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Introduction

The onset of the third millennium has witnessed unprecedented progress in molecular
medicine. Despite this fact, a number of pathologies remain an overwhelming burden
that is yet to be fully understood and, consequently, harnessed. This applies for some
of the most widespread and hard-to-manage pathologies, epitomized in particular
by neoplastic and neurodegenerative as well as cardiovascular diseases. Therefore,
new approaches and new targets are needed to progress in the fight against these
debilitating ailments.

During recent years, the resurgence of the importance of mitochondria as a
potential molecular target for the treatment of a variety of pathologies has been
seen. This is not all that surprising given the fact that mitochondria, the powerhouse
of the cells providing the majority of ATP as well as purveyors of cell death, control
numerous processes in the cell that touch on practically all aspects of its homeostasis.
Naturally, the research on mitochondria in the context of pathologies such as cancer
has undergone considerable progress, fuelled initially by the landmark discoveries
of Otto Warburg in the first half of the nineteenth century.

That mitochondria are essential for the regulation of cellular bioenergetics and
relay the switch to the glycolytic phenotype of malignant cells has been known for
some time. However, only recently the molecular mechanisms of these processes
have started to be uncovered. Consequently, it has been suggested and supported by
a growing number of compelling reports that mitochondria are very promising tar-
gets for a number of therapeutic agents. In the context of mitochondria, these agents
have been termed ‘mitocans’, i.e. small compounds that exert their anti-cancer effect
by mitochondrial destabilization. These compounds show substantial promise as
potential anti-cancer drugs, and more and more research attests to this paradigm.

This book is dedicated to the recent advancement in mitochondria as an intriguing
target for human pathologies, focusing, with one notable exception, on cancer.
The first chapter by Miriyala et al. discusses the central role of mitochondria in
signalling within cancer cells, followed by a chapter by Kogel on BH3 mimetics
as highly promising anti-cancer agents. The next chapter deals with complex II as an
intriguing target for cancer treatment, put together by Rohlena et al. This complex,
one of five mitochondrial complexes of oxidative phosphorylation (OXPHOS), is at
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viii Introduction

the crossroads of the tricarboxylic acid cycle and OXPHOS, presenting a worthy
target to be explored in detail. Several ensuing chapters discuss individual (or group
of) agents acting on mitochondria, including celecoxib, artemisin and its deriva-
tives, as well as vitamin E analogues. Follow three subtly more general chapters on
more-or-less specific strategies targeting mitochondria by Chen et al., Biasutto et al.
and JeZek et al. Obre et al. discuss the plasticity of malignant cells in the context of
their bioenergetics and the mitochondrial function. Itahana and Pervaiz then focus
on the cross-talk between the ‘gatekeeper’ of the genome, i.e. p53, and mitochon-
drial function, a very important paradigm that has recently emerged. Notably, the
last chapter of the book has a non-cancer context. It is written by Ting et al. and
highlights the role of mitochondria in Friedrich’s ataxia, an autosomal recessive
inherited disease that causes progressive damage to the nervous system.

The topics of this book were chosen to cover in both rather general as well as
more specific manner the various aspects of mitochondria as important, emerging
targets for treatment of various human diseases, exemplified here primarily by
malignancies. We hope that this book will contribute to the growing interest in mito-
chondria as intriguing organelles that are yet to be fully harnessed as an invariant
target for the therapy of a number of pathologies.

Mitochondria, Apoptosis and Cancer Research Jiri Neuzil
Group, School of Medical Science,
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Southport, QLD, Australia

and

Molecular Therapy Group, Institute of

Biotechnology, Czech Academy of Sciences,
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Institute for Experimental Cancer Simone Fulda
Research in Pediatrics, Goethe-University,

Frankfurt, Germany

Department of Physiology, Yong Loo Shazib Pervaiz
Lin School of Medicine,

National University of Singapore, Singapore,
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Chapter 1
Mitochondrion: A Novel Center for Cancer
Cell Signaling

Sumitra Miriyala, Aaron K. Holley, and Daret K. St. Clair
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2 S. Miriyala et al.

Abstract Genomic alterations of normal host cells contribute to the development
of cancer. Recent cancer research studies have shown that the aggressive growth
and metastasis of cancer cells depend on normal host cells such as fibroblasts,
endothelial, mesenchymal and immune cells. Balance among this cellular crosstalk
determines the natural history of the cancer and its response to therapy. This active
tumor-host dynamic mutualism is referred to as a tumor microenvironment, which
can be a key target for both cancer prevention and therapy. An important common
feature of various host cells and cancer cells is the generation of reactive oxygen
species (ROS) that contribute to the effect of the microenvironment. Mitochondria
play a central role in the regulation of ROS production and removal. A shift in cell
redox status toward an oxidizing condition activates mitochondrial retrograde
signaling, a communication pathway from mitochondria to the nucleus that leads to
activation of adaptive response or cell death. Thus, in addition to generating ATP,
mitochondria, the powerhouse of cells, play an important role in cell signaling in
life-and-death conditions.

Keywords Mitochondria * Cancer ¢ Cell signaling * Apoptosis ® Innate immunity
* Adaptive immunity ¢ Electron transport chain * Mitochondrial DNA e Inside-out
signaling * Reactive oxygen species * Tumor microenvironment * Retrograde
signaling * Nuclear receptors ® Transcription factors

1 Introduction

Tumors are complex, organ-like structures. They are comprised not only of malignant
cells but also of a multitude of normal cell types, such as adipocytes, stromal and
endothelial cells, as well as various immune system cells (for example, macrophages,
neutrophils, T cells) and myoepithelial cells that either inhibit tumor growth or
promote growth and metastasis of a malignancy (Jones et al. 2003; Barsky and
Karlin 2005; Egeblad et al. 2010; Pandey et al. 2010; Sautes-Fridman et al. 2011).
All these normal cells are, therefore, potential targets in tumor treatment (Barnas
et al. 2010).

Given the importance of oxidative stress in the development and progression of
cancer (Gius and Spitz 2006; Waris and Ahsan 2006; Valko et al. 2007; Roszkowski
et al. 2011), studying the interactions between malignant and normal cells in the
tumor microenvironment may shed light on the mechanisms by which ROS/RNS
drive tumor progression. For example, the presence of cancer cells can dramatically
alter stromal cell behavior. Using immortalized human fibroblast cells co-cultured
with MCF-7 human breast cancer cells, Martinez-Outschoorn et al. discovered that
when cancer cells were present, down regulation of caveolin-1 expression in fibroblasts
occurred, resulting in a cancer associated fibroblast phenotype, increased myofi-
broblast marker expression, and constitutive activation of TGFp/Smad2 signaling
(Martinez-Outschoorn et al. 2010b). It has been well established that interaction
between human fibroblast cells and MCF-7 cells has induced a caveolin-1 down
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regulation-dependent rise in ROS production in fibroblasts, resulting in increased
fibroblast DNA damage. In MCF-7 cells, the presence of fibroblasts increased aneu-
ploidy and multi-nucleation. Loss of caveolin-1 in fibroblasts caused a decrease in
mitochondrial function and mass, leading to increased autophagy/mitophagy and a
metabolic switch to glycolysis, which may provide cancer cells with lactate to drive
cancer cell growth. Many of the phenotypes observed in fibroblast cells co-cultured
with MCF-7 cells were mimicked by expression of endothelial nitric oxide synthase
(eNOS), suggesting that both ROS and NO are involved in cancer cell-induced
changes in fibroblast cells (Martinez-Outschoorn et al. 2010a). Tumor-derived
hydrogen peroxide acts on neighboring fibroblasts, leading to decreased mitochon-
drial activity and increased glucose uptake in fibroblasts and decreased glucose
uptake and GLUT1 expression in tumor cells. Addition of extracellular catalase
to co-cultures abrogated oxidative stress in fibroblasts and stimulated apoptosis
in cancer cells, confirming the importance of oxidative stress in the metabolic
coupling between fibroblasts and cancer cells (Martinez-Outschoorn et al. 2011).
Co-administration of caveolin-1-deficient fibroblasts with the highly aggressive
MDA-MB-231 human breast cancer cell line in nude, athymic mice dramatically
increased tumor growth, and overexpression of MnSOD in the caveolin-1-deficient
fibroblasts attenuated tumor growth (Trimmer et al. 2011).

Not only can stromal cells affect cancer cell metabolism, but stromal cell-derived
ROS can also drive the metastatic behavior of cancer cells. NADPH oxidase-4
(Nox4) is a member of a large family of ROS generating enzymes involved in many
normal cellular functions and pathological conditions (Bedard and Krause 2007).
Tobar et al. discovered that MCF-7 breast cancer cell migration was enhanced
when cells were co-cultured with RMF-EG mammary stromal cells, causing
Nox4 expression in the stromal cells through a cancer cell-secreted TGFp-driven
mechanism. Knockdown of Nox4 expression abolished co-culture stimulation of
MCF-7 migration (Tobar et al. 2010).

Tumor-derived ROS can also affect immune system function at the site of a
tumor. Izawa et al. found a positive correlation between the level of hydrogen
peroxide in gastric and esophageal tumors and disease progression, and also found
an inverse correlation between hydrogen peroxide production and infiltration of
CD56dim natural killer (NK) cells. The researchers discovered that CD56dim NK
cells were more sensitive to hydrogen peroxide-induced apoptosis than CD56bright
NK cells were and that hydrogen peroxide treatment impaired NK cell antibody-
dependent cellular cytotoxicity (Izawa et al. 2011). Corzo et al. have reported that
the tumor microenvironment induced macrophage differentiation of myeloid-derived
suppressor cells, leading to suppression of both antigen-specific and non-specific
T-cell activity through a HIF-1a-dependent mechanism (Corzo et al. 2010). These
results suggest that the condition of the tumor microenvironment, such as increased
hydrogen peroxide level and hypoxia, inhibits normal immune function at the
tumor site, giving the tumor a distinct growth advantage that results in faster disease
progression. Thus, ROS generation from tumor cells and stromal cells may have an
important role in regulating the tumor microenvironment and this role may lead to
cancer development and progression.
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Under physiological conditions, mitochondria are the major site of ROS production.
Mitochondria are unique cellular organelles that contain their own genome and
communicate with the nucleus, which enables them to transcribe and translate
gene- encoding components of the electron transport chain (ETC), and serve as the
powerhouse for both ATP production and novel cell signaling. It has been proposed
that mitochondrial signaling is altered in diseased conditions, where mitochondria
are frequently found to anchor mutations within their own genome and display
altered functional uniqueness leading to increased glycolysis. Manganese superoxide
dismutase (MnSOD) located in the mitochondrial matrix is a very important anti-
oxidant enzyme that catalyzes the conversion of superoxide radicals (O, ) to hydrogen
peroxide and molecular oxygen in mitochondria (Weisiger and Fridovich 1973),
thereby protecting cells against oxidative damage and regulating cellular concen-
tration of O, ~, which is an oxidant and a byproduct of cellular metabolism
(Christianson 1997). During the course of normal metabolism, O, ~ is produced
from within the respiratory chain of the mitochondria and are the major source of
reactive oxygen species (ROS) production. As signaling molecules, intracellular
ROS act to oxidize and inhibit MAPK-specific PTPs causing dephosphorylation of
kinase enzymes. Activated JNK and p38 may also trigger apoptosis. Intracellular
ROS oxidize and inactivate PTEN but fail to dephosphorylate Akt, thereby leading
to downstream gene expression changes that result in enhanced proliferation and
survival, an effect particularly advantageous to cancer cells. Intracellular ROS
cause dissociation of NF-kB, resulting in free translocation to the nucleus or
phosphorylation of factors such as c-Jun and p53 and thereby precipitating the
translocation to the nucleus that activates target gene expression. In terms of
transcriptional regulation, intranuclear ROS affect phosphorylation, oxidation, and
DNA binding of transcription factors such as AP-1, NF-kB, p53, and HIF-1a, leading
to changes in target gene expression. Increased ROS production by defective cancer
cell mitochondria also results in upregulation of the transcription factor Ets-1, a factor
that is increasingly associated with aggressive cancers. The main focus of this
review is mitochondrial ROS: how they regulate mitochondrial-resident proteins
and facilitate retrograde and outside-inside signaling.

Alterations in MnSOD levels have been associated with a number of degenerative
diseases, including neurodegenerative disease (Yahara et al. 1991). Phylogenetic
distribution and subcellular localization studies have shown that MnSOD is a
ubiquitous metalloenzyme found in virtually all aerobic organisms from bacteria to
humans, and even anaerobes (Ravindranath and Fridovich 1975). MnSOD is uniformly
distributed throughout the cytoplasm in prokaryotic cells (Steinman et al. 1994).
MnSOD is a mitochondrial enzyme that is encoded by a nuclear gene and is transported
across two mitochondrial membranes to the matrix. In humans, this translocation
involves translation of a proenzyme that includes a 24-amino acid N-terminal peptide.

Fridovich et al. (Gregory and Fridovich 1973; Saltzman and Fridovich 1973)
have identified initial evidence that MnSOD is necessary for survival in
oxygen-metabolizing cells. MnSOD is vital for healthy aerobic life and the lack or
complete elimination of MnSOD expression leads to early death in mouse, due to
reduced mitochondrial activity. Complete ablation of MnSOD causes dilated
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cardiomyopathy and neurodegeneration leading to early postnatal death. Mice
exhibited severe oxidative damage to mitochondria and were extremely sensitive to
hyperoxia (Li et al. 1995b; Lebovitz et al. 1996; Van Remmen et al. 2003). It has
been clearly demonstrated that MnSOD knock-out mice had a 50 % reduction
in MnSOD enzyme activity in all tissues, resulting in an age-dependent increase in
oxidative DNA damage (8-oxodeoxyguanidine, 8-0xodG) in both nuclear and
mitochondrial DNA compared to wild-type mice.

2 Mitochondria in Cancer Development

Hanahan and Weinberg identified six key hallmarks of cancer: (1) sustaining
proliferative signaling, (2) evading growth suppressors, (3) resisting cell death,
(4) enabling replicative immortality, (5) inducing angiogenesis, (6) activating
invasion and metastasis (Hanahan and Weinberg 2000; Hanahan and Weinberg 2011).
Galluzzi et al., in their important review, demonstrated the importance of mitochon-
drial function in the regulation of these six hallmarks (Galluzzi et al. 2010). Many
different types of tumors have been demonstrated to have low MnSOD activity
(Oberley and Buettner 1979). Overexpression of MnSOD suppressed the tumorige-
nicity of human melanoma cells, breast cancer cells and glioma cells, suggesting that
MnSOD is a tumor suppressor gene in a wide variety of cancers (Church et al. 1993;
Li et al. 1995a; Zhong et al. 1997). For example, St. Clair et al. have reported that
suppression of tumor metastasis by MnSOD was associated with reduced tumorige-
nicity and elevated fibronectin (Stclair et al. 1997). They speculated that since
oxidative stress can inactivate the promoter of the human fibronectin gene con-
taining SP-1 binding sites and antioxidants support the transcription activity of SP-1
proteins, expression of MnSOD provides an antioxidant environment which supports
the activity of SP-1, leading to an increased level of fibronectin in MnSOD trans-
fected cells (Stclair et al. 1997). A recent study by St. Clair’s group showed that
suppression of Spl binding to the MnSOD promoter subsequently suppressed
MnSOD expression at early stages while reduced p53 activity was responsible for
restoration of MnSOD at later stages of tumorigenesis in which cancer cells survived
and underwent metastasis (Dhar et al. 2011). Following is a description of various
mitochondrial activities/components that are affected by MnSOD and their potential
for cancer development.

3 Electron Transport Chain

Complexes I, II, and III are sources and potential victims of the superoxide that
they produce. These complexes are susceptible to attack by superoxide because
they contain iron-sulfur centers (Ohnishi 1975; Albracht and Subramanian 1977;
Albracht 1980; Teintze et al. 1982; Ohnishi 1998; Roessler et al. 2010), as well as
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oxidative modification of important amino acids by superoxide and other ROS/RNS.
Chen et al. found that on NADH dehydrogenase, a complex I subunit, Cys206 and
Tyr177 were susceptible to oxidative modification, resulting in a decrease in
electron transport at complex I (Chen et al. 2005). Complex I (Pearce et al. 2001;
Yamamoto et al. 2002; Brown and Borutaite 2004; Chinta and Andersen 2011) and
complex III (Pearce et al. 2001) were also susceptible to oxidative inactivation
by peroxynitrite.

MnSOD, while important for scavenging electron transport chain-derived
superoxide, is also vital for the prevention of ROS-mediated inactivation of
these complexes. Mitochondria isolated from MnSOD*~ mice have diminished
respiratory control ratio (RCR) compared to MnSOD** mice, and this effect was
greater in complex I substrates glutamate/malate and duroquinol (a complex II
substrate). Decreased RCR was tied to a decrease in state III respiration and was due
to oxidation of the iron-sulfur center of complex I (Williams et al. 1998). Complete
knockout of MnSOD in mice resulted in diminished activity of succinate dehydro-
genase (complex II) in heart tissue (Li et al. 1995b). Martin et al. discovered down-
regulation of multiple nuclear gene-encoded subunits of all five complexes of
oxidative phosphorylation in MnSOD™~ erythroblasts compared to MnSOD** cells
(Martin et al. 2011). Larosche et al. found a decrease in complex I and complex V
activities in MnSOD** and MnSOD*~ mice after acute ethanol exposure; however,
MnSOD** were protected. Ethanol exposure increased iNOS expression in all
three genotypes, but complex I and V nitration was only observed in MnSOD*~ mice,
demonstrating the importance for MnSOD in modulation of peroxynitrite formation
and nitration of susceptible proteins by removal of excess superoxide that contributes
to peroxynitrite formation (Larosche et al. 2010).

Work by this laboratory has focused on the off-target effects of cancer chemo-
therapeutic drugs; in particular, the mechanisms by which Doxorubicin (Dox) induces
cardiac and neurological toxicities. A major side effect of Dox is a dose-dependent
cardiotoxicity that eventually causes dilated cardiomyopathy and heart failure
(Minotti et al. 2004; Simbre II et al. 2005). Mitochondria are a major target of Dox
(Sarvazyan 1996). Therefore, altered ROS-scavenging capacity in cardiac tissue can
affect Dox-induced cardiac injury (Sun et al. 2001; Kang et al. 2002; Shioji et al.
2002). This laboratory was the first to demonstrate that mitochondrial ROS are
essential for Dox-induced cardiac injury (Yen et al. 1996). In non-transgenic mice,
Dox treatment resulted in a significant reduction in state III respiration at complexes
I and II and diminished RCR, while complex II was only affected in MnSOD
overexpressing mice. These results indicate that MnSOD is important for protection
of complex I from Dox-mediated inactivation of complex I caused by Dox-induced
superoxide production (Yen et al. 1999).

Chemotherapy induced cognitive impairment (CICI), the generalized decline
in cognitive function marked by memory loss, diminished concentration, and
decreased reaction time, is another side effect of cancer chemotherapy (Tannock
et al. 2004; Wefel et al. 2004; Ahles and Saykin 2007; Nelson et al. 2007). Dox
treatment resulted in alterations of both structure (Brown et al. 1998;
Inagaki et al. 2007) and activity (Silverman et al. 2007) of myriad brain regions.
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Oxidative stress is believed to be an important mechanism for the cognitive decline
linked to chemotherapy (Joshi et al. 2005; Tangpong et al. 2007). This laboratory
discovered a unique mechanism of Dox-induced neurotoxicity involving elevation
of TNF-a in serum and different brain regions that resulted in a significant reduction
in state III respiration because of diminished complex I activity (Tangpong et al.
2006). Another important mechanism of Dox-induced neurotoxicity is nitration and
subsequent inactivation of MnSOD, which was inhibited by knockout of iNOS,
implying a role of iNOS in Dox-induced neurotoxicity and MnSOD in protection
from Dox (Tangpong et al. 2007). Further, our laboratory was the first to demon-
strate that the redox cycling mechanism of Dox treatment oxidized plasma APOAL;
and that, in turn, APOA1 enhanced macrophage TNF-a release contributing to
potential subsequent TNF-a-mediated toxicity, and the antioxidant, MESNA, could
reduce the systemic side effects of Dox (Aluise et al. 2011).

Mitochondrial ROS generated at various components of the electron transport
chain are instrumental to cancer development and progression by various mechanisms
(Valko et al. 2004; Waris and Ahsan 2006; Hervouet et al. 2007). Using proteomics
on isolated mitochondria from renal oncocytomas (RO) and chromophobe renal
cell carcinomas (RCC), Yusenko et al. (2010) discovered a downregulation of the
NDUFS3 subunit of complex I and an upregulation of subunits COX5A, COX5B,
and ATP5H of complexes IV and V in RO, while RCC had a downregulation of
ATP5AL1 in complex V. Knockdown of apoptosis-inducing factor (AIF), which is
important for maintaining complex I activity (Vahsen et al. 2004), in different colon
carcinoma cell lines resulted in an inability to form colonies in soft agar and tumor
formation in athymic mice, correlating with a decrease in superoxide production
and increased sensitivity to apoptosis (Urbano et al. 2005). Mutations in complex I
subunits that increase ROS production resulted in increased conversion of fibro-
blasts to myofibroblasts, leading to increased migration and invasion, as well as to
elevated expression of vascular endothelial growth factor-A, hepatocyte growth
factor, and stromal cell-derived factor-1. Conditioned media from these mutated
fibroblasts increased melanoma cell invasiveness (Taddei et al. 2012). Sharma et al.
discovered that in the C8T osteosarcoma cell line, suppression of complex I activity
by rotenone or treatment with paraquat (to induce oxidative stress) increased
tumorigenicity of the cells through ROS-mediated activation of the AKT pathway.
C8T cells have a heteroplasmic mitochondrial DNA mutation in the ND5 gene of
complex I, and introduction of a yeast-derived gene for complex I (NDI1) restored
complex I activity, diminished mitochondrial ROS production and decreased tumor-
igenicity of the cells (Sharma 2011). Owens and coworkers found an increase in the
expression of two complex III subunits in primary human breast tumor samples:
UQCRFS1 and UQCRH. Knockdown of UQCRFS1 in the MCF-7 human breast
cancer cell line resulted in decreased matrigel invasion due to decreased mito-
chondrial membrane potential and reduced ROS production, which coincided with
reduced expression of NADPH oxidases 2, 3, 4, and 5 (Owens et al. 2011).

Mitochondrial ROS can also affect HIF activity (Klimova and Chandel 2008).
HIF is a transcription factor consisting of a dimer containing a constitutively expressed
HIF-1p subunit and an oxygen-regulated HIF-1a subunit (Wang and Semenza 1995;
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Jiang et al. 1996). HIF-1 regulated the expression of genes involved in iron
metabolism, cell proliferation, angiogenesis, apoptosis, and glucose metabolism
(Ke and Costa 2006), and HIF-1a was overexpressed in myriad cancers and various
metastases (Zhong et al. 1999). Hypoxia increased complex III-derived ROS,
correlating with an increase in HIF-1a protein levels and HIF-1 transcriptional
activity, and loss of either mitochondrial DNA or expression of catalase blocked
hypoxia-mediated stabilization of HIF-1a (Chandel et al. 2000; Guzy et al. 2005;
Patten et al. 2010). However, other studies have demonstrated that HIF- 1« stabilization
was not dependent on complex III-derived ROS, but was dependent on an intact
electron transport chain (Chua et al. 2010).

