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ABSTRACT

Cholangiocellular carcinoma (CCA) is the second most common hepatic
malignancy, but its carcinogenesis is poorly understood. Somatic mitochondrial
DNA (mtDNA) mutations have been demonstrated in a variety of human cancers.
However, no study has previously investigated mitochondria and their genome
alterations in CCA.

Our findings suggest that mtDNA alterations are an important event
during the carcinogenesis of CCA. In comparison with normal cell lines and other
liver malignancies, both morphologic and functional changes of mitochondria and
mitochondrial genome point to a striking result that may play a major role in the

aggressiveness of CCA.
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Chapter 1 Introduction

Mitochondria constitute a dynamic system with multiple operational
functions and ubiquitous organelles in eukaryotic cells. Specifically, mitochondria
fulfill the main function of synthesizing adenosine-5'-triphosphate (ATP), the
universal energy of the cell, as well as performing a central role in other vital
processes, including cell death programming, calcium signaling and cell cycle
regulation. These organelles contain the cell's major energy-requiring and energy-
producing pathways, including the urea cycle, the citric acid cycle, heme
biosynthesis, cardiolipin synthesis and the p-oxidation pathway of fatty acid
breakdown. The dysfunction or deregulation of these cellular activities may cause
pathological implications that result in disease, cancer, aging and lethality.
Consequently, a comprehensive detailed analysis of mitochondrial molecular
biology may improve the prognosis, treatment and prevention of numerous

diseases.

1. Mitochondrial pathways
1.1 Mitochondrial structural overview

The name “mitochondria” was established in 1898 by Benda; this term
derived from the Greek words mitos (thread) and chondros (granule) (1). In 1900,
Michaelis discovered the first stain for mitochondria, known as the Redox Janus
Green B, which persisted as the primary staining method until 1952 (2).
Subsequently, in 1952 Palade clearly observed the cristae and double membranes
by using electron micrographs. In particular, he observed that cristae constituted

inward folding of the inner membrane (2). The number of mitochondria present in



a cell depends on the metabolic requirements of that cell or tissue. In fact, some
cells contain only very few mitochondria, while other cells have thousands of
mitochondria (3).

Recently, the fundamental wunderstanding of the mitochondrial
ultrastructure is based on sophisticated techniques that use high-resolution 3D
images acquired by a high voltage electron microscopes and electron tomography
scan. The elaborate structure of mitochondria is composed of two parts, which
constitute highly concentrated phospholipids and proteins. These chemicals are
involved in the translocation of other proteins, known as Translocases of the Inner
Membrane (TIM) and Translocases of the Outer Membrane (TOM) (4). The outer
membrane is permeable for large molecules and ions (mw<5000), which can
diffuse easily through special channels known as porins. However, the inner
membrane, which prevents most molecules from passing through the
mitochondria, is more selective than the outer membrane. In addition, the inner
membrane contains the respiratory chain complexes and the matrix. The matrix is
encircled by the inner mitochondrial membrane involved in the citric acid cycle
enzymes, which are responsible for reducing acetyl CoA to CO,. During this
process, electrons that are released enter the respiratory chain complexes and
reduce these complexes to molecules of H;O and ATP, which is the fuel of the
cell. Recent research examining the cristae demonstrates that these components
not only represent the folding of the inner membrane but also function as an
internal compartment created by the membrane invagination (5). In addition,

current evidence suggests that the specific morphology of the cristae may regulate



parts of the apoptotic pathway, eradicate diffusion of ATP production and provide

resistance to oxidative stress (5).

1.2 Mitochondrial genome (mtDNA) overview

The differentiation of the mitochondrial genome from the nuclear genome
was observed in the late 1950s and early 1960s (6). Early revelations illustrated
that mitochondrial DNA contained a separate protein structure that could
synthesize the mitochondrial ribosome components, rRNA and tRNA. Subsequent
steps investigated mitochondrial DNA in yeast and in other organisms.
Remarkably, the results of these studies established a distinct structure and gene
organization of mtDNA (6). The first complete mtDNA genome was obtained
from the human species, and the sequence of mammalian mtDNA has been
recorded in the MITOMAP database, which is an open source
(www.mitomap.org) available to all researchers investigating mitochondria (7). In
1981, Anderson et al. reported the analysis of human mtDNA sequence,
specifically the gene arrangement, gene expression and coding capacity (Figure
1.1) (8).

Mammalian mtDNA includes genes for 13 protein subunits of respiratory
chain complexes, including seven subunits of complex I, one subunit of complex
111, three subunits of complex IV and two subunits of complex V. In addition,
mammalian mtDNA harbors genes for both 22 tRNA and 2 rRNA (Figure 1.2).
MtDNA is considered as a prototype since its structure and genetic organization is
strongly conserved in other mammals (9). Specifically, human mtDNA is a closed-

circular and double-stranded DNA molecule of approximately 16.6 kb. The



double strands of mtDNA are distinguished by their G+T content, which results in
a heavy strand, or H-strand, and a light strand, or L-strand (Figure 1.1). The vast
majority of genes encoded by mtDNA exist on the heavy (H) strand, with genes
for 2 rRNA, 14 tRNA and 13 proteins in different complexes. However, eight
tRNA and a single polypeptide, which are encoded by mtDNA, occur on the light
(L) strand (Figure 1.1)(8,10).

There are two noncoding regions in the mtDNA that contain the vast
majority of its known regulatory functions (11,12). The main region is known as
the displacement loop, or D-loop, which occurs on the nascent H-strand that is
formed in this region. Specifically, the D-loop is located between the genes for
tRNA™ and tRNA™, which contain the origin of replication for the H and L
strands (Op) and the bi-directional promoters. The D-loop structure primarily
consists of conserved sequences known as CSBs or “conserved sequence blocks”,
TASs “termination—associated sequence” and tRNA, which fulfills a pivotal role
in mtDNA replication (6,12,13). The second non-coding region is 30 nucleotides
long and is located approximately two-thirds of the mtDNA length from Og. It

involves the origin of replication for the L-strand (Or) (12).

1.2.1 Mitochondrial DNA versus nuclear DNA

There are unique features of mtDNA that genetically distinguish it from
nuclear DNA (nDNA). First, each human cell contains hundreds of mitochondria,
each of which possesses 2-10 copies of mtDNA. While homoplasmic mtDNA

consist solely of identical copies in an individual cell, heteroplasmic mtDNA



contain copies that are not identical in either mutant or wild species (6,10). In order
to exhibit pathological presentations, at least 60-70% of mtDNA must contain
mutant copies, a phenomenon labeled as the “threshold effect”. Secondly, the
mitochondria genome is derived from the mother. Specifically, the mother
transmits her oocyte mtDNA to her progeny, and only her daughters can transmit
their mtDNA to the next offspring (14). Study by Giles et al., suggested that while
a few mitochondria sperm could enter the zygote, these sperms will eventually be
destroyed by an ubquitin—dependent mechanism during fertilization (14).
Furthermore, the evolution rate of mtDNA is much faster than that of nDNA, as
mtDNA is protected neither by histone nor chromatin. As a result, mtDNA likely
incur more damage by reactive oxygen species (ROS) inside the inner membrane
of the mitochondria, where ROS are generated (15,16). Hence, since mitochondria
lack an effective repair system, the high mutational rate and maternal inheritance

mode has been an object of investigation for a role in aging and cancer (12).

1.3 Mitochondrial function overview

The mitochondria are described as the "cell’s power" because they
generate most of the cell energy supply by converting oxygen and nutrients in
presence of oxygen into adenosine triphosphate (ATP). In addition to producing
energy, mitochondria are responsible for biochemical synthesis, calcium storage,

metabolic detoxification and programmed cell death or apoptosis.



1.3.1 Respiratory chain complexes

The operational structure of oxidative phosphorylation (OXPHOS) system
comprises two sets of reactions. The first reaction is constituted by the respiration,
consisting of O, consumption that is conducted by electrons in the first four
respiratory chain complexes. These complexes include CI, NADH (ubiquinone
oxidoreductase), CII (Succinate: ubiquinone oxidoreductase), CIII (ubiquinol:
ferricytochrome ¢ oxidoreductase) and IV (cytochrome c¢ oxidoreductase). The
resulting oxygen molecules are ultimately reduced to water. During this process,
the second reaction, the production of ATP synthase by electrochemical proton
gradients occurs. ATP synthase represents the second set of OXPHOS (Complex
V), which generates ATP (Figure 1.2) (17,18).

Complex I is considered as the largest of all complexes in the OXPHOS
system. This complex constitutes 45 subunits, 7 of which are encoded by mtDNA,
while 38 subunits are encoded by nDNA (19). The crystallization structure of CI,
which can be ascertained in a low-resolution 3D electron microscope, exhibits an
L-shape with two arms. While the longer arm is located in the matrix, which is
more negative, or hydrophilic, the short arm extends into the membrane, which is
more positive, or hydrophobic (20). These structures have three main functions.
First, two electrons are transferred from NADH and subsequently passed through
FMN, which contains flavoprotein, to a series of at least six Fe-S centers that are
located in the matrix. The reduction of ubiquinone coenzyme Q10 (CoQ) to
ubisemiquinone and then to ubiquinole in the membrane works as a hydrogenase,

which contains a significantly negative charge. During this process, the net



transfer of four protons is translocated from the matrix to the inner membrane
space, creating a unique proton gradient that will be used to generate the ATP
proton translocation function (6,21). Each structural subunit of CI fulfills an
essential role in its stability and assembly. In particular, the mutation of ND2
causes an accumulation of the CI intermediates. The mutations of NDI, ND4, and
ND6 are associated with the down-regulation of the CI enzymes, because these
parts are essential for CI assembly. However, the mutations of ND3 and ND5 are
not essential for the enzymatic activity of the CI assembly (15,16).

Horton et al. reported the first significant mtDNA mutation in cancer,
which involved the deletion of 294 nucleotides in ND/ in patients with renal
adenocarcinoma  (22). Specifically, these authors demonstrated that
transmitochondrial cells harboring the T14487C mutation in ND6 induced ROS
production (23). Research has illustrated the role of mitochondrial mutations in
Complex I during the progression of tumor metastasis in mouse tumor cell lines
with high or low metastatic potential. While a large number of metastatic cells
demonstrated a reduction in Complex I activity, a small number of these cells did
not result in any such change (24).

Complex II is the simplest of the RC complexes. Composed of four
nDNA-encoded subunits, this complex has not appeared to form super-complexes
with other electron transport chain (ETC) components (25,26). The electrons reach
the ubiquinol via iron-sulfur centers (Fe-S) and flavin adenine dinucleotide

(FAD). Since this process does not involve the presence of a proton pump, this



complex does not contribute to the energetic potential for synthesizing ATP
(25,26).

Complex III contains 11 subunits in which cytochrome b is encoded by
mtDNA; however, the other eight subunits are encoded by nDNA. The net
reaction of this complex oxidizes two molecules of QH, (ubiquinone) to Q
(ubiquinol) by producing two protons per one molecule of Q, for a total of four
molecules and one electron per two protons, which are then transferred to CIV.
While one proton relocates to cytochrome c¢; in the inner membrane space, the
other one migrates to the Q site to undergo reduction to QH; in the matrix (27).

Since cytochrome b may incorporate enzymatically with CI
supercomplexes, this subunit is associated with a CI+CII deficiency. Some
studies report that more than 20 pathogenic mutations are associated with the CIII
assembly factor, BCS1L. Various clinical phenotypes are likely associated with
BCSIL mutations, which include the multi-visceral GRACILE syndrome
(growth, retardation, aminoaciduria, cholestasis, iron overload, lactic acidosis and
early death) to congenital metabolic acidosis, neonatal proximal tubulopathy, liver
failure and encephalopathy (28).

Murine and human urothelial carcinoma/ transformed cells experienced a
21bp deletion of mitochondria-encoded cytochrome ¢, which resulted in increased
ROS, lactate production and oxygen consumption (29). Also, murine and human
bladder cancer models have shown invasive phenotypes that are able to destroy
normal splenocytes, thus indicating the ability of mutant cells to promote tumor

growth and subsequently evade the immune system surveillance (29).



