via the overexpression of autophagy receptor SQSTM1 [72].
The overexpression of USP30 shifts the mitochondrial dynamic network toward
augmented fusion and reduced fission and curbs mitochondrial clearance via
mitophagy.

6 The Relative Diseases

The abrogation in mitochondrial quality control pathways contributes to neurode-
generative disorder. The deregulation of mitochondrial fusion contributes to
Charcot-Marie-Tooth neuropathy type 2A, autosomal dominant optic atrophy, car-
diopathies, and neurodegenerative disorders. E3 Ub ligase Parkin ubiquitylates
mitofusins, leading to damaged mitochondria to degrade. Parkin mutation is often
found in Parkinson’s disease patients [50], suggesting that the invalid Parkin might
not effectively ubiquitylate mitofusins, leading to noneffective clearance of dam-
aged mitochondria. Because neuronal function needs high energy, fusion of mito-
chondria takes important part in neurons [73]. MULI is the most prominently
deubiquitylated protein by USP30, among the substrates identified in the shared
substrates of USP30 and Parkin. MUL1 is relative to some mitochondrial diseases,
including Parkinson’s disease and muscle wasting [19].

Parkin contributes to a large number of mitochondrial and cellular dysfunctions.
Parkin is involved in the development of neurotoxicity and lipotoxicity through the



142 J. Hou et al.

autophagy-dependent pathway [74-76]. USP30 may stimulate the overproduction
of inflammatory mediators and proteasome activity dependently or independently
of reactive oxygen species or of endolysosomal trafficking pathways [77-79]. It is
also questioned whether USP30 and Parkin are involved in mitochondria-driven
metabolism and bioenergy generation [80-82], change cellular sensitivity and
response to drug [83—86], and promote the development of drug resistance [87—-89].
With the development of technology, it is also interesting to explore biological func-
tions of Parkin and USP30 in single-cell biology by measuring single-cell RNA
sequencing and using CRISPR [90-93].

7 Conclusions and Perspectives

Parkin adds Ub chains to Lys 6, Lys 11, and Lys 63 on mitochondria,while USP30
preferentially removes Ub chains from Lys 6 and Lys 11 on mitochondria. This sug-
gests some other deubiquitinating enzymes corresponding to Parkin ubiquitination.
There are about 100 deubiquitinating enzymes in humans [94], but only USP30,
USP15, and USP35 deubiquitinate substrates of Parkin. Otherwise, USPS directly
targets Parkin itself. USP15 opposes Parkin-mediated mitophagy on damaged mito-
chondria. Moreover, USP15 knockdown rescues mitophagy in PD patient fibro-
blasts with Parkin defect [95]. Similar to USP30 and USP15, USP35 overexpression
impairs mitophagy, and knockdown enhances mitophagy [96]. But there is no data
showing which Ub chain can be removed by USP15 or USP35. Moreover, only
several deubiquitinating enzymes have been investigated for small inhibitor mole-
cules, such as 15-oxospiramilactone and VLX1570 [94].
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Chapter 11
Metabolic Regulation in Mitochondria
and Drug Resistance

Yue Pan, Min Cao, Jianzhou Liu, Qing Yang, Xiaoyu Miao, Vay Liang W. Go,
Paul W.N. Lee, and Gary Guishan Xiao

Abstract Mitochondria are generally considered as a powerhouse in a cell where
the majority of the cellular ATP and metabolite productions occur. Metabolic rewir-
ing and reprogramming may be initiated and regulated by mitochondrial enzymes.
The hypothesis that cellular metabolic rewiring and reprogramming processes may
occur as cellular microenvironment is disturbed, resulting in alteration of cell phe-
notype, such as cancer cells resistant to therapeutics seems to be now acceptable.
Cancer metabolic reprogramming regulated by mitochondrial enzymes is now one
of the hallmarks of cancer. This chapter provides an overview of cancer metabolism
and summarizes progress made in mitochondria-mediated metabolic regulation in
cancer drug resistance.
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1 Introduction

Mitochondria are generally considered as the powerhouse in a cell where the major-
ity of the cellular ATP and metabolite productions occur. Mitochondrial metabolism
is directly or indirectly connected to many cellular metabolic pathways through
common substrates and enzymes serving numerous cellular functions (Figs. 11.1
and 11.2). Energy production in a cell via oxidative phosphorylation is an essential
function of mitochondria, which is also involved in Ca** homoeostasis and cellular
apoptosis. Studies showed that mitochondrial dysfunction resulted from mutations
of nuclear DNA or mitochondrial DNA (mtDNA) occurred in diseases [1, 2].
Efficient energy production by the mitochondria is required for rapid proliferation
in cancer [3-5]. Mitochondria dysfunction may be a common marker for tumori-
genesis. In this chapter, altered regulations of metabolic functions and specific path-
ways by mitochondrial metabolism will be reviewed and their relevance to the
development of cancer chemoresistance discussed.

Carbohydrate

Fatty acids
[ S-aminolevulinate
—

!

| Heme biosynthsis |

~ eupuoyoony

Fig. 11.1 Schematic representation of metabolic pathways involving mitochondrial metabolites.
An overview of the main catabolic and anabolic metabolic pathways supporting tumor cell growth
and survival.

Abbreviations: GLUT, glucose transporter; MCT, monocarboxylate transporter; TCA, tricarbox-
ylic acid cycle
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Fig. 11.2 Overview of mitochondrial function and catabolic and anabolic metabolic pathways.
The TCA cycle uses substrates from glycolysis, fatty acid oxidation, and amino acid catabolism to
generate building blocks and high-energy electrons (NADH and FADH?2) to power the ETC. Major
biosynthetic products produced by mitochondria and signaling pathways regulated by mitochon-
drial function are indicated

Abbreviations: NADH, nicotinamide adenine dinucleotide reduced form; ROS, reactive oxygen
species; FADH,, flavin adenine dinucleotide; ATP, adenosine triphosphate; 5,10-CH,-THF, 5,10
methylenetetrahydrofolate

2 Mitochondrial Metabolism in Tumor Growth

Cellular bioenergetics and biosynthesis are maintained by mitochondria-coordinated
anabolic and catabolic reactions for energy metabolism. Acetyl-CoA, produced by
metabolism of glucose, fatty acids, and amino acids, is an important component in
energy production and mitochondrial metabolism. Although mitochondrial metabo-
lism is necessary for cancer cell proliferation, the exact mechanism underlying
mitochondria-mediated regulation in cancer metabolism is still unknown. A number
of studies showed that well-functioned mitochondria are required for rapid growth
of tumor cells as they are not only an energy-producing factory but also a supplier
of metabolic components. Active metabolic intermediates resulting from a myriad
of glucose metabolic networks maintain high proliferation rate in a cancer cell.
Intermediates from tricarboxylic acid (TCA) cycle can be utilized as carbon sources,
such as a-ketoglutarate (a-KG) from glutamine metabolism [6-8].



152 Y. Pan et al.

Warburg hypothesized in 1956 that the increased glycolysis and lactate produc-
tion occurred in cancer cells regardless of oxygen condition [9]. This hypothesis is
now well understood since oncogenic pathways including phosphoinositide 3-kinase
(PI3K) pathway is activated [10, 11], leading to dysregulated metabolic enzymes
and mitochondrial dysfunction. Although cancer cells utilize glycolysis as the main
pathways for energy production, the intermediates from glycolysis can also be main
regulators of the TCA cycle for cancer cell proliferation and migration through its
metabolism [12]. Additionally, mitochondrial dysfunction in cancer allows cancer
cells to utilize glycolysis as a main energy resource for its survival [10, 13]. In harsh
conditions such as hypoxia and nutrient deficiency, cancer cells can turn on their
survival mechanism through mitochondrial regulation by alteration of their energy
production in adaptation to their microenvironment [14, 15]. In these low-energy
states (e.g., high ratio of ADP/ATP or AMP/ATP), mitochondrial adenylate kinase 4
(AK4) is activated leading to activation of AMP kinase (AMPK), resulting in further
activation of the catabolic pathway to produce more ATP [16, 17].

2.1 Glycolysis and the Warburg Effect

Glucose in a cell is a major carbon source for the production of ATP and other inter-
mediates by oxygen-independent glycolysis [18]. The intermediate pyruvate from
glycolysis can be used by mitochondria in the cell to produce energy through oxida-
tive phosphorylation (OXPHOS), as well as potential production of reactive oxygen
species (ROS) [19]. However, in a hypoxic environment, cancer cells can use gly-
colysis instead of oxidative phosphorylation to generate energy regardless of oxy-
gen condition [20, 21]. Therefore, the majority of glucose in cancer cells is used for
production of lactate through non-OXPHOS pathway, which is independent on
mitochondria [22]. Presumably, cancer cells utilize glucose through glycolysis for
energy production; thus it keeps less ROS production and incremental production of
metabolic intermediates [23, 24]. Because less ATP is produced through glycolysis
than from OXPHOS in a cell [25], cancer cells maintain their rapid growth and
redox homeostasis by increasing glucose uptake and glycolysis [26]. Conveniently,
detection of glycolytic rates in cancer cells by *F-deoxyglucose positron emission
tomography (FDG-PET) is used for detection, diagnosis, and therapy of cancer
[27].

Over the years, the Warburg effect, aerobic glycolysis, is believed to result from
mutations in a variety of signaling pathways [24, 28-32]. Mitochondrial dysfunc-
tion and activation of crucial enzymes in glycolysis such as hexokinase 2 and M2
pyruvate kinase alter cancer cell metabolic phenotype [32]. Studies showed that the
increased glucose uptake induced by glucose transporter overexpression [33] and
the crucial glycolytic enzymes [34] regulated by transcription factors including
hypoxia-inducible factor 1 (HIF-1), Myc, and PI3K may contribute to the Warburg
effect and maintain cancer cell proliferation [24, 28, 30]. On the other hand, tumor
suppressor gene p53 represses the transcription of glucose transporters GLUT1 and
GLUTH4, activates the cytochrome ¢ oxidase assembly protein (SCO2) to promote
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the OXPHOS, and upregulates glycolysis and apoptosis regulator (TIGAR), which
can reduce the glycolytic activator fructose-2,6-bisphosphate in cancer cells. These
studies suggest that the tumor suppressor gene p53 may play a crucial role in modi-
fying Warburg effect [19, 35].

Many metabolic enzymes are key regulators in cancer metabolic phenotypes that
regulate cell apoptosis and glucose homeostasis [36, 37]. For instance, the rate-
limiting enzyme of glycolysis hexokinase 2 (HK2) isoform plays a crucial role in
the Warburg effect. HK2 binds competitively with the voltage-dependent anion
channel (VDAC) in mitochondria, which prevent VDAC from binding with pro-
apoptotic factor Bax, resulting in inhibition of proliferation, prevention of mito-
chondrial apoptosis, and enhancement of autophagy [38]. Thus, multifunctional
metabolic enzymes can be exploited as potential targets for cancer therapy.

2.2 Pentose Phosphate Pathway

Pentose phosphate pathway (PPP) is another key energy-producing pathway in
metabolism, which supports DNA and RNA synthesis, to maintain cancer cell
growth by regulating the lipogenesis and pentose synthesis. The pentose phosphate
and nicotinamide adenine dinucleotide phosphate (NADPH) are mainly generated
by PPP. NADPH is a necessary cofactor for lipid and amino acid biosynthesis, and
it can modulate the oxidative stress by maintaining reduction of glutathione (GSH)
[39]. Studies showed close association of PPP with cancer cell proliferation, indi-
cating that PPP can counteract oxidative stress in maintaining cellular redox homeo-
stasis in cancer cells.

PPP oxidative branch pathway is mainly regulated by rate-limiting enzymes of
glucose oxidation-producing NADPH and ribose-5-phosphate (R5P). PPP non-
oxidative branch pathway is driven by mass action through a system of transaldol-
ase and transketolase. Glucose-6-phosphate dehydrogenase (G6PD) is the first
enzyme and main regulator in the oxidative branch, and the key enzyme in the non-
oxidative branch is transketolase (TKT) [40]. Several oncogenic signaling pathways
may activate GOPD, such as tumor suppressor pS3 which can directly activate GOPD
by causing K403 acetylation. Activation of G6PD affects late G1 and S phases of
cell cycle. Moreover, G6PD interacted with the protein-b-transduction repeat-
containing protein (b-TrCP) to activate SCF ubiquitin ligase, which degrades
PFKFB3 during S phase [41]. Degradation of PFKFB3 increases the generation of
NADPH and R5P leading to the shuttling of glycolytic substrates through the PPP.

2.3 Lipid Metabolism

Fatty acids are the principal component of phosphoglycerides, triacylglycerides,
sterol esters, and sphingolipids. Plasma membranes are made up of phosphoglycer-
ides and sterols. Triacylglycerides are mainly used for energy storage. Lipids are
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involved in signal transduction, membrane homeostasis, proliferation, apoptosis,
differentiation, and drug resistance of cancer cells [42]. Lipid biosynthesis in cancer
cells is increased for cell membrane synthesis to maintain rapid growth of cancer
cell. Especially, normal cells rely on extracellular lipids, while proliferation of can-
cer cells relies on de novo lipid biosynthesis.

In cancer cells, oncogenic signaling pathway enhances fatty acid synthase to
accelerate the lipogenesis by activating many enzymes related to fatty acid synthase
[43, 44], thus increasing glutamine metabolism and glucose transport and promot-
ing glycolysis and PPP activity. Mitochondrial citrate is the source of acetyl groups
used for biosynthesis of fatty acids. The citrate in the mitochondria is first exported
to the cytosol, and ATP citrate lyase (ACLY) can then produce oxaloacetate and
acetyl-CoA. Malic enzyme (ME) and malate dehydrogenase (MDH) catalyze oxa-
loacetate into pyruvate and generate NADPH used for biosynthesis of fatty acid.
Additionally, acetyl-CoA carboxylase (ACC) catalyzes acetyl-CoA into malonyl-
CoA, and both groups of acetyl and malonyl are condensed through cyclical series
of reactions by fatty acid synthase (FASN), producing long-chain fatty acids.
Saturated fatty acids are synthesized by elongases and desaturases. On the other
hand, fatty acids can be degraded by p-oxidation in mitochondria. During this pro-
cess, large amounts of ROS and ATP from OXPHOS and TCA are generated [42].

Fatty acid and sterol synthesis is also regulated at the transcription level. Sterol
regulatory element-binding proteins (SREBPs) are transcriptional factors that regu-
late enzymes related to cholesterol and fatty acid synthesis. In turn, tumor suppres-
sors pRB, p53, and AMPK can inhibit SREBP expression, and oncogenes PI3K and
Akt can activate it [43]. Since enzymes related to lipid biosynthesis are activated in
cancer cells and are associated to cell growth, lipogenic pathways are potential tar-
gets for cancer therapy.