MnSOD is important for regulation of HIF-1a stabilization and HIF-1 transcrip-
tional activity in a biphasic manner. Loss of MnSOD increased HIF-1a protein
levels and transcriptional activity under both normoxia and hypoxia in various cell
types, including endothelial cells (Fijalkowska et al. 2010), oral squamous cell
carcinoma (Sasabe et al. 2010), and the MCF-7 human breast cancer cell line
(Kaewpila et al. 2008). Surprisingly, MnSOD overexpression also led to increased
HIF-1a stabilization. In MCF-7 cells with different levels of MnSOD enzyme
activity, Wang et al. discovered that HIF-1a protein levels were elevated at both
low and high levels of MnSOD activity, while moderate levels of MnSOD
activity (three to six-fold above parental cells) did not elevate HIF- 1 protein levels.
Overexpression of glutathione peroxidase-1 or mitochondria-targeted catalase
suppressed hypoxia-induced HIF-1a stabilization in MCF-7 cells with high MnSOD
enzyme activity, indicating that MnSOD-derived ROS may be vital for HIF-1a
accumulation (Wang et al. 2005).

4 Mitochondrial DNA (mtDNA) Stability

mtDNA is a double-stranded, circular DNA molecule made up of 16,569 base-pairs
encoding 37 genes for 22 tRNAs and 2 rRNAs vital for translation of the remaining
13 genes (Anderson et al. 1981): seven subunits of complex I, one subunit of
complex III, three subunits of complex IV, and two subunits of complex V (Wallace
2010). All other proteins localized to mitochondria are encoded by nuclear genes,
synthesized in the cytosol, and transported to mitochondria (Wallace 2010).
mtDNA is organized into nucleoids containing 6—10 individual mtDNA genomes
(Iborra et al. 2004; Legros et al. 2004), as well as multiple proteins necessary for
mtDNA synthesis and transcription, such as mitochondrial transcription factor A,
mitochondrial single-strand DNA binding protein (mtSSB), and DNA polymerase y
(Poly) (Garrido et al. 2003; Legros et al. 2004; Chen and Butow 2005).

mtDNA was vulnerable to damage caused by agents such as ultraviolet (Takai
et al. 2006) and ionizing radiation (Richter et al. 1988) and ROS (Richter et al.
1988; Williams et al. 1998; Takai et al. 2006), with the D-loop region of mtDNA
more susceptible to damage than other regions (Mambo et al. 2003). Oxidative
damage to mtDNA and decreased mtDNA content have been linked to an age-related
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decline in mitochondrial function (Boffoli et al. 1994; Short et al. 2005) and myriad
age-related conditions (Tanaka et al. 1996), including Parkinson’s disease, diabetes,
heart failure (Kang and Hamasaki 2005), and cancer (Brandon et al. 2006; Lu et al.
2009). Cortopassi and Wang discovered that mtDNA encoding different complex I
subunits was more susceptible to damage which may be a factor in superoxide
production and disease (Cortopassi and Wang 1995). Cells lacking mtDNA (p°) or
cells that express mtDNA with a common 4977-bp deletion have much more ROS
production than parental cells or cells in which wild-type mtDNA was restored
(Indo et al. 2007). A vicious cycle can occur in which mtDNA damage results in
altered mitochondrial function, leading to increased ROS production and further
mtDNA damage (Birch-Machin and Swalwell 2010).

Many mtDNA mutations have been identified in numerous cancer types that
contribute to cancer development through various mechanisms, including increased
ROS production, modified activation of signal transduction pathways, and altered
susceptibility to apoptosis (Lu et al. 2009; Shen et al. 2010). One important study
by Petros et al. found myriad mtDNA mutations in prostate cancer cells, especially
in mtDNA-encoded subunits of complex I, compared to non-cancer controls and
the general population. Introduction of mutant mtDNA into PC3 prostate cancer
cells increased cell growth compared to cells with introduction of wild-type
mtDNA (Petros et al. 2005). A study by Ishikawa et al. using P29 and A11 mouse
lung carcinoma cell lines with low (P29) and high (A11) metastatic potential
demonstrated that cybrid (cytoplasmic hybrid) cell lines containing A11 mtDNA
had decreased complex I activity and increased metastatic potential in vitro and in
vivo, regardless of whether the cells had P29 or A1l nuclear DNA. The mtDNA
generating the highest increase in metastatic potential contained a mutation in the
gene encoding the ND6 subunit of complex I, resulting in increased ROS production.
N-acetylcysteine (NAC) treatment suppressed metastatic potential, revealing the
importance of mtDNA damage-derived mitochondrial ROS in cancer aggressive-
ness (Ishikawa et al. 2008). Jandova et al. discovered that cybrid mouse fibroblasts
expressing mtDNA from BALB/cJ mice with a somatic mutation in the mitochondrial
tRNA” gene displayed more ROS production, growth rate, and invasion/migration
characteristics compared to control fibroblasts expressing mtDNA from C57BL/6 J
mice. The enhanced tumor-like phenotype in the fibroblasts expression of the mutated
mtDNA was suppressed by treatment with either vitamin E or NAC, reinforcing
the link between mutant mtDNA-derived ROS production and cancer phenotype
(Jandova et al. 2012).

Poly is vulnerable to ROS-mediated inactivation, potentially affecting mtDNA
synthesis and repair. Treatment of the catalytic subunit of Poly with hydrogen
peroxide resulted in oxidative modification, reduced DNA binding activity, and a
dose- and time-dependent reduction in polymerase activity. Poly was more suscep-
tible to oxidation than either of the two nuclear DNA polymerases Pola or Polp
(Graziewicz et al. 2002). Given the localization of Poly in mitochondria, factors
that increase mitochondrial production of ROS may increase the likelihood of Poly
inactivation, suggesting a need for protection of Poly from oxidative stress to preserve
mtDNA fidelity.



10 S. Miriyala et al.

MnSOD is vital for guarding mtDNA from ROS-induced damage. In E. coli
K-12 cells, MnSOD associated with DNA (Steinman et al. 1994), and oxidative
mtDNA damage increased in mice with age; however, the damage was much greater
in MnSOD*- compared to MnSOD** controls (van Remmen et al. 2003). Peripheral
blood mononuclear cells from type 2 diabetic patients exhibited greater oxidative
mtDNA damage, and MnSOD expression was increased in these cells as an adaptive
response to this damage (Garcia-Ramirez et al. 2008). Overexpression of MnSOD or
treatment with a MnSOD mimetic inhibited oxidative mtDNA damage resulting
from high glucose in bovine retina endothelial cells (Madsen-Bouterse et al. 2010).
MnSOD overexpression also protected mtDNA from the damaging effects of UV
radiation (Takai et al. 2006) and acute ethanol exposure (Larosche et al. 2010;
Mansouri et al. 2010). MnSOD is part of the nucleoid complex and interacts with
mtDNA, Poly, and glutathione peroxidase to protect mtDNA from oxidative stress-
induced damage (Kienhofer et al. 2009). This laboratory confirmed the interaction
of MnSOD with Poly and mtDNA, and expanded these findings to demonstrate that
MnSOD protected mtDNA from UV-induced damage by preventing nitration and
inactivation of Poly (Bakthavatchalu et al. 2012). Because of the importance of
MnSOD as a tumor suppressor and the role of mtDNA mutations in tumorigenesis,
MnSOD may suppress cancer development, in part, by protecting mtDNA from the
damaging effects of ROS.

5 Mitochondrial Control of Innate and Adaptive Immunity

The assembly of the T cell activation complex by lipid raft formation enables the
ROS production that is vital for adaptive immunity (Lu et al. 2007). Peroxynitrite
formation in the thymus has been linked to apoptosis of human thymocytes (Moulian
et al. 2008), and glutathione depletion was shown to be important for activated
T cell death as a result of exposure to tryptophan metabolite 3-hydroxyanthranilic acid
(Lee et al. 2010). In Drosophila, ROS are essential for hematopoieitic progenitor cell
differentiation (Owusu-Ansah and Banerjee 2009). An important study by Case et al.
demonstrated the role of MnSOD in adaptive immunity. The researchers found
that thymus-specific knockout of MnSOD in mice resulted in increased immunode-
ficiency and susceptibility to influenza A H1Na infection compared to control mice
and that MnSOD knockout mice were rescued by either Tempol or CTPO treatment
(Case et al. 2011).

Innate immunity is vital for defending cells attacked by foreign microbes and
cellular damage, and is achieved by different pattern recognition receptors (PRRs).
These PRRs recognize sundry cell components that indicate either damaged or
injured cells, referred to as danger-associated molecular patterns (DAMPs). PRRs also
identify assorted components of microbial organisms known as pathogen-associated
molecular patterns (PAMPs). PRRs are either membrane bound or cytosolic
(Cinel and Opal 2009; Kawai and Akira 2009; Martinon et al. 2009), and activation
of these receptors resulted in activation of many transcription factors, such as AP-1,
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interferon-regulatory factor (IRF), and NF-xB (Martinon et al. 2009). PRR activation
can also lead to inflammasome formation, multiprotein complexes comprised of
a sensing protein (NLR), a caspase (such as caspase 1), and an adaptor protein
(an apoptosis-associated speck-like protein containing a CARD [ASC]) (Sidiropoulos
et al. 2008). Inflammasomes are platforms for inflammatory cytokine activation
such as interleukin-(IL-) 1B, as a result of PAMPs or DAMPs in cells (Martinon
et al. 2009).

Mitochondria are vital to the commencement of an immune response. Seth et al.
discovered a mitochondrial antiviral signaling (MAVS) protein needed for NF-xB
and IRF-3-dependent interferon-p (IFN-) expression as a result of a viral infection.
Knockdown of MAVS inhibited, while MAVS overexpression enhanced, IFN-f
expression, and mitochondrial localization of MAVS was vital for its function
(Seth et al. 2005). Release of mtDNA or formyl peptides resulting from injury
activated polymorphonuclear neutrophils, leading to neutrophil-mediated organ
injury (Shen et al. 2010). Innate immunity was also activated by mtDNA. Depletion of
mtDNA by ethidium bromide treatment (p° cells) in J774A.1 macrophages inhibited
both lipopolysaccharide- and ATP-induced caspase-1 activation and IL-1p secretion.
Treatment with DNase I inhibited, while transfection with mtDNA enhanced,
inflammasome formation, indicating that mtDNA release into the cytosol is vital for
activation of inflammasomes (Nakabhira et al. 2011).

ROS are central to the activation of inflammasomes (Martinon 2010). ROS gen-
erated by NADPH oxidase (Nox) are involved in Nalp3 inflammasome activation
and IL-1p secretion in human macrophages after asbestos exposure. When Nox
activity was inhibited by diphenylene iodonium chloride or apocynin treatment or
ROS scavenging by N-acetylcysteine or APDC ([2R,4R]-4-aminopyrrolidine-2,4-
dicarboxylate), asbestos-induced IL-1p activation was inhibited (Dostert et al. 2008).
Later work by Meissner et al. demonstrated that caspase-1 activation and IL-1f can
occur in the absence of active Nox (Meissner et al. 2010), implying that other ROS
sources may also participate in inflammasome activation.

Recent work from two laboratories demonstrated involvement of mitochondrial
ROS in inflammasome activation. Zhou et al., using the THP1 macrophage cell line,
discovered that chemical inhibition of different complexes of the electron transport
chain increased mitochondrial ROS production and increased IL-1f activation.
NLRP3 and ASC, components of the inflammasome, localized to both the endo-
plasmic reticulum and mitochondria in response to various inflammasome-stimulating
agents. The voltage-dependent anion channel (VDAC) is vital for mitochondrial
ROS-dependent inflammasome formation, with either knockdown of VDACI1 or
VDAC?2 expression or overexpression of bcl-2 inhibiting caspase-1 and IL-1p
activation (Zhou et al. 2011). Treatment of LPS and ATP-stimulated macrophages
with rotenone increased caspase-1 activation and IL-1p secretion, and this effect
was inhibited by the antioxidant Mito-TEMPO (Nakahira et al. 2011).

Proinflammatory cytokines can also be activated by mitochondrial ROS indepen-
dent of inflammasomes. In mouse embryonic fibroblasts expressing different type
1-TNF receptors (TNFR1) linked to tumor necrosis factor receptor-associated
periodic syndrome (TRAPS), basal mitochondrial ROS levels were higher than in
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wild-type cells, which is important for LPS-stimulated IL-6 and TNF production,
but not IL-1, in the absence of inflammasome formation. Scavenging mitochondrial
ROS impeded LPS-dependent cytokine production (Bulua et al. 2011).

Autophagy is also important for inflammasome formation. Knockdown of LC3
(Nakahira et al. 2011) or beclin-1 (Nakahira et al. 2011; Zhou et al. 2011), or inhibition
of autophagy by 3-methyladenine (3-MA) (Zhou et al. 2011) increased mito-
chondrial ROS, caspase-1 activation, and IL-1p secretion. Autophagy inhibition also
prevented LPS and ATP-stimulated mtDNA release into the cytosol, which corre-
lated with diminished caspase-1 activation (Nakahira et al. 2011). The results imply
a role for autophagy in the removal of damaged mitochondria to prevent activation
of inflammasome-dependent innate immunity. Inhibition of autophagy leads to
accumulation of damaged mitochondria, increasing basal mitochondrial ROS
production and inflammasome formation. Given the importance of inflammation
and immunity in cancer formation and progression (Grivennikov et al. 2010), these
studies suggest exciting possibilities for the effects of MnSOD in tumorigenesis by
both inflammasome-dependent and —independent mechanisms.

6 Apoptosis

Apoptosis is a highly regulated form of cell death targeting an individual cell or
small groups of cells for destruction. Apoptosis is characterized by a distinct set
of events involving condensation of the cytoplasm and nucleus, resulting in the
formation of apoptotic bodies (membrane-bound fragments containing cellular
components), followed by phagocytosis of these apoptotic bodies by surrounding
healthy cells (Majno and Joris 1995; Afford and Randhawa 2000). Apoptosis is vital
for myriad cellular processes, including embryonic development and immune
response (Schwartzman and Cidlowski 1993). Apoptosis can occur by two pathways:
extrinsic (dependent on an external stimulus for cell death) (Reed 2000) and intrinsic
(initiated by some internal stress) (Roy and Nicholson 2000; Basu et al. 2006).

The mitochondrion is an important site for apoptosis (Gulbins et al. 2003;
Spierings et al. 2005), which occurs due to some dysfunction of the organelle, including
permeabilization of the mitochondrial membrane, changes in mitochondrial mem-
brane potential, and ROS generation (Green and Reed 1998). When mitochondrial
dysfunction occurs, different molecules are released from mitochondria that are
responsible for initiation and propagation of apoptotic signals. Cytochrome c, a
vital component of the electron transport chain, is released into the cytoplasm upon
some internal stress and interacts with Apaf-1 to form the protein complex known
as the apoptosome, which promotes caspase9 activation. Other proteins released
from mitochondria include Omi/Htr2 and Smac/DIABLO, which interfere with
members of the inhibitor of the apoptosis (IAP) family, as well as apoptosis inducing
factor (AIF) and endonuclease G, which translocate to the nucleus and participate in
DNA fragmentation (Adams 2003). A recent finding has shown that enhanced intra-
cellular Ca?* and ROS levels were prerequisites for AIF to be cleaved and released
from mitochondria (Norberg et al. 2010).
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Mitochondrial membrane phospholipids play a pivotal role in modulating
oxidative stress and molecular integrity. The most profound phospholipids species
is cardiolipin (CL) which is exclusively located in the inner mitochondrial membrane
where it is biosynthesized (Schlame et al. 2000). It is well established that CL plays a
vital role in mitochondrial bioenergetics, optimizing the activity of key mitochondrial
inner membrane proteins involved in oxidative phosphorylation (Houtkooper and
Vaz 2008). Structural alterations of CL led to mitochondrial dysfunction in many
pathological settings (Chicco and Sparagna 2007) and, due to its high content of
unsaturated fatty acids, it is highly prone to peroxidative attack by ROS. CL peroxi-
dation has been shown to play a critical role in several physiopathological situations
(Pope et al. 2008). Oxidation/depletion of CL would negatively affect the biochemical
function of mitochondrial membranes, leading to cellular dysfunction and eventually
cell death (Petrosillo et al. 2003; Ottet al. 2007).

MnSOD has a complex function in apoptosis regulation. Myriad reports demon-
strate the importance of MnSOD in protecting normal tissues from the deleterious
effects of ionizing radiation (Zwacka et al. 1998; Epperly et al. 1999, 2002, 2003, 2004).
MnSOD also regulates exposure to Fe(II), NO-generating agents, amyloid B-peptide
(Keller et al. 1998), and tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) (Mohr et al. 2007). MnSOD protects against apoptosis by preventing the
release of various mitochondrial effectors that induce apoptosis, including Smac/
DIABLO (Mohr et al. 2007) and cytochrome ¢ (Epperly et al. 2002).

MnSOD also affects apoptosis induction by modulation of ROS. In Fsall murine
fibrosarcoma cells, MnSOD overexpression inhibited apoptosis induced by antimy-
cin and rotenone (electron transport chain inhibitors) by altering mitochondrial
ROS levels, leading to decreased caspase 3 activity and poly(ADP-ribose)
polymerase cleavage (Kiningham et al. 1999). MnSOD overexpression hampered
peroxynitrite production and lipid peroxidation induced by Fe(II), amyloid
B-peptide, and NO-generating agents in the PC6 pheochromocytoma cell line
(Keller et al. 1998).

Inflammatory cytokine-mediated apoptosis is also altered by MnSOD. MnSOD
overexpression protected A375 human melanoma cells and Chinese hamster ovary
cells from inflammatory cytokines (Hirose et al. 1993). Mitochondrial ROS
production has been shown to be an important mechanism of tumor necrosis factor
(TNF)-stimulated apoptosis (Goossens et al. 1995), and stimulation of MnSOD
by TNF may be an adaptive response for protection from further TNF exposure
(Wong and Goeddel 1988; Wong et al. 1989). As an example of this adaptive response,
Mattson et al. found that pretreatment of hippocampal cells with TNF-a provided
protection against Fe(Il)- and amyloid p-peptide-induced apoptosis by stimulating
MnSOD expression (Mattson et al. 1997). This laboratory discovered that the anties-
trogen tamoxifen augmented TNF-a-induced MnSOD expression by increasing
p50/p65 NF-kB dimer binding to the second intronic enhancer in the MnSOD gene
(Daosukho et al. 2002). Further studies by this laboratory demonstrated that increased
MnSOD expression was part of the mechanism by which tamoxifen protected cardiac
tissue from Dox-induced apoptosis (Daosukho et al. 2005). In human Jurkat T cells,
degradation of MnSOD by caspases was vital for Fas receptor-mediated apoptosis
due to increased superoxide production (Pardo et al. 2006). Increased steady-state
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hydrogen peroxide is one potential mechanism of MnSOD-induced resistance to
further TNF-a treatment (Dasgupta et al. 2006).

MnSOD seems to have a context-specific role in cancer. MnSOD expression
has been decreased in many types of cancer (Oberley and Buettner 1979), and over-
expression of MnSOD has stimulated apoptosis in myriad cancers. Overexpression
of MnSOD alone, or in combination with overexpression of TRAIL, increased
apoptosis in cancer cells by stimulation of caspase-8 activation, mitochondrial
localization of Bax, and release of AIF and cytochrome c, leading to caspase-9
and -3 activation. The increase in apoptosis decreased tumor xenograft growth in
cells overexpressing either MnSOD or TRAIL, and tumor xenograft growth was
completely eliminated with the combination of MnSOD and TRAIL (Zhang
et al. 2006). p53-dependent expression of MnSOD and glutathione peroxidase
stimulated apoptosis in the TR9-7 Li-Fraumeni syndrome fibroblast cell line
(Hussain et al. 2004). MnSOD overexpression sensitized the WEHI7.2 murine thymic
lymphoma cells to dexamethasone-induced apoptosis (Jaramillo et al. 2009).

However, various studies have also demonstrated MnSOD-dependent protection
of cancer cells from apoptosis. Overexpression of MnSOD in colorectal carcinoma
cells inhibited apoptosis by prevention of Smac/DIABLO release (Mohr et al. 2007).
Palazzotti found that resistance of HT29 colon carcinoma cells to serum starvation-
induced cell death was due, in part, to expression of MnSOD, and overexpression of
MnSOD in HeLa cervical carcinoma cells conferred resistance to serum starvation-
induced cell death (Palazzotti et al. 1999). In a study by Hai et al., MnSOD expression
was increased in nearly half of all esophageal squamous cell carcinomas tested and
was linked to apoptosis resistance (Hu et al. 2007). Kahlos et al. discovered that
MnSOD expression in both primary mesothelioma tumors and in different mesothe-
lioma cell lines expressing different levels of MNSOD correlated with increased
resistance to epirubicin-induced apoptosis (Kahlos et al. 2000). This laboratory
demonstrated MnSOD-dependent resistance of the Fsa-II murine fibrosarcoma cell
line to rotenone- and antimycin-stimulated apoptosis due to altered mitochondrial
ROS levels (Kiningham et al. 1999).

MnSOD has a dual function: it serves as both a tumor suppressor in early stages
of cancer development and it provides support for tumor growth at later stages of
cancer development. MnSOD is also important in protecting normal tissues from
apoptosis induced by various chemotherapy agents and ionizing radiation. Given
these roles of MnSOD, the development of adjuvant therapies that increase MnSOD
activity and/or expression will enhance the toxic effects of cancer treatments on
cancer cells and simultaneously will protect normal tissues by targeting apoptosis
pathways in both types of tissue.

7 Tricarboxylic Acid (TCA) Cycle

The TCA cycle (also known as the Krebs cycle) is a fundamental metabolic pathway
localized to mitochondria. The TCA cycle provided reducing equivalents as feed-
stock for the electron transport chain and generated myriad substrates for other
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cellular processes (Rotig et al. 1997; Briere et al. 2006). Many studies in multiple
model systems have exhibited the role of MnSOD in maintaining the activity of
different TCA cycle proteins, such as yeast (Longo et al. 1999), Drosophila
(Duttaroy et al. 2003), mouse (Williams et al. 1998), and Arabidopsis thaliana
(Morgan et al. 2008). Microarray analysis of wild-type and MnSOD~~ mouse
erythroids showed that complete loss of MnSOD resulted in a significant reduction in
expression of nearly all enzymes of the TCA cycle, as well as many of the regulatory
proteins involved in this metabolic pathway (Martin et al. 2011). Liver mitochondria
from MnSOD*~ mice have significantly reduced aconitase activity, which was
rescued by addition of dithiothreitol and iron, suggesting that aconitase inactivation
may be due to superoxide-dependent oxidation (Williams et al. 1998). MnSOD
overexpression of MnSOD in A549 human lung adenocarcinoma cells prevented
hypoxia-reoxygenation-induced aconitase inactivation (Powell and Jackson 2003),
as well as inactivation of aconitase by electron transport inhibitors and phenazine
methosulfate (a redox cycling agent) (Gardner et al. 1995). Morgan et al. found that
knockdown of MnSOD expression in transgenic Arabidopsis thaliana resulted in a
decrease in the activities of both aconitase and isocitrate dehydrogenase, as well as
a diminished TCA cycle flux (Morgan et al. 2008). Complete knockout of MnSOD
in mice resulted in significant reduction in aconitase and succinate dehydrogenase
activities in heart and other tissues (Li et al. 1995b). Increased expression of MnSOD
in A549 human lung carcinoma cells by adenoviral transduction protected the cells
from hypoxia reoxygenation-induced reduction in both aconitase and succinate
dehydrogenase activities (Powell and Jackson 2003).