Complex IV, the terminal enzyme of the ETC, is composed of 13
subunits. Three of these subunits, MTCO1, MTCO2 and MTCO3, are encoded by
mtDNA while the other ten subunits, COX4, COX5A, COX5B, COXO6A,
COX6B, COX6C, COXTA, COX7B, COX7C and COX8, are encoded by nDNA
(30,31). This complex is located in the region where electrons are transferred from
the cytochrome ¢ to molecular O, and then reduced to water. CIV is catalyzed by
specific keys: subunit I and subunit II (30). During the catalyzing process,
electrons pass from cytochrome ¢ to O; through subunit II, which is contained in
the first binuclear center or Cua. Afterwards, the electron migrates from heme a to
heme a3 (Subunit I), which forms the second binuclear center with the copper ion
or Cug (31). This enzyme comprises two proton input channels: the D-channel and
the K-channel (32). Although the D-channel pumps four protons per O,, it only
supplies two of the four protons that are required for the reduction of O3 (32,33).
The K-channel is not directly used for the uptake of pumped protons; however, it
provides the remaining protons for the active site of O, (33). Therefore, the oxygen
binds to the Cug center, and the net of four electrons passes from cytochrome c;
the cytochrome ¢ oxidase will use the substrate H' from the matrix to convert O,
to H,O (6,33-35).

COX deficiency is a major cause of mitochondrial diseases in human
pathology and is also associated with various clinical presentations. CIV
biogenesis requires multiple proteins that are involved in the protein assembly
process but are not necessarily involved in the maturation of the enzyme (6,34).

For instance, Sufrl is involved in the COX assembly, and mutations in this gene



are responsible for causing Leigh syndrome with COX deficiency (LS“%%).
Furthermore, COX10 and COX15 are essential enzymes for the catalytic center of
CIV, which is incorporated during the terminal step of the heme a biosynthetic
pathway. COX10 mutations are associated with leukodystrophy and renal
tubulopathy (36) while COX15 mutations are related to Leigh syndrome and fatal
infantile hypertrophic cardiomyopathy. Mutations of these enzymes are relatively
rare in humans. Mutations of SCO1 and SCO2 genes, which are responsible for
inserting copper into the catalytic center, are associated with fatal infantile hepatic
failure and infantile cardiomyopathy respectively (37).

Interestingly, defects in the cytochrome ¢ oxidase leading to increased
ROS levels and mtDNA damage have been reported in cancers (38-40). Similarly,
the low expression of COXII and the high expression of COXI and COXIII have

been associated with various cancers (39-42).

1.3.2 Oxidative phosphorylation

Complex V (ATP synthase): According to the chemiosmotic hypothesis,
the protons that are pumped by the electron transport chain across the inner
mitochondria membrane through CI, CIII and CIV should create a proton
electrochemical gradient that includes electrical potential (Ap™") and chemical
potential (APH). The mitochondrial membrane potential (Ay) averages between -
180 to -250mV.. Through oxidative phosphorylation, the electrochemical gradient
is used by F¢-F; ATP synthase to produce ATP (Figure 1.2). The energy converts

ADP + Pi to ATP by Fy-F;, which acts as ion channels, allowing the translocation

10



of protons from the inter membrane back into the matrix (43,44). The
mitochondrial membrane potential is dependent on superoxide production and
recruitment of the mitochondrial uncoupling proteins, corresponding to a
depolarization of only 20-30mV (43,44).

Most of the CV mutations are intensively concentrated in the MTATP6
gene. In particular, the main clinical presentations related to transversion
8993T>G and transition 8993T>C in the MTATP6 gene include NARP
(neuropathy, ataxia and retinitis pigmentosa) and severe infantile MILS
(maternally inherited Leigh syndrome) (45,46). Also, the alteration of A7P6 has
been associated with prostate cancer (47). Rodents tumors harboring ATP6 with
8993T>G mutation-producing ROS eventually result in DNA damage and tumor
growth (41). Furthermore, HeLa cell hybrids containing 47P6 with 8993T>G and
9176T>C exhibit decreased mitochondrial respiration and accelerated tumor

growth by prevention of apoptosis (48).

1.3.3 Generation of reactive oxygen species

Mitochondria are metabolized to form ROS under normal physiological
conditions, and thus, these organelles are considered as a major site of ROS,
which are generated through the ETC (49). Two main factors determine the rate of
mitochondrial superoxide formation: electron influx and oxygen concentration
(50-52). The electron leak from ETC is mainly present in CI and CIII. In CIII, the
Q-cycle is the major site of oxygen reduction, which occurs as a result of the

reaction between molecular oxygen and ubisemiquinone in the matrix and the
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inner mitochondrial membrane (50-52). Eventually, most of the superoxide is
converted into hydrogen peroxide (H,O,) by two different superoxide dismutases
(SOD); however, part of the superoxide will react with cytochrome ¢ and
subsequently undergo reoxidation to molecular oxygen, thus contributing to ATP
production (53,54). During this process, H,O, can undergo Fenton chemistry to
form the highly-reactive hydroxyl radical (55-57). On the other hand, CI has many
proposed redox centers for producing ROS, including two iron-sulfur centers as
well as FMN, the prosthetic group of NADH-dehydrogenase; however, it is not
yet clear which redox center is responsible for releasing ROS in CI (58,59).

At standard cellular levels, ROS fulfills essential roles in cell signaling for
a normal cellular functionality. However, an excess of ROS can cause damage to
cellular components, including proteins, lipids and DNA (60). In cancer cells, the
exposure to a hypoxic environment enhances obviously mitochondrial ROS
production. Thus, the cells activate the adaptation mechanism of the hypoxic
condition, including transcription factor hypoxia-inducible factor 1 (HIF-1),
which is a key mediator of the hypoxia response through regulating genes
involved in metabolism, angiogenesis, cell cycle and apoptosis (49,61). HIF-1 also
activates the pyruvate dehydrogenase kinases (PDKs), which disable the
mitochondrial pyruvate dehydrogenase complex, consequently decreasing the
flow of glucose-derived pyruvate into the tricarboxylic acid (TCA) cycle (62,
63,64). The reduction of pyruvate in the TCA cycle reduces the rate of oxidative
phosphorylation and oxygen consumption, strengthening the glycolytic phenotype

and preserving oxygen under hypoxic conditions.
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In addition, the oncogenic transcription factor MYC impacts cell
metabolism in several ways (65,66). During the process of glycolysis, highly-
expressed oncogenic MYC, along with HIF, participates in the activation of
several glucose transporters and glycolytic enzymes as well as lactate
dehydrogenase A (LDHA) and PDK1 (66,67). However, MYC also activates the
transcription of targets that increase biogenesis and the function of mitochondria
(66,67).

Another important contributor to ROS production in cancer cells involves
p66shc, which has been implicated in carcinogenesis. Recently, it has been
postulated that p66shc increases mitochondrial oxidative stress by negatively
regulating manganese-superoxide dismutase II (SODII) (68,69). Moreover,
research has shown that fibroblast null p66shc resists ROS-induced apoptosis in
p53 and has downstream effects on this protein. In cancer, increased oxidative
stress not only contributes to metabolic disturbances by HIF1 but also activates
the malignant phenotype by promoting several survival pathways (70).

ROS can cause damage to different cellular components, including
mtDNA. In fact, ROS molecules are highly active and diffusible. The use of
antioxidants as a primary defense against ROS has both enzymatic and non-
enzymatic components (71). Enzymatic components include manganese
superoxide dismutase (SODII), glutathione peroxidase (GPy), glutathione
reductase (GRed), peroxidase, glutaredoxins and proteins, such as cytochrome c.
On the other hand, non-enzymatic elements include reduced glutathione (GSH)

and a high NAD (P)H/NAD(P) ratio (72). While hydrogen peroxide is detoxified
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into water and oxygen by catalase, other hydroperoxides are detoxified by
glutathione peroxidase (GPyx) in the mitochondria and in the cytosol. All of these
antioxidants have been altered in tumor cells as compared with their
corresponding normal tissues. In fact, cancer cells have been found to be deficient

in antioxidant enzymes (73).

1.3.4 Apoptosis

Apoptosis, or programmed cell death, is mediated by a series of caspases,
leading to energy-dependent cell death. Cell death was initially described by its
morphological characteristics, including cell shrinkage, membrane destruction,
chromatin condensation and nuclear fragmentation (74-76). Two main apoptotic
pathways have been identified: intrinsic and extrinsic (Figure 1.3) (77). Both of
these pathways can cause the mitochondrial translocation of pro-apoptotic (Bcl-
10, Bax, Bak, Bid, Bad, Bim, Bik) and anti-apoptotic (Bcl-2, Bcl-x, Bel-XL, Bel-
XS, BAG) members of the Bcl-2 family in the outer mitochondrial membrane,
thus resulting in mitochondrial outer membrane permeabilization (MOMP) (78-
80).

The protein p53 promotes apoptosis by the expression of several
downstream target genes that specify the apoptotic machinery. Specifically, while
p53 encodes the genes of the pro-apoptotic proteins, it represses the expression of
genes specifying anti-apoptotic proteins (81,82).

The extrinsic pathway for apoptosis can be triggered by cell surface receptor

death (Figure 1.3). In particular, many signals activate the intrinsic pathway by
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mediating the mitochondrial transition permeability (MPT), including oxidative
stress, temperature stress, toxins, radiation, calcium overload and impaired
electron transport chain (83,84). When these signals initiate this pathway, the outer
membrane becomes depolarized, thus losing its mitochondrial membrane
potential, and cytochrome ¢, Smac/DIABLO (Second mitochondria-derived
activator of caspase/direct inhibitor of apoptosis-binding protein) and HtrA2 (high
temperature requirement protein A2) are released from the mitochondria and into
the cytosol (85). Specifically, cytochrome ¢ combines with Apaf-1 (apoptotic
protease activating factor) to form apoptosome, which activates procaspase 9 into
caspase 9 (86). Subsequently, caspase 9 activates procaspase 3 into caspase 3, an
executioner caspase (77). In addition to cytochrome ¢, Smac/DIABLO (second
mitochondria derived activator of caspases) is released to inactivate the inhibitors
of apoptotic proteins (IAPs). These IAPs can either directly to inhibit the activity
of protolytic caspases or they can label caspases for ubiquitination and
degradation in order to block caspase action (Figure 1.3) (87).

The executioner caspases, including 3, 6 and 7, destroy the critical
components of the cells by cleaving the inner surface of the nuclear membrane
(lamin) as well as the cytoskeleton proteins (actin, plectin, vimentin and gelsolin)
and inhibiting caspase-activated DNase (ICAD). Each of these actions results in

the final morphological hallmarks of the apoptotic program (Figure 1.3) (74-76).

1.4 The role of mitochondria in cancer
Frequent mtDNA mutations have been reported in different stages of

cancer progression, suggesting that a functionally significant correlation between
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mtDNA mutations and depletion may indicate tumorigenesis. Mitochondrial
mutations are essentially homoplasmic in nature. This event may implicate that
mtDNA is a potential molecular substrate involved in cancer promotion or
proliferation. Research data evidence that in comparison to normal cells, tumor
cells have lower mtDNA content. Recently, rapid and high-throughput sequencing
have been developed to detect mtDNA sequence variants in patient cancer
samples. Therefore, experimental approaches represent a promising tool for
discovering the link between mtDNA variants and tumorigenesis, or mtDNA

alteration and tumor proliferation or growth.

1.4.1 Warburg effect

Cells can produce energy through oxygen-dependent (aerobic) pathways
of oxidative phosphorylation (OXPHOS) and through the oxygen-independent
process of glycolysis. Under normoxic conditions, cells rely on aerobic respiration
(OXPHOS) to generate energy via the oxidation of glucose, fatty acids and amino
acids in cytosolic and mitochondrial processes. In aerobic respiration, glucose is
partially oxidized to pyruvate in the cytosol. Pyruvate is then imported into the
mitochondria, where it is fully oxidized through two sets of reactions:
tricarboxylic acid (TCA) and oxidative phosphorylation (OXPHOS), where the
electrons resulting from the oxidation of NADH and FADH; require acceptance
by oxygen (Figure 1.4). However, when oxygen levels are low, cells rely on
glycolysis and subsequent lactic acid fermentation, which occurs in the cytosol. In

this process, glucose is converted to pyruvate, which is converted to lactate by
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NADH rather than transported into mitochondria. In comparison to glycolysis,
OXPHOS is more efficient in producing ATP. In fact, one molecule of glucose
results in 2 ATP molecules during glycolysis and up to 36 ATP molecules
through the OXPHOS reaction (34,88) (Figure 1.4).