2.4 Amino Acid Metabolism

Amino acids contain a specific side chain and both amino (—NH,) and carboxyl (—
COOH) groups, which are basic building blocks for protein synthesis. Catabolism
of amino acids provides carbon and nitrogen for biosynthesis of other important
metabolites. In fact, amino acids contribute to survival and regeneration of cells.
Progressive deficiency of specific amino acids such as leucine, glutamine, and argi-
nine can activate the mTOR pathway, and the levels of amino acids in a cell are
regulated by rapamycin (mTOR) signaling [44]. In response to amino acid defi-
ciency, activation of mTOR leads to autophagy and reduced protein synthesis.
Nonessential amino acids can be produced from glycolytic and TCA cycle interme-
diates. For example, 3-phosphoglycerate and pyruvate can be converted to alanine.
Oxaloacetate and a-ketoglutarate generated by TCA cycle can be converted to
aspartate (asparagine) and glutamate (glutamine). Furthermore, glutamate can be
transformed to 1-pyrroline-5-carboxylate (P5SC) and L-glutamate-5-semialdehyde
(GSA), which could be further converted to proline and ornithine, which produces
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arginine at urea cycle. Other nonessential amino acids of importance are serine and
glycine which are precursors to the synthesis of cysteine and nucleobases [45].

Endogenous amino acid synthesis usually is insufficient to support protein syn-
thesis in cell growth. Exogenous supply of amino acids is required, which are trans-
ported across cell membrane by selective transporters on the cell membrane.
Accordingly, SLC1AS, SLC7AS, SLC7A11, and SLC6A14 are amino acid trans-
porters and overexpressed in cancer cells regulated by MYC and miR-23a.
Overexpression of amino acid transporters facilitates amino acid utilization and cell
proliferation [46-48]. Interestingly, the glutamine transporters SLCIAS5 and
SLC7AS coupling can increase the use of glutamine and help increase tumor growth
regulated by mTOR pathway in cancer cells [49].

In proliferating cells, more amino acids are used than is required for protein bio-
synthesis. They are the sources of one-carbon units, acetyl units in fatty acids, TCA
cycle intermediates, and nucleotides in intermediary metabolism [45]. For instance,
glutamine, aspartate, and glycine are necessary for the synthesis of nucleotide,
while glycine and serine are crucial in the metabolism of one-carbon unit; it can
provide the precursors for lipid, nucleotide, and protein synthesis, taking part in
nucleic acid and protein methylation and regulating the redox state [50]. The pro-
cess of converting serine to glycine can be catalyzed by the cytosolic or mitochon-
drial serine hydroxymethyltransferase (SHMT1 and SHMT2, respectively). It has
been shown that the metabolic activity of SHMT?2 is closely related to the prolifera-
tion rate in cancer cell. In fact, SHMT?2 is thought to be the basis for the mainte-
nance of cancer metabolism by promoting hemoglobin biosynthesis and oxidative
phosphorylation [51].

The degradation of proline is closely associated with production of ROS and
regulation of redox potential in cancer metabolism. The first step in the degradation
of proline is catalyzed by a tumor suppressor, which is the mitochondrial proline
dehydrogenase (PRODH) [52]. This mitochondrial enzyme is linked to the electron
transport chain through complex III, and it could be as a source of ROS production.
Additionally, P5C and proline can be used as a redox couple, through mitochondrial
PRODH and cytosolic P5C reductase (PYCR) binding activity to balance mitochon-
drial reduction potential and oxidative potential, during which process NADPH is
more preferred [53]. Since proline is a product of glutamine, many studies have
shown that glutamine plays a prominent role in tumor metabolism. Thus, it has been
reported that some tumor cells exhibit a survival dependent on glutamine.

2.5 Glutamine Metabolism

Glutamine as one of the nonessential amino acids is a highly abundant amino acid
compared to others in plasma and intracellular pools, and cancer cells utilize it
actively for energy metabolism. Glutamine is a versatile substrate in cancer cells
and plays a key role in tumor development [54, 55]. It can be used for synthesizing
protein, nucleotide, and lipid, generating energy, and providing the precursor for
glutathione and other nonessential amino acids. Glutamine metabolism is regulated
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by MYC, TP53, KRAS, SIRT4, and mTOR, that is to say, tumor genetics can affect
cancer proliferation by regulating glutamine [56]. Additionally, many cancer cells
can use glutamine to meet their metabolic needs for proliferation. Glutamine catab-
olism can generate the precursors for de novo lipid biosynthesis and TCA cycle. The
consumption of citrate from the TCA cycle creates a need for anaplerotic replenish-
ment of the cycle, which can be provided through oxidative metabolism of gluta-
mine [57]. Glutaminase (GLS) catalyzing glutamate is the first step of mitochondrial
oxidation of glutamine. The crucial enzyme in glutamine metabolism may be the
target of cancer therapy. There are three mammalian glutaminase isoforms: kidney
(K-type) glutaminase (KGA), liver (L-type) glutaminase (LGA), and glutaminase C
(GAC). KGA and GAC are encoded by GLS, while LGA is encoded by GLS2.
Transaminases and glutamate dehydrogenase (GDH) can convert glutamate into
a-ketoglutarate and used in TCA cycle. Furthermore, glutamate can act as a precur-
sor of GSH and nonessential amino acids. Interestingly, levels of a-ketoglutarate
play a key role in the regulation of HIF-1a degradation through prolyl hydroxylase
(PHD) sensing pathway [58]. During the activation of mTOR signaling, glutami-
nolysis and a-ketoglutarate are also involved in. In the form of malic acid, gluta-
mine carbons can leave the TCA cycle, which can be converted to pyruvate by malic
enzyme (ME) and product NADPH [59]. Both glutamine-derived NADPH and
GSH production can reduce oxidative stress associated with mitochondrial respira-
tion and rapid cell proliferation of tumor cells.

It is worth noting that glutamine is used in TCA cycle as a respiratory substrate that
produces NADH and FADH2, which can generate ATP through providing electrons
for the mitochondrial electron transport chain. Remarkably, the contribution of glyco-
lytic to total ATP synthesis differs widely depending on cell type in tumor cells, rang-
ing from over 60% to less than 1%, and the average contribution in the tested cell lines
is 17 = 18% [60]. Analysis of a flux balance across the NCI-60 cell lines has confirmed
the results, suggesting that OXPHOS contributes to 70-84% of the total cellular ATP
production [ref]. Thus, in many cancer cell lines, oxidative metabolism of glutamine
can be a major energetic source. Together, glucose and glutamine supply both ATP and
key precursors for protein, lipid, and nucleic acid biosynthesis to coordinately fuel the
proliferation of tumor cells. In fact, depending on nutrient availability, some cancer
cells can switch their carbon source. For example, in MYC-transformed glioblastoma
cells, glucose withdrawal increases GDH activity [61] and inhibits the oxidative
metabolism of glutamine by impairing glutamine. The new upregulated pathways pro-
vide metabolic flexibility and compensatory abilities in some tumor cells. Therefore,
these pathways should be carefully considered in cancer combined therapies.

2.6 Glutamine Reductive Carboxylation

Acetyl-CoA for fatty acid biosynthesis can be derived from glutamine via two dif-
ferent pathways. The deamination of glutamate produces a-ketoglutarate which can
either be converted to citrate by reductive carboxylation or to fumarate and malate.
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Citrate thus generated is then transported to the cytoplasm and dissociated into oxa-
loacetate and acetyl-CoA for fat synthesis. On the other hand, malate produced in
the TCA cycle can generate pyruvate by the role of malic enzyme, which in turn be
further converted into acetyl-CoA for fatty acid metabolism. The use of aconitine
and reversible transformation of catalytic isocitrate dehydrogenase. The cytosolic
NADP+/NADPH-dependent isocitrate dehydrogenase 1 (IDH1) is the main enzyme
catalyzing the reversible reductive carboxylation of a-ketoglutarate to isocitrate and
NADP+. The reductive carboxylation of a-ketoglutarate is an important source for
acetyl-CoA in some cancer cell especially under hypoxia [62]. In fact, the reduction
of glutamine carboxylation for biosynthesis of acetyl-CoA is independent of glu-
cose availability, allowing maximum use of glucose for biosynthesis of other meta-
bolic intermediates [62].

2.7 Mitochondrial Metabolism

The function of mitochondria is essential to the development of tumor, like ATP
production, apoptosis, ROS-mediated signal pathway change, Ca** channels, and
the transport of small molecule metabolites. Indeed, mitochondrial function and
mitochondrial biogenesis are increasingly recognized to play an important role in
cancer formation and proliferation. Mitochondrial dysfunction is also involved in
muscular degeneration and cardiovascular dysfunctions besides cancer [63]. In nor-
mal cells with sufficient oxygen, OXPHOS is the main way for energy generation.
Mitochondrial respiratory chain includes four complexes (I to IV) and is located in
the mitochondrial membrane. Its function is to transfer electrons and H* and gener-
ate ATP, CO,, and water [64].

In all metabolic pathways that occurred in the mitochondria, TCA cycle is par-
ticularly important, especially for OXPHOS. The main function of TCA cycle is
generation of the precursors for lipid, nucleic acid, and protein synthesis. The key
enzyme mutations (such as succinate dehydrogenase, isocitrate dehydrogenase, and
fumarate hydratase) in the TCA cycle are closely related to the tumor development,
the mitochondrial dysfunction, and the accumulation of metabolites. The intermedi-
ates succinate and fumarate generated by TCA cycle can affect DNA demethylases
and o-ketoglutarate-dependent histone and the stabilization of HIF. Isocitrate
dehydrogenases (IDHs) catalyze isocitrate to alpha-ketoglutaric acid by oxidative
decarboxylation. There are three kinds of IDH enzyme; IDHI is found in the cytosol
and peroxidase, and IDH2 and IDH3 are located in the mitochondria. Targeted IDH1
and IDH2 mutations can lead to the loss of natural enzyme activity and the produc-
tion of 2-hydroxyglutaric acid, which can be competitive inhibition of a-ketoglutarate-
dependent dioxygenases and be associated with tumorigenesis [65-67].
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3 Role of Metabolism Alteration and Anticancer Drug
Resistance

Metabolic phenotypes are affected by genetic and epigenetic factors and have been
correlated with drug activity and clinical outcome, supporting the hypothesis that
chemical resistance results from altered cancer metabolism. Metabolic data from
in vitro studies, proteomics platforms, and '*C metabolic flux analysis (MFA) have
provided a better understanding of the complex metabolic mechanisms of cancer
which could guide selection of therapeutic molecular targets [68]. These issues are
discussed further in the following paragraphs from the perspective of PDAC.

3.1 Metabolism-Mediated Modulation of Survival and/or
Apoptosis Pathways

Metabolic reprogramming of tumor metabolism can affect cancer cell differentia-
tion, proliferation, and/or apoptosis, as well as its therapeutic responses. In particu-
lar, several regulatory enzymes in glycolysis could induce the occurrence of drug
resistance in cancer. In the first step of the glycolysis pathway, the enzyme hexoki-
nase (HK) plays a vital catalytic role. In two HK isoforms known, cytoplasmic HK1
and mitochondrial HK?2, the latter is found to be upregulated in many cancers and
can directly insert in the mitochondrial outer membrane to suppress mitochondrial
apoptosis. HK2 is most highly expressed in PDAC metastases, suggesting a link
between HK?2 and pancreatic aggressive tumor biology [69]. Moreover, in the PI3K/
Akt/mTOR pathway and other survival pathways, HK2 not only activates HK in
cancer cells but induces drug resistance as well. Because HK2 can regulate cellular
apoptosis and bioenergetics, it is considered to be an important anticancer drug
target. 3-Bromopyrrole is a HK2 inhibitor, which can reduce ATP reserves and
thereby reverse chemoresistance [70]. In contrast, increased levels of ATP due to
accelerated glycolysis activate HIF-1 and confer drug resistance. Fructose-
bisphosphate aldolase (FBA) catalyzes fructose 1,6-bisphosphate to glyceraldehyde-
3-phosphate (G3P), and dihydroxyacetone phosphate is another metabolic enzyme
overexpressed in PDAC. Overexpression of FBA delays induction of apoptosis, as
does G3P, by suppressing caspase-3 activity. Additionally, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) overexpression may stimulate glycolysis,
increase cellular ATP levels, and promote autophagy, thereby preventing caspase-
independent cell death. In the glycolytic pathway, PKM2 is one of the rate-limiting
enzymes, which converts phosphoenolpyruvate (PEP) and ADP into pyruvate and
ATP. PK is a tetrameric enzyme composed of homotetramers or hybrid forms of
four isotypes (M1, M2, L, and R) being differentially expressed in different cell
types. PKM2 is highly expressed in cancers, conceivably to drive higher glycolytic
fluxes because of its high substrate affinity for PEP, and maintains high lactate lev-
els, which may induce carcinogenesis. A recent study has shown that lactic acid in
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hypoxic conditions can lead to activation of survival pathways. In addition, lactate-
dependent stabilization was shown that the combined protein NDRG3 and c-Raf
can promote neovascularization and survival [71]. In addition to promoting cell
survival, lactate can relieve immune signaling, and in particular, tumor-derived lac-
tate can prevent the response of human T cell, which dominates the immune infiltra-
tion in human PDAC. Of further notice, inhibiting the monocarboxylic acid family
of transporters including lactate transporters has been considered to be a new cancer

treatment method, including PDAC (Fig. 11.3).
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Fig. 11.3 Summary of metabolic reprogramming and drug resistance. Metabolic reprogramming
and crucial signaling pathway are characterized by enhanced glycolysis, PPP, and glutaminolysis,
among others. These suggested cancer cells with not only essential energy but also important pre-
cursors to supply large-scale biosynthesis, rapid proliferation, growth, invasion, metastasis, and
resistance to anticancer therapies

Abbreviations: GOT1, cytosolic aspartate transaminase; AMPK, AMP-activated protein kinase;
KRAS, V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; HK2, hexokinase 2; PPP, pentose
phosphate pathway; TCA, tricarboxylic acid cycle; GLS1, glutaminase 1; GLUD, glutamate dehy-
drogenase; HIF-1a, hypoxia-inducible factor 1-alpha; MCT, monocarboxylic acid transporter;
LDH-A, lactate dehydrogenase A; mTOR, mammalian target of rapamycin; SLC1AS, neutral
amino acid transporter B; PK, pyruvate kinase; PDH, pyruvate dehydrogenase; RRMI,
ribonucleoside-diphosphate reductase large subunit; PDK, pyruvate dehydrogenase kinase
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3.2 Metabolism-Mediated Regulation of Drug Targets,
Transport, and Catabolism