Dysregulation of the TCA cycle has been reported in many types of cancer
(Wenner et al. 1952; Rotig et al. 1997; Briere et al. 2006; Denkert et al. 2008; Frezza
et al. 2011). Much work has focused on three key enzymes in the TCA cycle:
isocitrate dehydrogenase, fumarase (also known as fumarate hydratase), and succinate
dehydrogenase. Mutations in the genes encoding these TCA cycle enzymes in
various cancer cell lines and tissues have been reported. Mutations in codon 132 of
isocitrate dehydrogenase (IDHI) have been observed in myriad brain tumors
(Balss et al. 2008; Ichimura et al. 2009; Watanabe et al. 2009). Codon 132 encodes
an arginine in the binding site for isocitrate, and mutation of this codon resulted in
complete loss of isocitrate dehydrogenase enzyme activity (Jennings et al. 1997,
Soundar et al. 2000). Arg132 and other types of mutations in both IDHI and IDH2
have been identified in acute myeloid leukemia (Chotirat et al. 2012). Various germline
mutations in the fumarate hydratase (FH) gene, resulting in reduced enzyme activity,
have been associated with uterine and cutaneous leiomyomata and renal cell carci-
noma (Consortium 2002; Martinez-Mir et al. 2003; Toro et al. 2003), and also have
been identified as having a potential role in both bladder and breast cancers
(Lehtonen et al. 2006). Sundry mutations in succinate dehydrogenase (complex II)
subunits have been identified in patients with leukemia (Baysal 2007), paraganglioma
(Baysal et al. 2000), and in individuals with Cowden and Cowden-like syndrome
(Ni et al. 2008).

Various mechanisms by which dysregulation of TCA cycle enzyme function may
play a role in tumorigenesis include superoxide and hydrogen peroxide production,
which can lead to genomic instability and activation of HIF. Different studies have
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demonstrated that TCA cycle intermediates, such as succinate (Selak et al. 2005;
Koivunen et al. 2007), as well as fumarate, oxaloacetate, and citrate (Koivunen
et al. 2007), contributed to HIF-1a protein stability by inhibiting the activity of different
HIF prolyl 4-hydroxylases that act as negative regulators of HIF-1a protein stability.
It was found that germline mutations in either fumarate hydratase or succinate
dehydrogenase linked to cancer development resulted in accumulation of fumarate
and succinate that contribute to HIF-1a stabilization (Koivunen et al. 2007). Loss of
the B subunit of succinate dehydrogenase (SDHB), by either pharmacological or
RNA interference methods, resulted in HIF activation through ROS-dependent
(Guzy et al. 2008) or -independent mechanisms (Cervera et al. 2008), leading to
increased tumorigenic behavior. In a recent study by Owens et al. (2011) using
immortalized Chinese hamster lung fibroblasts, stable expression of a mutant for
the D subunit of succinate dehydrogenase (SDHD) resulted in a 2-fold increase in
steady-state levels of superoxide, leading to a 70-fold increase in mutation frequency.
Treatment with PEG-conjugated catalase or MnSOD, or MnSOD adenovirus, signifi-
cantly reduced the mutation frequency in SDHD mutant-expressing cells, indicating
an important role for both superoxide and hydrogen peroxide in SDHD mutant-
mediated genomic instability. The studies discussed above suggest a possible mech-
anism of the tumor suppressive effects of MnSOD: by protecting TCA cycle proteins
from ROS-induced deactivation, it potentially prevents the buildup of the TCA
cycle intermediates and TCA cycle enzyme-derived ROS that may play a role in
the genomic instability and activation of the transcription factors that contribute
to tumorigenesis.

8 Mitochondria as an Originator of Inside-Out Signaling

Src is a family of non-receptor tyrosine kinases with nine members: FGR, LCK, HCK,
FYN, LYN, BLK, YRK, YES, and c-Src (hereafter referred to as Src). This family
of kinases regulates a multitude of cellular functions, including cell proliferation,
angiogenesis, cell adhesion, growth factor signaling, and bone remodeling (Aleshin and
Finn 2010). Src family members are important for cancer progression, making them
attractive targets for anticancer therapy (Summy and Gallick 2003; Johnson and
Gallick 2007; Wheeler et al. 2009; Guarino 2010; Zhang and Yu 2011). Src is kept
in an inactive state by phosphorylation at Tyr530 (Tyr527 in mice), maintaining Src
in an inactive conformation. Dephosphorylation at Tyr530 leads to a more open
conformation. Complete activation occurs when Src autophosphorylates at Tyr419 in
the kinase domain (Tyr416 in mice) (Aleshin and Finn 2010).

ROS are important in the regulation of Src activity (Sun and Kemble 2009;
Giannoni et al. 2010). Nevertheless, whether oxidation of Src causes activation or
inactivation of the kinase is debated. One study revealed that oxidation led to Src
inactivation. Oxidation of Cys277 within the catalytic domain of Src led to the
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formation of an intermolecular disulfide bond between two Src molecules, leading
to inactivation (Kemble and Sun 2009). On the other hand, other reports implied
that Src oxidation resulted in activation. Using NIH3T3 rat fibroblasts cells,
Akhand et al. found that treatment with hydrogen peroxide, as well as the nitric
oxide generators sodium nitroprusside and S-nitroso-N-acetylpencillamine (SNAP),
resulted in autophosphorylation of Src at Tyr416 and disulfide bond formation.
These modifications resulted in more Src protein aggregation and increased
kinase activity (Akhand et al. 1999). Hydrogen peroxide-induced Src activation
was reversed by N-acetylcysteine (NAC) treatment by decreasing phosphorylation
at Tyr419 and diverting Src away from the plasma membrane to acidic endoly-
sosomes in various human cancer cell lines (Krasnowska et al. 2008). A similar
deactivation of Src by antioxidants occurred in HeLa cervical carcinoma cells.
Src activation by low-power laser irradiation was inhibited in treatment with
vitamin C, catalase, or the combination of catalase and superoxide dismutase
(Zhang et al. 2008). In NIH3T3 cells, treatment with nordihydroguaiaretic acid
(NDGA) inhibited lipoxygenase activity, leading to a decrease in Src oxidation,
diminished autophosphorylation of Src at Tyr416, and reduced association between
Src and focal adhesion kinase during cell adhesion, providing evidence for the
importance of Src oxidation during cell adhesion and anchorage-dependent cell
growth (Giannoni et al. 2005).

Several studies have demonstrated the importance of mitochondria in the
regulation of Src activity. A-kinase anchor protein 121 (AKAP121) and AKAP84
are localized at the outer membrane of mitochondria. These proteins bind protein
tyrosine phosphatase D1 (PTPD1), which is a positive regulator of Src activity.
In HEK?293 human embryonic kidney cells, transfection of PTPD1 alone resulted
in Src-dependent augmentation of EGF receptor signaling. AKAP121 transfection
resulted in diminished Src-dependent EGF receptor activation because of
AKAPI121-dependent recruitment of PTPD1 to mitochondria (Cardone et al. 2004).
The ROS-generating enzyme NADPH oxidase-4 (Nox4), which has been identified
in mitochondria (Block et al. 2009; Graham et al. 2010), is important for angioten-
sin II (AnglI)-dependent activation of Src and 3-phosphinositide-dependent protein
kinase-1 (PDK-1). Knockdown of Nox4 by siRNA or expression of an oxidation-
resistant Src mutant (Cys487Ala) prevented Angll-induced activation of PDK-1
(Block et al. 2008).

Mitochondrial ROS are also important for hypoxic activation of Src. Lluis
et al. (2007) discovered that hypoxia-induced mitochondrial ROS production
activated Src, leading to increased IkB-o phosphorylation and NF-kB activation.
Activation of the Src pathway was inhibited by treatment with a combination of the
mitochondrial electron transport chain inhibitors rotenone and TTFA, the Src kinase
inhibitor PP2, or by expression of a mutant Src in which Cys487 (kinase domain)
was mutated to an alanine, suggesting a vital role for mitochondrial ROS in the
activation of Src (Lluis et al. 2007). Using primary rat aortic smooth muscle cells
and the C2/2 rabbit aortic smooth muscle cell line, Sato et al. found that hypoxia
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increased Src phosphorylation, HIF-1a protein levels, and expression of plasminogen
activator inhibitor-1 (PAI-1) through mitochondria-generated hydrogen peroxide
(Sato et al. 2005).

While Src is found primarily on the plasma membrane, a number of studies have
demonstrated mitochondrial localization of Src, where Src can influence mitochon-
drial function. Salvi et al. identified several Src family members in mitochondria
isolated from rat brain (Fyn, Src, and Lyn). The authors found that the phosphory-
lation state of mitochondrial proteins changed with PP2 treatment, suggesting that
various mitochondrial proteins may be targets of Src family kinases (Salvi et al.
2002). Augereau et al. reported similar effects of PP2 on mitochondrial protein
phosphorylation, as well as decreased state 3 respiration with PP2 treatment
(Augereau et al. 2005). The downstream of kinase-4 (Dok-4) adaptor protein
localized to mitochondria and recruited Src to mitochondria, which is vital for
TNF-a-stimulated mitochondrial ROS production and activation of NF-kB (Itoh et al.
2005). Hebert-Chatelain et al. discovered that Src regulated oxidative phosphory-
lation in human cancer cell lines by specifically targeting the NDUFB 10 subunit
of complex I (Hebert-Chatelain et al. 2012). Src phosphorylated complex IV and
regulated its activity in osteoclast function. Loss of Src activity by deletion of the
c-Src gene diminished complex IV activity, which was restored by reexpression of
c-Src (Miyazaki et al. 2006). Protein tyrosine phosphatase 1B (PTP1B) in mito-
chondria regulated mitochondrial Src activity and Src-dependent activation of
complex IV (Chatelain et al. 2011). AKAP121 was important to recruiting both
PKA and Src to mitochondria, where Src can influence mitochondrial function,
such as mitochondrial membrane potential and ATP production through phosphory-
lation of various mitochondrial proteins (Livigni et al. 2006). These results suggest
that not only do mitochondria influence Src function, in part, through ROS-mediated
mechanisms, but Src can influence mitochondrial function via phosphorylation of
various mitochondrial proteins, making Src a key mediator of both outside-in and
inside-out signaling at mitochondria.

9 Mitochondrial as a Signaling Generator/Recipient

9.1 Mitochondria in Outside-In Signaling

Transcription factors and nuclear receptors are important in the regulation of
mitochondrial function, which they can do by two mechanisms: regulation of
nuclear-encoded mitochondrial genes and localization to mitochondria for direct
regulation of mtDNA gene expression and function (Leigh-Brown et al. 2010).
Many transcription factors and nuclear receptors have been identified in mitochondria,
including p53, cAMP (cyclic AMP response element binding protein), Stat3 (signal
transducer and activator of transcription 3), PPARy2 (peroxisome proliferator-
activated receptor y2), and multiple hormone receptors (Gavrilova-Jordan and
Price 2007; Lee et al. 2008; Leigh-Brown et al. 2010).
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10 Transcription Factors

10.1 Nuclear Receptors

The nuclear receptor superfamily of transcription factors is a large collection of
transcription factors that can be broken up into two broad categories: steroid and
non-steroid receptors (Evans 1988). These receptors bind a wide range of ligands,
such as steroid hormones, retinoic acid, thyroid hormone, and vitamin D;, to
name just a few. In their inactive forms, steroid hormone receptors have been
found in the cytoplasm bound to various heat shock proteins. Upon ligand binding,
the receptor dissociated from the heat shock proteins and dimerized, followed
by nuclear translocation and binding to hormone response elements (McKenna
et al. 1999).

10.2 Estrogen Receptor

Several reports indicate the presence of various steroid hormone receptors in mito-
chondria (Gavrilova-Jordan and Price 2007), including androgen receptor (AR)
(Solakidi et al. 2005a, b) and glucocorticoid receptor (GR) (Solakidi et al. 2007).
The presence of estrogen receptor (ER) in mitochondria has been reported in a
multitude of tissues, such as human lens epithelial cells (Flynn et al. 2008), murine
skeletal muscle cells (Milanesi et al. 2008, 2009), and the brain (Arnold and
Beyer 2009), in particular in hippocampal cells (Yang et al. 2004; Milner et al. 2005;
Yang et al. 2009). Mitochondrial ER appears to have an important effect on mito-
chondrial homeostasis. Estrogen treatment prevented a decrease in mitochondrial
membrane potential caused by hydrogen peroxide in human lens epithelial cells,
which was inhibited by siRNA treatment targeted against the ER present in the cells
(Flynn et al. 2008). Yang et al. found that knockdown of the f isoform of ER in
HT-22 hippocampal cells resulted in a reduction of the resting mitochondrial
membrane potential and increased resistance to hydrogen peroxide-induced depo-
larization (Yang et al. 2009). ERa was detected in the mitochondria of cerebral
vasculature, and treatment with 17f-estradiol (E,) increased the expression of various
mitochondrial proteins encoded by both the nuclear genome and mitochondrial
genome. E, treatment increased the activities of mitochondrial citrate synthase and
complex IV, as well as decreased hydrogen peroxide production. These findings
suggest that part of the protective function of E, in vasculature may be modulation
of mitochondrial activity (Stirone et al. 2005).

The mitochondrial localization of estrogen receptors is also important in cancer
cells. Solakidi et al. identified ERP in mitochondria in both the SaOS-2 human
osteosarcoma and HepG2 hepatocarcinoma cell lines (Solakidi et al. 2005a, b, 2007).
Ivanova et al. found that ERp was localized primarily at the cytoplasm and mito-
chondria in H1793 (female) and A549 (male) lung adenocarcinoma cells independent
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of E, treatment and irrespective of the sex of the patient from whom the cell lines
were derived (Ivanova et al. 2010). Knockdown of ERp in various non-small-cell
lung carcinoma cell lines inhibited cell growth and sensitized the cells to cisplatin-,
paclitaxel-, and etoposide-induced apoptosis, which occurred independently of
estradiol treatment and was rescued by reintroduction of ERf into these cells
(Zhang et al. 2010). Mitochondrial localization of ER is also important in the MCF-7
human breast cancer cell line. Chen et al. discovered the presence of both the o and
[ isoforms of ER in mitochondria using a variety of biochemical techniques: confocal
microscopy, and immunogold-labeling and electron microscopy. ER mitochondrial
localization was enhanced by treatment with E, in a time- and concentration-
dependent manner. The authors later identified an internal mitochondrial localization
sequence within ERP (Chen et al. 2004b).

Mitochondrial localization of ER has various effects on mitochondrial function.
Mitochondrial ERp inhibited apoptosis by interacting directly with the proapoptotic
ligand Bad in a ligand-independent manner and exerted its antiapoptotic function by
disrupting the interaction between Bad and the antiapoptotic proteins Bcl-2 and
Bcl-X, (Zhang et al. 2010). The presence of ER in mitochondria led to expression
of mitochondrial DNA-encoded subunits I and II of cytochrome ¢ oxidase (Chen
et al. 2004b). Putative estrogen response elements have been identified in mtDNA
(Sekeris 1990; Demonacos et al. 1996). Chen et al. used electrophoretic mobility
shift assays and surface plasmon resonance to identify binding of mitochondrial
extracts containing ER, as well as recombinant ERa and ERp, to these putative
mtDNA estrogen response elements (Chen et al. 2004a).

Estrogen itself can also act on mitochondria. Parkash et al. found that treatment
of MCF-7 cells with 17p-estradiol (E,) increased mitochondrial Ca** concentration,
and this increase occurred after an E,-induced increase in mitochondrial ROS.
This increase in mitochondrial Ca?* occurred through non-genomic mechanisms
(Parkash et al. 2006). Using mitochondria isolated from Wistar rat liver, Moreira et al.
discovered that the estrogen receptor modulator tamoxifen and estradiol affected
mitochondrial function by decreasing respiratory control ratio, transmembrane
potential, and depolarization potential. Treatment with E, decreased FCCP
(carbonyl cyanide p-trifluoromethoxyphenylhydrazone)-stimulated respiration,
state 3 respiration, and respiratory control ratio. Interestingly, the effects of tamoxifen
were amplified by the presence of E,. The estrogen receptor inhibitor ICI 182.780
had no effect on the actions of either tamoxifen or E,, suggesting that the effects
of estrogens on mitochondria can occur in a receptor-independent manner
(Moreira et al. 2006).

10.3 Thyroid Hormone Receptor

Thyroid hormone (T3) is essential for the control of numerous cellular functions,
in part, by regulating mitochondrial function. This regulation occurred through
coordination of both nuclear and mitochondrial gene expression (Sinha et al. 2010;
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Weitzel and Iwen 2011). T3 stimulated expression of many subunits of electron
transport chain components encoded by nuclear DNA (Nelson et al. 1995; Li et al.
1997). Treatment of HTC rat hepatoma cells increased complex IV activity and
expression of several mitochondrial DNA-encoded electron transport chain sub-
units, including subunit II of complex IV, but did not affect the expression of nuclear
DNA-encoded subunits (Van Itallie 1990). Wiesner et al. reported the T3-dependent
expression of various subunits of complex I'V of the electron transport chain encoded
by both nuclear DNA and mitochondrial DNA, demonstrating the coordination of
nuclear and mitochondrial genomes by T3 (Wiesner et al. 1992). Wrutniak et al.
later identified a 43 kDa truncated form of the T3 receptor (p43) in the matrix of
mitochondria which bound to both palandromic T3 response elements and, more
interestingly, the DR2 sequence located within the D-loop of mitochondrial DNA
(Wrutniak et al. 1995). p43 had a similar affinity toward T3 as the nuclear T3 receptor
and increased expression of mitochondrial mRNA and ribosomal RNA in a
T3-dependent manner (Casas et al. 1999).

p43 homozygous knockout (p43~-) mice have proven valuable in determining
the in vivo effects of T3 on mitochondrial function. Blanchet et al. discovered that
complete loss of p43 resulted in hypothermia p43~~ mice, compared to wild-type
animals, where hypothermia did not occur. Severe dysregulation in insulin secretion
was observed in the p43~~ animals, which had significantly higher insulin levels
during food withdrawal and lower insulin levels after feeding, compared to wild-
type controls. Altered glucose metabolism was linked to a decrease in pancreatic
islet density, as well as to decreased activity in complexes I and IV of the electron
transport chain (Blanchet et al. 2012). In skeletal muscle, complete loss of p43
resulted in decreased mtDNA replication and electron transport chain activity,
correlating with an increase in glycolytic phenotype of different muscle types tested,
as well as increased utilization of lipids compared to wild-type animals. p43~'~
mice also had significantly increased muscle mass compared to wild-type mice
(Pessemesse et al. 2012). While knockout of p43 resulted in muscle hypertrophy,
overexpression of p43 caused age-dependent muscle atrophy linked to a decrease in
mitochondrial DNA content and an increase in oxidative stress, as measured by
lipid and protein oxidation, in spite of an increase in antioxidant enzyme activity
(catalase and superoxide dismutase) (Casas et al. 2009).

Altered T3 receptor function has been linked to cancer development (Cheng 2003;
Aranda et al. 2009), and overexpression of p43 has been linked to transformation.
Using human dermal fibroblast cells, Grandemange et al. found that overexpression
of p43 resulted in myriad phenotypic changes indicative of transformation, including
a more compact cell morphology, loss of contact inhibition, increased proliferation
and anchorage-independent cell growth, and a decreased requirement for serum
growth factors compared to control cells. The authors also discovered that over-
expression of p43 increased tumor formation in athymic mice compared wild-type
cells. Transformation after p43 overexpression was linked to decreased expression
of several tumor-suppressing proteins (p53, retinoblastoma, and p21VAF!), as well
increased amounts of c-Fos and c-Jun proteins, and elevated mitochondrial activity
and ROS production (Grandemange et al. 2005).
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10.4 Cyclic AMP Response Element Binding Protein (CREB)

A cAMP/PKA/CREB signaling pathway exists in mitochondria and can regulate
mitochondrial function through many mechanisms. Using Wistar rats, Cammarota
et al. detected the presence of a small amount of CREB in rat brain mitochondria
using a combination of subcellular fractionation and immunogold-staining electron
microscopy. This mitochondrial CREB was able to be phosphorylated by PKA
and had DNA binding activity, as determined by EMSA using oligonucleotides
containing a CREB response element (Cammarota et al. 1999). CREB was able to
translocate into mitochondria and stimulate expression of various electron transport
chain components encoded by mitochondrial DNA (De Rasmo et al. 2009). PKA was
also localized to mitochondria, and was responsible for phosphorylation of mito-
chondrial CREB and stimulation of binding mitochondrial CREB to the D-loop of
mitochondrial DNA at CREB response elements after treatment with the antioxidant
deferoxamine (Ryu et al. 2005). Acin-Perez et al. discovered the existence of a
soluble adenylyl cycle (sac) in HeLa cervical carcinoma mitochondria, which was
responsive to metabolically generated carbon dioxide. cAMP generated from sac
stimulated mitochondrial PKA activity, resulting in altered phosphorylation of
myriad mitochondrial proteins, including different subunits involved in electron
transport (Acin-Perez et al. 2009).

10.5 Signal Transducers and Activators
of Transcription (STAT)

STATsS, like CREB, have also been identified in mitochondria, where they play an
important role in regulating mitochondrial function. Fernley et al. identified GRIM-19,
a cell death regulatory protein whose expression was stimulated by interferon-f and
retinoic acid, as a subunit of complex I of the electron transport chain (Fearnley
et al. 2001). GRIM-19 was later discovered to interact specifically with STAT3 and
inhibit STAT3 transcriptional activity and target gene expression (Lufei et al. 2003).
STAT3 interacts with complex I and is important for maintaining oxidative
phosphorylation function. Knockout of STAT3 expression resulted in a significant
reduction in state 3 respiration due to decreased activities of complexes I and II,
which was restored by reexpression of STAT3. Similar results were observed in cells
expressing a mitochondria-targeted STAT3, implying the importance of STAT3 in
maintaining mitochondrial function through a transcription-independent mechanism
(Wegrzyn et al. 2009).