In the 19" century, Pasteur observed that low levels of O, caused the
generation of ATP shifted from OXPHOS to glycolysis, a phenomenon known as
the Pasteur Effect (89). One century later, Otto Warburg used living tissue to
observe that normal cells use glycolysis only in the absence of oxygen whereas
tumor cells exhibit an increased rate of glycolysis under normal aerobic
conditions. In addition, he proposed that due to an irreversible defect in
OXPHOS, cancer cells demonstrate an increased glycolytic rate despite the
presence of O, levels. This phenomenon, known as the Warburg Effect, was
initially rejected (90). One possible explanation for this hypothesis involves the
fact that most common cancer types exhibit a decreased expression of ATP
synthase, a protein complex required for OXPHOS. Consequently, cells that are
deficient in ATP often undergo apoptosis. Moreover, it has been shown that
mitochondrial mutations lead to OXPHOS dysfunctions in tumor cells and
facilitate the inactivation of p53(91). However, the Warburg Effect has also been
observed in non-transformed proliferating cells, which are not supposed to incur
to irreversible damage to OXPHOS. This evidence has been recently supported by
the hypothesis that cancer cell can enhance OXPHOS in the case that glycolysis is
inhibited, thus indicating that the Warburg Effect is not only caused by

irreversible damage to OXPHOS (92-94).
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Recent studies suggest that cancer cells contain alterations in O,
metabolism, which may contribute to tumor growth, invasion and metastasis as
well as fulfilling a function in the Warburg Effect. Cells control the activation of
glycolysis by reducing the metabolism of O, through OXPHOS. A low level of O,
metabolism will ultimately decrease the rate of ATP generation, which enhances
the release of phosphofructokinase (PFK), a key enzyme in the regulation of
glycolysis, resulting in glycolysis activation. Therefore, a decrease in O;
metabolism via OXPHOS can activate glycolysis. However, a high level of O,
metabolism through ROS (O,  and H,0;) may also produce glycolysis. O;"
produces intracellular alkalization (1pH), which enhances glycolysis by increasing
the activity of PFK (95,96). It has been shown that H,O; can activate HIF-1(97,98),
which performs a role in the transcription genes for glucose transporters and
glycolytic enzymes (99,100).

Cancer cells activate glycolysis by alterations in O, metabolism involving
OXPHOS repression, increased generation of O, (101) and H,O, (102,103),
intracellular alkalization (104,105,106) and HIF-1 stimulation (99). All of these
factors have been experimentally demonstrated in most cancers containing
structural alterations in OXPHOS (91,107) as well as the excessive generation of

O, (101) and H,O; (102,103), which may lead to OXPHOS repression.

1.4.2. mtDNA mutations in cancers

As a result of their proximity to the ROS generation site, mitochondria

contain a relatively unsophisticated DNA repair system (108,109). While neutral
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polymorphisms are most likely homoplasmic, pathogenic mutations are usually
considered heteroplasmic. Due to the multiplication process of the mitochondrial
genome, the mutation threshold is reached when a minimal critical number of
mutant mtDNA are present, causing mitochondrial dysfunction in one or more
organs or tissues (108,109). Using the electron microscope, Clyton and Vinograd
reported the first indication of mtDNA in the leukocytes of human leukemia (110).
Alterations in the restriction pattern of the mtDNA have been reported in renal
carcinomas (22) and breast tumors (111) based on restriction enzyme analysis.
Moreover, it was proposed that in the D-loop region, a poly C-stretch (C-tract) is
more susceptible to oxidative damage and electrophilic attack as compared with
other regions of mtDNA (112). While most of the previous studies focused on the
analysis of the non-coding D-loop region, a somatic 50-bp mitochondrial D-loop
deletion has been detected in gastric adenocarcinoma (113). Frequent mutations
within the D-loop region have also been reported in ovarian, gastric and

hepatocelluar carcinoma (114,115,116).

Subsequent studies have identified the mutations in coding and non-
coding regions of mtDNA in different types of human cancers; most of these
mutations appeared to be homoplasmic (117,118). Systematic analyses reviewed
101 papers published between 1998 and 2008 by performing Medline searches
with “mtDNA” “mutation” and “cancer/tumor” as keywords. The majority of
these mutations (635) were found in the D-loop region (119). In addition, 593
mutations were reported in genes encoding Complex I with frequency of 9.3% as

compared with other respiratory complexes (119). A high level of mutations have
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been also reported in tRNA and rRNA genes; in the majority of cases, these
mutations are associated with multisystem disorders, lactic acidosis, and
mitochondrial proliferation, which results in the ‘‘ragged-red’’ appearance of
muscle fibers (120-123) with the modified Gomori trichrome stain. Comprehensive
mutational analysis of the entire mitochondrial genome have been accomplished
by direct sequencing (124), Temporal Temperature Gradient Electrophoresis
(TTGE) (125) and MitoChip analysis (126). The entire mitochondrial genome was
sequenced in 10 colon cancer cell lines (127). Seventy percent of the cell lines
exhibited a total of 12 mtDNA mutations, which were found in rRNA (12S and
16S) as well as in subunits of Complex I (ND1, ND4L and ND5), Complex III
(cytochrome b) and Complex IV (COX I, COX II and COX IIl). In particular, all
of these mutations were somatic mutations that were not detected in the primary
tumors from which the cell lines were derived (127). However, another complete
sequencing of the mitochondrial genome revealed a high level of mtDNA
mutations in normal colonic crypt stem cells (128), which indicates that such
mutations actually occur prior to the development of colon cancer. Nevertheless,
research has not yet established whether these mutations actually cause
malignancy (128). Several studies of mtDNA sequence variants using a whole
genome approach were reported in various cancers, including bladder (129), breast
(130,131), esophagus (130), head and neck (132,133), leukemia (134,135), lung and
thyroid gland (38,136,137). The majority of these human cancers (129-133,138)
involve the frequency of somatic mtDNA mutations, which are mainly

homoplasmic with low levels of heteroplasmy.
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The contribution of mtDNA mutations and mitochondrial dysfunction in
tumorigenesis has recently been studied using human cell lines harboring a frame-
shift mutation in the Complex I, subunit 5 gene. As a result of increasing mutant
NDS5 content, respiratory functions, including oxygen consumption and ATP
generation, were decreased, while lactate production and dependence on glucose
were elevated (127). Significant tumor growth was demonstrated in the cell line
harboring heteroplasmic ND5 mtDNA mutation; however, the growth was
inhibited in the cell line with a homoplasmic ND5 mtDNA mutation (127). In
another study, the pathogenic mtDNA ATP6 T8993G mutation in the PC3
prostate cancer cell line through hybrid transfer was tested for tumor growth in
nude mice (48). The resulting mutant (T8993G) hybrids were found to generate
tumors that were seven times larger than the wild-type (T8993T) hybrids (61). The
contribution of mtDNA to tumor cell metastasis was investigated, demonstrating
that G13997A and 13885insC in the ND6 gene promoted the highest metastatic

potential in mtDNA variants (24).

1.4.3 MtDNA copy number

In addition to mtDNA mutations and deletions, alterations in the mtDNA
copy number have been studied in various tumor types. A decrease in mtDNA
content has been reported in breast (139) renal (140), hepatocellular (141)
and gastric cancer (142). It has been demonstrated that reduced mtDNA leads to
increase invasiveness and aggressiveness of the cancer (143). Conversely, an

increase in the mtDNA copy number has been reported in head and neck
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squamous cell carcinoma (144), papillary thyroid carcinoma (139,145) and lung
cancer (146). Furthermore, this increase has also been associated with chronic
lymphocytic leukemia (CLL), Burkett lymphoma, Epstein-Barr virus—transformed
lymphoblastoid cell lines, non-Hodgkin's lymphoma and small lymphocytic
lymphoma (147). Hence, an altered mtDNA copy number has been suggested as a
compensatory mechanism for mtDNA damage (144). This alteration depends on
several factors, including the site of mutation in the mitochondrial genome, such
as the D-loop region, which is involved in mtDNA replication and transcription,

leading to the depletion of mtDNA content (144).

1.4.4 Mitochondria as targets for cancer therapy

Recently, mitochondria in cancer cells have emerged as an obstacle to for
tumor destruction. Anti-cancer agents that specifically target cancer cell
mitochondria are referred to as 'mitocans'. The mechanism of action for
mitochondrial targeted anti-cancer drugs depends on their ability to disrupt the
energy-producing systems of cancer cell mitochondria, leading to the elevated
formation and accumulation of ROS, which, in turn, induces the intrinsic,
mitochondria-dependent pro-apoptotic pathways (148). Based on their mode of
action, mitocans have been classified into individual groups acting on targets,
including the cytosolic face of the mitochondrial outer membrane (MOM) and
targets within the mitochondrial matrix.

Accordingly, other options include dichloroacetate (DCA), which

enhances the activity of pyruvate dehydrogenase kinase inhibitor, shifting the
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metabolism of the cell from glycolysis to glucose oxidation, which leads to a
decrease in tumor growth and increases of cell apoptosis. While the DCA has a
side effect on normal cells, it selectively kills the cancer cells that rely on
glycolysis (149).

Future research may provide evidence for the benefits of these
compounds, potentially leading to the development of clinically relevant drugs

that will assist in managing numerous neoplastic diseases.

1.5 Hepatobiliary carcinoma
1.5.1 Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) constitutes an aggressive primary liver
tumor that arises from the hepatocytes, which is the major cell type in the liver.
HCC accounts for 80%-90% of primary liver cancer (150) and comprises the fifth
most common cancer variety worldwide (151). The incidence of HCC depends
upon the geographical zone. Hepatitis B virus (HBV) is the cause for the highest
incidences of HCC in Africa and Southern Asia (152). In fact, the most crucial risk
factors for HCC include chronic hepatitis virus infections (HBV and HCV) and
aflatoxin-B1 (152,153). In 80% of cases, the pathophysiological process preceding
malignancy that is detected in this disease is cirrhosis (152). Other diseases are
also correlated with HCC development, such as iron overload (hemochromatosis)
(154), deficiency of alpha-l-antitrypsin (155) and tryosinemia (156). Patients
suffering from HCC have a poor prognosis and a survival rate of less than 5%.

Unfortunately, there are no signs or symptoms of HCC until it reaches its
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advanced stages or when the diameter of the tumor exceeds 10 cm, or

compromises the liver function (152).

1.5.2 Cholangiocarcinoma

Cholangiocarcinoma (CCA) is an epithelial cancer originating from bile
ducts that contain features of cholangiocyte differentiation (157-159). Next to
hepatocellular carcinoma, CCA is the second most common primary hepatic
malignancy. Anatomically, CAA is classified into intra-hepatic and extra-hepatic
biliary systems. The extrahepatic system is further subdivided into perihilar
(Klatskin) and distal extrahepatic cholangiocarcinoma based on the level of
occurrence (160). According to its microscopic appearance, extrahepatic CCA
displays three different growth patterns: periductal infiltrating, papillary or
intraductal, and mass forming (160). Among these patterns, periductal infiltrating
is the most common. On the other hand, intrahepatic CCA appears as mass
forming, periductal infiltrating and intraductal (161). Histologically, most of these

tumors are considered as adenocarcinoma (162).

1.5.2.1 Epidemiology of CCA

CCA accounts for less than 2% of all human malignancies and 10-15% of
all primary hepatic malignancies (163). Specifically, extrahepatic CCA accounts
for 80% to 90% of CCA whereas intrahepatic CCA comprises 5% to 10% of this
cancer (164). Over the last three decades, the incidence of intrahepatic CCA has

increased (165), while the incidence of extrahepatic CCA has remained stable
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(166). However, the causes for the increased incidence of CCA have not yet been
identified (167). CCA is more common in males due to the predominant
occurrence of primary sclerosing cholangitis (PSC) in men (168). Moreover, there
is significant geographic variability in CCA due to diverse regional environmental
risk factors; in particular, there are high rates in Asia, especially Southeast Asia
(168). The majority of CCA patients are middle-aged adults, most of them older
than 65 years, and the cancer is rarely diagnosed in patients younger than 40 years

of age (168).