At present, metabolic adaptation is a distinctive feature of cancer cells, and accumu-
lating studies support that metabolic alterations are linked to cancer drug resistance.
Targeting such adaptations has suggested new anticancer strategies to overcome
chemoresistance. However, the Warburg effect involves complex control of the
expression of multiple genes and pathways. Targeting one target or segment of the
regulatory scenarios may not be sufficient to repress tumors and may even lead to
drug resistance. Understanding of the molecular mechanisms underlying chemore-
sistance is crucial for development of an effective therapy of cancers. Altered
metabolism comprises a multifactorial process of concerted action of genes, pro-
teins, and metabolites that generates a characteristic cancer phenotype. However,
most anticancer drugs are developed focusing only on a few pathways or proteins
involved in cancer metabolism and resistance. One recent study showed the associa-
tion of LDH-A with paclitaxel resistance in breast cancer cells. The fact that
increased expression and activity of LDH-A in paclitaxel-resistant cells correlated
directly with the sensitivity to the glycolysis inhibitor oxamate underscores the
importance of LDH-A in cancer therapeutics and drug sensitivity. Moreover, siRNA
knockdown of LDH-A reversed taxol sensitivity in resistant cells [72]. More recent
study of novel LDH-A inhibitors in PDAC cells showed a synergistic interaction
with gemcitabine by enhanced expression of deoxycytidine kinase (dCK) and over-
coming the reduced synthesis of phosphorylated metabolites. In general, acquired
resistance to gemcitabine in PDAC is linked to four genes differentially expressed
involving in gemcitabine transport, activation, and mechanism of action, i.e.,
hENTI1, dCK, and RRM1 and RRM2. Specifically, a decreased expression of
hENT1 x dCK/RRM1 x RRM2 was a characteristic feature of gemcitabine-resistant
subclones, which demonstrated the correlation with gemcitabine sensitivity in eight
PDAC cell lines, whereas no single gene expression level correlated with enhanced
sensitivity [73]. Another enzyme that has a critical role in metabolism-mediated
resistance is pyruvate dehydrogenase kinase 3 (PDK3), which catalyzes the first
step of OXPHOS. PDK3 upregulation may contribute to hypoxia-induced drug
resistance in cervical and colon cancer. In a hypoxic environment, HIF-1 induces
PDK3 expression by binding to the promoter of PDK3, resulting in conversion from
mitochondrial respiration to glycolysis for energy production. Induction of hypoxia-
mediated PDK3 or forced PDK3 overexpression can inhibit cell apoptosis and
increase resistance to cisplatin or paclitaxel in colorectal cancer. Finally, fatty acid
synthase (FASN) has been linked to acquired docetaxel/trastuzumab/Adriamycin
resistance in breast cancer and intrinsic gemcitabine and radiation resistance in
PDAC [74]. In pancreatic tumors, a previous study demonstrated that overexpres-
sion of FASN can lead to resistance to chemo- or radiotherapy. FASN is usually
overexpressed in PDAC cells. Inhibition of fatty acid synthesis by an siRNA or
FASN inhibitor reduces gemcitabine resistance, while ectopic overexpression of
FASN contributes to intrinsic resistance to gemcitabine and radiation. The
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radiation-induced ceramide production leads to a reduction of caspase-8 and FASN-
induced radiation resistance. The precise mechanism of FASN-induced gemcitabine
resistance needs to be elucidated. In gastric cancer glutaminolysis, FASN was asso-
ciated to cisplatin resistance, which is mediated by activation of mammalian
rapamycin complex 1 (mTORC1) signaling [75]. Notably, in vitro and in vivo
experiments showed that AZD8055 and erlotinib combined therapy significantly
inhibited the mMTORC1/C2 signaling pathway, EGFR/AKT feedback activation, and
cell growth, as well as suppressed the progression of PDAC in a xenograft model.
Therefore, new combinations of agents targeting these pathways might be necessary
for overcoming chemoresistance caused by metabolic aberrations.

4 Critical Pathways and Targets in Cancer Metabolism

4.1 HIF-1

Adequate and continuous oxygen as a terminal electron acceptor is necessary for
human mitochondrial respiratory chains that generate ATP to power most biochemi-
cal reactions. The intracellular O, concentration is tightly regulated. However, in
cancer cells, dysfunctions in the regulatory pathways, e.g., HIF-1, are common. The
regulator HIF-1 is indispensable for cell proliferation and survival, as well as glu-
cose and iron metabolism. HIF-1 stability, subcellular localization, and transcrip-
tional activity are closely related to oxygen levels [76]. Hypoxia leads to changes in
the redox state of mitochondria, which directly increases the production and excre-
tion of lactic acid. In hypoxia, HIF-1 induced p21 upregulation to reduce or stop
proliferation, but in some cancers, mMTOR or Notch pathway activation can maintain
cell proliferation. With hypoxia, in PDAC, the expression of HIF-1 is increased, just
as the expression of glucose metabolic enzymes PDKI1, LDH-A, and PKM2.
Accordingly, knockdown of HIF-1 under hypoxic conditions inhibited the produc-
tion of lactate and the expression of PDK1, LDH-A, and PKM?2. Knockdown of
HIF-1 under hypoxia repressed the growth of the pancreatic cells BxPC-3 along
with induction of apoptosis [77].

HIF-1 stability and activity in hypoxic conditions can be upregulated by almost
all glycolytic genes and monocarboxylic acid transporters that produce lactic acid
and even enhanced reprogramming of glycolytic metabolism. HIF-1 has also been
shown to upregulate the expression of genes encoding the glucose transporters
Glutl and Glut3, glycolytic enzymes such as the hexokinases HK1 aldolase A and
C, and GAPDH. HIF-1 could induce adaptation responses such as angiogenesis and
anaerobic metabolism to promote cell survival. Consistently, constitutive expres-
sion of HIF-1 confers apoptosis resistance in PDAC cells. In the PDAC cells PCI-
35, with constitutive HIF-1 expression, also Glutl and aldolase A mRNAs were
more abundantly expressed, thereby facilitating increased anaerobic metabolism
and apoptosis resistance under conditions of hypoxia and glucose deprivation.
Another key enzyme upregulated by hypoxia-induced HIF-1 activity, and altering
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pyruvate metabolism, is PDK1. HIF-1 mediates pyruvate dehydrogenase complex
inactivation, causing subsequent loss of pyruvate oxidation [78]. In hypoxia condi-
tions, the inhibition of the pyruvate dehydrogenase complex seems to be a protec-
tive mechanism, because it has recently been shown that activation of this enzyme
complex by oncogenes is a key driver of oncogene-induced senescence through
increased oxygen consumption and redox stress. It is interesting to note that inhibi-
tion of glycogen metabolism as well as one or more specific glucose metabolic
pathways also induces cancer senescence. The importance of glucose metabolism is
further illustrated by the fact that inhibition of PDK1 expression impairs cell growth
and increases oxygen consumption and cell death under hypoxia in human cancer
cell lines.

4.2 LDH

LDH catalyzes the reversible transformation of pyruvate to lactate under anaerobic
conditions, coupled with the oxidation of NADH to NAD*. LDH is a tetrameric
enzyme consisting of two types of subunits designated M (LDH-A gene product)
and H (LDH-B gene product). There are five different LDH isozymes in human
cells, as a result of different hybrid forms of H and/or M subunits, LDH-1 (H4),
LDH-2 (MH3), LDH-3 (M2H2), LDH-4 (M3H), and LDH-5 (M4), with LDH-A
identified as a target of both c-Myc and HIF-1. LDH plays an essential role by cata-
lyzing the anaerobic glycolysis through the regulation of glycolysis; usually, its
upregulation is in favor of the efficiency of anaerobic glycolysis in tumor cells and
allows ATP production in absence of oxygen. Of all LDH enzyme forms, LDH-5 is
the predominant isoform found in skeletal muscle and other highly glycolytic tis-
sues, including tumor tissues, and has the highest efficiency to catalyze the conver-
sion of pyruvate to lactate. LDH-5 is mainly existed in the cytoplasm, where it
participates in glucose metabolism. Several studies have illustrated the prognostic
relevance of LDH in different tumor types including PDAC [79]. In tissue and xeno-
graft studies, it was demonstrated that inhibition of LDH-A activity due to lysine 5
acetylation is reduced in human PDAC, thereby underlining its role in PDAC initia-
tion and as a potential new target.

The potential oncogenic activity of LDH-A has also been reported in esophageal
carcinoma and gastric cancer. Of further notice, the HIF-1-containing function must
bind the two conserved hypoxia response elements (HREs) of the site, which
strongly indicates the oxygen-dependent regulation of LDH-5 activity. The rele-
vance of LDH is further supported by elevated expression levels of LDH-A observed
in PDAC samples compared with the matched normal tissues and by the fact that
LDH-A promoted the growth of the PDAC, both in vitro and in vivo. These results
encourage further LDH-A-directed therapeutic interventions for PDAC [80].
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4.3 mTOR

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase, frequently
activated in human cancers, including PDAC. Whether or not the mTOR gene
acquires oncogenic properties through somatic mutations has remained unclear.
However, KRAS signaling, including PI3K/Akt, links ligation of growth factor
receptors to the phosphorylation and activation of mTOR [81]. mTOR engages a
signaling program downstream from nutrient availability to stimulate metabolism
leading to cell cycle progression. mTOR exists as two complexes: mTORC1, being
sensitive to rapamycin inhibition, and mTORC2, being largely rapamycin inhibition
insensitive. mTORCI1 enhances the translation of mRNAs by interacting with the
helper protein Raptor to phosphorylate S6 kinase 1, which includes ribosomal pro-
teins, elongation factors, and insulin growth factor 2. mTOR signaling defects can
cause both metabolic disorders and cancer, which indicates that mTOR is critical in
cancer development and metabolism. The notion is supported by the observation
that metformin inhibits mMTORC 1signaling by activating AMPK and REDDI1 and a
Rag GTPase-sensitive mechanism, in addition to suppressing cancer. It has been
proposed that mTORC1 controls cell proliferation exclusively via 4E-BP while it
regulates cell growth via S6K [82].

A recent study has shown that multi-dynamic mTORCI1 signaling causes
LTsc1KO mice to exhibit metabolic abnormalities, including defects in glucose and
lipid homeostasis, and subsequently develop hepatocarcinoma. Glutaminolysis con-
stitutes another mTOR link between metabolism and cancer. Highly proliferating
cancer cells are typically glutamine-dependent, and tumor growth is associated with
the activity of glutaminase (GLS), the enzyme that catalyzes the first step of gluta-
minolysis. Lastly, it has been shown that glutaminolysis can also activate mMTORC,
thus promoting cell growth and inhibiting autophagy. Of note, mTOR activity also
impacts expression of HIF-1, probably through the activation of S6K. As a conse-
quence, inhibition of mTOR by rapamycin also suppresses HIF-1 expression [83].
Remarkably, several preclinical data have demonstrated that inhibition of mTOR in
specific KRAS-dependent PDAC genetic subtypes leads to inhibition of tumorigen-
esis in vitro and in vivo. However, phase II trials of anti-mTOR regimens have not
shown positive results [84]. Coordinated inhibition of mTOR and other steps along
the mTOR signaling pathway, including critical factors in tumor metabolism, may
lead to better responses in overcoming tumor chemoresistance.

S Conclusion and Perspective

The mitochondria have occupied a central position in cancer biology research due
to their essential roles in cancer initiation, growth, survival, metastasis, relapse, and
acquired drug resistance. Mirroring the heterogeneity of cancer, mitochondria have
diversity in their structure, DNA, energy metabolism, and ion channels, depending
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on the spatiotemporal conditions and types of cancer. With the changes in mito-
chondrial function, there are associated changes of mitochondria-dependent metab-
olites which are clinical biomarkers for monitoring and predicting drug resistance
and efficacy [85-87]. Several hundreds of meaningful mitochondrial targets have
been considered for cancer therapies at the same time, and there is no single master
key target for the treatment of different types of cancers. Thus, for the successful
development of mitochondria-targeting cancer treatments, we need to establish
three main axes: (1) personalized diagnostic tools to determine the genetic and bio-
logical conditions of the cancer and mitochondria, e.g., mutation of nuclear and
mtDNA, mass of mtDNA and mitochondria, quality of mitochondrial OXPHOS,
levels of mitochondrial metabolites and ROS, and AWm; (2) development and opti-
mization of novel therapeutic tools, e.g., drug repositioning, inhibitors/activators of
specific pathways, genetic engineering techniques, and mitochondria-targeting anti-
or prooxidants, overcoming drug resistance; and (3) cancer mitochondria-targeting
delivery systems, e.g., targeting peptides, lipophilic cations, nanoparticles, nano-
vesicles, and nano-liposomes.
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Chapter 12
Mitochondrial Lon Protease and Cancer

Bin Lu

Abstract ATP-dependent Lon protease of mitochondrial matrix is encoded by
nuclear DNA and highly evolutionarily conserved throughout all organisms, which
is involved in the quality control of proteins by selective degradation of misfolded,
oxidized, and short-lived regulatory proteins within mitochondrial matrix, mainte-
nance of mitochondrial genome (mtDNA), and folding of mitochondria proteins.
Various stimuli such as hypoxia and oxidative and ER stress lead to upregulation of
Lon expression. Inhibition of protease activity or downregulation of Lon promotes
cancer cell death and enhances sensitivity of cancer cells to anticancer drugs through
metabolic reprogramming, thus reducing the viability of cancer cell in tumor micro-
environment and epithelial to mesenchymal transition (EMT). Moreover, mitochon-
drial ATP-dependent Lon protease may serve as a potential biomarker for cancer
diagnosis and novel target for the development of anticancer drugs and for predict-
ing of the efficiency and effectiveness of chemotherapy of a variety of cancers.

Keywords Mitochondria ® Lon ¢ Cancer ° Protein quality control ¢ Protein degra-
dation * Anticancer drug

1 Introduction

Most of mitochondrial proteins are encoded by nuclear DNA (nDNA) and synthe-
sized in the cytosol as a precursor form containing a mitochondrial targeting
sequence (MTS), then transported into mitochondria to their final destination. After
the precursor mitochondrial proteins reach their destination, the MTS is cleaved,
and the polypeptides must be folded and assembled into the active form of proteins.
However, under pathological conditions, the mitochondrial proteins are continu-
ously damaged by physical stimuli and chemical agents, such as heat, electric or
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magnetic fields, reactive oxygen species (ROS), toxin, and toxic compounds [1-5].
All the stimuli may cause the misfolding or aggregation of protein and formation of
adducts and ultimately lead to cellular protein dysfunction. These abnormal pro-
teins are either repaired by molecular chaperone or removed by specific proteases
through selective degradation within mitochondria as well as on the outer mem-
brane of mitochondria by ubiquitin/proteasome system [1, 2, 6-8]. The defective
protein quality control system may lead to accumulation of damaged proteins within
the mitochondria and caused mitochondrial dysfunction [1, 5, 9].