The presence of STAT3 is necessary for maintenance of electron transport chain
function after ischemia-induced cardiac injury. Using transgenic mice with a
cardiomyocyte-specific expression of a mitochondria-targeted STAT3 with a muta-
tion in the DNA binding domain (MT-STAT3E), Szczepanek et al. revealed that
when STAT3 was present, mitochondria were protected from ischemia-induced
injury. Complex I and II basal activities were slightly lower in the MT-STAT3E
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expressing mice. Interestingly, complex I-dependent respiration was protected from
ischemia-induced damage in MT-STAT3E hearts compared to wild-type controls.
The presence of MT-STAT3E also inhibited cytochrome ¢ release and ROS produc-
tion after ischemia (Szczepanek et al. 2011). STAT3 in mitochondria is also vital for
the protective effects of ischemic post-conditioning in heart tissue after infarction.
Post-conditioning significantly reduced infarct size compared to immediate full
reperfusion and correlated with an increase in tyrosine phosphorylated STAT3.
Mitochondrial STAT3 also correlated with improved complex I respiration and
calcium retention in isolated mitochondria of post-conditioned heart. The protective
effects of post-conditioning were abrogated by pretreatment with the JAK/STAT
inhibitor AG490, demonstrating the importance of mitochondrial STAT3 in
postconditioning-mediated protection from ischemia (Heusch et al. 2011).

Mitochondrial localization of STATS is also important for tumorigenesis. Gough
et al. reported the significance of mitochondrial STAT3 in the Ras-dependent onco-
genic transformation in MCF10A normal human breast epithelial cells. The authors
found that lack of STAT3 inhibited Ras-induced transformation; expression of
STAT3 mutants that could not bind DNA or be tyrosine phosphorylated, or were
retained in the cytoplasm, still enhanced Ras-mediated transformation. STAT3 in
mitochondria was vital for transformation by maintaining oxidative phosphorylation
and glycolysis activities characteristic of cancer cells (Gough et al. 2009). STATS
translocated to mitochondria, and did so in a cytokine-dependent manner in the
LSTRA leukemic T cell line. However, STAT1 and STAT3 did not translocate after
cytokine treatment. STATS associated with the E2 component of the pyruvate dehy-
drogenase complex, as well as with the D-loop of mitochondrial DNA, suggesting
that STATS5 may be important in direct regulation of mitochondrial activity after
cytokine treatment in leukemia (Chueh et al. 2010).

10.6 Other Transcription Factors and Nuclear Receptors

Numerous other transcription factors and nuclear receptors have been identified
in mitochondria, though their precise functions have not been fully illuminated.
Casas et al. found a protein closely related to PPARY (mt-PPAR) in the matrix of rat
liver mitochondria, as well as in other rat tissues tested. mt-PPAR had a much lower
molecular weight (45 kDa) compared to its nuclear counterpart (56 kDa) due to a
lack of the C-terminal sequence found in the full-length protein. mt-PPAR did
bind the DR2 region of the D-loop of mitochondrial DNA (Casas et al. 2000).
Various reports suggest the presence of steroid hormone receptors in mitochondria
other than ER, including AR (Solakidi et al. 2005a, b) and GR (Scheller et al. 2000;
Moutsatsou et al. 2001; Koufali et al. 2003). The presence of GR in mitochondria
affected mitochondrial function (Du et al. 2009), and correlated with sensitivity of
various cell types to glucocorticoid-induced apoptosis (Sionov et al. 2006a, b;
Talaber et al. 2009). Other transcription factors that have translocated to mitochondria
include nuclear factor-kB (NF-xB) family members and activator protein-1 (AP-1)
(Ogita et al. 2002, 2003), where mitochondrial DNA gene expression is regulated.
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11 Conclusions

The ultimate goals of studying cancer are to prevent cancer growth and progression,
and to improve cancer therapy. These can be achieved by understanding the
communication between mitochondria and nucleus and by targeting the micro-
environment where tumor cells and normal stromal cells interface. Mitochondria
play myriad roles in the energy metabolism process and disease pathologies make
emerging signaling systems appropriate candidates to target for drug development.
By understanding these mechanisms, we will be able to accelerate opportunities to
take this information through the translational research process into clinical research
(Bench-to-Bedside), which will, in turn, eventually impact clinical practice.

Acknowledgments We thank our colleagues in the field for their excellent publications not cited
here due to space limitations. Work on mitochondrial signaling in our lab is supported by NIH
grants CA 049797, CA143428, CA139843, RO1CA073599, and T32 ES007266.

References

Acin-Perez R, Salazar E, Kamenetsky M, Buck J, Levin LR, Manfredi G (2009) Cyclic AMP
produced inside mitochondria regulates oxidative phosphorylation. Cell Metab 9:265-276

Adams JM (2003) Ways of dying: multiple pathways to apoptosis. Genes Dev 17:2481-2495

Afford S, Randhawa S (2000) Demystified... Apoptosis. Mol Pathol 53:55-63

Ahles TA, Saykin AJ (2007) Candidate mechanisms for chemotherapy-induced cognitive changes.
Nat Rev Cancer 7:192-201

Akhand AA, Pu M, Senga T, Kato M, Suzuki H, Miyata T, Hamaguchi M, Nakashima I (1999)
Nitrix oxide controls Src kinase activity through sulthydryl group modification-mediated
Tyr-527-independent and Tyr-416-linked mechanism. J Biol Chem 274:25821-25826

Albracht SPJ (1980) The prosthetic groups in succinate dehydrogenase number and stoichiometry.
Biochim Biophys Acta 612:11-28

Albracht SPJ, Subramanian J (1977) The number of Fe atoms in the iron-sulfur centers of the
respiratory chain. Biochim Biophys Acta 462:36-48

Aleshin A, Finn RS (2010) SRC: a century of science brought to the clinic. Neoplasia 12:599-607

Aluise CD, Miriyala S, Noel T, Sultana R, Jungsuwadee P, Taylor TJ, Cai J, Pierce WM, Vore M,
Moscow JA, St Clair DK, Butterfield DA (2011) 2-Mercaptoethane sulfonate prevents
doxorubicin-induced plasma protein oxidation and TNF-a release: implications for the reactive
oxygen species-mediated mechanisms of chemobrain. Free Radic Biol Med 50:1630-1638

Anderson S, Bankier AT, Barrell BG, de Bruijn MHL, Coulson AR, Drouin J, Eperon IC, Nierlich DP,
Roe BA, Sanger F, Schreier PH, Smith AJH, Staden R, Young IG (1981) Sequence and organi-
zation of the human mitochondrial genome. Nature 290:457-465

Aranda A, Martinez-Iglesias O, Ruiz-Llorente L, Garcia-Carpizo V, Zambrano A (2009) Thyroid
receptor: roles in cancer. Trends Endocrinol Metab 20:318-324

Arnold S, Beyer C (2009) Neuroprotection by estrogen in the brain: the mitochondrial compart-
ment as presumed therapeutic target. J Neurochem 110:1-11

Augereau O, Claverol S, Boudes N, Basurko M-J, Bonneu M, Rossignol R, Mazat J-P, Letellier T,
Dachary-Prigent J (2005) Identification of tyrosine-phosphorylated proteins of the mitochondrial
oxidative phosphorylation machinery. Cell Mol Life Sci 62:1478-1488

Bakthavatchalu V, Dey S, Xu Y, Noel T, Jungsuwadee P, Holley AK, Dhar SK, Batinic-Haberle I,
St Clair DK (2012) Manganese superoxide dismutase is a mitochondrial fidelity protein that
protects Polg against UV-induced inactivation. Oncogene 31:2129-2139



1 Cancer Cell Signalling and Mitochondria 25

Balss J, Meyer J, Mueller W, Korshunov A, Hartmann C, von Deimling A (2008) Analysis of the
IDH] codon 132 in brain tumors. Acta Neuropathol 116:597-602

Barnas JL, Simpson-Abelson MR, Yokota SJ, Kelleher RJ, Bankert RB (2010) T cells and stromal
fibroblasts in human tumor microenvironments represent potential therapeutic targets. Cancer
Microenviron 3:29—47

Barsky SH, Karlin NJ (2005) Myoepithelial cells: autocrine and paracrine suppressors of breast
cancer progression. J Mammary Gland Biol Neoplasia 10:249-260

Basu A, Castle VP, Bouziane M, Bhalla K, Haldar S (2006) Crosstalk between extrinsic and
intrainsic cell death pathways in pancreatic cancer: synergistic action of estrogen metabolite
and ligands of death receptor family. Cancer Res 66:4309-4318

Baysal BE (2007) A recurrent stop-codon mutation in succinate dehydrogenase subunit B gene in
normal peripheral blood and childhood T-cell acute leukemia. PLoS One 5:e436

Baysal BE, Ferrell RE, Willet-Brozick JE, Lawrence EC, Myssiorek D, Bosch A, van der Mey A,
Taschner PEM, Rubinstein WS, Myers EN, Richard CW III, Cornelisse CJ, Devilee P, Devlin
B (2000) Mutations in SDHD, a mitochondrial complex II gene, in hereditary paraganglioma.
Science 287:848-851

Bedard K, Krause KH (2007) The NOX family of ROS-generating NADPH oxidases: physiology
and pathophysiology. Physiol Rev 87:245-313

Birch-Machin MA, Swalwell H (2010) How mitochondria record the effects of UV exposure and
oxidative stress using human skin as a model tissue. Mutagenesis 25:101-107

Blanchet E, Bertrand C, Annicotte JS, Schlernitzauer A, Pessemesse L, Levin J, Fouret G, Feillet-
Coudray C, Bonafos B, Fajas L, Cabello G, Wrutniak-Cabello C, Casas F (2012) Mitochondrial
T3 receptor p43 regulates insulin secretion and glucose homeostasis. FASEB J 26:40-50

Block K, Eid A, Griendling KK, Lee D-Y, Wittrant Y, Gorin Y (2008) Nox4 NAD(P)H oxidase
mediates Src-dependent tyrosine phosphorylation of PDK-1 in response to angiotensin II: role
in mesangial cell hypertrophy and fibronectin expression. J Biol Chem 283:24061-24076

Block K, Gorin'Y, Abboud HE (2009) Subcellular localization of Nox4 and regulation in diabetes.
Proc Natl Acad Sci U S A 106:14385-14390

Boffoli D, Scacco SC, Vergari R, Solarino G, Santacroce G, Papa S (1994) Decline with age of the
respiratory chain activity in human skeletal muscle. Biochim Biophys Acta 1226:73-82

Brandon M, Baldi P, Wallace DC (2006) Mitochondrial mutations in cancer. Oncogene
25:4647-4662

Briere J-J, Favier J, Gimenez-Roqueplo A-P, Rustin P (2006) Tricarboxylic acid cycle dysfunction as
a cause of human diseases and tumor formation. Am J Physiol Cell Physiol 291:C1114-C1120

Brown GC, Borutaite V (2004) Inhibition of mitochondrial respiratory complex I by nitric oxide,
peroxynitrite and S-nitrosothiols. Biochim Biophys Acta 1658:44-49

Brown MS, Stemmer SM, Simon JH, Stears JC, Jones RB, Cagnoni PJ, Sheeder JL (1998) White
matter disease induced by high-dose chemotherapy: longitudinal study with MR imaging and
proton spectroscopy. AINR Am J Neuroradiol 19:217-221

Bulua AC, Simon A, Maddipati R, Pelletier M, Park H, Kim K-Y, Sack MN, Kastner DL, Siegel
RM (2011) Mitochondrial reactive oxygen species promote production of proinflammatory
cytokines and are elevated in TNFR1-associated periodic syndrome (TRAPS). J Exp Med
208:519-533

Cammarota M, Paratcha G, Bevilaqua LRM, de Stein ML, Lopez M, de Iraldi AP, Izquierdo I,
Medina JH (1999) Cyclic AMP responsive element binding protein in brain mitochondria.
J Neurochem 72:2272-2277

Cardone L, Carlucci A, Affaitati A, Livigni A, deCristofaro T, Garbi C, Varrone S, Ullrich A,
Gottesman ME, Avvedimento EV, Feliciello A (2004) Mitochondrial AKAP121 binds and
targets protein tyrosine phosphatase D1, a novel positive regulator of src signaling. Mol Cell Biol
24:4613-4626

Casas F, Rochard P, Rodier A, Cassar-Malek I, Marchal-Victorion S, Wiesner RJ, Cabello G,
Wrutniak C (1999) A variant form of the nuclear triiodothyronine receptor c-ErbAal plays a
direct role in regulation of mitochondrial RNA synthesis. Mol Cell Biol 19:7913-7924

Casas F, Domenjoud L, Rochard P, Hatier R, Rodier A, Daury L, Bianchi A, Kremarik-Bouillaud P,
Becuwe P, Keller J-M, Schohn H, Wrutniak-Cabello C, Cabello G, Dauca M (2000) A 45 kDa



26 S. Miriyala et al.

protein related to PPARy2 induced by peroxisome proliferators, is located in the mitochondrial
matrix. FEBS Lett 478:4-8

Casas F, Pessemesse L, Grandemange S, Seyer P, Baris O, Gueguen N, Ramonatxo C, Perrin F,
Fouret G, Lepourry L, Cabello G, Wrutniak-Cabello C (2009) Overexpression of the mitochon-
drial T3 receptor induces skeletal muscle atrophy during aging. PLoS One 4:e5631

Case AJ, McGill JL, Tygrett LT, Shirasawa T, Spitz DR, Waldschmidt TJ, Legge KL, Domann FE
(2011) Elevated mitochondrial superoxide disrupts normal T cell development, impairing
adaptive immune response to an influenza challenge. Free Radic Biol Med 50:448-458

Cervera AM, Apostolova N, Crespo FL, Mata M, McCreath KJ (2008) Cells silenced for
SDHB expression display characteristic features of the tumor phenotype. Cancer Res
68:4058-4067

Chandel NS, McClintock DS, Feliciano CE, Wood TM, Melendez JA, Rodriquez AM,
Schumacker PT (2000) Reactive oxygen species generated at mitochondrial complex III stabilize
hypoxia-inducible factor-lalpha during hypoxia. A mechanism of O, sensing. J Biol Chem
275:25130-25138

Chatelain EH, Dupuy J-W, Letellier T, Dachary-Prigent J (2011) Functional impact of PTP1B-
mediated Src regulation on oxidative phosphorylation in rat brain mitochondria. Cell Mol Life
Sci 68:2603-2613

Chen XJ, Butow RA (2005) The organization and inheritance of the mitochondrial genome.
Nat Rev Genet 6:815-825

Chen JQ, Eshete M, Alworth WL, Yager JD (2004a) Binding of MCF-7 cell mitochondrial
proteins and recombinant human estrogen receptors a and b to human mitochondrial DNA
estrogen response elements. J Cell Biochem 93:358-373

Chen JZ, Delannoy M, Cooke C, Yager JD (2004b) Mitochondrial localization of ERa and ERf} in
human MCF7 cells. Am J Physiol Endocrinol Metab 286:E1011-E1022

Chen Y-R, Chen C-L, Zhang L, Green-Church KB, Zweier JL (2005) Superoxide generation from
mitochondrial NADH dehydrogenase induces self-inactivation with specific protein radical
formation. J Biol Chem 280:37339-37348

Cheng S-Y (2003) Thyroid hormone receptor mutations in cancer. Mol Cell Endocrinol
213:23-30

Chicco AJ, Sparagna GC (2007) Role of cardiolipin alterations in mitochondrial dysfunction and
disease. Am J Physiol Cell Physiol 292:C33-C44

Chinta SJ, Andersen JK (2011) Nitrosylation and nitration of mitochondrial complex I in
Parkinson’s disease. Free Radic Res 45:53-58

Chotirat S, Thongnoppakhun W, Promsuwicha O, Boonthimat C, Auewarakul CU (2012)
Molecular alterations of isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) metabolic genes
and additional genetic mutations in newly diagnosed acute myeloid leukemia patients.
J Hematol Oncol 5:5

Christianson DW (1997) Structural chemistry and biology of manganese metalloenzymes. Prog
Biophys Mol Biol 67:217-252

Chua YL, Dufour E, Dassa EP, Rustin P, Jacobs HT, Taylor CT, Hagen T (2010) Stabilization of
hypoxia-inducible factor-la occurs independently of mitochondrial reactive oxygen species
production. J Biol Chem 285:31277-31284

Chueh F-Y, Leong K-F, Yu C-L (2010) Mitochondrial translocation of signal transducer and activator
of transcription 5 (STATS) in leukemic T cells and cytokine-stimulated cells. Biochem Biophys
Res Commun 402:778-783

Church SL, Grant JW, Ridnour LA, Oberley LW, Swanson PE, Meltzer PS, Trent JM (1993)
Increased manganese superoxide dismutase expression suppresses the malignant phenotype of
human melanoma cells. Proc Natl Acad Sci U S A 90:3113-3117

Cinel I, Opal SM (2009) Molecular biology of inflammation and sepsis: a primer. Crit Care Med
37:291-304

Consortium TML (2002) Germline mutations in FH predispose to dominantly inherited uterine
fibroids, skin leiomyomata and papillary renal cell cancer. Nat Genet 30:406—410



1 Cancer Cell Signalling and Mitochondria 27

Cortopassi G, Wang E (1995) Modelling the effects of age-related mtDNA mutation accumulation;
Complex I deficiency, superoxide and cell death. Biochim Biophys Acta 1271:171-176

Corzo CA, Condamine T, Lu L, Cotter MJ, Youn JI, Cheng P, Cho HI, Celis E, Quiceno DG,
Padhya T, McCaffrey TV, McCaffrey JC, Gabrilovich DI (2010) HIF-la regulates function and
differentiation of myeloid-derived suppressor cells in the tumor microenvironment. J Exp Med
207:2439-2453

Daosukho C, Kiningham K, Kasarskis EJ, Ittarat W, St Clair DK (2002) Tamoxifen enhancement
of TNF-a induced MnSOD expression: modulation of NF-xB dimerization. Oncogene
21:3603-3610

Daosukho C, Ittarat W, S-M L, Sawyer DB, Kiningham K, Lien Y-C, St Clair DK (2005) Induction
of manganese superoxide dismutase (MnSOD) mediates cardioprotective effect of tamoxifen
(TAM). J Mol Cell Cardiol 39:792-803

Dasgupta J, Subbaram S, Connor KM, Rodriguez AM, Tirosh O, Beckman JS, Jourd’Heuil D,
Melendez JA (2006) Manganese superoxide dismutase protects from TNF-a-induced apoptosis
by increasing the steady-state production of H,O,. Antioxid Redox Signal 8:1295-1305

De Rasmo D, Signorile A, Roca E, Papa S (2009) cAMP response element-binding protein
(CREB) is imported into mitochondria and promotes protein synthesis. FEBS J 276:
4325-4333

Demonacos CV, Karayanni N, Hatzoglou E, Tsiriyiotis C, Spandidos DA, Sekeris CE (1996)
Mitochondrial genes as sites of primary action of steroid hormones. Steroids 61:226-232

Denkert C, Budczies J, Weichert W, Wohlgemuth G, Scholz M, Kind T, Niesporek S, Noske A,
Buckendahl A, Dietel M, Fiehn O (2008) Metabolite profiling of human colon carcinoma-
deregulation of TCA cycle and amino acid turnover. Mol Cancer 7:72

Dhar SK, Tangpong J, Chaiswing L, Oberley TD, St Clair DK (2011) Manganese superoxide
dismutase is a p53-regulated gene that switches cancers between early and advanced stages.
Cancer Res 71:6684-6695

Dostert C, Petrilli V, van Bruggen R, Steele C, Mossman BT, Tschopp J (2008) Innate immune
activation through Nalp3 inflammasome sensing of asbestos and silica. Science 320:674—-677

Du J, McEwen B, Manji HK (2009) Glucocorticoid receptors modulate mitochondrial function: a
novel mechanism for neuroprotection. Commun Integr Biol 2:350-352

Duttaroy A, Paul A, Kundu M, Belton A (2003) A Sod2 null mutation confers severely reduced
adult life span in drosophila. Genetics 165:2295-2299

Egeblad M, Nakasone ES, Werb Z (2010) Tumors as organs: complex tissues that interface with
the entire organism. Dev Cell 18:884-901

Epperly MW, Bray JA, Esocobar P, Bigbee WL, Watkins S, Greenberger JS (1999) Overexpression
of the human manganese superoxide dismutase (MnSOD) transgene in subclones of murine
hematopoietic progenitor cell line 32D cl 3 decreases irradiation-induced apoptosis but does
not alter G2/M or G1/S phase cell cycle arrest. Radiat Oncol Investig 7:331-342

Epperly MW, Sikora CA, DeFilippi SJ, Gretton JE, Zhan Q, Kufe DW, Greenberger JS (2002)
Manganese superoxide dismutase (SOD2) inhibits radiation-induced apoptosis by stabilization
of the mitochondrial membrane. Radiat Res 157:568-577

Epperly MW, Bernarding M, Gretton J, Jefferson M, Nie S, Greenberger JS (2003) Overexpression
of the transgene for manganese superoxide dismutase (MnSOD) in 32D cl 3 cells prevents
apoptosis induction by TNF-a, IL-3 withdrawal, and ionizing radiation. Exp Hematol 31:465-474

Epperly MW, Carpenter M, Agarwal A, Mitra P, Nie S, Greenberger JS (2004) Intraoral manga-
nese superoxide dismutase-plasmid/liposome (MnSOD-PL) radioprotective gene therapy
decreases ionizing irradiation-induced murine mucosal cell cycling and apoptosis. In Vivo
18:401-410

Evans RM (1988) The steroid and thyroid hormone receptor superfamily. Science 240:889-895

Fearnley IM, Carroll J, Shannon RJ, Runswick MJ, Walker JE, Hirst J (2001) GRIM-19, a cell
death regulatory gene product, is a subunit of bovine mitochondrial NADH: ubiquinone
oxidoreductase (complex I). J Biol Chem 276:28245-38348



28 S. Miriyala et al.

Fijalkowska I, Xu W, Comhair SAA, Janocha AJ, Mavrakis LA, Krishnamachary B, Zhen L, Mao T,
Richter A, Erzurum SC, Tuder RM (2010) Hypoxia inducible-inducible factorla regulates the
metabolic shift of pulmonary hypertensive endothelial cells. Am J Pathol 176:1130-1138

Flynn JM, Dimitrijevich SD, Younes M, Skliris G, Murphy LC, Cammarata PR (2008) Role of
wild-type estrogen receptor-f in mitochondrial cytoprotection of cultured normal male and
female human lens epithelial cells. Am J Physiol Endocrinol Metab 295:E637-E647

Frezza C, Pollard PJ, Gottlieb E (2011) Inborn and acquired metabolic defects in cancer. ] Mol Med
89:213-220

Galluzzi L, Morselli E, Kepp O, Vitale I, Rigoni A, Vacchelli E, Michaud M, Zischka H,
Castedo M, Kroemer G (2010) Mitochondrial gateways to cancer. Mol Aspects Med 31:1-20

Garcia-Ramirez M, Francisco G, Garcia-Arumi E, Hernandez C, Martinez R, Andreu AL, Simo R
(2008) Mitochondrial DNA oxidation and manganese superoxide dismutase activity in peripheral
blood mononuclear cells fro type 2 diabetic patients. Diabetes Metab 34:117-124

Gardner PR, Raineri I, Epstein LB, White CW (1995) Superoxide radical and iron modulate
aconitase activity in mammalian cells. J Biol Chem 270:13399-13405

Garrido N, Griparic L, Jokitalo E, Wartiovaara J, van der Bliek AM, Spelbrink JN (2003)
Composition and dynamics of human mitochondrial nucleoids. Mol Biol Cell 14:1583-1596