1.5.2.2 Etiology of CCA

Most cases of CCA have developed without an identifiable etiology.
However, certain risk factors have been established for this cancer (163). In
particular, the most common risk factor associated with CCA is primary
sclerosing cholangitis, with a 5% to 15% prevalence rate (169). Another risk factor
entails fibropolycystic malformation of the segmental bile ducts, also known as
Caroli’s disease. In this condition, patients with untreated cysts face a 15-20%
risk of developing CCA (170). Furthermore, hepatobiliary flukes (Opithorchis
viverrini and Cholorichis sinenesis) can lead to CCA in 8-10% of cases (171).
Theses flukes are endemic in Southeast Asia and Japan, where ingesting
uncooked fish is common (171). Hepatolithiasis is another risk factor for CCA, as
it contains a 10% incidence rate, which is more common in Asia than in Western
countries (172). The exposure to chemical agents such as nitrosamines, dioxin,

asbestos and thorotrast also has been correlated with an increased risk for CCA
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(173,174). Regardless of the cause, cirrhosis appears to be associated with CCA;
specifically, patients with hepatitis C or hepatitis B have an increased risk of
developing intrahepatic CCA, although rates are different from HCC and this

topic is still controversially debated in the literature (168).

1.5.2.3 Pathogenesis of CCA

The previously mentioned etiological factors lead to an environment of
chronic inflammation and cholestasis, thus stimulating the biliary epithelium to be
prone to malignant transformations. Chronic inflammation promotes the
expression of multiple cytokines by cholangiocytes and inflammatory cells
(175,176). One key cytokine in the pathogenesis of CCA is interleukin-6 (IL-6)
(177), as studies have reported that CCA patients possess elevated IL-6 serum
concentrations (178). Specifically, IL-6 promotes the CCA by up-regulating the
anti-apoptotic protein Mcl-1 (myeloid cell leukemia-1), resulting in CCA
resistance to cytotoxic therapy (179). Cytokines stimulate the expression of
inducible nitric synthase (iNOS) in epithelial bile duct cells. Furthermore,
enhanced iNOS activity leads to the production of nitric oxide and reactive
nitrogen oxide species (RNOS) (180). These chemicals block DNA repair proteins
and apoptosis through the nitrosylation of the base excision repair enzyme, 8-
Oxoguanine glycosylase (OGG1), and caspase 9 (181). Studies have shown
increased iINOS expression in primary sclerosing cholangitis and
cholangiocarcinoma. Furthermore, iNOS has been identified in the elevated serum
nitrate concentration for patients with liver fluke infection (180,181). Several

oncogenic mutations, growth factors, proto-oncogenes activations and tumor
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suppressor gene inhibitions have been identified in human CCA (182,183). The
proto-oncogene k-ras and the tumor suppressor gene p53 are commonly mutated
in malignancies; in particular, mutations of k-ras have been detected in 20% to
54% of intrahepatic CCA incidences (183). Moreover, 21.7% to 76% of CCA
incidences exhibit a nuclear accumulation of p53 as well as the up-regulation of
the related proteins, murine double minute (mdm-2) and cyclin-dependent kinase
inhibitor 1 (WAF-1) (183,184). Research has demonstrated modifications in coding
regions of adhesion molecules and anti-angiogenic factors that increase the

invasion and propagation of tumors (175,185).

1.5.2.4 Laboratory tests and tumor markers for CCA

Laboratory-based analysis and diagnosis of CCA is limited to serum, bile,
bile duct brush and lymph node pathology. Several markers of cholestasis,
including bilirubin, alkaline phosphate and gamma glutamyltransferase, are
generally increased in CCA (186,187). In particular, frequently examined serum
tumor indicators include the carbohydrate antigen 19-9 (CA 19-9), carbohydrate
antigen 125 (CA-125) and carcinoembryonic antigen (CEA) (188). However, two
of these markers, CEA and CA-125, are relatively general; they are also elevated
in other gastrointestinal malignancies and bile duct diseases, such as cholangitis
and hepatolithiasis (188). Among these markers, CA 19-9 is presently the most
common indicator of CCA. However, CA 19-9 possesses two major limitations;
first, its serum concentration depends on the Lewis phenotype (189). Moreover,

CA 19-9 is also elevated in other gastrointestinal malignancies (190,191). The
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cutoff level of CA 19-9 > 129 U/mL possesses a sensitivity level of 78.6% and a
specificity of 98.5%. Over time, a change in CA 19-9 registered a sensitivity of

90% and a specificity of 98% (192).

1.5.2.5 Treatment
1.5.2.5.1 Surgery

Currently, surgery is the only therapeutic option for CCA patients.
Specifically, radical surgery is required in many cases, especially complete
resection, which is the most effective therapy for CCA patients. Crucial criteria
for resectability include factors such as the biliary tree tumor involvement,
vascular invasion, hepatic lobulus atrophy and obviously metastatic disease (193).
In addition, other clinical data require consideration, such as nutritional conditions
and laboratory tests of serum bilirubin and albumin levels, both of which are
indicators of liver failure following surgery (194). Routine imaging is necessary
for evaluating metastasis, tumor location and tumor extent; such as imaging
entails ultrasonography, abdominal and chest computed tomography and
cholangiography. The latter category includes magnetic cholangio-pancreatogram
(MRCP), percutaneous transhepatic cholangiography (PTC) and endoscopic
retrograde cholangigram (ERC) (193). Although complete surgical resection
remains the only curative strategy for IH- CCA, many patients with advanced
stages of the disease cannot be treated through surgical management (193).
Moreover, the appropriateness of performable curative surgical resection depends
upon the tumor location. While recent outcomes of surgical resection have

notably improved, further advancements in this field are still necessary (193). In
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particular, surgical resection for IH-CCA has still exhibited a 5-year survival rate
of up to 22%- 36% (195). The greatest predictor of patient survival involves
tumor-free surgical margin (196). An aggressive surgical approach with adjuvant
radiotherapy may enhance survival rates in patients with positive resection
margins (197); conversely, there is no clear benefit of adjuvant radiotherapy in

patients with negative resection margins (198).

1.5.2.5.2 Liver transplantation

For intrahepatic CCA patients, the initial experiments for liver
transplantation are discouraging, with 5-year survival rates of up to only 18%, and
therefore, this treatment usually is not recommended. Meyer et a/ have reported
that more than 50% of 207 CCA patients undergoing liver transplantation
experienced a recurrence within 2 years, with a median time from transplantation
to recurrence of 9 months and a median time between recurrence and death of 2
months only (199). Preliminary results demonstrate that treatments with external-
beam radiation, systemic fluorouracil (5FU), brachytherapy and liver
transplantation are preferred therapies for early-stage patients. The same authors
examined a neoadjuvant chemoradiation protocol that showed a 45% survival rate
with a median follow-up time of 7 years (200,201). The greatest benefits from
neoadjuvant radiochemotherapy and subsequent liver transplantation are possibly
derived from patients under forty-five years of age that develop

cholangiocarcinoma as a result of primary sclerosing cholangitis (202).
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1.6 Rationale of this study

Among 810 individuals that died from liver cancer, ten to twenty percent
perished from CCA (159,200). If detected at an early stage, CCA can be treated
through surgical resection or liver transplantation as potential therapeutic options
(165). However, most patients are diagnosed at an advanced stage of CCA, which
explains the fact that CCA is a highly infiltrative tumor that expands and
metastasizes within the liver. Epidemiologically, the incidence of CCA is variable
due to differences in regional and environmental risk factors, such as chronic
inflammation, fibropolycystic malformation, liver flukes, hepatitis B virus and
hepatitis C virus infections (159,200).

Recent studies of other solid tumors have investigated the role and
incidence of somatic mitochondrial mutations and their implications for
carcinogenesis (117). Not only are mitochondria considered the powerhouses of
the cell, but they also play an essential role in apoptosis; thus, it is important to
understand the molecular aspects of mitochondrial DNA and their contribution to
carcinogenesis. Moreover, mitochondrial DNA mutations have been demonstrated
in multiple types of human cancers, including hepatocellular carcinoma, breast
cancer, ovarian cancer and gastric cancer (117).

To the best of our knowledge, CCA etiology remains obscure; however,
extensive studies of mtDNA mutations in CCA cell lines may shed a light on

CCA pathogenesis for the purpose of investigating new therapeutic options.
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1.7 Hypothesis and Thesis Objectives

This thesis tested the hypothesis that the mitochondria and their genome

(mtDNA) alterations are common in human CCA.

The following objectives provided a systematic approach to test the

hypothesis:

1)

2)

To scan mitochondrial DNA (mtDNA) including coding and non-

coding regions and quantify the total mtDNA levels in CCA cell lines

compared with normal hepatocytes, which further addresses of two

specific aims:

1) To detect homoplasmic and heteroplasmic alterations of mtDNA
(see section 3.1);

ii) To determine the copy number of mtDNA levels (see section 3.2).

To determine the morphological alterations of mitochondria that could

be correlated with perturbations of mitochondrial functions in the CCA

cell lines compared with normal hepatocytes, which consists three

specific aims:

1) To identify oxidative phosphorylation (OXPHOS) for protein

content (see section 3.3);

i1) To investigate ultrastructurally the cristae alterations (see section

3.4);

iii) To measure the mitochondrial membrane potential A¥y, and to

assess the mitochondrial metabolic alterations including L-Lactate and

NAD'/NADH (see sections 3.5 and 3.6).
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Figure 1.1 Mitochondrial genome structure (203)

Mammalian mtDNA is a double stranded molecule; composed of a H
(heavy) strand and a L (light) strand and is approximately 16.5 kb in size.
The origin for H-strand replication (OH) and the HSP and LSP transcription
promoters are located in the D-loop (displacement loop). The origin for L-
strand replication (OL) is located two thirds away around the genome from
the D-loop. MtDNA encodes thirteen proteins of the electron transport
chain (ETC). Twelve genes are located on the H-strand and only one gene
is located on the L-strand. mtDNA also has 22 tRNAs and 2 rRNAs
involved in mtDNA transcript production and processing.

Note: This figure was reproduced with permission from the publisher.
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Figure 1.2 Oxidative phosphorylation: electron transport and ATP synthesis

The respiratory chain consists of four enzyme complexes (complexes I - IV) and
two intermediary substrates (coenzyme Q and cytochrome c). Electrons are
donated from NADH to NADH dehydrogenase, a large protein complex that
pumps protons across the inner membrane. Then, electrons are transported to the
cytochrome b-c complex via mobile molecule coenzyme Q (Q); the cytochrome b-
¢ complex also pumps protons across the inner membrane. These electrons are
delivered to the last protein complex, cytochrome oxidase, by the mobile protein
cytochrome ¢ (cyt c). Cytochrome oxidase donates the electrons to oxygen, and
water is formed. Cytochrome oxidase also pumps protons across the membrane.
The hydrogen concentration is much greater in the intermembrane space than in the
matrix, thus generating an electrochemical proton gradient. This gradient drives
protons back across the inner membrane through the ATP synthase that catalyzes
the synthesis of ATP from ADP and inorganic phosphate (P1).
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Figure 1.3 Apoptosis pathways

Apoptosis pathways can be initiated via different stimuli—that is, at the
mitochondria (intrinsic pathway) or at the plasma membrane by death
receptor ligation (extrinsic pathway). Mitochondria are engaged via the
intrinsic pathway, which can be initiated by a variety of stress stimuli,
including ultraviolet (UV) radiation, DNA damage and most
chemotherapeutic agents. Mitochondrial membrane permeabilization is
regulated by balance of opposing actions of proapoptotic and antiapoptotic
Bcl2 family members (Bax, Bak, Bcl2 and Bcl-XL, Mcl-1). Following
mitochondrial permeabilization, mitochondrial pro-apoptotic proteins like
cytochrome c, Smac/Diablo release via transmembrane channels across the
mitochondrial outer membrane (see main text for more details). Stimulation
of death receptors results in receptor aggregation and recruitment of the
adaptor molecule Fas-associated protein with death domain (FADD) and
caspase-8. Upon recruitment, caspase-8 becomes activated and initiates
apoptosis by direct cleavage of downstream effector caspases.
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Figure 1.4 Warburg effect (204)

In the presence of oxygen, differentiated tissues first metabolize glucose to
pyruvate via glycolysis and then completely oxidize most of that pyruvate
in the mitochondria to CO2 during the process of oxidative
phosphorylation. When oxygen is limiting, cells can redirect the pyruvate
generated by glycolysis away from mitochondrial oxidative
phosphorylation by generating lactate (anaerobic glycolysis). This
generation of lactate during anaerobic glycolysis allows glycolysis to
continue (by cycling NADH back to NAD+), but results in minimal ATP
production when compared with oxidative phosphorylation. Warburg
observed that cancer cells tend to convert most glucose to lactate regardless
of whether oxygen is present (aerobic glycolysis).