In the mitochondrial matrix, there are three proteases which belong to the super-
family of ATPase associated with diverse cellular activities (AAA+) including
m-AAA, ClpXP, and Lon [1, 10, 11]. Lon protease was first identified in Escherichia
coli (E. coli) more than 30 years ago [12], and the bacterial Lon gene was cloned in
1984. Until in 1993, the human homologue of bacterial Lon (also named LONP1)
was identified [3, 13], which is encoded by nDNA and transported into mitochon-
drial matrix after translated in ribosome within cytosol [1, 2]. Human mitochondrial
Lon protease is ubiquitously expressed in all the tissues. Although Lon protease is
highly conserved throughout evolution, limited attention has been paid to the func-
tions of Lon protease of normal mitochondria physiology, as well as to its possible
roles in the pathogenesis of various human diseases. In the recent years, Lon has
been emerged as an essential and fundamental component of mitochondrial quality
control system and as an important stress sensor in the mitochondrial alterations
that could be observed in a number of chronic diseases and human cancers [1-3]. In
this chapter, the recent discoveries concerning functions of mitochondrial ATP-
dependent Lon protease are discussed and especially emphasized on the emerging
role of Lon protease in human cancer.

2 Evolution and Functions of Mitochondrial Lon Protease

The bacteria Lon was also known as La protease, which was derived from the phe-
notype of a mutant E. coli lacking the lon gene. Upon the UV irradiation, this mutant
E. coli inclines to grow in the longer forms compared with their wild-type counter-
parts [14-17]. Lon protease is highly conserved, and its homologues were identified
in almost all the organisms, from archaea to mammalian mitochondria as well as in
peroxisomes [14, 15, 18]. In E. coli, Lon protease degrades almost 50% of abnormal
proteins [17]. In addition, Lon protease is also required for regulating physiological
events through degradation of related regulatory proteins which are essential for the
proper function of bacteria [1, 6]. The Lon gene of E. coli encodes an ATP-dependent
Lon protease with molecular weight of approximately 87 kDa, which has the activity
of ATPase and is also involved in the heat-shock response [19, 20]. By degradation
of abnormal proteins as well as certain short-lived regulatory proteins, the E. coli
Lon plays critical roles in regulating gene expression. Furthermore, in other prokary-
otic organisms such as Bacillus subtilis, Lon protease plays an important role in gene
expression regulation through controlling the transcription factor levels [21].
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Fig. 12.1 Domain structure and functional motifs of human mitochondrial Lon protease. MTS,
mitochondrial targeting sequence, of the Lon precursor is present at the N terminal and binds to the
mitochondrial outer membrane translocation machinery, which mediates protein import into the
matrix from cytosol and removed by proteolytic cleavage after importing in mitochondria. N
domain, a highly variable amino-terminal domain proposed to function in substrate recognition
and binding. AAA+ module, composed of the o/ff subdomain, which contains the Walker Box A
and B motifs for ATP-binding and hydrolysis, in addition to the small o subdomain. P domain, the
protease domain at carboxyl terminal containing the serine (S) and lysine (K) residues forming the
catalytic Ser-Lys dyad at the proteolytic active site

Lon protease is a soluble cytoplasmic protein in eubacteria; however, the Lon
protease is bound to membrane in archaea [22-24]. The mitochondrial Lon protease
localizes in the matrix of mitochondria [1, 2]. Lon-mediated protein degradation
also plays a critical role in most pathogenic bacteria such as Brucella abortus and
Pseudomonas aeruginosa in the virulence gene expression and promoting the infec-
tion to mammalian cells [25, 26]. The nDNA-encoded ATP-dependent mitochon-
drial Lon protease was first identified in humans [27] as well as in the yeast
Saccharomyces cerevisiae [18, 22]. Mitochondrial Lon protease is translated in the
ribosome as a precursor protein form that has a mitochondrial targeting sequence
(MTS) at its N-terminal to lead the precursor form importing into mitochondria, and
thus the precursor mitochondrial Lon protease was transported from the cytosol to
mitochondrial matrix where it acts as a quality control protease after the cleavage of
MTS to be the mature form of Lon and then refold into the functional protease
(Fig. 12.1). Mitochondrial Lon protease exhibits most of the properties as bacterial
Lon, which includes the binding capacity to the DNA and the crucial roles in the
protein quality control system by removing abnormal proteins [28]. It is still unclear
whether mitochondrial Lon protease has the same functions as bacterial Lon in
regulating gene expression of certain proteins; however, it has been found that the
mutated Lon may affect plant development [29].

PaLonl gene of filamentous fungus Podospora anserina encodes mitochondrial
Lon protease (named as PalLON1) that is important in the regulation of functions
during fungal development. The absence of PaLON1 caused the reduction of its life
span. PaLON1 was also important in some extreme growth conditions (such as high
or low temperatures). PALONI1 is also essential for sexual reproduction and ascospore
germination of Podospora anserina, which are the two regulated developmental
stages. The defects caused by mutations of PalLonl may affect the N-domain of
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PaLLON1 protease. There are two mutations in PaLonl gene which affected asco-
spore germination and life span of Podospora anserina to the same extent as the
PalLonl deletion Podospora anserina; however, there are differences in the sensitiv-
ity to extreme growth temperatures and defects in sexual reproduction. It is the first
time that the importance of the N-terminal domain of a eukaryotic Lon protease in
substrate binding was revealed by using three Podospora anserina mutations [30].

It has been shown that the yeast Lon (also named as Piml) is important for
mtDNA integrity maintenance. Yeast cell loss of mitochondrial Lon protease was
found to have defects in mitochondrial respiration and in maintenance of functional
mtDNA [27, 31]. The expression of E. coli Lon in yeast cells lacking Lon can par-
tially rescue mtDNA integrity, which indicates that Lon protease exhibits remark-
able functional conservation between distantly related organisms [32]. Lon
selectively degrades abnormal proteins, such as misassembled, misfolded, oxidized,
mutant proteins, and certain regulatory proteins with short half-lives. Lon protease
is crucial for homeostasis of mitochondrial proteins and for survival of organisms
from numerous stresses through the protein quality control machinery and regula-
tion of metabolism in both bacteria and mitochondria [33].

3 Inhibitors of Lon Protease

Intracellular protein turnover and degradation of abnormal proteins are conducted by
the ubiquitin-proteasome machinery within the cytosol as well as in the nucleus of
eukaryotic cells. However, there are several ATP-dependent proteases including the
Lon protease involved in the degradation of mitochondrial proteins to ensure the
mitochondria function properly [1]. The upregulation of mitochondrial Lon protease
expression is important for survival and proliferation of cancer cells by preventing
mitochondrial proteotoxicity caused by oxidative, hypoxic, and ER stress. To date,
there is no specific inhibitor of ATP-dependent mitochondrial Lon protease found.
But several proteasome inhibitors including the widely used peptidyl aldehyde
MG132 (Z-Leu-Leu-Leu-CHO) can spread into mitochondria and inhibit the degra-
dation of the mitochondrial steroidogenic acute regulatory protein (StAR), which is
an endogenous substrate of Lon protease, implying that the proteasome and Lon pro-
tease may have similarities to some extent in their proteolytic mechanism [34, 35].
Mitochondrial Lon protease is a major quality control protease in mitochondrial
matrix which is responsible for the degradation of certain abnormal proteins includ-
ing misfolded, misassembled, oxidized proteins or certain folded and short-lived
regulator proteins as well as the maintenance of mtDNA integrity in cells. It has
been well known that mitochondria produce the majority of cellular reactive oxygen
species (ROS), and the excess ROS can cause oxidative damage to mtDNA and
RNA, proteins, and lipids, therefore resulting in mitochondria dysfunction. Lon
protease plays an essential role in the degradation of oxidized proteins in the mito-
chondrial matrix, such as oxidatively modified aconitase [36]. This degradation was
blocked by PMSF, a serine protease inhibitor [36]. Moreover, Lon-mediated degra-
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dation of mitochondrial StAR was relied on ATP and could be inhibited by a num-
ber of proteasome inhibitors such as MG132 and clasto-lactacystin p-lactone
(cLPL); however, epoxomicin, which belongs to a different class of proteasome
inhibitors, has no effect to the activity of Lon protease.

In addition, 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO) and its
methyl ester derivatives (CDDO-Me) can directly and selectively inhibit the prote-
ase activity of Lon but have no effect on the 20S proteasome. The biotinylated
CDDO can form a conjugate with Lon which results in the Lon protease activity
being blocked. By using biotinylated CDDO as a probe, the inhibition mechanism
of Lon protease by CDDO and its derivatives was elucidated. The electron micros-
copy (EM) data further demonstrated that Lon-knockdown or CDDO-treated lym-
phoma cells exhibit the accumulation of electron-dense inclusions within
mitochondria matrix. Moreover, Lon knockdown causes lymphoma cell death, and
CDDO-induced cell death of lymphoma cell is mediated through inactivating Lon
protease, at least partially. All together, these results suggest that the inhibition of
mitochondrial Lon protease activity may play an essential role in lymphoma cell
death induced by CDDO or its derivatives, which further support that mitochondrial
Lon protease is a novel anticancer drug target [37, 38].

It has been demonstrated that coumarinic derivatives are highly efficient small-
molecule, non-peptidic, as well as versatile protease inhibitors. By employing the
casein-FITC assay, certain coumarinic derivatives were found to inhibit the human
Lon protease activity; however, these compounds have no effects to yeast protea-
some [39]. Among these compounds, there are two small-molecule compounds,
obtusilactone A (OA) and (—)-sesamin from C. kotoense, which were demonstrated
to be a potential Lon protease inhibitor, through an enzyme-based screening system.
Both obtusilactone A and (—)-sesamin could interact with Ser855 and Lys898 resi-
dues within the active site of Lon protease based on the molecular docking analysis
[40]. Recently, we have identified a natural small-molecular compound from Chinese
medicine chuanxiong, which specifically inhibits TFAM degradation by mitochon-
drial Lon protease [41]. Thus, the upregulation of Lon in response to various stresses
may be critical for the survival and proliferation of cancer cells by efficiently pre-
venting damaged proteins and regulatory proteins with short half-life accumulation
in the mitochondria and therefore ensuring mitochondria function well.

4 Lon and Cancer

The ATP-dependent mitochondrial Lon protease is crucial in the quality control of
mitochondrial function under various stress conditions; either up- or downregula-
tion in the protein expression levels of Lon gene is associated with a number of
human diseases [1]. However, the function of Lon protease in the tumorigenesis is
still less understood. The rapid proliferation is one of the main characteristics of
almost all cancer cells, which causes a hypoxic microenvironment in cancer cells.
Thus, mitochondrial oxidative phosphorylation (OXPHOS) is inhibited due to less
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oxygen, and the cancer cells tend to rely on glycolysis to provide ATP for the sur-
vival and rapid division [42, 43]. In addition, the metabolic reprogramming from
OXPHOS to glycolysis of glucose can provide the metabolic intermediates required
for the biosynthesis of macromolecules and generation of precursors, reducing
equivalents important for cellular biogenesis and antioxidant defenses, which are
essential for cancer cell proliferation and growth [44].

Mitochondrial Lon protease mainly localizes in the matrix; however, it is also
found in the nucleoids of mitochondria in the maintenance of mtDNA integrity [8].
Growing evidence indicates that mitochondrial Lon protease is involved in the met-
abolic reprogramming and in the tumorigenesis [6, 25, 45, 46]. Since mitochondrial
respiratory chain enzyme complexes are the main source of intracellular ROS, ROS
can cause mitochondrial dysfunction by damaging mtDNA, lipids, and proteins [25,
46]. For the cancer cells, the upregulation of Lon can ensure the mitochondrial pro-
tein homeostasis by effective removal of abnormal proteins such as oxidized, mis-
folded, misassembled, aggregated proteins, as well as short-lived regulatory
proteins. Thus, the cancer cells can maintain mitochondrial function well, which
further supports cancer cell growth.

Hypoxia microenvironment is a hallmark of solid tumor [47]; the Lon protease
expression in cancer cells of solid tumor is increased by the hypoxia-inducible
factor- 1o (HIF1-ax) [48]. Upregulation of Lon protease promotes the degradation of
isoform 1 of cytochrome ¢ oxidase subunit 4 (COX4-1), thus permitting the assem-
bly of isoform 2 of cytochrome c¢ oxidase subunit 4 (COX4-2), which optimizes
enzyme activity and respiration efficiency under hypoxia and helps cancer cells to
adapt to the hypoxic microenvironment [48].

In addition, high level of Lon protease is also responsible for the resistance of
chemotherapeutics by highly efficient removal of oxidized or damaged proteins
caused by various anticancer drugs [25, 46].

Overexpression of mitochondrial Lon protease has been found in a variety of
human cancer, including malignant B cell lymphoma [25], cervical cancer [45],
bladder cancer [46], non-small cell lung cancer [40, 49], and colon cancer tissues
and cells [6]. High expression of Lon protease promotes cancer cell proliferation
and invasion and the capability to migrate and form metastasis in nude mice [6].
Downregulation of Lon protease expression suppresses bladder cancer cell prolif-
eration and enhances the chemosensitivity through increasing cell death and reduc-
ing cellular bioenergetics metabolism of bladder cancer cells [46]. In bladder cancer
cells, downregulation of Lon protease reduced mitochondrial ROS generation and
blocked the activation of c-Jun N-terminal kinase (JNK); therefore, cell prolifera-
tion of bladder cancer decreased. The UM-UC-3 bladder cells abolished Lon prote-
ase and exhibited increased sensitivity to anticancer drug doxorubicin through
facilitating caspase-dependent cell death [46]. High expression of mitochondrial
Lon protease in melanoma cells promotes experimental metastasis formation,
whereas downregulation of Lon protease expression inhibits cancer cell prolifera-
tion and lung metastasis [6]. In high-grade gliomas, Lon is overexpressed and medi-
ates hypoxic adaptation [50].
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The Lon knockout mice (Lon™") have embryonic lethal phenotype, which indi-
cates that Lon is extremely critical for the development of mice. It has also been
shown the Lon heterozygous mice (Lon*~) with half amount of Lon protease in all
the tissues of wild-type mice are less sensitive to chemical carcinogens known to
induce colorectal and skin cancer and are more resistant to development of cancers,
and there are much less tumors formed than the wild-type mice (Lon**). These
results suggest that mitochondrial ATP-dependent Lon protease has a crucial role in
the development of colon and skin tumors, and downregulation of Lon protease
expression can protect against colorectal carcinoma and papilloma formation in
mice [6].