Gavrilova-Jordan LP, Price TM (2007) Actions of steroids in mitochondria. Semin Reprod Med
25:154-164

Giannoni E, Buricchi F, Raugei G, Ramponi G, Chiarugi P (2005) Intracellular reactive oxygen
species activate Src tyrosine kinase during cell adhesion and anchorage-dependent cell growth.
Mol Cell Biol 25:6391-6403

Giannoni E, Taddei ML, Chiarugi P (2010) Src redox regulation: again in the front line. Free Radic
Biol Med 49:516-527

Gius D, Spitz DR (2006) Redox signaling in cancer biology. Antioxid Redox Signal 8:1249-1252

Goossens V, Grooten J, De Vos K, Fiers W (1995) Direct evidence for tumor necrosis factor-
induced mitochondrial reactive oxygen intermediates and their involvement in cytotoxicity.
Proc Natl Acad Sci U S A 92:8115-8119

Gough DJ, Corlett A, Schlessinger K, Wegrzyn J, Larner AC, Levy DE (2009) Mitochondrial
STAT3 supports Ras-dependent oncogenic transformation. Science 324:1713-1716

Graham KA, Kulawiec M, Owens KM, Li X, Desouki MM, Chandra D, Singh KK (2010) NADPH
oxidase 4 is an oncoprotein localized to mitochondria. Cancer Biol Ther 10:1-9

Grandemange S, Seyer P, Carazo A, Becuwe P, Pessemesse L, Busson M, Marsac C, Roger P,
Casas F, Cabello G, Wrutniak-Cabello C (2005) Stimulation of mitochondrial activity by p43
overexpression induces human dermal fibroblast transformation. Cancer Res 65:4282-4291

Graziewicz MA, Day BJ, Copeland WC (2002) The mitochondrial DNA polymerase as a target of
oxidative damage. Nucleic Acids Res 30:2817-2824

Green DR, Reed JC (1998) Mitochondria and apoptosis. Science 281:1309-1312

Gregory EM, Fridovich I (1973) Oxygen toxicity and the superoxide dismutase. J Bacteriol
114:1193-1197

Grivennikov SI, Greten FR, Karin M (2010) Immunity, inflammation, and cancer. Cell 140:883-899

Guarino M (2010) Src signaling in cancer invasion. J Cell Physiol 223:14-26

Gulbins E, Dreschers S, Bock J (2003) Role of mitochondria in apoptosis. Exp Physiol
88:85-90

Guzy RD, Hoyos B, Robin E, Chen H, Liu L, Mansfield KD, Simon MC, Hammerling U,
Schumacker PT (2005) Mitochondrial complex III is required for hypoxia-induced ROS
production and cellular oxygen sensing. Cell Metab 1:401-408

Guzy RD, Sharma B, Bell E, Chandel NS, Schumacker PT (2008) Loss of the SdhB, but not the
SdhA, subunit of complex II triggers reactive oxygen species-dependent hypoxia-inducible
factor activation and tumorigenesis. Mol Cell Biol 28:718-731

Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100:57-70

Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 144:646-674



1 Cancer Cell Signalling and Mitochondria 29

Hebert-Chatelain E, Jose C, Cortex NG, Dupuy J-W, Rocher C, Dachary-Prigent J, Letellier T
(2012) Preservation of NADH ubiquinone-oxidoreductase activity by Src kinase-mediated
phosphorylation of NDUFB10. Biochim Biophys Acta 1817:718-725

Hervouet E, Simonnet H, Godinot C (2007) Mitochondria and reactive oxygen species in renal
cancer. Biochimie 89:1080-1088

Heusch G, Musiolik J, Gedik N, Skyschally A (2011) Mitochondrial STAT3 activation and
cardioprotection by ishcemic postconditioning in pigs with regional myocardial ischemia/
reperfusion. Circ Res 109:1302-1308

Hirose K, Longo DI, Oppenheim JJ, Matsushima K (1993) Overexpression of mitochondrial
manganese superoxide dismutase promotes the survival of tumor cells exposed to interleukin-1,
tumor necrosis factor, selected anticancer drugs, and ionizing radiation. FASEB J 7:361-368

Houtkooper RH, Vaz FM (2008) Cardiolipin, the heart of mitochondrial metabolism. Cell Mol Life
Sci 65:2493-2506

Hu H, Luo ML, Du XL, Feng YB, Zhang Y, Shen XM, Xu X, Cai Y, Han YL, Wang MR (2007)
Up-regulated manganese superoxide dismutase expression increases apoptosis resistance in
human esophageal squamous cell carcinomas. Chin Med J 120:2092-2098

Hussain SP, Amstad P, He P, Robles A, Lupold S, Kaneko I, Ichimiya M, Sengupta S, Mechanic L,
Okamura S, Hofseth LJ, Moake M, Nagashima M, Forrester KS, Harris CC (2004) p53-induced
up-regulation of MnSOD and GPx but not catalase increases oxidative stress and apoptosis.
Cancer Res 64:2350-2356

Iborra FJ, Kimura H, Cook PR (2004) The functional organization of mitochondrial genomes in
human cells. BMC Biol 2:9-22

Ichimura K, Pearson DM, Kocialkowski S, Backlund LM, Chan R, Jones DTW, Collins VP (2009)
IDH mutations are present in the majority of common adult gliomas but rare in primary
glioblastomas. Neuro Oncol 11:341-347

Inagaki M, Yoshikawa E, Matsuoka Y, Sugawara Y, Nakano T, Akechi T, Wada N, Imoto S,
Murakami K, Uchitomi Y (2007) Smaller regional volumes of brain gray and white matter
demonstrated in breast cancer survivors exposed to adjuvant chemotherapy. Cancer 109:146-156

Indo HP, Davidson M, Yen H-C, Suenaga S, Tomita K, Nishii T, Higuchi M, Koga Y, Ozawa T,
Majima HJ (2007) Evidence of ROS generation by mitochondria in cells with impaired
electron transport chain and mitochondrial DNA damage. Mitochondrion 7:106-118

Ishikawa K, Takenaga K, Akimoto M, Koshikawa N, Yamaguchi A, Imanishi H, Nakada K, Honma
Y, Hayashi J-I (2008) ROS-generating mitochondrial DNA mutations can regulate tumor cell
metastasis. Science 320:661-664

Itoh S, Lemay S, Osawa M, Che W, Duan Y, Tompkins A, Brookes PS, Sheu S-S, Abe JI (2005)
Mitochondrial Dok-4 recruits Src kinase and regulates NF-kB activation in endothelial cells.
J Biol Chem 280:26383-26396

Ivanova MM, Mazhawidza W, Dougherty SM, Klinge CM (2010) Sex differences in estrogen
receptor subcellular location and activity in lung adenocarcinoma cells. Am J Respir Cell Mol
Biol 42:320-330

Izawa S, Kono K, Mimura K, Kawaguchi Y, Watanabe M, Maruyama T, Fujii H (2011) H,0,
production within tumor microenvironment inversely correlated with infiltration of CD56(dim)
NK cells in gastric and esophageal cancer: possible mechanisms of NK cell dysfunction.
Cancer Immunol Immunother 60:1801-1810

Jandova J, Shi M, Norman KG, Stricklin GP, Sligh JE (2012) Somatic alterations in mitochondrial
DNA produce changes in cell growth and metabolism supporting a tumorigenic phenotype.
Biochim Biophys Acta 1822:293-300

Jaramillo MC, Frye JB, Crapo JD, Briehl MM, Tome ME (2009) Increased manganese superoxide
dismutase expression or treatment with manganese porphyrin potentiates dexamethasone-
induced apoptosis in lymphoma cells. Cancer Res 69:5450-5457

Jennings GT, Minard KI, McAlister-Henn L (1997) Expression and mutagenesis of mammalian
cytosolic NADP +- specific isocitrate dehydrogenase. Biochemistry 36:13743-13747

Jiang B-H, Rue E, Wang GL, Roe R, Semenza GL (1996) Dimerization, DNA binding, and trans-
activation properties of hypoxia-inducible factor 1. J Biol Chem 271:17771-17778



30 S. Miriyala et al.

Johnson FM, Gallick GE (2007) Src family nonreceptor tyrosine kinases as molecular targets for
cancer therapy. Anticancer Agents Med Chem 7:651-659

Jones JL, Shaw JA, Pringle JH, Walker RA (2003) Primary breast myoepithelial cells exert an
invasion-suppressor effect on breast cancer cells via paracrine down-regulation of MMP
expression in fibroblasts and tumour cells. J Pathol 201:562-572

Joshi G, Sultana R, Tangpong J, Cole MP, St Clair DK, Vore M, Estus S, Butterfield DA (2005)
Free radical mediated oxidative stress and toxic side effects in brain induced by the anticancer
drug adriamycin: insight into chemobrain. Free Radic Res 29:1147-1154

Kaewpila S, Venkataraman S, Buettner GR, Oberley LW (2008) Manganese superoxide dismutase
modulates hypoxia-inducible factor-1a induction via superoxide. Cancer Res 68:2781-2788

Kahlos K, Soini Y, Paakko P, Saily M, Linnainmaa K, Kinnula VL (2000) Proliferation, apoptosis,
and manganese superoxide dismutase in malignant mesothelioma. Int J Cancer 88:37—43

Kang D, Hamasaki N (2005) Alterations of mitochondrial DNA in common diseases and disease
states: aging, neurodegeneration, heart failure, diabetes, and cancer. Curr Med Chem 12:429-441

Kang YJ, Sun X, Chen Y, Zhou Z (2002) Inhibition of doxorubicin chronic toxicity in catalase-
overexpressing transgenic mouse hearts. Chem Res Toxicol 15:1-6

Kawai T, Akira S (2009) The roles of TLRs, RLRs and NLRs in pathogen recognition. Int Immunol
21:317-337

Ke Q, Costa M (2006) Hypoxia-inducible factor-1 (HIF-1). Mol Pharmacol 70:1469-1480

Keller JN, Kindy MS, Holtsberg FW, St Clair DK, Yen H-C, Germeyer A, Steiner SM, Bruce-
Keller AJ, Hutchins JB, Mattson MP (1998) Mitochondrial manganese superoxide dismutase
prevents neural apoptosis and reduces ischemic brain injury: suppression of peroxynitrite
production, lipid peroxidation, and mitochondrial dysfunction. J Neurosci 18:687-697

Kemble DJ, Sun G (2009) Direct and specific inactivation of protein tyrosine kinases in the Src and
FGFR families by reversible cysteine oxidation. Proc Natl Acad Sci U S A 106:5070-5075

Kienhofer J, Haussler DJF, Ruckelshausen F, Muessig E, Weber K, Pimentel D, Ullrich V, Burkle
A, Bachschmid MM (2009) Association of mitochondrial antioxidant enzymes with mitochon-
drial DNA as integral nucleoid constituents. FASEB J 23:2034-2044

Kiningham KK, Oberley TD, Lin S-M, Mattingly CA, St Clair DK (1999) Overexpression of
manganese superoxide dismutase protects against mitochondrial-initiated poly(ADP-ribose)
polymerase-mediated cell death. FASEB J 13:1601-1610

Klimova T, Chandel NS (2008) Mitochondrial complex III regulates hypoxic activation of HIF.
Cell Death Difter 15:660-666

Koivunen P, Hirsila M, Remes AM, Hassinen IE, Kivirikko KI, Myliyharju J (2007) Inhibition of
hypoxia-inducible factor (HIF) hydroxylases by citric acid cycle intermediates: possible links
between cell metabolism and stabilization of HIF. J Biol Chem 282:4524-4532

Koufali M-M, Moutsatsou P, Sekeris CE, Breen KC (2003) The dynamic localization of the
glucocorticoid receptor in rat C6 glioma cell mitochondria. Mol Cell Endocrinol 209:51-60

Krasnowska EK, Pittaluga E, Brunati AM, Brunelli R, Costa G, De Spirito M, Serafino A, Ursini
F, Parasassi T (2008) N-acetyl-l-cysteine fosters inactivation and transfer to endolysosomes of
c-Src. Free Radic Biol Med 45:1566-1572

Larosche I, Letteron P, Berson A, Fromenty B, Huang T-T, Moreau R, Pessayre D, Mansouri A
(2010) Hepatic mitochondrial DNA depletion after an alcohol binge in mice: probable role of
peroxynitrite and modulation by manganese superoxide dismutase. J Pharmacol Exp Ther
332:886-897

Lebovitz RM, Zhang H, Vogel H, Cartwright J Jr, Dionne L, Lu N, Huang S, Matzuk MM (1996)
Neurodegeneration, myocardial injury, and perinatal death in mitochondrial superoxide
dismutase-deficient mice. Proc Natl Acad Sci U S A 93:9782-9787

Lee J, Sharma S, Kim J, Ferrante RJ, Ryu H (2008) Mitochondrial nuclear receptors and transcrip-
tion factors: who’s minding the cell? J Neurosci Res 86:961-971

Lee S-M, Lee Y-S, Choi J-H, Park S-G, Choi I-W, Joo Y-D, Lee W-S, Lee J-N, Choi I, Seo S-K
(2010) Tryptophan metabolite 3-hydroxyanthranilic acid selectively induces activated T cell
death via intracellular GSH depletion. Immunol Lett 132:53-60



1 Cancer Cell Signalling and Mitochondria 31

Legros F, Malka F, Frachon P, Lombes A, Rojo M (2004) Organization and dynamics of human
mitochondrial DNA. J Cell Sci 117:2653-2662

Lehtonen HJ, Kiuru M, Ylisaukko-oja SK, Salovaara R, Herva R, Koivisto PA, Vierimaa O,
Aittomaki K, Pukkala E, Launonen V, Aaltonen LA (2006) Increased risk of cancer in patients
with fumarate hydratase germline mutation. ] Med Genet 43:523-526

Leigh-Brown S, Enriquez JA, Odom DT (2010) Nuclear transcription factors in mammalian
mitochondria. Genome Biol 11:215

Li JJ, Oberley LW, St Clair DK, Ridnour LA, Oberley TD (1995a) Phenotypic changes induced in
human breast cancer cells by overexpression of manganese-containing superoxide dismutase.
Oncogene 10:1989-2000

Li Y, Huang TT, Carlson EJ, Melov S, Ursell PC, Olson JL, Noble LJ, Yoshimura MP, Berger C,
Chan PH, Wallace DC, Epstein CJ (1995b) Dilated cardiomyopathy and neonatal lethality in
mutant mice lacking manganese superoxide dismutase. Nat Genet 11:376-381

Li R, Luciakova K, Zaid A, Betina S, Fridell E, Nelson BD (1997) Thyroid hormone activates
transcription from the promoter regions of some human nuclear-encoded genes of the oxidative
phosphorylation system. Mol Cell Endocrinol 128:69-75

Livigni A, Scorziello A, Agnese S, Adornetto A, Carlucci A, Garbi C, Castaldo I, Annunziato L,
Avvedimento EV, Feliciello A (2006) Mitochondrial AKAP121 links cAMP and src signaling
to oxidative metabolism. Mol Biol Cell 17:263-271

Lluis JM, Buricchi F, Chiarugi P, Morales A, Fernandez-Checa JC (2007) Dual role of mitochon-
drial reactive oxygen species in hypoxia signaling: activation of nuclear factor-kB via c-SRC- and
oxidant-dependent cell death. Cancer Res 67:7368-7377

Longo VD, Liou L-L, Valentine JS, Gralla EB (1999) Mitochondrial superoxide decreases yeast
survival in stationary phase. Arch Biochem Biophys 365:131-142

Lu S-P, Feng M-HL, Huang H-L, Huang Y-C, Tsou W-I, Lai M-Z (2007) Reactive oxygen species
promote raft formation in T lymphocytes. Free Radic Biol Med 42:936-944

Lu J, Sharma LK, Bai Y (2009) Implications of mitochondrial DNA mutations and mitochondrial
dysfunction in tumorigenesis. Cell Res 19:802-815

Lufei C, Ma J, Huang G, Zhang T, Novotny-Diermayr V, Ong CT, Cao X (2003) GRIM-19, a
death-regulatory gene product, suppresses Stat3 activity via functional interaction. EMBO J
22:1325-1335

Madsen-Bouterse SA, Zhong Q, Mohammad G, Ho Y-S, Kowluru RA (2010) Oxidative damage
of mitochondrial DNA in diabetes and its protection by manganese superoxide dismutase.
Free Radic Res 44:313-321

Majno G, Joris I (1995) Apoptosis, oncosis, and necrosis. An overview of cell death. Am J Pathol
146:3-15

Mambo E, Gao X, Cohen Y, Guo Z, Talalay P, Sidransky D (2003) Electrophile and oxidant damage
of mitochondrial DNA leading to rapid evolution of homplasmic mutations. Proc Natl Acad Sci
100:1838-1843

Mansouri A, Tarhuni A, Larosche I, Reyl-Desmars F, Demeilliers C, Degoul F, Nahon P, Sutton A,
Moreau R, Fromenty B, Ressayre D (2010) MnSOD overexpression prevents liver mitochon-
drial DNA depletion after an alcohol binge but worsens this effect after prolonged alcohol
consumption in mice. Dig Dis 28:756-775

Martin FM, Xu X, von Lohneysen K, Gilmartin TJ, Friedman J (2011) SOD2 deficient erythroid
cells up-regulate transferrin receptor and down-regulate mitochondrial biogenesis and metabo-
lism. PLoS One 6:¢16894

Martinez-Mir A, Glaser B, Chuang GS, Horev L, Waldman A, Engler DE, Gordon D, Spelman LJ,
Hatzibougias I, Green J, Christiano AM, Zlotogorski A (2003) Germline fumarate hydratase
mutations in families with multiple cutaneous and uterine leiomyomata. J Invest Dermatol
121:741-744

Martinez-Outschoorn UE, Balliet RM, Rivadeneira DB, Chiavarina B, Pavlides S, Wang C,
Whitaker-Menezes D, Daumer KM, Lin Z, Witkiewicz AK, Flomenberg N, Howell A, Pestell RG,
Knudsen ES, Sotgia F, Lisanti MP (2010a) Oxidative stress in cancer associated fibroblasts



32 S. Miriyala et al.

drives tumor-stroma co-evolution: a new paradigm for understanding tumor metabolism, the
field effect and genomic instability in cancer cells. Cell Cycle 9:3256-3276

Martinez-Outschoorn UE, Pavlides S, Whitaker-Menezes D, Daumer KM, Milliman JN, Chiavarina B,
Migneco G, Witkiewicz AK, Martinez-Cantarin MP, Flomenberg N, Howell A, Pestell RG,
Lisanti MP, Sotgia F (2010b) Tumor cells induce the cancer associated fibroblast phenotype
via caveolin-1 degradation: implications for breast cancer and DCIS therapy with autophagy
inhibitors. Cell Cycle 9:2423-2433

Martinez-Outschoorn UE, Lin Z, Trimmer C, Flomenberg N, Wang C, Pavlides S, Pestell RG,
Howell A, Sotgia F, Lisanti MP (2011) Cancer cells metabolically “fertilize” the tumor micro-
environment with hydrogen peroxide, driving the Warburg effect: implications for PET imaging
of human tumors. Cell Cycle 10:2504-2520

Martinon F (2010) Signaling by ROS drives inflammasome activation. Eur J Immunol 40:616-619

Martinon F, Mayor A, Tschopp J (2009) The inflammasomes: guardians of the body. Annu Rev
Immunol 27:229-265

Mattson MP, Goodman Y, Luo H, Fu W, Furukawa K (1997) Activation of NF-kB protects hip-
pocampal neurons against oxidative stress-induced apoptosis: evidence for induction of man-
ganese superoxide dismutase and suppression of peroxynitrite production and protein
tyrosine nitration. J Neurosci Res 49:681-697

McKenna NJ, Lanz RB, O’Malley BW (1999) Nuclear receptor coregulators: cellular and molecu-
lar biology. Endocr Rev 20:321-344

Meissner F, Seger RA, Moshous S, Fischer A, Reichenbach J, Zychlinsky A (2010) Inflammasome
activation in NADPH oxidase defective mononuclear phagocytes from patients with chronic
granulomatous disease. Blood 116:1570-1573

Milanesi L, de Boland AR, Boland R (2008) Expression and localization of estrogen receptor a in
the C2C12 murine skeletal muscle cell line. J Cell Biochem 104:1254-1273

Milanesi L, Vasconsuelo A, de Boland AR, Boland R (2009) Expression and subcellular distribu-
tion of native estrogen receptor b in murine C2C12 cells and skeletal muscle tissue. Steroids
74:489-497

Milner TA, Ayoola K, Drake CT, Herrick SP, Tabori NE, McEwen BS, Warrier S, Alves SE (2005)
Ultrastructural localization of estrogen receptor b immunoreactivity in the rat hippocampal
formation. J Comp Neurol 491:81-95

Minotti G, Menna P, Salvatorelli E, Cairo G, Gianni L (2004) Anthracyclines: molecular advances
and pharmacologic developments in antitumor activity and cardiotoxicity. Pharmacol Rev
56:185-229

Miyazaki T, Tanaka S, Sanjay A, Baron R (2006) The role of c-Src kinase in the regulation of
osteoclast function. Mod Rheumatol 16:68-74

Mohr A, Buneker C, Gough RP, Zwacka RM (2007) MnSOD protects colorectal cancer cells from
TRAIL-induced apoptosis by inhibition of Smac/DIABLO release. Oncogene 27:763-774

Moreira PI, Custodio J, Moreno A, Oliveira CR, Santos MS (2006) Tamoxifen and estradiol interact
with the flavin mononucleotide site of complex I leading to mitochondrial failure. J Biol Chem
281:10143-10152

Morgan MJ, Lehmann M, Schwarzlander M, Baxter CJ, Sienkiewicz-Porzucek A, Williams TCR,
Schauer N, Fernie AR, Fricker MD, Ratcliffe RG, Sweetlove LJ, Finkemeier I (2008) Decrease
in manganese superoxide dismutase leads to reduced root growth and affects tricarboxylic acid
cycle flux and mitochondrial redox homeostasis. Plant Physiol 147:101-114

Moulian N, Truffault F, Gaudry-Talarmain YM, Serraf A, Berrih-Aknin S (2008) In vivo and
in vitro apoptosis of human thymocytes are associated with nitrotyrosine formation. Blood
97:3521-3530

Moutsatsou P, Psarra AMG, Tsiapara A, Paraskevakou H, Davaris P, Sekeris CE (2001) Localization
of the glucocorticoid receptor in rat brain mitochondria. Arch Biochem Biophys 386:69-78

Nakahira K, Hapsel JA, Rathinam VAK, Lee S-J, Dolinay T, Lam HC, Englert JA, Rabinovitch M,
Cernadas M, Kim HP, Fitzgerald KA, Ryter SW, Choi AMK (2011) Autophagy proteins regu-
late innate immune responses by inhibiting the release of mitochondrial DNA mediated by the
NALP3 inflammasome. Nat Immunol 8:222-230



1 Cancer Cell Signalling and Mitochondria 33

Nelson BD, Luciakova K, Li R, Betina S (1995) The role of thyroid hormone and promoter diver-
sity in the regulation of nuclear encoded mitochodnrial proteins. Biochim Biophys Acta
1271:85-91