Note: This figure was reproduced with permission from the publisher.
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Chapter 2 Materials and Methods

2.1 Cell lines

Cholangiocarcinoma cell lines, HuCCT1 HuH28 and OZ were obtained
from cell culture bank of the Japan Health Sciences Foundation and have been
previously published in the literature (205,206). These cell lines were grown as a
monolayer culture in their appropriate media. Briefly, HuCCT1 and HUH28
(moderately invasive cell lines) were cultured in RPMI 1680 medium, Roswell
Park Memorial Institute, (Invitrogen Canada Inc. Burlington, ON, Canada)
supplemented with 10% Fetal Bovine Serum (FBS, PAA laboratories Inc.
Etobicoke, ON, Canada), 1ml gentamicin and incubated in a 5% CO, chamber at
37°C. OZ (metastasizing cell lines) was grown in William E medium (Invitrogen
Canada Inc., Burlington, ON, Canada) supplemented with 10% FBS. We included
the hepatocelluar carcinoma (HCC) cell lines to our investigational study (HepG2,
Huh-7). Both cell lines were purchased from American Type Culture Collection
(ATCC, Rockville, MD), cultured in DMEM medium, Dulbecco's Modified Eagle
Medium, (Invitrogen Canada Inc., Burlington, ON, Canada) supplemented with
10% FBS, 1ml gentamicin and incubated in a 5 % CO, chamber at 37°C. An
immortalized human liver cell line (THLE-3) was purchased from the American
Type Culture Collection (ATCC, Rockville, MD). The cells were maintained in
precoated flasks with a mixture of bronectin (0.01 mg/mL), bovine collagen type
1 (0.03 mg/ mL), and bovine serum albumin (0.01 mg/mL) dissolved in BEGM
medium, bronchial tracheal epithelial cell growth medium, and incubated at 37°C

and 5% CO2.
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2.2 Human mitochondrial v2.0 oligonucleotide microarray

The MitoChip v2.0 was obtained from Affymetrix (commercially
available GeneChip Human Mitochondrial Resequencing Array 2.0; Santa
Clara, CA). Sequences comprising both strands of the entire human
mitochondrial genome were synthesized as overlapping 25 bp
oligonucleotides probe of defined sequence. To query any given site from
human mitochondrial reference sequence, four features (A, C, G and T) are
tiled on the MitoChip. The four features differ only by the 13th base, which

consists of each of the four possible nucleotides.

2.2.1 MitoChip preparation

The total DNA was extracted from cell lines by using the QIAamp DNA
Mini kit, which provides silica-membrane-based nucleic acid purification from
cells, followed manufacturer’s instructions (Qiagen, Inc., Valencia, CA). The final
DNA was dissolved in doubly distilled water and frozen at -20 °C until use. Three
pairs of overlapping primers were used to amplify the entire 16.6-kb
mitochondrial genome. The three primer sets were F1: 5'-ATA GGG GTC CCT
TGA CCA CCA TCC TCC GT-3' and R1: 5-GAG CTG TGC CTA GGA CTC
CAG CTC ATG CGC CG-3', F2: 5'-CCG ACC GTT GAC TAT TCT CTA CAA
ACC AC-3"and R2: 5'- GAT CAG GAG AAC GTG GTT ACT AGC ACA GAG
AG- 3', F3: 5'-CAT TCT CAT AAT CGC CCA CGG GCT TAC ATC C-3" and
R3: 5'-GTT CGC CTG TAA TAT TGA ACG TAG GTG CC-3'. Briefly, long-

range PCR was performed using three PCR primer sets that can amplify the entire
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mtDNA, using 100 ng of input DNA for each reaction of DNA template, SU LA
Taq polymerase (TaKara, Mississauga, ON, CA), 5 uL buffer, 2.5 mM each of
dNTPs, 0.2 uM of primers were mixed with dH,0 to a final reaction volume of 50
puL. The cycling conditions for all reactions were: (1) 95°C for 2 min; (2) 95°C
for 15 sec; (3) 68°C for 7 min; (4) repeat step 2 for 29 times; (5) final extension
72° for 12 min. As a control for PCR amplification and subsequent hybridization,
a 7.5 kb plasmid DNA (Tag IQ-EX template) was amplified concomitantly with
the test samples, using forward and reverse primers included in the CustomSeq™
kit (Affymetrix; Santa, CA). The PCR product was purified by using QIAQuick
PCR Clean up kit (Qiagen, Inc., Valencia, CA). Spectrophotometric analysis was
used to determine the concentration (ng/ pL) of the purified PCR product by
measuring the absorbance at 260 nm (NanoDrop 1000 Spectrophotometer,
Thermo Scientific, Wilmington, USA). The pooled 35 pl of DNA fragments were
then digested with DNase I (0.2 U of DNase I/ug DNA) for 15 minutes in a 50-pl
reaction (Affymetrix, Cat. 900447). Samples were then incubated at 95°C for 15
minutes to inactivate DNase I. Fragmented DNA was labeled by adding 2.0 ul of
GeneChip DNA labeling reagent and 3.4 pl of 30 U/pl terminal deoxynucleotidyl
transferase (both from Affymetrix; Santa, CA). The labeling conditions were
37°C 90 min and 95°C 15 min. Prehybridization, hybridization, washing, and
scanning of the MitoChip were performed as described in the Affymetrix
CustomSeq Resequencing protocol. Hybridization, washing and scanning were
performed in array core laboratory at Benaroya Research Institute as described in

Affymetrix CustomSeq Resequencing protocol (207).
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2.2.2 Automated batch analysis of microarray data

Analysis of microarray data for the v2.0 MitoChip was done using
GeneChip® Sequence Analysis Software (GSEQ) v 4.0 (Affymetrix; Santa, CA).
GSEQ uses an objective statistical framework, based upon the ABACUS
algorithm (126) to assign base calls to each position, which meets quality criteria
in the mitochondrial genome. GSEQ assigned a base call at any position by using
International Union of Pure and Applied Chemistry codes (IUPAC) afterward
compared the base calls to the Cambridge reference sequence (rCRS). The base
calls assigned either as a homoplasmic variant (mtDNA copies either wild-type or
mutant in the same individual), heteroplasmic sequence variant (the mutant and
wild-type of mtDNA copies coexist in the same individual), or N-call (207). Base
changes not recorded in MitoMap (www.mitomap.org/MITOMAP) database were
categorized as novel mtDNA variations in the database were categorized as
reported mutation. GSEQ software was used per manufacturer's instructions (207),
with Genome model set to “diploid” and Quality Score Threshold set to “3” to

maximize base call percentage and fidelity.

2.3 Determination of MtDNA copy number

Mitochondrial DNA copy number was measured by a real-time PCR that
uses the mitochondrial NDI gene as a marker of the entire mtDNA genome and
normalized by simultaneous measurement of nuclear DNA encoded - actin gene.
DNA was harvested from confluent cultures of HuCCT1, HuH28, OZ, HepG2,
Huh-7 and THLE-3 cells using the DNeasy tissue kit, which provides fast and

easy silica-based DNA purification in convenient spin-column, followed
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manufacturer’s instructions (Qiagen, Inc., Valencia, CA). The DNA was
quantified by spectrophotometry. The DNA abundance was measured using the
TagMan Universal PCR Master Mix with gene-specific MGB probe labeled with
FAM and VIC fluorescent dyes (Applied Biosystems, Burlington, ON, Canada)
using the StepOnePlus-Real time PCR System (Applied Biosystems, Burlington,
ON, Canada). The sequences of the primers are: S-actin L-strand primer: 5'-
CATGTGCAAGGCCGGCTTCG-3', B-actin H-strand primer: 5'-
CTGGGTCATCTTCTCGCGGT-3', NDI L-strand primer: 5'-
TCTCACCATCGCTCTTCTAC-3', and NDI H-strand primer: 5'-
TTGGTCTCTGCTAGTGTGGA-3'. Real-time PCR amplification was performed
in 20 pl containing 2X TagMan® Universal PCR Master Mix, No AmpErase®
UNG, 1 ul 20X VIC®-RNase P Assay, 1 ul 20X FAMTM-labeled gene specific
assay, 8 ul DNase-free water, 200 nM each primer and 1 pl of each analyzed
DNA sample. The concentration of each analyzed DNA sample was always 50
ng/ul. The PCR reactions (20 puL) was carried out in triplicate and the thermal
cycling conditions were as follows: 95°C for 20sec followed by 40 cycles of 95°C
for 1 sec and 60°C for 20sec. Threshold Cycle (CT) values for each time point
were calculated by subtracting the CT of the endogenous gene from the CT of the
target gene. Relative quantification values were determined using the 2 "
methods and expressed as fold change in control (THLE-3) versus other cell lines.
The content of NDI gene was normalized with the content of [-actin gene

(nDNA) to calculate the relative mtDNA copy number in each sample.
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2.4 Western blotting

The cultured cells were scraped in PBS and centrifuged at 670x g for 5
min. Cell pellets were lysed in 1x RIPA (radioimmunoprecipitation assay) buffer
[25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% Nonidet P-40, 1% sodium
deoxycholate, and 0.1% SDS] supplemented with 1x protease inhibitor. Total
protein was quantitated using the BCA (bicinchoninic acid) protein assay (Pierce,
Thermo Scientific, ON, Canada). Western blot analysis was performed by using
standard techniques. Fifty ug of protein was separated on gradient 4-20% SDS
PAGE gels (Bio-Rad, Hercules, CA) and transferred into polyvinylidene fluoride
(PVDF) membranes. Membranes then were incubated in tris-buffered saline
(TTBS) supplemented with 5% non-fat dry milk for 3 hr at room temperature.
Membranes were probed overnight with the OXPHOS cocktail of antibodies
(1:200 dilutions, Mitoscience, Cambridge, Massachusetts, USA) targets the

following proteins: 20-kD subunit of Complex I (20 kD), COX II of Complex IV
(22 kD), 30-kD subunit of Complex II (30 kD), core 2 of complex III (~50 kD),
and Fla (ATP synthase) of Complex V (~60 kD). Antibodies were then each

probed with their corresponding HRP-conjugated secondary antibody (1:3,000
dilutions, Vector Laboratories, Burlingame, CA) for 1 hr at room temperature.
The blots were visualized by using ECL Western blotting detection reagents
(Amersham Biosciences, Piscataway, NJ) and developed on Kodak film (Kodak

Graphic Communications Company, Burnaby, BC, Canada).
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2.5 Electron microscopy

Briefly, confluent petri-dishes plates of each CCA and HCC cell lines were
washed in PBS and fixed with 2% glutaraldehyde for 1 hr in 4°C. Cells were
scrapped off form plates and collected in eppendorf tubes. After centrifugation,
cell pellets were further fixed with osmium tetroxide overnight at room
temperature. Afterward, following graded dehydration, pellets were epon-
embedded and ultra-thin sectioned. Sections were mounted on metal mesh grids,
and contrasted with uranyl acetate and lead citrate. Grids were examined in
Hitachi H-7650 transmission electron microscope (TEM) (Hitach High-
technologies Canada Inc. 89 Galaxy Blvd. Suite 14, Rexdale, ON M9W 6A4

Canada).

2.6 Measurement of mitochondrial membrane potential Aym

The mitochondrial membrane potential sensor JC-1 (5,5, 6,6'-Tetrachloro-
1,1',3,3'-tetracthyl-imidacarbocyanine iodide; Molecular Probes, Invitrogen,
Germany) was used to label mitochondria in transmembrane manner. The JC-1
stock solution (5 mg/ml) was prepared in anhydrous dimethyl sulphoxide
(DSMO) and diluted in supplemented culture medium with final concentration of
5 pg/ml. In physiologically polarized cells JC-1 accumulates at mitochondria as
red fluorescent J-aggregates while in depolarized cells the dye forms green
fluorescent monomers. The labeling procedure was applied following the heat
treatments according to the manufacturer's recommendations. A confocal
microscopy assay was performed with laser scanning confocal microscopy (Zeiss

LSM 510) connected to an inverted microscope with a X40 water- immersion
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objective lens, optimal laser lines and filter. The fluorescence of TMRE was
excited at 564 nm and emitted signals were collected through 600 nm long pass
filter. Images were digitized at 8 bits and analyzed using ZEN 2009 software

(Carl Zeiss, Canada).