5 Conclusion

In conclusion, the ATP-dependent mitochondrial Lon protease exhibits a major
regulator of multiple mitochondrial functions including (but not limited to) the deg-
radation of abnormal proteins, the maintenance of mtDNA integrity, and bioener-
getics metabolism. Accumulating data clearly indicate that mitochondrial Lon
protease is one of proteins within mitochondrial matrix higher expression of which
can favor a variety of tumor growth; however its downregulation is associated with
slow proliferation and metastasis. Lon protease expression level may serve as a
potential valuable diagnostic and prognostic biomarker and therapeutic target for
cancer patients, as well as in predicting the effectiveness of chemotherapy.
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Chapter 13
Regulatory Roles of Mitochondrial Ribosome
in Lung Diseases and Single Cell Biology

Linlin Zhang, William Wang, Bijun Zhu, and Xiangdong Wang

Abstract The mitochondria have the most vital processes in eukaryotic cells to
produce ATP composed of polypeptides that are produced via ribosomes, as oxida-
tive phosphorylation. Initially, studies regarding human mitochondrial ribosomes
were performed in the model system, bovine mitochondrial ribosome, to investigate
how ribosomes are biosynthesized and evolved as well as what their structure and
function are. Advances in X-ray crystallography have led to dramatic progresses in
structural studies of the ribosome. In recent years, there has been a growing interest
in the properties of the mitochondrial ribosome. Although one of its main functions
is the production of ATP, it was also linked to multiple diseases. A key area that
remains unexplored and requires investigation and exploration is how mitochon-
drial ribosomal RNA (mt-rRNA) variations can affect the mitochondrial ribosomes
in developing disease. This review summarizes the structure, elements, functions,
and regulatory roles in associated diseases. With the continuous development of
technology, studies on the mechanism of mitochondrial ribosome related diseases
are crucial, in order to identify methods of prevention and treatment of these
disorders.
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1 Introduction

Mitochondria are cellular organelles that produce adenosine triphosphate (ATP) and
convert different energy types within eukaryotic cells. In addition to their function in
energy metabolism, they play an important part in a diverse number of cellular pro-
cesses, such as apoptosis, disease, or aging [1-3]. The structures of different com-
plexes of mitochondrial ribosomes (mitoribosomes) have been increasingly
understood with the development of cryo-EM field. Crucially we have also been able
to gain a better understanding of insertion and extension sequences within translation
factors as well as how protein synthesis functions within the mitochondria at a molec-
ular level [4]. In addition, electron microscopy developments have revealed the struc-
ture of yeast mitochondrial large subunit (mt-LSU) and both mammalian mt-LSU and
mitochondrial small subunit (mt-SSU) at a near-atomic resolution. Novel data on the
structure of the functionally important ribosomal domain, L12/P stalk, of the large
ribosomal subunit has also been discovered. It is the most mobile site of the ribosome
and has been found in ribosomes of all living cells; furthermore, it is involved in
interactions between ribosomes and translation factors [5]. Our aim is to conclude the
biology, function, metabolism, and associated diseases of mitochondrial ribosome.
Through systematic carding, we now possess a general understanding of mitochon-
drial ribosome. However, it is essential to explore its finer structure and function in
order to discover how we can apply this knowledge for clinical purposes.

2 Biology of Mitochondrial Ribosome

2.1 Elements

Human cells contain two sets of genomes and two sets of protein synthesis systems,
illustrated in Fig. 13.1. The ribosomes exist in both bacterial and eukaryotic cells
and can be located within the cytoplasm; however, they are also present within mito-
chondria and chloroplasts from bacterial ancestry [6]. A key role of the ribosome is
to catalyze protein synthesis. Ribosomal RNAs (rRNAs) and proteins assemble
functional ribosomes which are macromolecular ribonucleoprotein nanomachines.
The human mitochondrial genome codes for 13 proteins that participate in oxidative
phosphorylation (OXPHOS). These proteins are translated by a dedicated set of
ribosomes (mitoribosomes). Instead of having a sedimentation coefficient of 70S or
80S, which is what one would predict for a prokaryotic ribosome or a eukaryotic
ribosome, respectively, the mammalian mitochondrial ribosomes have a coefficient
of 55S [7] and are composed of two main subunits, a large subunit (39S) and a small
subunit (28S) subunit. These subunits contain a 16S rRNA and 12S rRNA, respec-
tively, and no 5S rRNA [8]. Within the small subunit, the 12S RNA in the human
mitochondrial ribosomes has a length of 954 nucleotides (323 kDa), which is 40%
shorter than the 16S RNA of a bacteria. In addition, the 16S RNA in the large sub-
unit of human mitochondrial ribosomes is 1558 nucleotides long (528 kDa), half the
length of a bacterial 23S RNA (Table 13.1) [6]. Human mitoribosomes have a higher
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Fig. 13.1 Two sets of genomes and protein synthesis systems. Human cells contain two sets of
genomes and two sets of protein synthesis systems. The first set is the chromosome genome which
encoded protein is responsible for the translation of cytoplasmic ribosomes [63]. Second sets of
genomic mtDNA are located in the mitochondrial matrix, including 37 genes, 13 protein genes
associated with oxidative phosphorylation, 2 rRNA genes (12srRNA and 16srRNA), and 22 tRNA
genes (20 kinds of tRNA). The protein encoded by mtDNA is responsible for the translation of
mitochondrial ribosomes. The cytoplasmic ribosome consists of four rRNAs and 85 proteins, all of
which are encoded by chromosome DNA. In contrast, the components of the mitochondrial ribo-
some are encoded by two genomes, the ribosomal RNA is encoded by mtDNA, and the MRPs are
encoded by the genome, which is synthesized in the cytoplasmic ribosome and then is fed into the
mitochondria

Table 13.1 Mammalian mitoribosomes have lower sedimentation coefficients (~55S) and, like all
ribosomes, consist of two subunits (the 28S small subunit or SSU and the 39S large subunit or
LSU)

Prokaryote mt | Eukaryote mt Mammalian mt | Human mt
Sedimentation coefficient | 70S 80S 558 558
LSU 50S 60S 39S 39S
RNA 23S 28S 16S 16S
5S 5S tRNAPhe tRNAV
5.8S
SSuU 30S 408 28S 28S
RNA 16S 18S 128 128
RNA:Protein 2:1 1:2 1:2 1:2
Mass 2.5 MDa 39~45MDa |2.7MDa nd

The two mitochondrially encoded rRNA species: 12S in the SSU and 16S in the LSU. RNA-
protein ratio of 2:1 observed in bacteria. In comparison to the bacterial ribosome, the mammalian
mitoribosome has lost a significant amount of RNA, which has been replaced by mito-specific
proteins giving rise to a 1:2 RNA-protein ratio. Compared to mammalian mitoribosome, human
mitoribosome also has difference
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protein count (up to 80 proteins) compared to bacterial ribosomes; however, it lacks
multiple major RNA stem structures which are present in bacterial ribosomes. It has
however been considered that the reduced rRNA could potentially be compensated
by the amount of ribosomal proteins. However, further investigations demonstrated
that the proteins instead occupy a unique position on the exterior of the mitochon-
drial ribosome [9]. Mitochondrial protist Leishmania ribosomes have more than
half of their missing rRNA helices replaced by proteins in contrast to mitochondrial
ribosomal proteins in which only 20% of the rRNA helices are replaced [10]. Core
ribosomal proteins share homology with prokaryotic ribosomes and human mito-
chondrial ribosomes which have 35 supernumerary proteins. These could poten-
tially have undiscovered functions for mitochondrial translations and are important
in recognizing mitochondrial mRNAs within ribosomal subunits [11]. Nuclear
genes (not related to cytoplasmic ribosomal encoding) encode every mammalian
mitochondrial ribosomal proteins (MRPs). These evolve rapidly in comparison to
ones that encode cytoplasmic ribosomal proteins [12]. Recently, a higher-resolution
cryo-EM provided a significantly more detailed insight into the structure of the 55S
architecture. The core of the 55S mitoribosome is highly porous in comparison to
other ribosomes; the proteinaceous shell which surrounds it also has a more intri-
cate complex compared to an ancestral bacterial ribosome [13].

2.2  Structure
2.2.1 Mitoribosomal Small Subunit Structure

Decoding of mRNA is done by a 28S mt-SSU from the human mitoribosome [14].
In contrast, the larger subunit, 39S mt-LSU, is responsible for peptidyl transferase
activity [2]. The mammalian mt-SSU is estimated to be composed of a 12S mt-
rRNA and 30 distinct types of proteins, of which 15 porcine and 14 human proteins
are mt specific. An elongated subunit is observed due to an increase within its pro-
tein content in the mitoribosome in contrast to the structure of the bacterial subunit
[15]. A similar trend is observed in the 28S small subunit from the mitoribosome,
which is significantly more elongated in a mammalian when contrasted to bacteria.
The head, body, and platform regions of a small subunit are in a solvent within the
interface on a subunit, which is connected to the enlarged mitoribosomal head of the
small subunit via an obliquely oriented channel. Of these structures, the platform is
conserved to maintain its structural integrity, and additional protein mass can be
found within the head and body region of the mitoribosomal small subunit [16].

2.2.2 Inter-Subunit Bridges

Fifteen inter-subunit bridges are important in binding together the two subunits. Six
of these (B2a—B2c, B3, B5, and B7a) have a similar structural and chemical compo-
sition when compared to bacterial ribosomes [17]. The remaining nine bridges
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contain proteins and differ from the bacterial counterparts in either spatial position
or chemical. Four (Bla-B1d) of the nine bridges correspond to the bacterial Bl
bridge group. The group represents where the bridges are located, and the following
nomenclature is for the bacterial ribosome [18]. The four other bridges following
the nomenclature are denoted as B2d, B2e, B7b, and B7c. B9 is responsible for con-
necting the lower regions of both large subunit and small subunit and has no bacte-
rial equivalent. To summarize, the mitoribosomal subunits are connected via
different types of bridges; five RNA-RNA bridges, two RNA-protein bridges, seven
protein-protein bridges, and one bridge that is formed from both RNA and second-
ary protein components from each subunit [16].

2.2.3 Structure of the Mitoribosomal Large Subunit

The bacterial equivalent of 39S large subunit of the mitoribosome is comparatively
smaller compared to the mammalian unit; this also is true for features of the small
subunit. Additionally, three key features of the large subunit, L7/L.12 stalk counter-
part, and L1 stalk are also larger when compared to its bacterial counterpart. A study
[19] comparing the secondary structures of the mitoribosomal large subunit and the
rRNA of the bacterial large subunit, 16S rRNA and 23S rRNA, respectively [19],
discovered that there are bacterial rRNA segments that are not present within the
mitoribosome. Using a cryo-EM map, one important observation was that domain I,
one of the six secondary structure domains within the bacterial 23S RNA, is not pres-
ent within the mitoribosome. Additionally, the fragment of domain III is also absent
in the mitoribosome. The cryo-EM map also revealed that several missing sections
of domain III were filled by proteins, whereas the domain I areas were not replaced
by anything [16]. The large subunit harbors the peptidyl transferase center, which is
composed of rRNA. This center forms the active site responsible for peptide bond
formation. It also contains the ribosomal exit tunnel for nascent polypeptides [14].

2.2.4 The Sites: A, P, and E Within the Mitoribosome

The aminoacyl site (A site), peptidyl site (P site), and transfer RNA-exit site (E site)
of the mitoribosome are easily identified, a common trait shared by many ribo-
somes. Each site has an important and distinctive role. The aminoacyl site main
function is to both recognize aminoacyl-tRNA and to detect how the aminoacyl
moiety is positioned for the peptidyl transferase reaction [1]. The mt-SSU helps in
producing residues which play a vital role in decoding. In addition, the mt-LSU is
important in facilitating the contact between mt-transfer RNA (mt-tRNA) and 16S
mt-rRNA. As a consequence of the evolution of the rRNA, the A-site finger struc-
ture is commonly lost. This loss has been theorized to be related to how character-
istics of the mammalian mt-tRNA do not form a cloverleaf structure [15]. The
peptidyl site has multiple functions, one is to bind to the initiating tRNA when
protein synthesis is initialized in order to maintain its accurate translational reading
frame and to prevent loss of the nascent polypeptide chain [1]. Since the peptidyl
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site finger of the mitochondrial large subunit interacts with the T-loop of the mt-
RNA, this site is relatively preserved, and this interaction is more powerful com-
pared to bacterial ribosome. In addition, due to reduced size of the loop compared
to the bacterial tRNA, this finger structure is crucial in order to maintain the orienta-
tion of the RNA species when the peptide bonds start to form. Lastly, whether the E
site is present is widely debated among scientists; this is because contact points
between bacterial ribosomes and tRNA are reduced or lost due to a shortened mt-
rRNA [15]. The transfer RNA-exit site does however play a key role in stabilizing
the mRNA reading frame in both cytoplasmic and bacterial ribosomes. This is
because deacylated tRNA and mRNA codon from the peptidyl site is formed from
elongation factor GTP (or EFGImt in mammalian mitochondrion)-dependent tRNA
translocation reaction that both interact with the site [4]. However, recent cryo-EM
studies have shown that the E site is present due to the existence of a modified bind-
ing pocket [2].

3 Function

3.1 Cellular Powerhouse

The mitochondria act as a cellular powerhouse for the cell, and it also contains an
important piece of circular chromosome (mtDNA). This mtDNA is crucial as it is
involved in the coding of the polypeptide structures of the mitochondrial oxidative
phosphorylation chain which is responsible for many of the cells’ ability to produce
ATP. Human mtDNA codes for 13 essential polypeptide components of the mito-
chondrial oxidative phosphorylation chain, which generates most of the cells’
ATP. It does not only code for 13 polypeptides, but it also is involved in the coding
of the producers of these polypeptides, 2 rRNAs and 22 tRNAs. The RNA mitoribo-
somal components are encoded by a gene called mt-rRNA [2]. Oxidative phos-
phorylation chain is responsible for the production of ATP by generating a proton
gradient across the inner membrane of the mitochondria which is used by the mam-
malian cells [20]. The basic process of protein synthesis is in Fig. 13.2.