Nelson CJ, Nandy N, Roth AJ (2007) Chemotherapy and cognitive deficits: mechanisms, findings,
and potential interventions. Palliat Support Care 5:273-280

Ni Y, Zbuk KM, Sadler T, Patocs A, Lobo G, Edelman E, Platzer P, Orloff MS, Waite KA, Eng C
(2008) Germline mutations and variants in the succinate dehydrogenase genes in Cowden and
Cowden-like syndromes. Am J Hum Genet 83:261-268

Norberg E, Gogvadze V, Vakifahmetoglu H, Orrenius S, Zhivotovsky B (2010) Oxidative modifi-
cation sensitizes mitochondrial apoptosis-inducing factor to calpain-mediated processing.
Free Radic Biol Med 48:791-797

Oberley LW, Buettner GR (1979) Role of superoxide dismutase in cancer: a review. Cancer Res
39:1141-1149

Ogita K, Okuda H, Kitano M, Fujinami Y, Ozaki K, Yoneda Y (2002) Localization of activator
protein-1 complex with DNA binding activity in mitochondria of murine brain after in vivo
treatment with kainate. J Neurosci 22:2561-2570

Ogita K, Fujinami Y, Kitano M, Yoneda Y (2003) Transcription factor activator protein-1 expressed
by kainate treatment can bind to the non-coding region of mitochondrial genome in murine
hippocampus. J Neurosci Res 73:794-802

Ohnishi T (1975) Thermodynamic and EPR characterization of iron-sulfur centers in the NADH-
ubiquinone segment of the mitochondrial respiratory chain in pigeon heart. Biochim Biophys
Acta 387:475-490

Ohnishi T (1998) Iron-sulfur clusters/semiquinones in complex I. Biochim Biophys Acta
1364:186-206

Ott M, Gogvadze V, Orrenius S, Zhivotovsky B (2007) Mitochondria, oxidative stress and cell
death. Apoptosis 12:913-922

Owens KM, Kulawiec M, Desouki MM, Vanniarajan A, Singh KK (2011) Impaired OXPHOS
complex III in breast cancer. PLoS One 6:¢23846

Owusu-Ansah E, Banerjee U (2009) Reactive oxygen species prime Drosophila haematopoietic
progenitors for differentiation. Nature 461:537-541

Palazzotti B, Pani G, Colavitti R, de Leo ME, Bedogni B, Borrello S, Galeotti T (1999) Increased
growth capacity of cervical-carcinoma cells over-expressing manganous superoxide dismutase.
Int J Cancer 82:145-150

Pandey PR, Saidou J, Watabe K (2010) Role of myoepithelial cells in breast tumor progression.
Front Biosci 15:226-236

Pardo M, Melendez JA, Tirosh O (2006) Manganese superoxide dismutase inactivation during Fas
(CD95)-mediated apoptosis in Jurkat T cells. Free Radic Biol Med 41:1795-1806

Parkash J, Felty Q, Roy D (2006) Estrogen exerts a spatial and temporal influence on reactive
oxygen species generation that precedes calcium uptake in high-capacity mitochondria: impli-
cations for rapid nongenomic signaling of cell growth. Biochemistry 45:2872-2881

Patten DA, Lafleur VN, Robitaille GA, Chan DA, Giaccia AJ, Richard DE (2010) Hypoxia-
inducible factor-1 activation in nonhypoxic conditions: the essential role of mitochondrial-
derived reactive oxygen species. Mol Biol Cell 21:3247-3257

Pearce LL, Epperly MW, Greenberger JS, Pitt BR, Peterson J (2001) Identification of respiratory
complexes I and III as mitochondrial sites of damage following exposure to ionizing radiation
and nitric oxide. Nitric Oxide Biol Chem 5:128-136

Pessemesse L, Schlernitzauer A, Sar C, Levin J, Grandemange S, Seyer P, Favier FB, Kaminski S,
Cabello G, Wrutniak-Cabello C, Casas F (2012) Depletion of the p43 mitochondrial T3 receptor
in mice affects skeletal muscle development and activity. FASEB J 26:748-756

Petros JA, Baumann AK, Ruiz-Pesini E, Amin MB, Sun CQ, Hall J, Lim S, Issa MM, Flanders WD,
Hosseini SH, Marshall FF, Wallace DC (2005) mtDNA mutations increase tumorigenicity in
prostate cancer. Proc Natl Acad Sci 102:719-724

Petrosillo G, Ruggiero FM, Paradies G (2003) Role of reactive oxygen species and cardiolipin in
the release of cytochrome ¢ from mitochondria. FASEB J 17:2202-2208



34 S. Miriyala et al.

Pope S, Land JM, Heales SJ (2008) Oxidative stress and mitochondrial dysfunction in neurode-
generation; cardiolipin a critical target? Biochim Biophys Acta 1777:794-799

Powell CS, Jackson RM (2003) Mitochondrial complex I, aconitase, and succinate dehydrogenase
during hypoxia-reoxygenation: modulation of enzyme activities by MnSOD. Am J Physiol
Lung Cell Mol Physiol 285:L189-L198

Ravindranath SD, Fridovich I (1975) Isolation and characterization of a manganese-containing
superoxide dismutase from yeast. J Biol Chem 250:6107-6112

Reed JC (2000) Mechanisms of apoptosis. Am J Pathol 157:1415-1430

Richter C, Park J-W, Ames BN (1988) Normal oxidative damage to mitochondrial and nuclear
DNA is extensive. Proc Natl Acad Sci U S A 85:6465-6467

Roessler MM, King MS, Aj R, Armstrong FA, Harmer J, Hirst J (2010) Direct assignment of EPR
spectra to structurally defined iron-sulfur clusters in complex i by double electron-electron
resonance. Proc Natl Acad Sci U S A 107:1930-1935

Roszkowski K, Jozwicki W, Blaszczyk P, Mucha-Malecka A, Siomek A (2011) Oxidative damage
DNA: 8-oxoGua and 8-oxodG as molecular markers of cancer. Med Sci Monit
17:CR329-CR333

Rotig A, de Lonlay P, Chretien D, Foury F, Koenig M, Sidi D, Munnich A, Rustin P (1997)
Aconitase and mitochondrial iron-sulphur protein deficiency in Friedreich ataxia. Nat Genet
17:215-217

Roy S, Nicholson DW (2000) Cross-talk in cell death signaling. J Exp Med 192:F21-F25

Ryu H, Lee J, Impey S, Ratan RR, Ferrante RJ (2005) Antioxidants modulate mitochondrial PKA
and increase CREB binding to D-loop DNA of the mitochondrial genome in neurons. Proc Natl
Acad Sci U S A 102:13915-13920

Saltzman HA, Fridovich I (1973) Editorial: oxygen toxicity. Introduction to a protective enzyme:
superoxide dismutase. Circulation 48:921-923

Salvi M, Brunati AM, Bordin L, La Rocca N, Clari G, Toninello A (2002) Characterization and
location of Src-dependent tyrosine phosphorylation in rat brain mitochondria. Biochim
Biophys Acta 1589:181-195

Sarvazyan N (1996) Visualization of doxorubicin-induced oxidative stress in isolated cardiac
myocytes. Am J Physiol Heart Circ Physiol 271:H2079-H2085

Sasabe E, Yang Z, Ohno S, Yamamoto T (2010) Reactive oxygen species produced by the knock-
down of manganese-superoxide dismutase up-regulate hypoxia-inducible factor-1a expression
in oral squamous cell carcinoma cells. Free Radic Biol Med 48:1321-1329

Sato H, Sato M, Kanai H, Uchiyama T, Iso T, Ohyama Y, Sakamoto H, Tamura J, Nagai R,
Kurabayashi M (2005) Mitochondrial reactive oxygen species and c-Src play a critical role in
hypoxic response in vascular smooth muscle cells. Cardiovasc Res 67:714-722

Sautes-Fridman C, Cherfils-Vicini J, Damotte D, Fisson S, Fridman WH, Cremer I, Dieu-Nosjean
MC (2011) Tumor microenvironment is multifaceted. Cancer Metastasis Rev 30:13-25

Scheller K, Sekeris CE, Krohne G, Hock R, Hansen IA, Scheer U (2000) Localization of glucocor-
ticoid hormone receptors in mitochondria of human cells. Eur J Cell Biol 79:299-307

Schlame M, Rua D, Greenberg ML (2000) The biosynthesis and functional role of cardiolipin.
Prog Lipid Res 39:257-288

Schwartzman RA, Cidlowski JA (1993) Apoptosis: the biochemistry and molecular biology of
programmed cell death. Endocr Rev 14:133-151

Sekeris CE (1990) The mitochondrial genome: a possible primary site of action of steroid
hormones. In Vivo 4:317-320

Selak MA, Armour SM, MacKenzie ED, Boulahbel H, Watson DG, Mansfield KD, Pan Y, Simon
MC, Thompson CB, Gottlieb E (2005) Succinate links TCA cycle dysfunction to oncogenesis
by inhibiting HIF-a prolyl hydroxylase. Cancer Cell 7:77-85

Seth RB, Sun L, Ea C-K, Chen ZJ (2005) Identification and characterization of MAVS, a mito-
chondrial antiviral signaling protein that activates NF-kB and IRF3. Cell 122:669-682

Sharma LK, Fang H, Liu J, Vartak R, Deng JJ, Bai Y (2011) Mitochondrial respiratory complex I
dysfunction promotes tumorigenesis through ROS alteration and AKT activation. Hum Mol
Genet 20:4605-4616



1 Cancer Cell Signalling and Mitochondria 35

Shen L, Fang H, Chen T, He J, Zhang M, Wei X, XinY, Jiang Y, Ding Z, Ji J, Lu J, Bai Y (2010)
Evaluating mitochondrial DNA in cancer occurrence and development. Ann N 'Y Acad Sci
1201:26-33

Shioji K, Kishimoto C, Nakamura H, Masutani H, Yuan Z, S-i O, Yodoi J (2002) Overexpression
of thioredoxin-1 in transgenic mice attenuates adriamycin-induced cardiotoxicity. Circulation
106:1403-1409

Short KR, Bigelow ML, Kahl J, Singh R, Coenen-Schimke J, Raghavakaimal S, Nair KS (2005)
Decline in skeletal muscle mitochondrial function with aging in humans. Proc Natl Acad Sci
U S A 102:5618-5623

Sidiropoulos PI, Goulielmos G, Voloudakis GK, Petraki E, Boumpas DT (2008) Inflammasomes
and rheumatic diseases: evolving concepts. Ann Rheum Dis 67:1382—1389

Silverman DHS, Dy CJ, Castellon SA, Lai J, Pio BS, Abraham L, Waddell K, Petersen L,
Phelps ME, Ganz PA (2007) Altered frontocortical, cerebellar, and basal ganglia activity in
adjuvant-treated breast cancer survivors 5—10 years after chemotherapy. Breast Cancer Res Treat
103:303-311

Simbre VC 11, Dufty SA, Dadlani GH, Miller TL, Lipshultz SE (2005) Cardiotoxicity of cancer
chemotherapy. Implications for children. Pediatr Drugs 7:187-202

Sinha RA, Pathak A, Mohan V, Babu S, Pal A, Khare D, Godbole MM (2010) Evidence of a
bigenomic regulation of mitochondrial gene expression by thyroid hormone during rat brain
development. Biochem Biophys Res Commun 397:548-552

Sionov RV, Cohen O, Kfir S, Zilberman Y, Yefenof E (2006a) Role of mitochondrial glucocorti-
coid receptor in glucocorticoid-induced apoptosis. J Exp Med 203:189-201

Sionov RV, Kfir S, Zafrir E, Cohen O, Zilberman Y, Yefenof E (2006b) Glucocorticoid-induced
apoptosis revisited: a novel role for glucocorticoid receptor translocation to the mitochondria.
Cell Cycle 5:1017-1026

Solakidi S, Psarra AMG, Nikolaropoulos S, Sekeris CE (2005a) Estrogen receptors o and 8
(ERa and ERp) and androgen receptor (AR) in human sperm: localization of ERP and AR in
mitochondria of the midpiece. Hum Reprod 20:3481-3487

Solakidi S, Psarra AMG, Sekeris CE (2005b) Differential subcellular distribution of estrogen
receptor isoforms: localization of ERa in the nucleoli and ERf in the mitochondria of
human osteosarcoma SaOS-2 and hepatocarcinoma HepG2 cell lines. Biochim Biophys Acta
1745:382-392

Solakidi S, Psarra AMG, Sekeris CE (2007) Differential distribution of glucocorticoid and estrogen
receptor isoforms: localization of GRf and ERa in nucleoli and GRa and ERf in the mitochondria
of human osteosarcoma SaOS-2 and hepatocarcinoma HepG2 cell lines. J Musculoskele
Neuronal Interact 7:240-245

Soundar S, Danek BL, Colman RF (2000) Identification by mutagenesis of arginines in the sub-
strate binding site of the porcine NADP-dependent isocitrate dehydrogenase. J Biol Chem
275:5606-5612

Spierings D, McStay G, Saleh M, Bender C, Chipuk J, Maurer U, Green DR (2005) Connected to
death: the (unexpurgated) mitochondrial pathway of apoptosis. Science 310:66—67

Stclair D, Wan X, Kuroda M, Vichitbandha S, Tsuchida E, Urano M (1997) Suppression of tumor
metastasis by manganese superoxide dismutase is associated with reduced tumorigenicity and
elevated fibronectin. Oncol Rep 4:753-757

Steinman HM, Weinstein L, Brenowitz M (1994) The manganese superoxide dismutase of
Escherichia coli K-12 associates with DNA. J Biol Chem 269:28629-28634

Stirone C, Duckles SP, Krause DN, Procaccio V (2005) Estrogen increases mitochondrial efficiency
and reduces oxidative stress in cerebral blood vessels. Mol Pharmacol 68:959-965

Summy JM, Gallick GE (2003) Src family kinases in tumor progression and metastasis. Cancer
Metastasis Rev 22:337-358

Sun G, Kemble DJ (2009) To C or not to C: direct and indirect regulation of Src protein tyrosine
kinase. Cell Cycle 8:2353-2355

Sun X, Zhou Z, Kang YJ (2001) Attenuation of doxorubicin chronic toxicity in metallothionein-
overexpressing transgenic mouse heart. Cancer Res 61:3382-3387



36 S. Miriyala et al.

Szczepanek K, Chen Q, Derecka M, Salloum FN, Zhang Q, Szelag M, Cichy J, Kukreja RC, Dulak J,
Lesnefsky EJ, Larner AC (2011) Mitochondrial-targeted signal transducer and activator of
transcription 3 (STAT3) protects against ischemia-induced changes in the electron transport
chain and the generation of reactive oxygen species. J Biol Chem 286:29610-29620

Taddei ML, Giannoni E, Raugei G, Scacco S, Sardanelli AM, Papa S, Chiarugi P (2012)
Mitochondrial oxidative stress due to complex I dysfunction promotes fibroblast activation and
melanoma cell invasiveness. J Signal Trans 2012:684592

Takai D, Park S-H, Takada Y, Ichinose S, Kitagawa M, Akashi M (2006) U V-irradiation induces
oxidative damage to mitochondrial DNA primarily through hydrogen peroxide: analysis of
8-0xodGuo by HPLC. Free Radic Res 40:1138-1148

Talaber G, Boldizsar F, Bartis D, Palinkas L, Szabo M, Berta G, Setalo G Jr, Nemeth P, Berki T
(2009) Mitochondrial translocation of the glucocorticoid receptor in double-positive thymo-
cytes correlates with their sensitivity to glucocorticoid-induced apoptosis. Int Immunol
21:1269-1276

Tanaka M, Kovalenko SA, Gong J-S, Borgeld H-JW, Katsumata K, Hayakawa M, Yoneda M,
Ozawa T (1996) Accumulation of deletions and point mutations in mitochondrial genome in
degenerative diseases. Ann NY Acad Sci 102-111

Tangpong J, Cole MP, Sultana R, Joshi G, Estus S, Vore M, St Clair W, Ratanachaiyavong S,
St Clair DK, Butterfield DA (2006) Adriamycin-induced, TNF-a-mediated central nervous
system toxicity. Neurobiol Dis 23:127-139

Tangpong J, Cole MP, Sultana R, Estus S, Vore M, St. Clair W, Ratanachaiyavong S, St Clair DK,
Butterfield DA (2007) Adriamycin-mediated nitration of manganese superoxide dismutase in
the central nervous system: insight into the mechanism of chemobrain. J Neurochem 100:191-201

Tannock IF, Ahles TA, Ganz PA, van Dam FS (2004) Cognitive impairment associated with
chemotherapy for cancer: report of a workshop. J Clin Oncol 22:2233-2239

Teintze M, Slaughter M, Weiss H, Neupert W (1982) Biogenesis of mitochondrial ubiquinol:
cytochrome ¢ reductase (cytochrome bc; complex). Precursor proteins and their transfer into
mitochondria. J Biol Chem 257:10364-10371

Tobar N, Guerrero J, Smith PC, Martinez J (2010) NOX4-dependent ROS production by stromal
mammary cells modulates epithelial MCF-7 cell migration. Br J Cancer 103:1040-1047

Toro JR, Nickerson ML, Wei M-H, Warren MB, Glenn GM, Turner ML, Stewart L, Duray P,
Tourre O, Sharma N, Choyke P, Stratton P, Merino M, Walther MM, Linehan WM, Schmidt LS,
Zbar B (2003) Mutations in the fumarate hydratase gene cause hereditary leiomyomatosis and
renal cell cancer in families in North America. Am J Hum Genet 73:95-106

Trimmer C, Sotgia F, Whitaker-Menezes D, Balliet RM, Eaton G, Martinez-Outschoorn UE,
Pavlides S, Howell A, Iozzo RV, Pestell RG, Scherer PE, Capozza F, Lisanti MP (2011)
Caveolin-1 and mitochondrial SOD2 (MnSOD) function as tumor suppressors in the stromal
microenvironment: a new genetically tractable model for human cancer associated fibroblasts.
Cancer Biol Ther 11:383-394

Urbano A, Lakshmanan U, Choo PH, Kwan JC, Ng PY, Guo K, Dhakshinamoorthy S, Porter A
(2005) AIF suppresses chemical stress-induced apoptosis and maintains the transformed state
of tumor cells. EMBO J 24:2815-2826

Vahsen N, Cande C, Briere J-J, Benit P, Joza N, Larochette N, Mastroberardina PG, Pequignot MO,
Casares N, Lazar V, Feraud O, Debili N, Wissing S, Engelhardt S, Madeo F, Piacentini M,
Penninger JM, Schagger H, Rustin P, Kroemer G (2004) AIF deficiency compromises oxidative
phosphorylation. EMBO J 23:4679-4689

Valko M, Izakovic M, Mazur M, Rhodes CJ, Telser J (2004) Role of oxygen radicals in DNA damage
and cancer incidence. Mol Cell Biochem 266:37-56

Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J (2007) Free radicals and anti-
oxidants in normal physiological functions and human disease. Int J Biochem Cell Biol
39:44-84



1 Cancer Cell Signalling and Mitochondria 37

Van Itallie CM (1990) Thyroid hormone and dexamethasone increase the levels of a messenger
ribonucleic acid for a mitochondrially encoded subunit but not for a nuclear-encoded subunit
of cytochrome ¢ oxidase. Endocrinology 127:55-62

van Remmen H, Ikeno Y, Hamilton M, Pahlavani M, Wolf N, Thorpe SR, Alderson NL, Baynes JW,
Epstein CJ, Huang T-T, Nelson J, Strong R, Richardson A (2003) Life-long reduction in
MnSOD activity results in increased DNA damage and higher incidence of cancer but does not
accelerate aging. Physiol Genomics 16:29-37

Wallace DC (2010) Mitochondrial DNA mutations in disease and aging. Environ Mol Mutagen
51:440-450

Wang GL, Semenza GL (1995) Purification and characterization of hypoxia-inducible factor 1.
J Biol Chem 270:1230-1237

Wang M, Kirk JS, Venkataraman S, Domann FE, Zhang HJ, Schafer FQ, Flanagan SW, Weydert CJ,
Spitz DR, Buettner GR, Oberley LW (2005) Manganese superoxide dismutase suppresses
hypoxic induction of hypoxia-inducible factor-la and vascular endothelial growth factor.
Oncogene 24:8154-8166

Waris G, Ahsan H (2006) Reactive oxygen species: role in the development of cancer and various
chronic conditions. J Carcinog 5:14-21

Watanabe T, Nobusawa S, Kleihues P, Ohgaki H (2009) IDH mutations are early events in the
development of astrocytomas and oligodendrogliomas. Am J Pathol 174:1149-1153

Wefel JS, Lenzi R, Theriault R, Buzdar AU, Cruickshank S, Meyers CA (2004) ‘Chemobrain’ in
breast carcinoma?: a prologue. Cancer 101:466-475

Wegrzyn J, Potla R, Chwae Y-J, Sepuri NBV, Zhang Q, Koeck T, Derecka M, Szczepanek K,
Szelag M, Gornicka A, Moh A, Moghaddas S, Chen Q, Bobbili S, Cichy J, Dulak J, Baker DP,
Wolfman A, Stuehr D, Hassan MO, Fu X-Y, Avadhani NG, Drake JI, Fawcett P, Lesnefsky EJ,
Larner AC (2009) Function of mitochondrial Stat3 in cellular respiration. Science 323:793-797

Weisiger RA, Fridovich I (1973) Superoxide dismutase. Organelle specificity. J Biol Chem
248:3582-3592

Weitzel JM, Iwen KA (2011) Coordination of mitochondrial biogenesis by thyroid hormone.
Mol Cell Endocrinol 342:1-7

Wenner CE, Spirtes MA, Weinhouse S (1952) Metabolism of neoplastic tissue II. A survey of
enzymes of the citric acid cycle in transplanted tumors. Cancer Res 12:44—49

Wheeler DL, lida M, Dunn EF (2009) The role of Src in solid tumors. Oncologist 14:667-678

Wiesner RJ, Kurowski TT, Zak R (1992) Regulation by thyroid hormone of nuclear and
mitochondrial genes encoding subunits of cytochrome-c oxidase in rat liver and skeletal
muscle. Mol Endocrinol 6:1458-1467

Williams MD, Van Remmen H, Conrad CC, Huang T-T, Epstein CJ, Richardson A (1998)
Increased oxidative damage is correlated to altered mitochondrial function in heterozygous
manganese superoxide dismutase knockout mice. J Biol Chem 273:28510-28515

Wong GHW, Goeddel DV (1988) Induction of manganous superoxide dismutase by tumor necrosis
factor: possible protective role. Science 242:941-944

Wong GHW, Elwell JH, Oberley LW, Goeddel DV (1989) Manganese superoxide dismutase is
essential for cellular resistance to cytotoxicity of tumor necrosis factor. Cell 58:923-931

Wrutniak C, Cassar-Malek I, Marchal S, Rascle A, Heusser S, Keller J-M, Flechon J, Dauca M,
Samarut J, Ghysdael J, Cabello G (1995) A 43-kDa protein related to c-Erb A al is located in
the mitochondrial matrix of rat liver. J Biol Chem 270:16347-16354