2.7 Lactate measurements

Lactate release was measured using a lactate assay kit from Eton
Bioscience, Inc, San Diego, USA (cat n0.1200012002). Briefly, two days before
the experiment, cells were seeded in 10 cm dishes. At the time of measurement,
cell density was about 60—70% confluent. Media from the dishes were collected
and diluted to 50-fold with double-distilled water. Standard graph was generated
using different concentrations of lactate in 50 ul of volume and 50 ul of lactate
assay solution in 96-well plates followed by incubation in a humidified chamber
at 37°C for 30 min. Similarly, different dilutions of media (2, 4, 6, 8, 10 ul/ml)
were used to measure extracellular lactate in the linear range. Reaction was
stopped by adding 50 pl of 0.5 M acetic acid and absorbance was measured at 490

nm using Synergy HT Microplate Reader.

2.8 NAD'/NADH ratio assay

Cells were grown to 70% confluency in a 10 cm’ tissue culture plate in

appropriate media (as described above). NADH and NAD' were determined
according to manufacturer's protocol (E2ND-100, Bioassay Systems, Hayward,

CA). Briefly, cells were counted by trypan blue exclusion method, which
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determine the number of viable cells present in a cell suspension. Cell pellets
were resuspended in 1.5 mL Eppendorf tubes with either 100 ul NAD" extraction
buffer (containing 0.40% hydrochloric acid) for NAD" determination or 100 ul
NADH extraction buffer (containing 0.40% sodium hydroxide) for NADH
determination. Extracts were heated for five min at 60°C and 20 pl of assay buffer
(containing 3.0% Tris hydroxymethyl aminomethane and 0.10%BSA) was added
followed by the extraction buffer to neutralise the extracts. Mixtures were
vortexed and centrifuged at 13,000 rpm for five min. Supernatants were added to
working reagent containing 60 pl assay buffer, 1 pl alcohol dehydrogenase, 1 pl
ethanol, 14 pl phenazine methosulfate (PMS) and 14 pl tetrazolium dye (MTT).
Optical density at 565 nm was recorded at time zero and at 15 min using a 96-well
plate reader spectrophotometer (XMark, Bio-Rad, Mississauga, ON, Canada).
Difference in absorbance was compared with standard solutions and used to

calculate NADH and NAD" concentrations.

2.9 Statistical analysis

Data are expressed as mean+SEM, and the number of cells or experiments
is shown as n. Statistical comparisons were made with the use of Student # test.
All statistical results were calculated with SPSS 16.0 software and a P value

<0.05 was regarded as significant.
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Chapter 3 Results

3.1 Mitochip analysis

To define the pattern and frequency of mtDNA mutations in CCA, a total
of 226,536 mtDNA bases of were sequenced in the three cell lines with a median
call rate of 97.9% (Table 3.1). Consequently, all three cell lines demonstrated at
least 24 mtDNA alterations. Of the 102 mtDNA alterations observed in the three
CCA cell lines, 38 of these alterations were synonymous and 30 of them were
involved in non-coding, including ribosomal and transfer RNA (Table 3.2).
Twenty-eight alterations were non-synonymous coding region mutations,
resulting in an amino acid change. Of the 51 alterations observed in Papova-
immortalized normal hepatocyte cell lines (THLE-3), 11 were non-synonymous
coding region alterations (Table 3.3), 22 were synonymous variations and 17
alterations were involved in non-coding, including ribosomal and transfer RNA
(Table 3.2). Among these alterations, three heteroplasmic mutations in each of
HuCCT1 and Huh-28 were found to be novel. One of these unique alterations was
present in Huh-28; specifically, this (T16315G) alteration was located in the
control region of mtDNA, which contains silent variations with no amino acid
changes. The remaining novel alterations were located in protein coding regions,
three of which were present in the ND3 gene, one of which was located in
ATPase6 and one was existed in COI. All of these alterations caused amino acid
changes in highly conserved residues (Table 3.4). Overall, the mtDNA alterations
most commonly present in all cell lines, which were moderately invasive and

metastasizing lines, involved the D-loop, 12§ rRNA, 16S rRNA, ND2, ND4, ND5,
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COl, ATPase6 and CYTB genes (Figure 3.1). Additionally, we identified two
regions of the mitochondrial genome, the D-loop and CYTB, which are selectively
mutated at a higher rate than other genes. Surprisingly, the metastasizing cell line,
0Z, displays no mutation in the genes ND1, ND3, ND6, CII and CIII, which are
mainly present in Complex I and Complex IV. However, OZ is the only cell line
that contains a mutation in ND4L (Table 3.2).

Among the 76 mtDNA alterations observed in the two HCC cell lines,
HepG-2 and HuH-7, 19 alterations were non-synonymous coding region
mutations, thus resulting in an amino acid change. Additionally, 27 alterations
were synonymous and 20 variations were involved in non-coding, including
ribosomal and transfer RNA (Table 3.2). The most common mutations present in
both cell lines were involved in the following genes: D-loop, 12S rRNA, 16S
rRNA, NDI, ND2, ND4, ND5, COI, COIll, ATPase6 and CYTB. Among these
variations, ten alterations were identified as novel in HCC cell lines, six of which
occurred in Huh-7 and four were present in HepG-2. All of these unique
alterations were heteroplasmic with the exception of two homoplasmic
modification, which were present in Huh-7 G15002A CYB and T13277C ND5
genes. The novel heteroplasmic alterations were found in protein coding regions;
however, two alterations were present in the /2SRNA gene in HuH-7 and the
control region, or D-loop, in HepG-2 (Table 3.4). Nevertheless, some alterations
are only present in HuH-7 cell lines, including ND3 and COII (Figure 3.2), while
the ND6 mutation is only present in HuH-28, which is absent in both HCC cell

lines.
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Several recurrent sequence alterations were observed in all CAA, HCC
and immortalized hepatocyte cell lines (Table 3.2). Notably, all of these
alterations were homoplasmic and present in COI, ATPase6, ND4, ND5, and
CYB; however, the significance of these recurrent alterations in the carcinogenesis

and the progression in CCA and HCC remains unclear.

3.2 Alterations in mtDNA copy number of CCA and HCC cell lines versus
normal hepatocyte cell line

To investigate mtDNA copy number changes occurred in CCA and HCC,
we further analyzed mtDNA copy number in CCA and HCC cell lines compared
with immortalized hepatocyte cell line by real-time PCR. All CCA (HuCCT1,
HuH28, OZ) cell lines showed marked reduction of mtDNA copy number
compared with immortalized hepatocyte cell line. The average of mtDNA copy
number/B-actin level in CCA was significantly lower than that in immortalized
hepatocyte cell line (P<0.05) (P= .021, P= 017, P= .040), respectively (Figure
3.3). The hepatocellular carcinoma cell lines HepG-2 and Huh-7 had less total
mitochondrial DNA than immortalized hepatocyte cell line; however, the
differences between HCC and immortalized hepatocyte cell line were not

significant (P= 437, P= .083), respectively (Figure 3.3).

3.3 Analysis of OXPHOS proteins of CCA and HCC cell lines versus normal
hepatocyte cell line

Respiratory protein content, OXPHOS, was reduced in CCA and HCC.

Moreover, immunoblot analyses indicated that the cellular content of the nuclear
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and mitochondrial encoded proteins; Complex I and Complex III were reduced in
CCA and HCC cell lines when compared with immortalized hepatocyte cell line

(Figure 3.4).

3.4 Morphology of mitochondria in CCA and HCC cell lines using electron
microscopy versus normal hepatocyte cell line

As shown in Figure 3.5.a, HuCCT1 showed primitive mitochondria
elements with an oval shape, some of which were remarkably absent of cristae.
HuH-28 (Figure 3.5.b) exhibited a dense matrix with decreased cristea. OZ cell
line has a normal matrix, with absent cristea in both ovular and tubular shaped
mitochondria; in addition, dense bodies were found in some mitochondria as well
as in cytosol. Interestingly, glycogen material or endoplasmic reticulum
surrounded the mitochondria (Figure 3.5.c). Also, HepG?2 (Figure 3.5.d) displayed
ovular mitochondria with a dense matrix and aberrant cristae. Finally, HuH-7
(Figure 3.5.e) showed both tubular and ovular mitochondria, some of which
possessed a decreased number of cristae; however, while there were focal
abnormalities, there were no dense bodies. All CCA and HCC cell lines were
compared with normal hepatocyte cell lines, THLE-3 (Figure 3.5.f), which
revealed a decreased amount of cristae whose size and shape identified tubular

mitochondria.
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3.5 Mitochondrial membrane potential Aym of CCA and HCC cell lines
versus normal hepatocyte cell line

The intensity of the fluorescent TMRE (tetramethylrhodamine ethyl ester)
probe was used as an indirect measure of mitochondrial inner membrane potential
(AW,) in CCA and HCC cell lines. Immunoflourescnce images showed that the
normal cell line (Figure 3.6.f) was hyperpolarized compared to all CAA and HCC
cell lines (Figure 3.6.a-e), which were depolarized. These results suggested that

there were some changes of mitochondrial function in the cancer cell lines.

3.6 Determination of intracellular metabolite concentrations of CCA and
HCC cell lines versus normal hepatocyte cell line

We measured Lactate and NAD/NADH ratio in both CCA and HCC cell
lines. As a lactateis the product of anaerobic glycolysis, mitochondrial
dysfunction is usually associated with hyperlactatemia in normal aerobic
conditions (208). As shown in Figure 3.7, lactate measurements significantly
increased in all CCA cells lines (P= .03, P= .05, P= .02), respectively, and in
HuH-7 (P=.02) of HCC cell lines, indicating an increasing adaptation on
glycolysis with increasing alterations of mtDNA. In addition, All CCA and HCC
cell lines except HuH-28 showed significantly high NADH levels comparing to

normal hepatocyte (Figure 3.8).
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Table 3.1 Summary of array-based analysis for mtDNA alterations

Summary of analysis

Number of sample analyzed 6

mtDNA bases per MitoChip v2.0 microarray 6,569

Total number of mtDNA bases sequenced 226,536

Total number of mtDNA bases assigned by

genotyping software 163,348
Percent overall bases call rate 97 %

Range of bases called across 6 arrays 95.6 %-99.5 %
Median base call rate 97.9 %
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Table 3.2 mtDNA alterations in cholangiocarcinoma (CCA) and hepatocellular
carcinoma cell lines and immortalized hepatocyte cell lines.