3.2 Apoptosis

The cell’s Pandora’s box, the mitochondrion, does not only provide organisms with
ATP, but it also contains potentially harmful proteins that it keeps stored away.
Activation of these harmful proteins sets in motion programmed cell death (apopto-
sis) pathways that result in the demise of the cell. In many of these pathways, per-
meabilization of mitochondrial membranes is a critical event that results in the
release (from the mitochondrial intermembrane space) of various molecules that are
crucial for apoptosis [21]. The mitoribosomes were identified to play an important
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mRNA

@initiation

Fig. 13.2 Protein synthesis. @After the synthesis of mt-mRNA in the nucleus, the cytosol then
enters through the nuclear pore and connected with mitoribosome. mt-tRNAMet enter site 1 via
complementary base (AUG) pairing. @According to the codon sequence, the corresponding tRNA
of amino acid enters the site 2. @Transpeptidase catalytic methionine in site 1 and amino acid in
site 2 tRNA reacting the dehydration condensation. @The tRNA then leaves that amino acid
behind and moves to the next site on the ribosome, along with a synchronous movement of the
mRNA to bring the next codon and its associated amino acid into position for bond formation and
repeat the three steps until a stop codon (UAA, UAG, UGA) reaches the A site

role in cell apoptosis; this was proven by the presence of two important proteins:
death-associated protein 3 and the programmed cell death protein 9 (PDCD9) [16].
These two pro-apoptotic proteins, death-associated protein 3 and PDCD9, were
investigated using a proteolytic digestion of the whole mitochondrial ribosomal
subunits. The peptides were then analyzed using a liquid chromatography-tandem
mass spectrometry which revealed that they were both part of the mitoribosome.
Death-associated protein 3 was shown to have motif characteristic of guanine
nucleotide-binding proteins and is most likely the protein that is responsible for
nucleotide-binding activity in mammalian mitoribosomes [5]. However questions
remain about the death-associated protein 3, such as how its position could affect
apoptosis. Although death-associated protein 3 is crucial, other mitoribosomes that
are involved in apoptosis should not be neglected. The mitochondrial ribosomal
protein, MRPS30, has also been shown to affect the apoptosis process and require
further investigation. To clarify, MRPS30 and PDCD9 are the same protein [22].
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4 Metabolism

Studies have suggested that S6 kinase 1 and other signaling components may have
a central role in causing both insulin resistance and obesity; therefore it could poten-
tially be a crucial target for drug development in regard to treating patients with
these disorders [23]. The mammalian target of rapamycin is able to sense nutrients
and able to integrate cellular metabolism and growth factor signaling. Mammalian
target of rapamycin functions by activating the initiation for translation in response
to phosphorylation which occurs due to nutrient and hormonal signaling. Two trans-
lational modular must be activated for this to occur: p70 ribosomal S6 kinase 1 and
a translation initiation inhibitor, eukaryotic initiation factor 4E-binding protein 1
[24]. Both mammalian targets of rapamycin and S6 kinase 1 contain Ser/Thr kinase
activities which are both stimulated by insulin. This activation signal is transmitted
through the insulin receptor/insulin receptor substrate 1/phosphatidylinositol
3-kinase/Akt pathway. There has been speculation that the mammalian target of
rapamycin/S6 kinase 1pathway acts as a physiological feedback mechanism that
can negatively modulate the ability of insulin to transmit signals to phosphatidylino-
sitol 3-kinase via insulin receptor substrate 1 [25]. Sun and his fellow colleagues
[26] noted an increase in serine kinase activity in the liver and muscle of obese
insulin-resistant rodents. This results in insulin receptor substrate 1, an important
molecular mechanism for insulin resistance in glucose metabolism to be inhibited
due to inhibition of serine phosphorylation [27].

Nonalcoholic fatty liver disease is closely associated with metabolic syndromes
and insulin resistance. These diseases may represent the hepatic component of meta-
bolic syndrome. Pharmacological treatments of fatty liver disease have identified two
kinases involved in the process of insulin sensitization: adenosine monophosphate-
activated protein kinase (AMPK) and p70 ribosomal S6 kinase 1. The critical role of
S6 kinase 1 was evidenced by the fact that the deletion of S6 kinase 1 gene can avoid
the development of insulin resistance. Although S6 kinase 1 was targeted as a poten-
tial target for insulin resistance, the functional role of AMPK-S6 kinase 1 pathway in
lipogenesis in the liver has yet to be explored [28-30]. Consequently, further studies
are needed to better understand the pathology and treatment of the disease.

5 Mitochondrial Ribosome Diseases

The ribosome is a subcellular organelle composed of two different subunits [30];
each subunit contains various numbers of rRNAs and ribosomal proteins. Several
ribosome-associated proteins (RAPs), which are not ribosomal proteins, are able to
bind to the ribosome with the help of ribosomal proteins to compromise the ribo-
somal proteome. The ribosome acts as a central effector of protein synthesis in all
organism kingdoms [31], and the rate of protein synthesis within the cell is deter-
mined by both the number of ribosomes per cell and the protein synthesis rate per
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ribosome. Several lines of evidence suggest that the ribosome may be involved in a
range of pathological processes, such as cancer, genetic diseases, and viral infection
[32].

5.1 Cancer

Cryo-EM development, and especially single-particle data collection through both
image reconstruction and direct-electron detectors, has been a crucial factor in
developing detailed functional and structural models of a ribosome. Both ribosome
biogenesis and translation control are crucial cellular processes that are regulated at
multiple levels. Certain tumor suppressors and proto-oncogenes might regulate
malignant progression by altering the protein synthesis machinery [33].

Oncogenesis and tumor progression need to be studied to understand these fac-
tors. Additionally, processes such as oncogene activation and the inactivation of
tumor suppressors are important factors to research [34]. Recently, new data has
shown that the regulation and control of ribosome processing could potentially be
related with how some oncogenes and tumor suppressors function. For example,
c-myc, an oncogene, cannot only activate RNA pol I and III (involved in rRNA
synthesis) but also RNA pol II (involved in synthesis of mRNA coding for ribo-
somal proteins) [35]. Additionally, when protein RB and TP53, both of which are
important tumor suppressor proteins, lose their functions, an increase in ribosome
biogenesis activity in the cancer cell can be observed. It has however been demon-
strated that oncogenic activity of c-myc could potentially restore an IRES-dependent
translational ability within the cell that is commonly deregulated by c-myc in this
situation and result in the suppression of genetic control of the ribosome biogenesis
[36, 37].

Furthermore, mutations in genes responsible for proteins that partake in ribo-
some biogenesis production have been discovered to affect cancer and human dis-
ease. Mutations in the gene that encodes ribosomal protein S19 have been identified
in a syndrome that is characterized by increased susceptibility to cancer—Diamond-
Blackfan anemia [38]. Mutations in K-ras or Ki-ras (KRAS) (15-25%), mutations
and amplifications in epidermal growth factor receptor (EGFR) (10-50%) and MET
(4—8%), and rearrangements in EML4-ALK (4-7%) are part of oncogenic changes
within lung adenocarcinoma. By using confocal microscopy experiments on the site
of rRNA synthesis, which is where epithelial cell transforming 2 (Ect2) is localized
in the nucleolus, it was discovered to be associated with how Ect2 mRNA and 45S
pre-ribosomal RNA express themselves. In a human mutant KRAS lung adenocar-
cinoma, it was noted that there is some ribosomal DNA (rDNA) transcription [39].
While the survival time for breast cancer patients can be difficult to estimate, it has
been suggested that it is directly correlated to what the metastatic recurrence rate is.
In a study, a Cox regression model was used to investigate which genes were associ-
ated with metastasis, both during and after the first 3 years of surgery (early and late
type genes). Ribosome-related factors eukaryotic initiation factor (EIF4B), ribo-
somal protein L5 (RPLS5), ribosomal protein L5 (RPL3) which are all late-type
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genes, and epsin (EPN3) which is a tumor angiogenesis modifier were found to be
directly linked with what the metastasis-free survival (MFS) was in the later period
as well as what the meta-analysis was in tamoxifen-treated breast cancer cohorts. In
contrast to this result, only EPN3 of the late-type genes was shown to survive con-
sistently in more than one cohort in other cancer types. It was also associated to
have a worse outcome in two non-small cell lung cancer cohorts [40].

The most common lung cancer type is non-small cell lung cancer (NSCLC)
which also accounts for roughly 85-90% of all lung cancers. Accurate open reading
frames of both (Rio) kinase 2 (RIOK?2) and Nin one binding-1 protein are important
as they relate to the assembly of ribosomes and also have elevated levels in malig-
nant tumors. RIOK2 and RIOK1 are both members of the RIO family, and they both
have crucial roles in synthesizing the 40S ribosomal subunit by promoting 20S pre-
rRNA mature into 18S rRNA. The results of a study [41] demonstrated that RIOK2
and Nin one binding 1 were both at elevated levels in NSCLC cells and tissues.
They also observed that tumor node metastasis was associated with expressed pro-
files and correlations could be drawn from the clinical stage to lymph node metas-
tasis and differentiation.

5.2 Inflammatory Cells
5.2.1 Epithelial Cells

Commonly, the cell junction formation and epithelial barrier maintenance and regu-
lation are dictated by the alveolar epithelium. When disruption occurs in type I and
II epithelial cells, it can consequently result in increased transport of fluids and an
increased permeability in the epithelial barrier [42]. There were two studies that
investigated what the role of autophagy in hyperoxia-induced epithelial cell death
is. They noted that hyperoxia-induced autophagosome formation in Beas-2B cells
occurred, whereas light chain 3B-siRNA caused hyperoxia-induced cell death.
However, an overexpression of light chain 3B would result in cytoprotection for
cells [43].

5.2.2 Endothelial Cells

The vascular endothelial cells of the lung play a critical role in the semipermeable
barrier between the vascular, interstitial, and alveolar spaces. Injury of vascular
endothelial cells leads to increased capillary permeability [44]. There are very lim-
ited studies focusing on the role in lung microvascular endothelial cells in the con-
text of acute lung injury. Only one related study has reported that mice with
knockdown of autophagic protein light chain 3B display an exaggerated pulmonary
hypertension during hypoxia [45].
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5.2.3 Macrophages

Macrophages can commonly be found in the lung interstitium and alveoli and are
available for recruitment into the lung if an inflammatory stimulus is detected. It has
been demonstrated that the alveolar macrophages do not only have an important
role in both initially responding to the stimuli but also in maintaining the pulmonary
inflammation throughout its duration. In the inflammatory pathways, alveolar mac-
rophages result in cell damage in acute lung injury, and a large variety of cytokines,
such as tumor necrosis factor-a, interleukin-1p, interleukin 6, interleukin 8, and
interferon-g, are secreted by macrophages which are involved in the initial stages in
initiation of acute lung injury [46].

5.2.4 Neutrophils

Neutrophils, classified under leukocytes, are crucial in the development of pathol-
ogy such as acute lung injury/ARDS. Excessive transepithelial leukocyte migration,
with the majority being neutrophils, is classified as one of the cardinal features for
acute lung injury. Neutrophils stimulated with lipopolysaccharide or TNF-o demon-
strated an activation of nuclear factor kappa B (NF-kB), p38, and protein kinase B,
and early alterations in neutrophil activation are associated with ventilator time and
survival in acute lung injury patients [47]. Polymorphonuclear recruitment is
induced when harmful mediators such as cytokines, chemokines, proteases, reactive
oxygen species, and matrix metalloproteinases are released in reaction to neutrophil
stimulation. Additionally, tumor necrosis factor-a, interleukin-1f, macrophage
inflammatory protein 2, and interleukin 8 are also related to neutrophil secretion.
Although crucial to the immune response these harmful mediators can cause severe
consequences if produced at excess levels, examples of these are membrane damage
and increased permeability of the epithelial barrier [48].

5.3 Lung Injury

Acute lung injury is defined by an elevation of pulmonary vascular permeability
resulting in noncardiogenic pulmonary edema and ultimately hypoxemic respiratory
deficiencies. Lipopolysaccharide is known to be able to cause pulmonary inflamma-
tion by secreting inflammatory mediators from microbial pathogens. This has also
been experimentally proven where animal acute lung injury models were used to
cause inflammation in the specimens [49]. Although the exact mechanism remains
unknown of a renowned traditional Chinese medicine, Jie-Geng-Tang, it is known for
its ability to “clear heat and relieve toxicity.” One study demonstrates that Jie-Geng-
Tang could mitigate the inflammation of acute lung injury. This study was performed
using three different proteins (immunoregulation and anti-inflammation, ribosome,
and muscle contraction, resp.). The study concluded that the three protein group
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functions were indistinguishable from the pharmacological actions of Jie-Geng-Tang
[50]. Consequently, we can infer that ribosomal protein relates to acute lung injury.

6 Single Cell Biology

The most basic and fundamental unit of all living tissue is the cell. Importantly, each
cell is heterogeneous, and the composition of cells varies greatly, even though they
might look identical from a morphological and genetic perspective. Although min-
iscule, these changes are fundamentally crucial for organism in both how it func-
tions and its health. In recent years scientists have started to integrate cell genomics
with single-cell proteomics to investigate issues that remain unsolved in areas such
as cancer, stem cell biology, neuroscience, developmental biology, and infectious
disease [51-55]. The strength of this approach is its ability to be applied to any kind
of tissue with the purpose to delineate cell types, define progenitors, lineage hierar-
chies, and identify lineage-specific regulatory factors [53].

Renato Dulbecco suggested that [54] for people to understand human cancer, it is
crucial that we make efforts to understand the details of the cancer genome. The
depth that we can investigate the cancer genome is closely linked to technological
advancements. An example would be how gene expression profiling and sequencing
of DNA and RNA have allowed us to investigate how transcriptomic and genomic
heterogeneity functions in normal health and disease. However, for us to perform
gene expression profiling, it was crucial to first develop whole-genome and whole-
transcriptome amplification methods [52]. Another example could be single-cell
sequencing technology which has recently been under the spotlight. This technology
is able to analyze genetic polymorphisms of individual cells at the genome-wide
level to target single cells that are isolated from tumor biopsies. This could conse-
quently lead to a potential application to circulating tumor cells, which could result
in easier prediction of how a tumor would progress or metastasize [51]. Additionally,
multiple annealing and looping-based amplification cycles have a potential applica-
tion for genome-wide amplification of single circulating tumor cells from lung can-
cer patients enabling easier diagnostic investigations for patients [55]. Single-cell
RNA sequencing was measured [56], and then single-cell DNA sequencing was
described 3 years later [57]. This description divided single-cell sequencing into
multiple areas, such as sample collection, single-cell isolation, nucleotide sequence
(DNA or RNA) amplification, and DNA sequencing and analysis.

Unfortunately, many problems remain to be solved. Due to its high cost, high
technical requirement, and lack of computational analysis, it will require time before
we will see single-cell sequencing technology applied to clinic [58]. Additionally,
further investigation and experimentation in both clinic and laboratory are required
in order to develop a more comprehensive understanding of how mutations in the
trunk and branch in the cancer phylogenic tree are clinically significant [52].
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7 Conclusion

The evolution process of ribosome is undergoing a long time. The discovery of the
detailed ribosome structure via X-ray crystallography and cryo-electron micros-
copy has been an important discovery in furthering our understanding in the field of
mitochondrial studies. These include how r-proteins function and operate in order to
result in protein synthesis and also what function the multiple regions within the
rRNA have [59]. From our discussion in this paper, a few conclusions can be estab-
lished: firstly, ribosome biogenesis greatly contributes to how diseases progress and
develop. Secondly, the increased ribosome production in dysfunctional tissue could
be linked to the disease progression. However, there is still a need for further inves-
tigation regarding this topic. Although biogenesis contributes to disease progres-
sion, it is not yet clear what parts of the biogenesis and ribosome assembly are
affected, whether it is only a part of this process or if the entire process is affected.
Additionally, the full effect of an increase ribosome production in dysfunctional
tissues is unknown [12]. Throughout the years, the progresses in ribosomal pro-
teomics have been lengthy and slow due to the initial beliefs that the ribosome was
only involved in protein translation. Mauro and Edelman proposal of the ribosome
filter hypothesis was a crucial step in understanding how ribosomal proteomics was
not as simple as previously believed [15]. Following their study, more scientists
started to investigate this field and a few ribosome-specific regulatory capacity stud-
ies were conducted which resulted in an explosive interest in the field of ribosome
proteomics [60]. On the other hand, the development of single-cell sequencing tech-
nology has led us to see the possibility of a cure for cancer.