Yahara O, Hashimoto K, Taniguchi N, Ishikawa M, Sato Y, Yamashita H, Ohno H (1991) Serum
manganese-superoxide dismutase in patients with neuromuscular disorders as judged by an
ELISA. Res Commun Chem Pathol Pharmacol 72:315-326

Yamamoto T, Maruyama W, Kato Y, Yi H, Shamoto-Nagai M, Tanaka M, Sato Y, Naoi M (2002)
Selective nitration of mitochondrial complex I by peroxynitrite: involvement of mitochondria
dysfunction and cell death of dopaminergic SH-SY5Y cells. J Neural Transm 109:1-13

Yang S-H, Liu R, Perez EJ, Wen Y, Stevens SM Jr, Valencia T, Brun-Zinkernagel A-M, Prokai L,
Will Y, Dykens J, Koulen P, Simpkins JW (2004) Mitochondrial localization of estrogen
receptor b. Proc Natl Acad Sci U S A 101:4130-4135



38 S. Miriyala et al.

Yang S-H, Sarkar SN, Liu R, Perez EJ, Wang X, Wen Y, Yan L-J, Simpkins JW (2009) Estrogen
receptor b as a mitochondrial vulnerability factor. J Biol Chem 284:9540-9548

Yen H-C, Oberley TD, Vichitbandha S, Ho Y-S, St Clair DK (1996) The protective role of manga-
nese superoxide dismutase against adriamycin-induced acute cardiac toxicity in transgenic
mice. J Clin Invest 98:1253-1260

Yen H-C, Oberley TD, Gairola CG, Szweda LI, St Clair DK (1999) Manganese superoxide
dismutase protects mitochondrial complex I against adriamycin-induced cardiomyopathy in
transgenic mice. Arch Biochem Biophys 362:59-66

Yusenko MV, Ruppert T, Kovacs G (2010) Analysis of differentially expressed mitochondrial proteins
in chromophobe renal cell carcinomas and renal oncocytomas by 2-D gel electrophoresis. Int J
Biol Sci 6:213-224

Zhang S, Yu D (2011) Targeting Src family kinases in anti-cancer therapies: turning promise into
triumph. Trends Pharmacol Sci 33:122-128

Zhang Y, GuJ, Zhao L, He L, Qian W, Wang J, Wang Y, Qian Q, Qian C, Liu XY (2006) Complete
elimination of colorectal tumor xenograft by combined manganese superoxide dismutase
with tumor necrosis factor-related apoptosis inducing ligand gene virotherapy. Cancer Res
66:4291-4298

Zhang J, Xing D, Gao X (2008) Low-power laser irradiation activates Src tyrosine kinase through
reactive oxygen species-mediated signaling pathway. J Cell Physiol 217:518-528

Zhang G, Yanamala N, Lathrop KL, Zhang L, Klein-Seetharaman J, Srinivas H (2010) Ligand-
independent antiapoptotic function of estrogen receptor-b in lung cancer cells. Mol Endocrinol
24:1737-1747

Zhong W, Oberley LW, Oberley TD, St Clair DK (1997) Suppression of the malignant phenotype
of human glioma cells by overexpression of manganese superoxide dismutase. Oncogene
14:481-490

Zhong H, De Marzo AM, Laughner E, Lim M, Hilton DA, Zagzag D, Buechler P, Isaacs WB,
Semenza GL, Simons JW (1999) Overexpression of hypoxia-inducible factor 1o in common
human cancers and their metastases. Cancer Res 59:5830-5835

Zhou R, Yazdi AS, Menu P, Tschopp J (2011) A role for mitochondria in NLRP3 inflammasome
activation. Nature 469:221-226

Zwacka RM, Dudus L, Epperly MW, Greenberger JS, Engelhardt JF (1998) Redox gene therapy
protects human IB-3 lung epithelial cells against ionizing radiation-induced apoptosis. Hum
Gene Ther 9:1381-1386



Chapter 2
Exploiting BH3 Mimetics for Cancer Therapy

Donat Kogel

Contents

I INEOQUCHON ...t 40
1.1 Bcl-2 Family Members: Arbiters of Cell Survival... 40

2 BH3 Mimetics Employed in Preclinical Studies .... 44

3 BH3 Mimetics in Clinical Development............. .. 46
3.1 ABT-737 and ABT-263 ......cocooviiiiiiiiiicccicc e 46
3.2 Gossypol and Its Derivatives............cccceiiviiiiiiiiniiiiiiiccccc s 49
3.3 Obatoclax .. 5l

4 Killing Mechanisms of BH3 Mimetics: The Clinical Perspective............cccccoveccreennenene 51

S5 OULLOOK .ttt ettt st 53

REfEICNCES.......iiiiiiiiiic e 54

Abstract In apoptotic cells, the transcriptional induction or posttranslational
activation of Bcl-2-homolgy domain-3 (BH3)-only proteins triggers the activation
of the pro-apoptotic pore-forming proteins Bax and Bak. All members of this
subgroup of the Bcl-2 family share a nine amino acid BH3-domain which binds
to a hydrophobic groove of anti-apoptotic Bcl-2 family members that comprises
residues of their BH1, BH2 and BH3 domains. These observations led to the
development of BH3 mimetics, a class of small-molecule inhibitors targeting the
BH3-binding domain of the pro-survival Bcl-2 family members, thereby facilitating/
activating Bax/Bak-dependent apoptosis. In addition, BH3 mimetics can displace
the pro-autophagic BH3only protein Beclin-1 from a complex with pro-survival
Bcl-2 family members to induce autophagy. BH3 mimetics hold great promise for
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the treatment of cancer and currently, a large variety of natural and synthetic BH3
mimetics are characterized in preclinical studies and developed in clinical studies in
an aim to exploit their therapeutic potential for the treatment of cancer.

Keywords Bcl-2 family e BH3-only proteins ® Programmed cell death * Apoptosis
* Autophagy e Cell death resistance * Cancer * Mitochondrial membrane per-
meabilization ¢ Intrinsic apoptosis pathway ¢ Caspases ® Stress signaling ¢ Target
specificity

1 Introduction

Apoptosis is an evolutionary conserved process enabling multicellular organisms to
eliminate damaged and unwanted cells by executing a cellular suicide program.
Defects in apoptotic signalling pathways and overexpression of anti-apoptotic genes
play fundamental roles in the development of cancer (Hanahan and Weinberg 2000;
Lowe and Lin 2000; Evan and Vousden 2001; Igney and Krammer 2002; Fulda and
Debatin 2004). The caspase family of aspartate proteases are central executioners of
apoptotic cell death (Alnemri et al. 1996; Nicholson 1999; Degterev et al. 2003;
Fischer et al. 2003) and two major caspase-activating pathways predominate.
Activation of caspases can occur either after ligation of death ligands to their cell
surface receptors (extrinsic pathway) or after the release of pro-apoptotic factors
from mitochondria (intrinsic pathway) (Hengartner 2000; Fulda and Debatin 2006).
In the intrinsic pathway, activation of the initiator caspase-9 occurs via binding
of adaptor protein apoptotic protease activating factor-1 (Apaf-1) to the caspase
recruitment domain (CARD) (Garrido et al. 2006). The association of caspase-9 and
Apaf-1 and subsequent apoptosome formation is triggered by the pro-apoptotic
factor cytochrome c. Release of cytochrome ¢ from mitochondria is therefore the
key regulatory step in the mitochondrial apoptosis pathway (Martinou and Green
2001) (Fig. 1).

1.1 Bcl-2 Family Members: Arbiters of Cell Survival

Pro- and anti-apoptotic members of the Bcl-2 family are key regulators of apoptotic
and non-apoptotic cell death. The Bcl-2 family proteins can be classified into three
subfamilies: (i) the BH3-only proteins which have only one domain in common, the
alpha helical BH3 domain; (ii) the Bax-like proteins which contain three such
domains (BH1,2,3) and (iii) the Bcl-2-like proteins which contain 4 domains (BH1-
4) (Kroemer et al. 2007). Bax and Bax-like protein Bak trigger mitochondrial per-
meabilisation which is required for the release of pro-apoptotic factors from the
mitochondria into the cytosol (Kroemer et al. 2007) (Fig. 2).
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Fig. 1 Bcl-2 family members positively and negatively regulate the activation of the intrinsic
apoptosis signalling pathway. In non-apoptotic cells, activation of Bax or Bak is inhibited by direct
binding of anti-apoptotic Bcl-2 family members (Bcl-2-like proteins) such as Bcl-2 and Bcl-x;.
Upon apoptosis induction, the transcriptional or posttranslational activation of Bcl-2-homolgy
domain-3 (BH3)-only proteins subsequently triggers the activation of Bax and Bak. Activator
BH3-only proteins (Bid, Bim) directly bind to and oligomerize Bax and Bak (activated Bax and
Bak are denoted as Bax* and Bak*). Sensitizer BH3-only proteins (Bad, Noxa, PUMA) bind to
and neutralize the pro-survival Bcl-2 family members, thereby displacing them from Bax and Bak
to facilitate MOMP, cytochrome c release and subsequent activation of initiator caspase-9 and
downstream effector caspase induction. Abbreviations: Apaf-1 apoptotic peptidase activating
factor 1, Bax Bcl-2-associated X protein, Bak Bcl-2-antagonist/killer 1, Bcl-2 B-cell lymphoma 2,
Bcl-w Bcl2-like-2, Bel-x; Bel-x long, Bid BH3 interacting domain death agonist, Cyf ¢ cytochrome
¢, Mcl-1 myeloid cell leukaemia sequence 1, Procasp procaspase, Casp caspase, Smac second
mitochondrial activator of caspases, tBid truncated Bid, X/AP X-linked inhibitor of apoptosis

In non-apoptotic cells, activation of Bax or Bak is inhibited by direct binding of
anti-apoptotic Bcl-2 family members (Bcl-2-like proteins) such as Bcl-2 and
Bcl-xL (Ranger et al. 2001; Cory and Adams 2002; Adams and Cory 2007; Danial
2007). Both Bcl-2 and Bcl-x;. normally reside in the outer mitochondrial mem-
brane, but to a less extent are also localized to the ER membrane and nuclear enve-
lope, facing the cytosol. Bcl-2 family members can contain a carboxy-terminal
hydrophobic transmembrane (TM) domain in addition to up to four Bcl-2 homol-
ogy domains (BH1-4) corresponding to a-helical regions in the proteins. While
homodimerization of Bcl-2 and Bcl-x;, involves a head- to- tail interaction, het-
erodimerization of Bcl-2/Bcl-x; with Bax/Bak is performed in tail- to- tail fashion
and requires a pocket formed by the BH1, BH2, and BH3 region of Bcl-2/Bcl-x; as
well as a central region in Bax/Bak where the BH3 domain is located. Since the
molecular cloning of Bcl-2 by Korsmeyer and colleagues, there has been an ever
increasing interest in the role of Bcl-2 in drug resistance and its exploitation as a
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Fig. 2 Pro- and anti-apoptotic members of the Bcl-2 family. The Bcl-2 family proteins can be
classified into three subfamilies: (i) the anti-apoptotic Bcl-2-like proteins which contain 4 Bcl-2
homology domains (BH1-4), (ii) the Bax-like proteins which contain three such domains (BH1,2,3)
and (iii) the BH3-only proteins which have only the BH3 domain and in some cases a transmembrane
(TM) domain, but otherwise share very little structural homology. The BH3 only proteins serve to
couple diverse death and stress stimuli to the mitochondrial death program. Activated BH3 only
proteins differ in their binding affinities to the pro-survival Bcl-2 proteins, e.g. Noxa which has an
especially high affinity to Mcl-1

drug target. In mammalian cells, there are five pro-survival Bcl-2 family members
(Bcl-2, Bel-x;, Mcl-1, Bel-w and Al [Bfl-1]) (Fig. 2) and there is abundant evi-
dence that overexpression of anti-apoptotic Bcl-2 family members constitutes a
general hallmark of haematological malignancies and solid tumours. While the
role of the four major pro-survival members Bcl-2, Bcl-x;, Mcl-1 and Bcl-w in
tumorigenesis and therapy resistance is well established, the potential role of Al is
only beginning to be unravelled (Vogler 2012).

Upon apoptosis induction, the transcriptional or posttranslational activation of
Bcl-2-homolgy domain-3 (BH3)-only proteins subsequently triggers the activation
of Bax and Bak. In addition to Bax and Bak, The BH3 domains of BH3 only proteins
can also bind to the hydrophobic groove of the anti-apoptotic Bcl-2 family members.
All members of the BH3 only subgroup share a nine amino acid BH3-domain, but
otherwise possess very little structural homology. Members of this subgroup include
Bim, Bid, Bad, PUMA, Noxa, Hrk, and Bmf (Huang and Strasser 2000; Bouillet and
Strasser 2002; Puthalakath and Strasser 2002). The role of the individual BH3-only
family members is to couple specific upstream stress signals (e.g. DNA damage, ER
stress, proteasomal stress) to the intrinsic pathway of apoptosis.
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There are two competing models for activation of Bak and Bax by BH3-only
proteins (Green 2006). In the direct activation model proposed by Letai et al., BH3-
only proteins termed as activators (Bid, Bim) directly bind to and oligomerize Bax
and Bak. In the indirect activation model, BH3-only proteins denoted as sensitizers
(Noxa, PUMA, Hrk, Bmf) bind to and neutralize the pro-survival Bcl-2 family
members, thereby displacing them from Bax and Bak to facilitate MOMP (Fig. 1).
Sensitizer BH3 proteins therefore decrease the apoptotic threshold in cells already
primed to death.

Induction of apoptosis is a major mechanism by which most chemotherapeutic
drugs and radiation kill tumour cells. However, conventional cancer therapies fail to
mediate their effects in a target-specific fashion. This chapter focuses on BH3 mimet-
ics, a new class of small molecule inhibitors targeting the BH3-binding domain of
the pro-survival Bcl-2 family members (Lessene et al. 2008; Kang and Reynolds
2009). Since pro-survival Bcl-2 family members are known to be overexpressed in a
wide variety of human malignancies and since the intrinsic pathway of apoptosis is
implicated in the cell death-inducing effects of most chemotherapeutic drugs as well
as gamma irradiation, BH3 mimetics are perceived to be highly promising anti-can-
cer drugs and apoptosis sensitizers. As outlined in detail below, there are several
synthetic and natural BH3 mimetics with different binding profiles to the pro-sur-
vival Bcl-2 family members (Bcl-2, Bcl-x;, myeloid cell leukaemia-1 [Mcl-1], Bcl-w
[Bcl2-like-2], A1). Most of these BH3 mimetics target Bcl-2 and Bcl-x;.. The highly
selective inhibitor ABT-737 and its orally applicable derivative ABT-263 target Bcl-
2, Bcl-x. and Bcl-w with high affinity, but not Mcl-1 (Oltersdorf et al. 2005; van
Delft et al. 2006; Chonghaile and Letai 2008). Gossypol and Obatoclax (GX15-070,
Geminx) are so-called pan-Bcl-2 inhibitors targeting the four major pro-survival
Bcl-2 family members Bcl-2, Bel-x;, Mcl-1 and Bcl-w. In contrast to the experimen-
tal and clinical progress regarding these various inhibitors targeting the pro-survival
Bcl-2 family members and therefore mimicking the function of sensitizing BH3 only
proteins, BH3 mimetics that directly activate Bax and Bak are currently in the early
stages of preclinical development. One exception to this classification is Obatoclax
which may act both as a sensitizer and an activator BH3 mimetic.

Of note, the pro-survival Bcl-2 family members interact with a large number of
additional molecules not directly involved in regulation of the intrinsic pathway of
apoptosis and these interactions may also be affected by BH3 mimetics. For exam-
ple, it has been demonstrated that Bcl-2 activates the anti-apoptotic nuclear factor-xB
(NF-xB) pathway by a signalling mechanism that involves Raf-1/MEKK-1-mediated
activation of IKKf. In addition, the BH3 binding groove of Bcl-2 was shown to inter-
act with a mitochondrial pool of glutathione (GSH), the major cellular ROS scaven-
ger and this interaction is thought to contribute to the antioxidant function of Bcl-2
(Zimmermann et al. 2007). In line with this hypothesis, BH3 mimetics were shown
to disrupt the Bcl-2/GSH interaction in neurons and to suppress the transport of GSH
into isolated brain mitochondria (Zimmermann et al. 2007).

In addition to their role in apoptosis, pro-survival Bcl-2 family members are also
modulators of autophagy. Autophagy is a form of cellular self-digestion in which
cellular constituents are engulfed in double-membrane containing vesicles called
autophagosomes (Codogno and Meijer 2005; He and Klionsky 2009). Their
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vesicular content is subsequently digested by lysosomal proteases after fusion of
autophagosomes with lysosomes (Codogno and Meijer 2005; Kimura et al. 2007).
Autophagy is a complex, multistep process which is genetically regulated by the
~30 Atg genes discovered hitherto in mammals. Bcl-2-like proteins can form a com-
plex with the core autophagy regulator Beclin-1 (Atg6) (Pattingre et al. 2005;
Pattingre and Levine 2006; Maiuri et al. 2007), and formation/dissociation of this
complex plays an important role in modulating autophagy in healthy cells and
tumour cells. Interestingly, Beclin-1 is a BH3 protein incapable of inducing apopto-
sis. The Bcl-like proteins sequester Beclin-1 via binding to its BH3 domain and
prevent it from forming a multiprotein complex essential for vesicle nucleation dur-
ing the early steps of the autophagic process, thereby inhibiting autophagy.
Consequently, BH3 mimetics are capable to activate both apoptosis and autophagy
(Hetschko et al. 2008). Recently it was also demonstrated that the mitochondrial
pool of Bcl-2 can inhibit autophagy by sequestering the pro-autophagic factor
AMBRALI (Pattingre et al. 2005; Strappazzon et al. 2011).

Autophagy is normally involved in regulated turnover of long-lived proteins and
damaged organelles, but the net effects of autophagy on cell death are highly con-
textual and may depend on the extent of autophagy. Autophagy may comprise a
primordial pro-survival stress response, e.g. under conditions of nutrient depriva-
tion where it serves to ensure energy balance, but there is also evidence that enforced,
prolonged over-activation of autophagy can lead to autophagic cell death (type II
cell death), i.e. massive cellular self-digestion via the autophagosomal-lysosomal
pathway beyond the point allowing cell survival (Edinger and Thompson 2004;
Gozuacik and Kimchi 2004; Codogno and Meijer 2005; Degenhardt et al. 2006;
Gozuacik and Kimchi 2007) and it is tempting to speculate that autophagy may pos-
sibly act as a backup for apoptosis in apoptosis-deficient cells.

2 BH3 Mimetics Employed in Preclinical Studies

HA14-1 was initially identified in a computer screen based on the structure of Bcl-2
and binds Bcl-2 with an ICs, value of ~9 uM as determined in competitive fluores-
cence polarization assays with a conjugated peptide derived from the BH3 domain of
Bak (Wang et al. 2000). HA14-1 does not target the other major anti-apoptotic Bcl-2
family members Bcl-x;, Mcl-1 and Bcl-w (Table 1). HA14-1 is capable to induce an
apoptotic type of cell death in cellular models of various types of cancer, including
haematopoietic malignancies, colon cancer, glioblastoma and neuroblastoma and
can enhance the cell killing effects of several chemotherapeutic agents including
doxorubicin, bortezomib and dexamethasone (Sinicrope et al. 2004; Manero et al.
2006). In line with its proposed action as a Bcl-2 inhibitor, HA14-1 was shown to
activate Bax, caspase-9 and downstream effector caspase caspase-3 and its killing
effects were reduced, but not completely abrogated in Bax/Bak-deficient cells.
One major drawback of HA14-1 is its limited stability, as HA14-1 has been shown
to decompose very rapidly in solution (~15 min). Therefore, several HA14-1
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derivatives have been developed. Tian and colleagues have synthesized sHA14-1, a
chemically modified derivative with improved stability (Tian et al. 2008). Another
more stable HA14-1 derivate is SV30 (Weyland et al. 2011). SV30-induced cell
death was reported to (at least partially) require the mitochondrial pathway of
apoptosis (Weyland et al. 2011). A third HA14-1 analogue is EM20-25 (Milanesi
et al. 2006). Similar to HA14-1 and sHA14-1, EM20-25 can synergize with other
apoptotic stimuli to enhance tumour cell death. However, the killing mechanisms of
the three novel derivatives are ill-defined and may also be related to off target
effects of the drugs. In line with this notion, sHA14-1 was shown to induce calcium
release from the ER prior to activation of the intrinsic apoptosis pathway
(Hermanson et al. 2009).

BH3-Inhibitors (BH3-Is) are a series of preclinical small molecule inhibitors that
have been identified in a high-throughput screen based on disruption of the interac-
tion of Bak with the BH3 domain of a recombinant glutathione-S-transferase
(GST)-Bcl-xL fusion protein and they target both Bcl-2 and Bcl-xL (Degterev et al.
2001). They bind to Bcl-2, Bcl-x; and Mcl-1 in the micromolar range (Table 2), and
are capable to activate the intrinsic pathway of apoptosis and to synergize with can-
cer drugs and radiation. Similar to HA14-1 and its derivatives, BH3-Is however
seem to also exert off target effects.

YC137 is a cell-permeable naphthoquinone compound with low micromolar
affinity for Bcl-2 (Real et al. 2004). YC137 was reported to selectively induce apop-
tosis in Bcl-2-overexpressing cells and to sensitize them to DNA damaging agents.
Another promising novel BH3 mimetic in preclinical development is S1 that binds
both Bcl-2 and Mcl-1 at low nanomolar concentrations to induce the intrinsic apop-
totic pathway and exerts significantly lower toxicity in Bax/Bak-deficient cells than
in wild type (wt) control cells (Zhang et al. 2011).

Antimycin A is a streptomyces-derived BH3 mimetic and natural inhibitor of the
ubiquinone—cytochrome ¢ oxidoreductase complex at the mitochondrial respiration
chain. Molecular docking simulations suggest that Antimycin A also binds to the BH3
binding groove of anti-apoptotic Bcl-2 proteins (Tzung et al. 2001). The 2-methoxy-
Antimycin A3 derivative may act as a bona fide BH3 mimetic because it lacks the
inhibitory function of Antimycin A on mitochondrial respiration. Antimycin A3 also
was shown to exert significant in vivo anti-tumour activity (Cao et al. 2007).