Cell lines NTD Pos Gene location RCRS Alteration Amino acid Homoplasmy OR heteroplasmy

HUCCT1

4071 ND1 C T Y-Y Homo
4164 NDI1 A G M-M Homo
4769 ND2 A G M-M Homo
5351 ND2 A G L-L Homo
6455 COlI C T F-F Homo
6680 COlI T C T-T Homo
7028 COlI C T A-A Homo
7684 ColII T C L-L Homo
9540 COIII T C L-L Homo
9824 COIII T C L-L Homo
10400 ND3 C T T-T Homo
10873 ND4 T C P-P Homo
11719 ND4 G A G-G Homo
12405 ND5 C T L-L Homo
12705 ND5 C T I-1 Homo
14783 CYB T C L-L Homo
15043 CYB G A G-G Homo
15301 CYB G A L-L Homo
HUH28
4769 ND2 A G M-M Homo
7028 COlI C T A-A Homo
9242 COIII A G K-K Homo
9540 COIII T C L-L Homo
10400 ND3 C T T-T Homo
11719 ND4 G A G-G Homo
12705 ND5 C T I-1 Homo
14308 ND6 T C G-G Homo
14783 CYB T C L-L Homo
15301 CYB G A L-L Homo
0Z
4769 ND2 A G M-M Homo
5147 ND2 G A T-T Homo
5417 ND2 G A Q-Q Homo
7028 COlI C T A-A Homo
8841 ATPase6 C T A-A Homo
10607  ND4L C T L-L Homo
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HUH7

HEPG2

THLE-3

11719
12501

12705
14893

4071
4164
4769
5351
6455
6680
7028
7684
9540
10400
11719
12405
12705
14783
15043
15301

4755
4769
4820
4976
4977
6473
7028
7241
9950
11719

13590

3594
4104
4769
7028
7175
7256
7274

ND4
ND5

ND5
CYB

ND1
ND1
ND2
ND2
COI
COI
COI
COIl
COIlI
ND3
ND4
ND5
ND5
CYB
CYB
CYB

ND2
ND2
ND2
ND2
ND2
COI
COI
COI
COIlI
ND4

ND5

ND1
ND1
ND2
COI
COI
COI
COI

>0 Qa

a9 a3a»» >0

Qa3 Q0> A

a3 a»»0

Q= > >

>0 > 00103 aa-3

> 0030000

HH ORS00

Homo
Homo

Homo
Homo

Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo

Homo
Homo
Homo
Hetero
Homo
Homo
Homo
Homo
Homo
Homo
Homo

Homo
Homo
Homo
Homo
Homo
Homo
Homo
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7771 con A G E-E Homo
9221 COlIl A G S-S Homo
9540 COIII T C L-L Homo
10115 ND3 T C I-1 Homo
11719 ND4 G A G-G Homo
11914 ND4 G A T-T Homo
11944 ND4 T C L-L Homo
12693 ND5 A G K-K Homo
12705 ND5 C T I-1 Homo
13590 ND5 G A L-L Homo
13650 ND5 C T P-P Homo
13803 ND5 A G T-T Homo
14566 ND6 A G G-G Homo
15301 CYB G A L-L Homo
15784 CYB T C P-P Homo

RCRS= Revised Cambridge Reference Sequence; both the RCRS position and

refrence nucleotide at that position are designed. Hetero mut=heteroplasmy mutation,

homo mut= homoplasmy mutation

The MitoAnalyzer tool (http://www cstl.nist.gov/biotech/strbase/mitoanalyzer-direction.html)
was used for determining the effect of base substitution on translated protein sequence.

The bold base positions are recurrent alterations present in all CCA and HCC cell lines

and normal hepatocyte cell line.
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Table 3.3 Non-synonymous mitochondrial DNA and amino acid alterations in
cholangiocarcinoma (CCA) and hepatocellular carcinoma (HCC) and
immortalized hepatocyte cell lines.

Cell lines

NTD Pos

Gene location

RCRS

Alteration

Amino acid

Homoplasmy OR heteroplasmy

HUCCT1

HUH28

0Z

HUH7

3308
4048
5460
7853
8701
8860
9539
10345
10398
12811
14766
15326
15756

3394
3407
4491
8701
8860
9243
10398
11963
14766

15326

8860

11016
13183
14766
15326

3392
4048
5460
8701

ND1
ND1
ND2
con
ATPase6
ATPase6
CcoII
ND3
ND3
ND5
CYB
CYB
CYB

ND1
ND1
ND2
ATPase6
ATPase6
CcoII
ND3
ND4
CYB

CYB

ATPase6
ND4
ND5
CYB
CYB

ND1

ND1

ND2
ATPase6

QrFao-3rHr» o004

> Q>0 >rraa-

> 0> Q>

> QaQa

a0 aaarr>Qn

a-ar»a0aar >0

Q-3aQ» Q

Q> > >

M-T
D-T
A-T

M-V
T-A

I-T
T-A
Y-H

T-1
T-A

W-TER

T-A
S-N
I-v
T-1
T-A

G-D
D-G
A-T

Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Hetero

Homo
Hetero
Homo
Homo
Homo
Hetero
Homo
Homo
Homo
Homo

Homo
Homo
Homo
Homo
Homo

Hetero
Homo
Homo
Homo

54



8860
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10345
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12811
13276
14766
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HEPG2
3547
8860
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14766
15326
THLE-3
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T-A
Q-H
I-T
T-A
Y-H
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I-v

I-v
T-A
P-S
M-T
T-1
T-A

T-A
E-G
T-A
T-A
Q-H
T-A
T-P
Y-D
A-G
T-I
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Homo
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Homo
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Homo
Homo
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Homo
Homo

RCRS= Revised Cambridge Reference Sequence; both the RCRS position and refrence
nucleotide at that position are designed. Hetero mut=heteroplasmy mutation, homo
mut= homoplasmy mutation.
The MitoAnalyzer tool (http://www cstl.nist.gov/biotech/strbase/mitoanalyzer-direction.html)
was used for determining the effect of base substitution on translated protein sequence.

The bold base positions are recurrent alterations present in all CCA and HCC cell lines

and normal hepatocyte cell line.
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Table 3.4 Novel mtDNA alterations in cholangiocarcinoma (CCA) and hepatocellular
carcinoma (HCC) and immortalized hepatocyte cell lines.

Cell lines NTD Pos  Gene location = RCRS Alteration Amino acid Homoplasmy OR heteroplasmy
HUCCT1
6678 COl A C T-P Hetero
9179  ATPase6 T C V-A Hetero
10399 ND3 C G T-S Hetero
HUH28
10399 ND3 C G T-S Hetero
10401 ND3 G T E-TER Hetero
16315  D-loop T G NA Hetero
HUH7
1285 12SrRNA G T NA Hetero
6678 COl A C T-P Hetero
9179  ATPase6 T C V-A Hetero
10399 ND3 C G T-S Hetero
13277 ND5 T C M-T Homo
15002 CYB G A G-S Homo
HEPG2
4759 ND2 T C M-T Hetero
14756 CYB A C M-L Hetero
14772 CYB C T P-L Hetero
16521  D-loop A C NA Hetero
THLE-3
2620 16SrRNA G A NA Hetero
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Figure 3.1. MitoChip analysis for CCA and immortalized hepatocyte cell lines

Of the 102 alterations observed in the 3 cell lines, 28 were non-synonymous coding region
alterations (i.e., resulting in an amino acid change), 38 synonymous, 30 involved in non-coding
including ribosomal, transfer RNA and D-loop and 6 were novel alterations. Of the 51 alterations
observed in Papova- immortalized normal hepatocyte cell line (THLE-3), 11 were non-
synonymous coding region alterations, 22were synonymous and 17 alterations were involved in
non-coding, including ribosomal, transfer RNA and D-loop and one was novel alteration.
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Figure 3.2. MitoChip analysis for HCC and immortalized hepatocyte cell lines

Of the 76 mutations observed in the 2 cell lines (HEPG-2, HuH-7), 19 were non-synonymous coding
region mutations (i.e., resulting in an amino acid change), 27 synonymous and 20 involved in non-
coding including ribosomal transfer RNA and D-loop and 10 were novel alterations. Of the 51
alterations observed in Papova- immortalized normal hepatocyte cell line (THLE-3), 11 were non-
synonymous coding region alterations, 22were synonymous and 17 alterations were involved in non-
coding, including ribosomal, transfer RNA and D-loop and one was novel alteration.
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Figure 3.3 Mitochondrial DNA copy number for
CAA, HCC and immortalized hepatocyte cell lines

Relative quantification values were determined by
using the 2 -AACT method and expressed as fold
change in control (THLE-3) versus other cell lines.
Genes analyzed were B-actin (endogenous gene) and
NDI1 (gene of interest). P < 0.05 considered as
significant.
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Figure 3.4 Analysis of OXPHOS proteins for CAA,
HCC and immortalized hepatocyte cell lines

Mitochondrial respiratory proteins in cholangiocarcinoma
& Hepatocellular carcinoma show decreased levels of the
nuclear and mitochondrial encoded proteins, complex I
and complex III.
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Figure 3.5 Electron microscopic images for ultrastructural and mitochondrial
cristae alterations in CAA HuCCT1 (a), HuH28 (b), OZ(c), HCC (HepG2 (d),
Huh-7 (e) and immortalized hepatocyte (THLE-3 (f) cell lines
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Figure 3.6 Confocal images of mitochondrial inner membrane
potential (A¥Y,,) CAA (HuCCT1 (a), HuH28 (b), OZ (c¢), HCC
(HepG2 (d), Huh-7 (e) and immortalized hepatocyte THLE-3 (f)
cell lines

Regions of high mitochondrial polarization are indicated by red
fluorescence due to J-aggregate formation by the concentrated dye.
Depolarized regions are indicated by the green fluorescence of the JC-
1 monomers.
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Figure 3.7 Extracellular lactate level for CAA,
HCC and immortalized cell lines

It was determined in the media from 1 x 10° cells
and calculated after 48 h of culturing. Lactate
measurements significantly increased in all CCA
cells lines and in HuH-7 of HCC cell lines. Data
are meantSD. Data were confirmed by 3
independent experiments. (*P < 0.05) was
regarded as significant.
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Figure 3.8 Cytosolic free NAD/NADH ratios in
CCA, HCC and immortalized cell lines

All CCA and HCC cell lines except HuH-28
significantly showed high NADH levels
comparing to normal hepatocyte. Data are
mean+SD. Data were confirmed by 3 independent
experiments. (*P< 0.05) was regarded as
significant.
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Chapter 4 Discussion

4.1 General discussion

This study represents the first detailed investigation of the entire
mitochondrial genome in cholangiocelluar carcinoma and hepatocellular
carcinoma cell lines, which have been extensively studied on a large scale with
human patient samples (209,210). Specifically, we screened the entire
mitochondrial genome of three cholangiocelluar carcinoma and two
hepatocellular carcinoma cell lines for the presence of mitochondrial alterations.
In this process, we used the MitoChip array, comparing it with the revised
Cambridge Reference Sequence (rCRS) to evaluate the nucleotide alterations.
Since the corresponding non-cancerous cells were not available, which would
differentiate mutations from rare polymorphisms, we relied on the MitoChip and

the rCRS.

4.2. Mitochondrial control region base pair changes

Although alterations occurred along the entire mitochondrial genome,
most of these changes were localized in the D-loop. The mitochondrial D-loop,
approximately 1 kb in size, contains cis-acting elements involved in regulating the
transcription and replication of the mitochondrial genome (11). We found that all
of the cell lines with mtDNA alterations contained at least one of the D-loop,
tRNA, rRNA or non-synonymous coding alterations (Figure 3.1 and 3.2); hence
acquiring the potential for altering mitochondrial function via alterations in

transcription, translation and replication. Our findings of asymmetric alterations in
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the D-loop are consistent with previous studies showing modifications in the
regulation of the mitochondrial genome, which may be associated with
carcinogenesis in CCA and HCC (211). A related study by Yin P et al., 2004 (211)
demonstrated a decreased copy number of mtDNA near the D-loop in HCC. In
combination, these findings emphasize that alterations in the D-loop region
represent important events during the early phase of liver carcinogenesis. Zhang R
et al., 2010 illustrated the utility of single nucleotide polymorphisms (SNPs) and
mutations in the mitochondria D-loop region for predicting the risk of HCC and

for differentiating among HCCs with distinct etiologies (210).

4.3 Full- length mitochondrial sequence

In the coding region, we found 28 CCA and 19 HCC non-synonymous
amino acids that were in the process of changing. On the other hand,
disproportionate distributions of synonymous alterations were observed
throughout the coding regions, involving all complexes (Table 3.1). The alteration
in the ND4L gene of the metastasizing cell line, OZ, has also been identified at the
margins with dysplasia adjacent to the primary head and neck tumor, suggesting
that mitochondrial alteration may occur early in CCA tumors, prior to the
appearance of the invasive phenotype (212). In cancer, synonymous mtDNA
alterations can affect in vivo protein structures, therefore altering its functionality
(213,214). Moreover, we found 11 non-synonymous alterations in Papova-
immortalized normal hepatocyte cell line (THLE-3); however, it was unclear

whether these alterations were observed because of true biological heteroplasmy
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in liver cells, or was a molecular artifact of Papova- virus immortalization step
and subsequent passaging required for producing normal hepatocyte cell lines.
Despite the presence of certain recurrent alterations, we were unable to
find hot spot corresponding to many studies in pancreas cancer, such as KRAS2
and BRAF (215,216). We compared the non-synonymous alterations that we had
identified to the mitochondrial genome database (217); consequently, several of
our reported alterations may exhibit a functional correlation with human diseases.
Specifically, we found that G3407A has been associated with an uncommon
variety of hypertrophy cardiomyopathy (218). Also, we detected an alteration in
T12811C that might fulfill a potential modifier role in increasing the penetrance
and expressivity of the primary Leber's hereditary optic neuropathy (LHON) (219).
Our study detected several non-synonymous alterations in specific
locations that were reported in other cancers. For instance, we located A8701G,
which was found in thyroid tumors (220). A10398G had been associated with
invasive breast cancer and esophageal cancer in African American individuals
(221,222). An identical alteration, G15756A, has been reported in human colonic
crypt stem cells. This variation is important for understanding of the findings of
mtDNA mutations in aging tissues and tumors as well as for determining the
frequency of mtDNA mutations within a cell (223). Our novel non-synonymous
alterations, A6678G, T9179Y, C10399S, G10401, T13277C, G15002A, T4759Y,
A14756M and C14772Y might fulfill a function in carcinogenesis. For instance,
the A6678G modification changes a moderately-conserved threonine residue to

proline in COI. The alteration of T9179Y changes a highly conserved
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hydrophobic valine to a hydrophilic alanine in ATPase6. Collectively, these non-
synonymous alterations are potentially harmful because they occur in highly
conserved sequence; therefore, they may affect the mitochondrial OXPHOS
function.