8 Future Outlooks

Although the recent progress of high-resolution cryo-EM structure from mitoribo-
somes has been important step in studying the mammalian ribosome as mentioned
above, it is important to note that we are only able to now investigate the more
complex mechanisms [4]. Mitochondrial diseases affect at least 1 in 5000 of the
population and produce diverse clinical phenotypes often presented as multi-
systemic disorders [5]. It is vital to study the mechanism of abnormal mitochondrial
ribosomal proteins act on the target sites. This information has the potential to play
a key role in the treatment of various diseases caused by abnormal mitoribosomal
proteins. It can however not be ignored that the mitoribosome is a common target
for antibacterial therapeutics. Due to its complexity and varied sites, there are mul-
tiple options to consider for future investigations. Through studying the complexes
formed by the ribosome and various antibiotics, scientists have been able to further
their understanding of how the drug-binding sites on the ribosomes interact with
drugs [61]. However, although there has been a relatively large amount of site stud-
ied [62], only a fraction of these have showed to be able to bind to antibiotics. What
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we can expect is that we will one day be able to fully unscramble the structure and
functional sites of the mitoribosome, which would be invaluable for the treatment of
ribosomal diseases. The advancement and development of single-cell sequencing
technology in recent years have occurred in an extraordinary pace, and their use in
different fields in the future cannot be underestimated. However, single-cell meth-
ods are not perfect and have known drawbacks and limitations, and thus continuous
investigation and exploration are crucial to progress the field of ribosome
proteomics.
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Chapter 14
Epithelial Mitochondrial Dysfunction in Lung
Disease

Linlin Zhang, William Wang, Bijun Zhu, and Xiangdong Wang

Abstract Since the twentieth century, scientists have studied the functions and
mechanisms of the mitochondria. The mitochondrion plays many important roles
in cell functioning and contributes to apoptosis, embryonic and tissue develop-
ment, aging, etc. Consequently, mitochondrial dysfunction often has a direct
impact on health such as aging, tumorigenesis, lung injury and COPD, etc. Recent
evidence indicates that the mitochondria could also be a crucial contributor to
immunity with functions such as biogenesis, fusion, and fission impacting various
areas in initializing immunity. In this review, we will describe both the structure
and various functions of the mitochondria with an emphasis on functions such ATP
production which is crucial for a multitude of processes such as apoptosis, biosyn-
thesis of Fe/S clusters, steroid synthesis, and, more fundamentally, cell survival. In
addition, this review aims to investigate the relationship of epithelial mitochondria
and lung disease. Cigarette smoke is known to induce structural and functional
mutations in airway epithelial mitochondria often acting as an indicator for dis-
eases such as COPD. Further evidence to support this speculation is the presence
of reactive oxygen species (ROS) within cigarette smoke which is a factor in the
development of COPD.

Keywords Mitochondria ¢ Structure * Apoptosis ® Reactive oxygen species ®
COPD
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1 Introduction

Mitochondria are crucial in all cell types as they are the primary components of ATP
production in cells via a complex set of chemical reactions. Additionally, they are
also involved in functions such as programmed cell death, lipid synthesis, calcium
signaling, and metabolism. The genes responsible for ribosome production are pres-
ent within the mitochondria, which produce proteins as well as transfer RNA
(tRNA) genes. It also provides a lock-and-key system that aids in deciphering the
genetic code into an amino acid protein code. Mitochondria are crucial for continu-
ous cell function and protein production (with a steady supply of tRNA keys) [1].
These main functions are represented in the Fig. 14.1. The mitochondrion is an
organelle which is bound by two membranes, an inner and an outer. The dense
matrix is enwrapped by the inner membrane, which consists of intermediary metab-
olism enzymes and different copies for genome enzymes. The genome within this
matrix code does not only code for RNAs responsible for translating proteins, but it
also codes for inner membrane proteins.

Recently tremendous progress has been made in understanding mitochondrial
functions and mechanisms due to technological advancement in structural biology
that span the resolution spectrum [2]. Recent discoveries in this field suggest an
additional possible explanation for endosymbiosis: the mitochondria might repre-
sent a source of molecules that are responsible for host defense in the early eukaryotic
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cell. An example of this is that reactive oxygen species (ROS) could be involved in
the digestion of phagocytosed pathogens; it could also send signals responsible for
gene expression. These discoveries have revealed potential mitochondrial targets
that could be exploited for therapeutic gain in inflammation and cancer [3].

2 Biology of Mitochondria

2.1 Structure

The development of biological sample techniques for electron microscopy has been
pivotal in aiding our understanding of mitochondrial structures; likewise, advance-
ment within the field of biochemical studies has greatly contributed to our understand-
ing of mitochondrial function. Sjostrand and Palades’ [4] work has been important in
discovering the uses of electron microscopy for mitochondria. Their model was used
as a basis for the current models in textbooks with the inner mitochondrion membrane
having a complex morphology and a continuous closed surface. The cristae that are
formed from folds are like the bellows of an accordion. The model, known as the
baffle model, depicts large openings from the cristae into the intermembrane space
and protrudes to the opposite side. However, 3D images have illustrated that instead
of the cristae having baffles and wide openings into the intermembrane space, it has
more of a pleomorphic and tubular nature. The cristae are made of swollen cisterns or
sacs that have narrow and frequently multiple tubular connections that are connected
to the peripheral surface of the inner membrane (known as the inner boundary mem-
brane). Orthodox rat-liver mitochondria which were reconstructed, both isolated [5]
and in situ [6], demonstrated that the cisternal cristae are flattened and had less inter-
connections between each other. Furthermore, some orthodox mitochondria had cris-
tae which were almost totally tubular shaped; this discovery coincided with what the
microscope observations of liver mitochondria in situ were [7].

A common design theme was noted in the mitochondria in situ in multiple types
of tissue when Perkins, Frey, and their coworkers utilized EM tomography to
observe the mitochondria. The cristae that were observed were connected to the
inner boundary membrane through a tubular structure with a diameter of approxi-
mately 28 nm, known as the crista junction. This discovery was consistent with
what another group of scientists, Daems and Wisse, for pediculi crista recorded [8].
Although there are differences in the morphology and arrangement in cristae, when
measured, it was discovered that the mitochondria that were reconstructed in situ in
neural, brown adipose tissue (BAT) and Neurospora cell types all had uniform
structural features. They all possessed crista with a junction diameter of 28 nm. The
average distance across the outer membrane and inner boundary membrane is
20 nm. However, at contact sites, it is only 14 nm and has no space between as the
thickness is double compared to single membranes. It has been suggested and
supported that the inner membrane of the mitochondria is a dynamic structure; this
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means that it is able to adapt and quickly respond to changes within metabolic and
osmotic environment [9]. Although unclear whether the cristae can regulate chemi-
osmosis, it is debatable whether they could potentially be part of the feedback
mechanisms that the mitochondria utilize to respond to environmental alterations
instead of just passively controlling volume adjustments. The baffle-like cristae
structure originally suggested was discovered to not be an accurate representation of
the organelle through the use of 3D tomographic images on a large variety of organ-
isms. A narrower tubular connection to the inner boundary membrane was noted in
situ and isolated in cristae that were slightly condensed or orthodox mitochondria.
This design suggested that ATP production rates could potentially be regulated by
internal metabolite gradients which could have functional implications [2].

2.2 Genome

Mitochondria regulation is mainly directed via a dual genome system, endogenous
mitochondrial genes and mitochondrial genes, which transfer to the nucleus during
evolution [10]. The mitochondrial “life cycle” begins with the coordinated synthesis
of nuclear DNA (nDNA)- and mitochondrial DNA (mtDNA)-encoded proteins,
membrane biosynthesis, and the targeting and folding of respiratory chain subunits.
There are fundamental differences between the nuclear and mitochondrial genomes.
An example of this is size; the mitochondrial genome is significantly smaller when
compared to the nuclear genome. In addition, mtDNA molecules with high mito-
chondrial densities are small in contrast to the size of the nuclear genome.
Furthermore, most mitochondrial proteins are encoded by nuclear genes and syn-
thesized on cytosolic ribosomes, whereas mtDNA encodes 13 essential respiratory
chain complex subunits [11]. Structurally, the mitochondrial genome is less com-
plex and more easily regulated. The state of compaction for the nuclear DNA is
when there are different transcription factors and coactivators that are interacting
with each other and when the gene expression is accurately controlled via epigene-
tic determinant regulation [12]. In contrast, only a few mtDNA-binding proteins,
particularly the mitochondrial transcription factor A (TFAM), regulate the tran-
scription for the mitochondrial genome which expresses itself as one single unit
[13]. Additionally, mtDNA is susceptible to damage as it is linked to the electron
transport system. These components can rapidly mutate and cause harm to the
mtDNA in comparison to the nuclear DNA which is less susceptible to damage [14].
Although the cause is not completely understood, it has been suggested to be related
to how mtDNA is repaired. The mtDNA has few repair pathways in contrast to
nuclear repair which requires a variety of pathways [15]. Additionally, it could be
linked to the open structure of the mtDNA being more easily exposed to DNA-
damaging ROS [13].
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3 Function

3.1 Generate ATP

Mitochondria are integrated components of the cell, and their actions are undoubt-
edly linked to cellular activities. Energy must be supplied for cellular processes to
function, and thus the mitochondria must be functional for cell survival [16].

The major function of mitochondria is to generate ATP through the process of
oxidative phosphorylation (OXPHOS). Mitochondria provide 90% of the cell
energy via OXPHOS, which is catalyzed by five membrane-bound protein com-
plexes (complex I to V); [17] this multistep pathway results in the generation of 32
ATP molecules per glucose molecule and is used by quiescent cells in normoxia.
The process where glucose is converted to pyruvate with lactate as a by-product is
known as glycolysis. The production of lactate was originally thought to be pro-
duced during hypoxia. ATP production via glycolysis is faster than that by OXPHOS;
however, this procedure only produces two molecules of ATP per glucose molecule
[3]. Therefore, OXPHOS is much more efficient at producing energy than, for
example, glycolysis or the Krebs cycle. Therefore, organisms capable of using this
pathway must have received an enormous selective advantage [10]. Both glycolysis
and mitochondrial metabolism influence the immune response [3].

3.2 Cell Death

There are currently three death models when classifying according to morphologi-
cal criteria: autophagy, apoptosis, and necrosis. Autophagy is when degradation of
proteins and organelles occur in the lysosomal pathway and the residues are able to
be utilized by the cell as energy. There has been discussion about whether autoph-
agy should be considered a death model as some argue that it would be more accu-
rate to classify it as a degradation model. On the other hand, necrosis is the premature
death of cells caused by autolysis. The exact mechanism on how necrosis is carried
out is still not fully understood; however, there have been studies carried out recently
[18] that illustrated that there are specific cellular pathways that carry out necrosis.
This could suggest that necrosis does not only occur in relation to cell injury but
could be programmed.

Programmed cell death is crucial for an organism and acts as one of the major
mechanisms in regulating and maintaining cell numbers. It is also important in aid-
ing immunity and destroying hostile cells. Apoptosis can be defined as a pro-
grammed cell death that occurs due to changes, both morphologically or
biochemically [19]. Throughout evolution, this process has been refined and passed
on as it is crucial in a variety of biological functions such as embryonic develop-
ment, homeostasis, surveillance, remodeling, and immunity. Additionally, the path-
ways that regulate and enable apoptosis are crucial in carrying out basic biological
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processes such as differentiation, proliferation, inflammation, growth, and immu-
nity resulting in apoptosis being crucial for an organism survival. Thus, any dys-
regulation related to apoptosis, an overexpression or under-expression, could be
fatal to cells [20]. An example is carcinogenesis which is caused by insufficient
apoptosis. On the other hand, excess apoptosis could potentially cause fatal condi-
tions such as heart failure or stroke [21].

Mitochondria have a vital role in the regulation of apoptosis by the release of
proapoptotic mediators (e.g., cytochrome ¢, apoptosis-inducing factor) in response
to specific stimuli. However, the mitochondria are also important in producing ATP
(linked to electron transfer chain) which is required for apoptosis to occur. Thus,
changes in cellular energy (ATP) levels could potentially cause cells to die through
necrosis or apoptosis [22]. There are two central pathways that mediate apoptosis:
an extrinsic and intrinsic pathway. Figure 14.2 summarizes the intrinsic pathway
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Fig. 14.2 The intrinsic pathway of apoptosis. The cells are stimulated by factors (e.g., stress sig-
nals); p53 is activated which contains the Bak-binding domain and a common coding region an
arginine (R72) or proline (P72) at amino acid 72 in human p53 [64]. Compared to the P72 form of
p53, the R72 which is located at amino acid 72 possesses a greater ability to localize to mitochon-
dria. The mitochondrial pathway of apoptosis is relying on the BCL-2 family (proapoptotics (e.g.,
Bax and Bak)) for the release of proapoptotic factors (e.g., cytochrome c) from the mitochondrial
intermembrane space (IMS), through the procedure of mitochondrial outer-membrane permeabili-
zation (MOMP). On initiation of apoptosis, VDAC?2 is displaced from Bak by activated (truncated)
Bid, Bim, and Bad, whereas Mcl1 binding to Bak is disrupted by p53. The formation of a p53-Bak
complex induces a conformational change in Bak which exists in the mitochondrial outer mem-
brane initially, Bak oligomerization, and the release of cyto ¢ from mitochondrial to cytosol. p53
interacts directly with Bak via a pocket structure formed by the BH1, BH2, and BH3 domains. Bax
translocation to mitochondria, which initially located in cytosol, oligomerization, and insertion
into the outer mitochondrial membrane combined with VDACI1 [65] via its C-terminal tail, which
includes 9. Bax also stimulates the release of cyto ¢ and other apoptogenic mitochondrial proteins
and the activation of caspases



14 Epithelial Mitochondrial Dysfunction in Lung Disease 207

[23]. The exact mechanism in how these two pathways are linked to the central
mechanism is not completely understood. However, it has been confirmed that the
proapoptotic Bcl-2 protein is involved in conveying apoptotic stimuli.

3.3 Biosynthesis of Fe/S Clusters

In non-plant eukaryotes, mitochondria are the only compartment where iron/sulfur
clusters are assembled. These clusters retain iron in its reduced form and function as
cofactors in enzymatic redox reactions. Iron/sulfur proteins are of vital importance
for many biological processes; an example of these is the mitochondrial electron
transport chain which produces a redox reaction. Because of the toxicity of free fer-
rous ions as well as sulfide, the synthesis of Fe,-S, as well as Fe,-S, clusters is
highly regulated. Iron/sulfur clusters prevent the presence of soluble, reduced iron
within the cell, necessitating a complex transport pathway [24].

Besides their important biochemical role, Fe/S clusters are — in concert with the
mitochondrial electron transport chain — a source of reactive oxygen species.
Superoxide produced by the respiratory chain can, if accumulated above normal
cellular levels, damages redox-sensitive proteins, such as the tricarboxylic acid
cycle (TCA) enzyme aconitase, Acol, by oxidizing its Fe,-S, cluster, with the con-
sequence that Fe?* is released [25]. This release of Fe®* is an additional source of
ROS by producing hydroxyl radicals via the Fenton reaction [26].