The common deletion of the mitochondrial genome 4977-bp was not
detected by the current array, MitoChip. Consequently, a more comprehensive
analysis is required for examining this common deletion in CCA and HCC, since
the variation may affect the mutational rate of normal and tumor tissues (211). In
particular, Yin et al., 2004 (211) revealed a low frequency of mtDNA 4977-bp
deletion in HCC as compared to the corresponding normal tissue. Such findings
likely confirmed the contribution of the 4977 deletion in accumulating the two

types of mtDNA mutations in HCC (211).

4.4 Quantification of mitochondrial genome levels

The low abundance of mtDNA has been reported in cancer tissues such as
renal (140), gastric (224), breast (139) and hepatocellular carcinoma (211).
Conversely, an increase in mtDNA content was shown in renal oncocytomas
(225), head and neck cancer (144), endometrial cancer (226), ovarian cancer (227)
and colorectal cancer (228). Interestingly, the total mtDNA copy numbers varied
between hepatocellular carcinoma and paired non-neoplastic carcinoma. In
particular, these differences depend on the background of the liver; hepatocellular
carcinoma possesses fewer mtDNA in non-cirrhotic livers than it does in cirrhotic
livers (141,211). The alteration of mtDNA content is specific to the type of cancer.

Although the effects of these alterations on the carcinogenesis or the progression
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of CCA and HCC are still obscure, these modifications have the potential to
impair the function of the OXPHOS system in CCA and HCC. However, the
underlying molecular mechanisms of the alterations in cancer cell mtDNA are

considerably unclear.

4.5 Analysis of OXPHOS proteins associated with morphological,
depolrziation and functional alterations

Other important findings in the present study sought to determine if the
morphological alterations in the mitochondria could be correlated with
perturbations of mitochondrial functioning. Accordingly, we measured the
enzyme activities of Complexes I, II, II + IIT and IV from CCA and HCC cell
lines. The concomitant reduction in the content of mitochondrial respiratory
proteins strongly suggests that the biogenesis of mitochondria was repressed in
CCA and HCC (119,229). In particular, these cell lines demonstrated a marked
reduction of ubiquinol-cytochrome ¢ reductase (Figure 3.4), which as the Rieske
Fe-S protein, is a key subunit of cytochrome bc, (Complex III) in the respiratory
chain complexes. This complex plays a crucial role in generating an
electrochemical potential when the electrons transfer from ubiquinol to
cytochrome ¢ in order to synthesize ATP. Our findings, as demonstrated in
Figure 3.6, are consistent with a previous study by Ohashi et al., 2004 (230). This
study reported that the upregulation of Ubiquinol-cytochrome c¢ reductase
suggests the amplification of the Ubiquinol-cytochrome c¢ reductase gene in
variety of tumors along with the elevation of mitochondrial membrane potential

(Aym). Similarly, Warburg (1956) showed that cancer cells have a respiratory
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deficiency that is associated with decreased numbers and reduced OXPHOS
protein levels. Hence, our data support Warburg’s study and also suggests that
mitochondrial biogenesis is impaired during liver carcinogenesis (90). Most cancer
cells have very high glycolytic rates that result in the excessive generation of
lactate and NADH (Figure 3.7 and 3.8) (90,204,231), which are beyond the
capacity of pyruvate dehydrogenase and NADH mitochondrial shuttle (232). The
high NADH levels are caused by a disruption of the glycerol 3-phosphate shuttle
and a reduction of glutaminolysis as found in breast cancer cell lines (MCF-7
cells) (117). Therefore, most cancer cells in culture produce higher quantity of
lactate, implying that the net flow of the intracellular conversion shifts from
pyruvate to lactate. This indicates a switch from mitochondrial oxidative
phosphorylation to glycolysis from ATP production.

A previous study by Yin et al., 2004 (211) found that the overexpression of
PGC-1 a, peroxisome proliferator-activated receptor gamma coactivator-1 alpha,
strikingly decreased cell migration through the upregulation of E-cadherin
expression in HepG2 cell lines. A study by our group Abuetabh Y et al., 2011
recently demonstrated that the CCA cell lines expressed the E-cad and [3-catenin
in different localization patterns. Collectively, these findings suggest that
alterations of mtDNA and mitochondrial dysfunction may stimulate malignant
progression in CCA and HCC (233).

In conclusion, mtDNA alterations are common in CCA. A high copy
number of mtDNA mutations suggest that these alterations may contain promising

fields of further investigation in CCA carcinogenesis and platforms for diagnostic
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applications. Questions remain regarding the progression and functional
implications of these mutations in the pathogenesis of CCA. Further studies in the
molecular mechanisms of the mtDNA alterations and mitochondrial OXPHOS
defects are required to provide insights into cancer progression and

mitochondrial-targeted therapies.

4.6 Summary

Although CCA is one of the primary malignancies of the biliary tract, this
cancer form has received less attention than hepatocellular carcinoma (HCC).
Some primary and secondary cholangiopathies as well as chronic infections of the
biliary tract are relatively common worldwide and have been identified as
underlying precancerous lesions for the occurrence of CCA. Furthermore, somatic
mitochondrial DNA (mtDNA) mutations have been demonstrated in a variety of
human cancers. However, no study has previously targeted mitochondrial DNA
alterations in CCA. In collaboration with international partners (Seattle, WA,
USA), we conducted a preliminary analysis using MitoChip sequencing on
mitochondrial DNA obtained from three CCA and two HCC cell lines. Western
blot analysis and ultrastructural investigation with a transmission electron
microscope were used to identify oxidative phosphorylation (OXPHOS) for
respiratory protein content and mitochondrial cristae alterations. Moreover, real
time quantitative PCR, confocal laser microscopy and metabolic assays including
L-Lactate and NAD'/NADH assays were used to identify mtDNA copy number,
mitochondrial membrane potential measurements and metabolic differences,

respectively. Among 106 mtDNA alterations observed in three CCA cell lines,
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including OZ, HuCCT1 and Huh-28, 36 were non-synonymous coding region
mutations that resulted in an amino acid change. Thirty-seven of these alterations
were synonymous and 33 were involved in non-coding, including ribosomal RNA
(rRNA) and transfer RNA (tRNA). Of the 76 mtDNA alterations observed in two
HCC cell lines, HepG-2 and HuH-7, 27 alterations were non-synonymous coding
region mutations, 27 variations were synonymous, and 22 mutations were
involved in non-coding, including rRNA and tRNA. Moreover, significant
decreases in Complexes I and III associated the morphological and polarization
alterations, which more evident in CCA than HCC. Our findings suggest that
mtDNA alterations are common in CCA. The relationship between anaerobic and
aerobic metabolisms in the surrounding liver tissue may provide clues for studies
investigating the epithelial-mesenchymal interaction and the host response.
Microarray analysis with MitoChip as well as metabolomics may contribute
significantly to identifying new carcinogenetic pathways that alter CCA. Future
studies that provide additional information on these pathways will not only
contribute to a better understanding of CCA carcinogenesis but will also assist in
identifying patients with underlying disorders who progress to neoplastic
transformation. Although some limitations may be considered, e.g. virus-induced
immortalized cell lines that are not properly normal healthy hepatocytes, our
study may be considered highly specific, because of the lack of contamination of
both stromal and host lymphocytes that are usually present in studying tissue
samples. Our study is considered to be significant in liver cancer research, as it

increases the available knowledge about mtDNA and highlights some molecular
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mechanisms possibly involved in carcinogenesis. This information is considered a
gateway for further in vivo studies and identifying valuable therapeutic targets that

can fulfill a role in minimizing the mortality rate of liver cancer patients.

4.7 Concluding Remarks

To the best of our knowledge, this study represents the first effort that
targets a complete mitochondrial genome sequencing array in cholangiocarcinoma
cell lines and the first investigation concerning the frequency of mitochondrial
mutations using an array-based sequencing technology. Since the sequencing of
the human genome was completed, the main goals of functional genomics have
entailed determining the function of newly identified genes products and
identifying the genes that might be therapeutically targeted. To date, genomics
strategies have largely centered on gene expression studies, transcriptomics, or
protein profiles, proteomics. Moreover, metabolic activity can be quantified, as
various analytical tools have been developed to measure concentrations of low
molecular weight metabolites. The use of microarray and metabolomics in cancer
would significantly assist the diagnosis of cancer at an early stage as well as

increase the chance of survival and the quality of life.

4.8 Future Directions
4.8.1 To scan the mitochondrial DNA (mtDNA) in a large scale of human

samples, including quantifying the total mtDNA levels and quantifying the
levels of mtDNA 4,977bp common deletion.

Preliminary results showed that mtDNA alterations are common in CCA.

In that process we used the MitoChip array, comparing it with the revised
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Cambridge Reference Sequence (rCRS) to evaluate nucleotide alterations. We
aim to conduct MitoChip analysis in a panel of CCA tissue samples to produce
deeper analyses. Moreover, despite the extensive studies in alteration of mtDNA
qualitatively (mutations) and quantitatively (mtDNA copy number) in other
different kind of cancers, the questions if the mtDNA copy number plays a role in
progression of CCA still need to be addressed. The common deletion of the
mitochondrial genome 4977-bp was not detected by the current array, MitoChip.
Consequently, more comprehensive analysis is required for this common deletion
in CCA and HCC, since it may affect the mutational rate of normal and tumor
tissues (234). In particular, Yin et al. 2004 revealed a low frequency of mtDNA
4977-bp deletion in HCC as compared to corresponding normal tissue. Those
findings likely confirmed the contribution of the 4977 deletion in accumulating

the two types of mtDNA mutations in HCC (234).

4.8.2 To assess the mitochondrial bioenergetics alterations in CCA cells and
their correlation with mitochondrial function including measurement of ATP
content and O, consumption.

Normally, most cells convert glucose to pyruvate through pyruvate
oxidation in order to produce ATP. The oxidative phosphorylation system
(OXPHOS) within mitochondria utilize electron flow from reduced substrates to
molecular oxygen to synthesize ATP. However, in the absence of oxygen,
pyruvate is converted to lactate in the cytoplasm, thus completing the glycolysis

cycle. Conversion of glucose into lactate under normal oxygen tension, a distinct

characteristic of tumor cells, is also known as aerobic glycolysis. From the
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physiological and alteration stand points of the cells, a parameter can be measured
via evaluating Oxygen Consumption Rate (OCR) as an indicator of mitochondrial
respiration. The measurement of lactate produced indirectly via protons released
into the extracellular medium surrounding the cells, causing acidification of the
medium, provides the Extracellular Acidification Rate (ECAR). These
bioenergetics alterations associated with malignant transformation are being

exploited to identify potential cancer-selective therapeutics.

4.8.3 To analyze the correlation between pS3 status and mtDNA mutation in
CCA cell lines and patient samples.

P53 system has been almost a target protein for studying cancer. More
attention has been given to this protein when almost all human cancer showed
either mutation in this protein that inhibited their activity or even dysfunctional
activity. Although p53 performs its main role in the mitochondrial outer
membrane it also interacts with different proteins in the mitochondrial inner
membrane and matrix. Several studies support findings of an increased p53
mutational load and its association with an increased level of oxy-radical species

(203,235).
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