3.4 Steroid Synthesis

Steroids aid in regulating a multitude of processes such as development and repro-
duction which means that steroid synthesis is a pivotal process for living organisms.
Steroid synthesis is a multistep mechanism, and due to the wide variety of steroids,
an effective and regulated mechanism is crucial in responding to physiological
changes [27]. The mitochondria are the main site involved in regulating steroids
synthesis. Cholesterol transfer from intracellular stores to the outer mitochondrial
membrane (OMM) initializes protein biosynthesis. This transfer occurs via a com-
plex, known as transduceosome, which is the site of interaction between OMM
proteins and cytosolic proteins [28]. The cholesterol is then transported to the cyto-
chrome P450 CYP11A1 enzyme located within the inner mitochondrial membrane
(IMM). This cytochrome causes the cholesterol to be converted into pregnenolone,
a known precursor for steroids. An important complex for this mechanism is the
800 kDa protein complex, known as the steroidogenic metabolon which can be
identified at OMM-IMM contact sites.

Organelle plasticity and organelle-organelle interactions are key factors in regu-
lating the formation of steroids, of importance are the endoplasmic reticulum (ER)
and mitochondria [29]. Regions that are near appositions situated at the borders
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between ER membranes and OMM are known as mitochondria-associated mem-
branes (MAMs). These were detected using biochemical and electron microscopy
(EM) and are one of the main sites for the transport of calcium from ER to mito-
chondria. Their function also includes the regulation of mitochondrial homeostasis
and cell apoptosis [30]. It has been suggested that an elevated concentration of cho-
lesterol situated in the lipid raft microdomains could be an important source of free
cholesterol for mitochondria to use during steroidogenesis [31].

4 Disease

4.1 Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is a well-known chronic respira-
tory disease. It is characterized by an increased rate in decline of lung function
resulting in chronic inflammation within the lungs. Another characteristic of COPD
is limitation within irresistible airflow [32, 33] which is commonly related to condi-
tions such as pulmonary arterial hypertension and hypoxemia which increases the
patient susceptibility of having cardiopulmonary complications. A survey showed
that about 65 million people have COPD globally, and almost 3 million people,
majorly from low- and middle-income countries, died of complications associated
with COPD in 2005 [34]. Cigarette smoking is the major etiological factor in this
condition. Although COPD could be developed in nonsmokers, 90% of patients
with COPD are smokers [35].

Due to the process of oxidative phosphorylation, there will be certain by-products
produced that could potentially be harmful to the host, such as oxygen-based radi-
cals. In response to this, the mitochondria have developed different systems, an
enzymatic and a nonenzymatic system. In the presence of an elevated level of reac-
tive oxygen species (ROS), the oxidative stress system will also be increased. If the
mitochondria sustain damage, there is a likelihood that it could cause a feed-forward
process; thus, damage could be further propagated and cause further harm [36].

Cigarette smoke is known to have harmful effects to the body; with over 4000
chemicals, there are a wide variety of potential effects. An example of this is the
ROS that is present at a higher concentration in a gaseous state and the lipophilic
components. These components are able to pass the lipid bilayer, and reports have
shown that the cigarette smoke extract (where no ROS are present) is able to diffuse
through the cell membranes and then ultimately affect mitochondrial function.
Consequences of this could be an increased generation of ROS intracellularly [37].
Additionally, the function of mitochondria is impacted in the primary bronchial
epithelial cells in the presence of cigarette smoke extract [22]. There are multiple
factors and functions that are involved in the pathogenesis of COPD; one of these
mechanisms is the oxidant-antioxidant imbalance mechanism [38]. Due to the ele-
vated levels of ROS secreted from leukocytes and macrophages in response to the
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Fig. 14.3 The Role of Cigarette Smoke. The first barrier in lungs, which is achieved by cigarette
smoke, is ELF, which covers AECs [66]. Cigarette smoke interacts with antioxidants in ELF. The
most significant antioxidant of the normal human lower respiratory tract is catalase in ELF. Others
include superoxide dismutase (SOD), glutathione reductase, peroxidase, and ceruloplasmin. After
overcoming the ELF barrier, ROS in gaseous phase of cigarette smoke reach AECs plasma cell
membranes, causing further pathological effects. However, these ROS are not capable of diffusing
through the plasma membranes of these cells and therefore are not capable of entering the circula-
tion. The ROS in cigarette smoke react with AECs plasma cell membranes, resulting in direct
injury. Increased level or extended exposure to ROS also develops an inflammatory reaction which
may activate epithelial cells and resident macrophages and the recruitment and activation of neu-
trophils, eosinophils, monocytes, and lymphocytes. This disturbs mitochondrial function, thereby
decreasing the ability of mitochondria for ATP synthesis, leading to cellular necrosis

oxidants, an increased burden will be placed on the oxidative system resulting in the
inflammatory response observed in COPD (Fig. 14.3). Additionally, due to continu-
ous production of ROS within the body, even post-cessation, the oxidative stress is
not relieved [39]. This could have a variety of consequences such as abnormal or
pathological alterations to proteins, carbohydrates, lipids, etc. and result in altera-
tions in cellular metabolism [40]. The initial barrier protecting the lungs and airway
from harmful pathogens is the epithelial lining fluid (ELF) coating the airway epi-
thelial cells (AECs). Catalase, an antioxidant present in the lower respiratory tract
in the ELF, reacts to cigarette smoke [40]. ROS within the cigarette smoke are also
able to react to the plasma cell membranes of the AECs and cause direct damage. A
lipid class that is vital in maintaining the cellular membranes is the glycerophospho-
lipids. The biological activities of the glycerophospholipids are impacted by the
oxidation of esterified unsaturated fatty acids. An increased level of oxidized phos-
pholipids can both directly or indirectly interact with the Toll-like receptor (TLR)
signaling, resulting in lung injury. The trigger to activating this pathway is TLR4
stimulation, which subsequently activates NF-«B [41]. NF-xB is a family of
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transcription factors that have seven members: p50, p52, p100, p105, RelA/p65,
RelB, and C-Rel. These factors have crucial roles in both cell response and inflam-
mation as it controls how the gene network expresses itself and is also an important
component in the airway inflammation of COPD [42].

4.2 Inflammatory Cells

A common feature of COPD is the development of an inflammatory response, char-
acterized by activation of epithelial cells and resident macrophage. Inflammatory
cells once recruited in the airspace become activated and generate ROS in response
to inflammatory mediators [33].

4.2.1 Epithelial Cells

Cigarette smoke and other irritants inhaled (biomass fuel smoke) activate the epi-
thelial cells causing a variety of inflammatory mediators such as TNF-a, IL-1p,
GM-CSF, and IL-8 and IL-6 to be secreted. Additionally, within the smaller air-
ways, epithelial cells could potentially also secrete TGF-3, known to be a contribut-
ing factor for local fibrosis [43]. A key factor required to maintain and regulate the
integrity of the alveolar cell is the vascular endothelial growth factor (VEGF).
Studies have shown that a blockage of these receptors, VEGF receptors (VEGFR2)
in rats, could result in the apoptosis of alveolar cells and emphysema-like disorders
[44]. Although characteristics of growth factors that participate in vital mechanisms
such as epithelial cell proliferation, cell cycle, and differentiation within COPD are
not fully understood, a study showed that squamous metaplasia within the airway
epithelium in chronic bronchitis and COPD is frequent [45].

4.2.2 Macrophages

Macrophage is an important player in the pathophysiology of COPD and is also
involved in the inflammatory response [46]. An elevated level (fivefold to tenfold)
of macrophages can be observed in the airways, lung parenchyma, and bronchoal-
veolar lavage (BAL) fluid. Macrophages are concentrated where there is destruction
in the alveolar walls in emphysema patients, and a correlation was discovered
between the parenchyma macrophage numbers and the severity of the emphysema
[47]. In addition, cigarette smoke could potentially cause macrophages to be acti-
vated causing inflammatory mediators secretion, such as TNF-a, IL-8, chemokine
(C-C motif) ligand 2 (monocyte chemoattractant protein 1), leukotriene B4, and
ROS [48].
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4.2.3 Neutrophil

The stimulatory effect of cigarette smoke impacts the production of granulocytes
and its survival within the respiratory tract. This could be due to interactions between
GM-CSF and G-CSF secreted from lung macrophages. Additionally, neutrophils
secrete factors such as NE, cathepsin G, and proteinase-3, which could potentially
cause alveolar destruction. The factors mentioned are part of serine proteases which
are also an important stimulator for mucus secretion [48]. A key factor for the
recruitment of neutrophils in both the parenchyma and the airway is the adhesion to
endothelial cells through E-selectin. This interaction is commonly elevated in
COPD patients. The migration throughout the respiratory tract is directed by neutro-
phil chemotactic factors, such as leukotriene B4, CXCL1, CXCL5 (ENA-78), and
CXCLS, which are elevated in COPD patients [49]. The activation of neutrophils
within the airways in COPD patients is due to the increased levels of granule pro-
teins, such as myeloperoxidase (MPO) and human neutrophil lipocalin.

4.2.4 Eosinophils

Although eosinophils are frequently discussed in the context of asthma, their exact
role in COPD is less well known. There have been studies that suggest an elevated
level of eosinophils can be observed in patients with COPD and bronchoalveolar
lavage [50]; however, there are also studies which contradict this information [51].
It is speculated that COPD patients could potentially benefit from a corticosteroid
therapy due to the presence of eosinophils; however, this requires further investiga-
tion [52, 53].

4.2.5 Dendritic Cells

For the innate and the adaptive system to function and relay information to each
other, there needs to be a mediator; this mediator is known as the dendritic cell. The
dendritic cell is an important cell that relays information and can activate a variety
of the cells involved in immunity such as macrophages, neutrophils, and lympho-
cytes. Thus, these cells could also be important in how the body responses to ciga-
rette smoke. An increased level of dendritic cell activation seems to be observed in
COPD patients [54] and could also be related to how severe the disease is [55].

5 Single-Cell Analyses

Single-cell analysis is a rapidly emerging research field that has fascinated research-
ers from various disciplines such as biology, pharmacy, biotechnology, etc. [56].
Within recent years, it was discovered that each cell could vary greatly from one
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another causing a multitude of consequences to health [57]. Single-cell analysis is
the most reliable approach for studying tumor heterogeneity. Advances in whole-
genome analysis (WGA), next-generation sequence (NGS), fluorescence-activated
cell sorting (FACS), and other techniques have made it possible to analyze multiple
markers in single tumor cells isolated from fresh or fixed primary tumors and metas-
tases [58]. This technique enables us to study each cell and how they vary within a
specified population. This population is not strictly defined and could be organs,
tissues, or a cell culture. Single-cell analysis is currently the most suitable approach
to study biological processes such as cancer, physiological functions, and stem cell
differentiation at a deeper level. Thus, it could also be said that single-cell analysis
is crucial for drug development and disease studies [59]. Single-cell analysis has
made tremendous progress over the recent years as it could potentially affect a wide
variety of fields. The lack of cross-disciplinary collaborations in studying single
cells coupled with difficulties in producing algorithms suitable for larger databases
has resulted in an ineffective approach. Due to it being a new technique, there is not
an established standard technique, and in comparison to other experimental plat-
forms, single-cell analysis still requires time to mature [57].

6 Conclusion

Many of the ROS, both exogenous and endogenous involved in the pathophysiology
of COPD, are associated with cigarette smoke. Numerous things have an impact on
this; an example is the lipophilic components or how the inflammatory processes
dynamically interact with each other. Even post-smoking cessation the inflamma-
tion could persist indicating the presence of an autoregulated mechanism; however,
this only remains as a speculation as the mechanism is not yet understood [60]. One
source that endogenous ROS could stem from is the mitochondria. Due to its natural
mechanism, it is common that electrons are leaked from the electron transfer chain
resulting in ROS. There are however intra- or extracellular factors that could result
in excess amount of ROS causing an oxidative-antioxidative imbalance. One of
endogenous sources of ROS is mitochondria. In addition, with impaired antioxidant
defense, there is a large possibility of it contributing to the development of oxidative
stress [40]. On this occasion, multifactors may lead to the disruption of the function
and structure of airway epithelial mitochondria and eventually develop into COPD.

7 Future Outlooks

The early pioneers of mitochondria research would be fascinated by the discoveries
that have been made concerning mitochondria and many of its functions. For the
study of scholars in different fields, mitochondria have a diverse variety of func-
tions. Mitochondria can be viewed as the powerhouse of immunity, in addition to
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their role as the powerhouse of the cell [61]. With the current technology and under-
standing, it is possible to investigate a variety of pathways responsible for COPD
pathophysiology. However, these are mostly superficial, and more complex interac-
tions such as how the mitochondria are linked to COPD remain unknown [40].
Thus, understanding the underlying mechanisms of the signaling pathway may pro-
vide valuable information regarding the therapeutic treatment of COPD. With the
continuous innovation of technology and meticulous research in future, a large array
of therapeutic possibilities for inflammatory diseases and cancer exist. For instance,
single-cell analysis is very significant for the early diagnosis and prevention of dis-
ease and has great potential for future clinical application.
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Chapter 15
Significance of Mitochondria DNA Mutations
in Diseases

Zhenhua Zhu and Xiangdong Wang

Abstract Mitochondria are essential double-membraned cytoplasmic organelles to
support aerobic respiration and produce cellular energy by oxidative phosphoryla-
tion (OXPHOS). Mitochondrial functions are controlled by mitochondrial (mtDNA)
and nuclear genomes (nDNA). Mutations of mtDNA result in mitochondrial dys-
function and multisystem diseases through compromising OXPHOS function
directly by a point mutation or a large-scale mtDNA rearrangement. One or more of
OXPHOS complexes are impaired and dysfunctional to affect tissues with high
energy demands. mtDNA is more susceptible to oxidative damage and has more
mutations than nDNA. Unlike diploid nDNA, mtDNA is a multi-copy genome
transmitted and maternally inherited through oocyte. The multi-copy nature of
mtDNA easily causes the heteroplasmy as a unique aspect of mtDNA, making mito-
chondrial diseases more complex and heterogeneous. mtDNA-associated mitochon-
drial dysfunction plays the important role in the development of multisystemic
primary mitochondrial disease, neurodegeneration, and cancer. The present article
overviews the occurrence of mtDNA mutation, interactions with other factors, and
molecular mechanisms of mtDNA-associated diseases.

Keywords Mitochondria « Mutation ¢ Oxidative phosphorylation ¢ Heteroplasmy

1 Introduction

Mitochondria are one of the crucial cytoplasmic organelles with double membrane
in cells, to sustain aerobic respiration and construct cellular energy in the form of
adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS), pro-
ducing endogenous reactive oxygen species (ROS) as an accessory substance. The
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