3 BH3 Mimetics in Clinical Development

3.1 ABT-737 and ABT-263

The most advanced and best-characterized synthetic Bcl-2 inhibitor is the Bad-like
BH3 mimetic ABT-737 (Abbott Laboratories) (Tables 1 and 2) which was rationally
designed with the aid of structure-activity relationship (sAR) analysis of ligand
binding to the hydrophobic groove of BCL-XL by a nuclear magnetic resonance
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(NMR)-based screening approach followed by structure-based drug design
(Oltersdorf et al. 2005). A-385358 (compound 73R), a predecessor of ABT-737
derived from this approach, has Ki values of 0.8 nM against Bcl-xL and 67 nM
against Bcl-2 (Shoemaker et al. 2006; Wendt et al. 2006). It also shows cell killing
activity in tumour cells overexpressing BCL-XL. A-385358 synergizes with multi-
ple pro-apoptotic cancer drugs in vitro but its pro-apoptotic effects were shown to
be blunted in the presence of serum. Subsequent studies led to the discovery of
ABT-737, a molecule with high affinity for BCL-2 and BCL-xL (IC50 values of
<1 nM and <0.5 nM, respectively)(Oltersdorf et al. 2005). These sub-nanomolar
affinities of ABT-737 for Bcl-2 and Bcl-xL are significantly lower than for most
other BH3 mimetics. Similar to the BH3 domain of Bad, ABT-737 binds to Bcl-2,
Bcl-x;, and Bcl-w, but not to Mcl-1 or Al (Zhai et al. 2006). The pro-apoptotic activ-
ity of ABT-737 has been shown to be tightly correlated to the respective expression
levels of the pro-survival Bcl-2 family members. In line with the high affinity of
ABT-737 for Bcl-2, cancer cells with overexpression of endogenous Bcl-2 are par-
ticularly vulnerable to ABT-737-induced apoptosis whereas cells with high expres-
sion of Mcl-1 are resistant to the drug.

A major limitation of ABT-737 is that it is not orally bioavailable, but further
modifications of ABT-737 have resulted in the development of the orally available
derivative ABT-263 (Navtioclax), which retains its high affinity binding to Bcl-2,
Bcl-x;, and Bcl-w (Tse et al. 2008) (Table 2). In xenograft models of SCLC, ABT-
263 was able to completely eradicate the tumours while it significantly enhanced the
efficacy of standard therapies in models of B-cell lymphoma and multiple myeloma
(Shoemaker et al. 2008). ABT-263 is currently evaluated in phase I/II trials for
SCLC, leukaemia and lymphoma, both as a monotherapy and in combination with
other anti-cancer drugs or with monoclonal antibodies (rituximab and erlotinib).
Despite the high binding selectivity of ABT-263, its on-target effects are crucial for
its safety profile and the maximum tolerated dose of the drug. Because Bcl-x; plays
a pivotal role for cell survival of thrombocytes, the major adverse side effect of
ABT-263 observed in the clinic is thrombocytopenia. In a phase I study, monother-
apy with ABT-263 was shown to reduce pathologic lymphocytosis, lymphadenopa-
thy, and splenomegaly in patients suffering from relapsed or refractory CLL
(Roberts et al. 2012). The therapeutic efficacy of ABT-263 +/— rituximab on relapsed
or refractory leukaemia/lymphoma patients is currently investigated in phase II tri-
als. Another phase II multi-centre trial is currently recruiting chemonaive CLL
patients to assess the clinical impact of ABT-263 in combination with rituximab in
previously untreated patients (www.clinicaltrials.gov).

Structurally the pro-survival Bcl-2 family members can be divided into two cat-
egories. Bcl-2, Bel-x; and Bcl-w are structurally closely related, whereas the acces-
sibility of the BH3 binding pocket of Mcl-1 and A1 is structurally different from the
other three family members. Mcl-1 plays a pivotal role in resistance to the Bcl-2/
Bcl-x;/Bcl-w-specific inhibitors ABT-737 and ABT-263. The pro-apoptotic activity
of ABT-737 was shown to negatively correlate with Mcl-1 expression in various
cancer models and suppression of Mcl-1 expression was shown to abrogate
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ABT-737 resistance, e.g. in acute myeloid leukaemia (AML) cells with high endog-
enous expression of Mcl-1 (Konopleva et al. 2006). Therefore, the combination of
ABT-263 with drugs targeting the expression/stability of Mcl-1 (e.g. sorafenib,
maritoclax) may be a feasible approach for future clinical studies. Indeed, one
ongoing phase I clinical study in patients with solid tumours addresses the com-
bined effects of ABT-737 and the EGFR receptor erlotinib known to suppress
expression of Mcl-1 (Chen et al. 2012). In addition, expression profiling of Bcl-2
family members (Bcl-2, Bcl-x;, Mcl-1, Bim, Noxa etc.) may help to rationally
design future clinical trials with ABT-263 and combinatorial treatments by selecting
patients most likely to benefit from the therapy.

3.2 Gossypol and Its Derivatives

The pro-survival Bcl-2 proteins serve partially redundant functions and consider-
able evidence suggests that — depending on the Bcl-2 expression profile of tumours —
inactivation of all Bcl-2-like proteins may significantly enhance the efficiency of
Bcl-2-targeted therapy. This may either be achieved by combining a more selective
inhibitor such as the Bcl-2/Bcl-xL/Bcl-w inhibitor ABT-737/ABT-263 with another
drug interfering with the expression of Mcl-1 or targeting it for degradation, or
alternatively with pan-Bcl-2 inhibitors, targeting all four major Bcl-2-like proteins.
Gossypol is a natural polyphenolic compound and BH3 mimetic derived from cot-
tonseeds which was initially identified as an antifertility agent in China during the
1950s, and possesses pro-apoptotic effects in various in vivo and in vitro models
(Wolter et al. 2006; Ko et al. 2007; Meng et al. 2008; Paoluzzi et al. 2008). Gossypol
acts as a pan-Bcl-2 inhibitor and can inactivate Bcl-2, Bcl-xL, Mcl-1 and Bcl-w
(Lessene et al. 2008; Kang and Reynolds 2009) (Tables 1 and 2). There are two
enantiomers of Gossypol, (+)-Gossypol and (-)-Gossypol, the latter being more
potent as an inhibitor of tumour growth (Lessene et al. 2008). (—)-Gossypol (AT-
101, Ascenta) has shown single-agent activity in various types of cancer (Lessene
et al. 2008; Kang and Reynolds 2009). In cancer cells with an intact apoptotic
machinery, (—)-Gossypol has been reported to induce the intrinsic pathway of apop-
tosis and apoptotic cell death (Wolter et al. 2006; Balakrishnan et al. 2008; Meng
et al. 2008; Paoluzzi et al. 2008). In contrast, cell death triggered by Gossypol
largely seems to depend on induction of autophagic cell death in apoptosis-deficient
malignant glioma cells and prostate cancer cells (Lian et al. 2010; Voss et al. 2010).
(—)-Gossypol has nanomolar affinities to Bcl-2 (Ki=320 nM), Bcl-xL (Ki=480 nM)
and Mcl-1 (Ki=180 nM) (Wang et al. 2006).

(—)-Gossypol has good pharmacokinetic properties and appears to exhibit man-
ageable (mainly gastrointestinal) toxicity, and demonstrated single-agent activity in
a phase I/II trial in castrate-resistant prostate cancer (Liu et al. 2009). In another
study, AT-101 was given in combination with topotecan and a partial response of
this combined therapy was observed in patients with relapsed SCLC, although this
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study unfortunately did not include a group of patients treated only with topotecan
(Heist et al. 2010). Another phase II clinical trial data obtained from advanced and
metastatic NSCLC patients revealed no clinical benefit of AT-101 in comparison to
standard therapy in regard to overall survival (Ready et al. 2011). The potential
clinical impact of AT-101, either as a monotherapy or in combination with other
anti-cancer drugs, is currently further investigated in phase I/phase II clinical trials
of leukaemia, lymphoma, NSCLC and prostate cancer (www.clinicaltrials.gov).
Similar to ABT-737, subjecting patients to expression profiling of Bcl-2 family
members may aid the rational design of future clinical trials.

In addition to (-)-Gossypol, a series of Gossypol derivatives are developed in an
aim to further improve the therapeutic efficacy and dampen toxic side effects.
Structure-based design strategies led to the development of the Gossypol derivative
TM-1206 (Tang et al. 2008), which binds to Bcl-2, Bcl-x; and Mcl-1 proteins with
K; values of 0.11, 0.639 and 0.15 pM, respectively. Employing molecular models of
the (—)-Gossypol/Bcl-2 complex allowed the structure-based design of the novel
Gossypol analogue and benzenesulfonyl derivative TW-37 (Wang et al. 2006) which
binds with submicromolar/low micromolar affinity to Bcl-2 (0.29 uM), Bcl-x;.
(1.11 pM), and to Mcl-1 (0.26 pM) (Wang et al. 2006). In vitro studies confirmed
the on-target effects of TW-37 which disrupts the interaction between Bax and trun-
cated Bid (tBid) with the pro-survival Bcl-2 family members Bcl-2, Bcl-x; and
Mcl-1 (Mohammad et al. 2007). In human endothelial and pancreatic cancer cells,
TW-37 interestingly was also demonstrated to inhibit the pro-angiogenic and pro-
metastatic activities of Bcl-2 which may be mediated by activation of the NF-xB
pathway (Zeitlin et al. 2006; Wang et al. 2008).

Removal of two reactive aldehyde groups that are held responsible for the toxic
side effects of (—)-Gossypol observed in clinical studies gave rise to Apogossypolone
which retains activity against anti-apoptotic Bcl-2 family proteins in vitro (Arnold
et al. 2008). Apogossypolone binds Bcl-2, Bcl-x; and Mcl-1 with nanomolar affini-
ties (Table 2) and was shown to induce apoptosis either alone or in combination
with DNA damaging cancer drugs in vitro and in vivo and showed in vivo activity
in xenograft models (Arnold et al. 2008). In addition to direct inhibition of pro-
survival Bcl-2 proteins and similar to (—)-Gossypol, Apogossypolone was suggested
to down-regulate Bcl-2, Bel-x; and Mcl-1 expression at the protein level. Further
attempts to improve the target specificity by molecular docking computer screens
led to synthesis of BI-97C1 (Sabutoclax) (Wei et al. 2010), a very promising, opti-
cally pure Apogossypol derivative with submicromolar target affinity. BI-97Cl1
inhibits the binding of BH3 peptides to Bcl-x;, Bcl-2 and Mcl-1 with ICs, values of
0.31, 0.32 and 0.20 pM, respectively (Table 2). The compound also potently inhibits
cell growth of human prostate cancer, lung cancer, and lymphoma cell lines with
EC5, values of 0.13, 0.56, and 0.049 pM, respectively, shows little cytotoxicity in
Bax/Bak DKO cells (Wei et al. 2010). Recently, BI-97C1 was also reported to
enhance mda-7/IL-24-induced apoptosis of prostate cancer cells and to reduce
tumour growth in a xenograft model in vivo (Dash et al. 2011). The potential clinical
impact of BI-97C1 has not been investigated so far.


http://www.clinicaltrials.gov/

2 Exploiting BH3 Mimetics for Cancer Therapy 51
3.3 Obatoclax

Obatoclax (GX15-070, discovered by Gemin X, now Cephalon), a polypyrrole Pan-
Bcl-2 inhibitor was identified in a high throughput screening of natural compound
libraries followed by lead optimization (Shore and Viallet 2005). Obatoclax binds
to Bcl-2, Bel-xLL and Mcl-1 with low micromolar affinities (Table 2) and was
reported to exert in vitro and in vivo single agent activity in various types of cancer.
Activation and mitochondrial translocation of Bax, mitochondrial depolarization,
cytochrome c release, subsequent activation of caspase-9 and caspase-3 were
reported to precede apoptosis induced by Obatoclax. Interestingly, Obatoclax was
suggested to induce apoptosis by direct activation of Bax in a cell-free system, sug-
gesting that it may act both as a sensitizer BH3 mimetic neutralizing the anti-apop-
totic Bcl-2 proteins as well as an activating BH3 mimetic (Smoot et al. 2010).
Obatoclax demonstrated single-agent activity in a phase I clinical study in CLL and
is currently investigated in phase I/II studies of relapsed or refractory leukaemia,
myeloma, lymphoma and SCLC, both as a monotherapy and in combination with
other cancer drugs (www.clinicaltrials.gov). Preliminary reports on the outcomes of
phase I/II trials appear to be promising. Antineoplastic activity was observed in 2
out of 5 pre-treated advanced non-Hodgkin’s lymphoma (NHL) patients. Improved
platelet and haemoglobin counts of chronic lymphocytic leukaemia (CLL) and
myelofibrosis patients suffering from thrombocytopenia and anaemia were also
reported. Although Obatoclax is generally well tolerated, the major observed side
effect of the drug appears to be central nervous system (CNS) toxicity including
ataxia, euphoria, and confusion.

4 Killing Mechanisms of BH3 Mimetics:
The Clinical Perspective

The target specificity of many currently available BH3 mimetics has been put into
question recently (van Delft et al. 2006; Vogler et al. 2009b). The combined findings
of two comparative studies demonstrated that HA14-1, BH3I-1, antimycin A, chel-
erythrine, (—)-Gossypol, Apogossypol, Obatoclax, and EM20-25 induced signifi-
cant cell death in Bax/Bak-deficient MEFs, whereas ABT-737 was shown to be
highly dependent on the expression of Bax, Bak and caspase-9 to induce apoptosis
(van Delft et al. 2006; Vogler et al. 2009b). These Bax/Bak-independent toxicities
indicate that the other inhibitors might not behave solely as BH3 mimetics but might
have additional cellular targets implicated in activating cell death. Conversely, it
was proposed that ABT-737 may be the only bona fide BH3 mimetic inducing apop-
totic cell death in a purely target-specific manner. In the aforementioned studies,
Bax/Bak-deficient or Caspase-9-deficient cells were used as an experimental model
to analyse the target-specificity of BH3 mimetics. However, the established role of
pro-survival Bcl-2 family members in regulation of non-apoptotic forms of cell
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death and the interaction of Bcl-2-like proteins with proteins not involved in apop-
tosis (as outlined below), should be taken into account for the interpretation of these
results. In addition, a Bax/Bak-independent, alternative mode of apoptosis activa-
tion by the BH3 mimetic Gossypol has been proposed, namely a Gossypol-induced
conformational change in Bcl-2 which converges it into a pro-apoptotic molecule
activating the mitochondrial pathway of apoptosis (Lei et al. 2006). It is currently
unknown whether other Bcl-2 inhibitors are potentially capable to induce a similar
change in Bcl-2 conformation.

In addition to their role in apoptosis, all pro-survival Bcl-2 family members are
negative endogenous regulators of autophagy. They serve to sequester and inacti-
vate the pro-autophagic BH3 only protein Beclin-1 and consequently, all BH3
mimetics are potential activators of autophagy. Despite its proposed target selectiv-
ity, pleiotropic pro-autophagic effects on multiple autophagic signalling pathways
have been shown to be induced by ABT-737 recently (Malik et al. 2011). The
extent of autophagy induction by BH3 mimetics appears to be highly diverse, how-
ever. In this regard, the pan-Bcl-2 inhibitor (—)-Gossypol was shown to be a more
potent activator of autophagy than the BH3 mimetics HA14-1 and ABT-737 (Voss
et al. 2010). As outlined in the Introduction, autophagy may exert both protective
and pro-death effects depending on the respective cellular context. Therefore,
autophagy induced by BH3 mimetics may contribute to the cell death observed in
apoptosis refractory cells such as glioblastoma cells and Bax/Bak-deficient MEFs.
Indeed, in Bax/Bak-deficient cells and glioblastoma cells, autophagy was shown to
be required for triggering necroptotic cell death induced by Obatoclax and autoph-
agic cell death triggered by (—)-Gossypol, respectively (Bonapace et al. 2010; Voss
et al. 2010). In the case of Obatoclax, the drug was reported to reactivate the sen-
sitivity of multidrug-resistant childhood ALL cells to glucocorticoid treatment and
other anti-cancer drugs by inducing an autophagy-dependent necroptotic type of
cell death. This type of cell death required the expression of receptor-interacting
protein (RIP-1) kinase and cylindromatosis (turban tumour syndrome) (CYLD),
both of which are critically involved in necroptosis and was inhibited by knock-
down of Beclin-1 (Bonapace et al. 2010). In most tumours and haematological
malignancies however, autophagy appears to be a pro-survival stress response and
therefore rather limits the therapeutic effects of chemotherapy and radiation. The
clinical use of autophagy inhibitors (e.g. chloroquine) together with BH3 mimetics
may therefore be a useful strategy to potentiate apoptosis in these apoptosis-
proficient malignancies.

The issue of target selectivity may also have important implications for therapy.
While highly selective inhibitors offer obvious advantages for mechanistic, experi-
mental studies, at the moment it is still open to debate whether an ultra high target
selectivity of Bcl-2 inhibitors actually is an advantage from a purely clinical per-
spective. On the one hand, an apparent disadvantage of inhibitors with lower selec-
tivity/higher off target effects lies in the increased possibility for non-mechanism
based toxicity issues in normal tissue. Despite this notion, the adverse effects of
BH3 mimetics with proposed off target mechanisms such as (—)-Gossypol and
Obatoclax have been shown to be manageable so far in the clinic. It is even
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conceivable that the off target effects (e.g. Bcl-2 independent ROS generation) may
actually contribute to the therapeutic efficacy of the drugs and therefore enhance
their clinical efficacy. Due to the mechanism-based selection pressure, drug resis-
tance in tumours treated with highly selective inhibitors also may acquire more
rapidly. Therefore, highly selective inhibitors may be most successful when applied
in combination with other drugs/compounds targeting drug resistance mechanisms
such as enhanced Mcl-1 expression in ABT-737-treated malignancies.

5 OQutlook

Despite the fact that activation of apoptosis is a major mechanism by which most
chemotherapeutic drugs and radiation kill tumour cells, conventional cancer therapy
does not allow target-specific intervention in death and survival signalling pathways
which appears to be the most reasonable strategy to overcome the intrinsic apopto-
sis resistance of cancer cells. The ultimate goal for molecular, apoptosis-based ther-
apies is to develop specific drugs selectively targeting various signalling components
of pro- and anti-apoptotic pathways in an aim to limit unwanted toxicity in normal
tissues and to trigger tumour-selective cell death. BH3 mimetics are an exciting new
class of cancer drugs that hold great promise to fulfil these criteria because of their
relatively limited toxic side effects in comparison to conventional chemotherapy/
radiotherapy. In addition to their anti-tumour activities when used as monotherapy,
a vast number of preclinical data suggest BH3 mimetics may be highly useful tools
to reduce patient drug loads when applied in synergistic therapies with conventional
cancer drugs and radiotherapy. The results of ongoing clinical trials will shed fur-
ther light on the clinical impact of these novel anti-cancer agents in patients suffer-
ing from relapsed, refractory, metastatic or advanced stage cancers. Future trials
with chemonaive patients will also allow to scrutinize the clinical potential of BH3
mimetics in early stage/untreated cancer. The rational design of trials with BH3
mimetics may also increase the attention on molecular profiling, such as expression
profiling of Bcl-2 family members in an aim to select patients most likely to benefit
from the therapy.

Future strategies will aim at designing even more specific Bc-2 inhibitors to fur-
ther reduce their off target effects in an aim to limit the toxicity of these compounds
in normal cells. Very recently, the structure-based design of a novel, highly potent
and specific small-molecule inhibitor of Bcl-2/ Bcel-x; (compound 21) was pub-
lished. The design of this inhibitor was developed from a novel chemical scaffold
and the crystal structures of Bcl-x; complexed with the Bad BH3 peptide. The novel
compound binds to both Bcl-xL and Bcl-2 with Ki< 1 nM and inhibited cell growth
in two small-cell lung cancer cell lines with IC50 values of 60—90 nM.

Pro-survival Bcl-2 proteins share a functional redundancy in antagonizing cell
death, and there is considerable evidence that parallel inhibition of all pro-survival
Bcl-2 proteins holds great promise to increase therapeutic efficacy. The pan-Bcl-2
inhibitors (—)-Gossypol and Obatoclax are already under clinical investigation.
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Several new compounds are in preclinical development and time will tell if these
novel Gossypol derivatives such as the highly promising BI-97C1 will advance to
clinical trials. In addition to the currently available published material, ongoing
efforts in drug development may yield even better, high affinity pan-Bcl-2 inhibitors
in the future. Future clinical studies may also focus on the intelligent design of
combined therapies employing BH3 mimetics with more restricted binding profiles
and other, more selective drugs, e.g. ABT-263 with agents targeting the expression/
stability of Mcl-1.
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Abstract Mitochondria are organelles that are instrumental for the life as well as
the death of cell. They have their own genome, present in multiple copies. The mito-
chondrial genome codes for 13 subunits of mitochondrial complexes, while all other
mitochondrial proteins have to be imported from the cytosol, being coded for by the
nucleus. Therefore, regulation of the mitochondrial proteome is rather complicated,
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since all complexes have to assemble properly to exert their biological function. A new
angle in the regulation of gene expression has been uncovered recently, occurring at the
post-transcriptional level and involving transcripts of short ‘non-coding’ sequences
in the nuclear genome, the so called microRNAs (MiRs). These are intriguing
molecules that are rather promiscuous, each of them modulating the expression of
multiple genes. Recent research indicates their involvement in the mitochondrial
function affecting virtually all aspects of the (patho)physiology of the cells. In this
paper, we review the role of MiRs in the regulation of the mitochondrial function,
largely in the context of human pathologies.

Keywords Mitochondria * Mitochondrial dysfunction * MicroRNA ¢ Cancer °
Tricarboxylic acid cycle * Oxidative phosphorylation ® Metabolism ¢ Glycolysis ®
Reactive oxygen species ®* Mitochondrial DNA ¢ Hypoxia-inducible factor ¢ Insulin
receptor substrate-1 ® FoxO1 ¢ Akt « Mitophagy

1 Introduction

Mitochondria are primarily responsible for providing energy by a continuous
supply of ATP. However, they can efficiently function as death-promoting organelles.
In response to changes in the intracellular environment, mitochondria become
producers of excessive reactive oxygen species (ROS) and release pro-apoptotic
proteins, resulting in disrupted ATP synthesis and activation of cell death pathways
(Suen et al. 2008; Kilbride and Prehn 2013). Cell stress stimuli can result in mito-
chondrial outer membrane (MOM) permeabilisation, after which mitochondria
release numerous proteins involved in apoptotic signalling, including cytochrome c,
the apoptosis-inducing factor (AIF), endonuclease G, Smac/DIABLO and Omi/HtrA2.
Cell fate is determined by signalling involving proteins of the Bcl-2 family, which
converge on mitochondria. Mitochondria therefore play a critical role in physiological
homeostasis, and their dysfunction is related to a variety of pathological processes
and (Galloway and Yoon 2013).

Mitochondria and oxidative stress are the central players, for example in
Parkinson’s disease pathogenesis. A systemic deficiency in complex I (CI) of the
mitochondrial electron transport chain (ETC) is evident in many patients with the
pathology (Hauser and Hastings 2013). Changes in the mitochondrial function and
ultrastructure have been found in various mental disorders (Gong et al. 2011).
Mitochondrial DNA (mtDNA) mutations and deletions, plus excessive ROS pro-
duction have been shown to contribute to the ageing process and cancer (Chaudhary
etal.2011;Yinetal. 2014; Grzybowska-Szatkowska and Slaska2012). Dysregulation
of the mitochondrial function is a hallmark of cancer cells, and several key genes are
closely linked to tumour progression, including succinate dehydrogenase (SDH),
fumarate hydratase (FH) and isocitrate dehydrogenase (IDH). Mutations in or loss of
the SDH and FH genes are known to be oncogenic (Ishii et al. 2005; Guzy et al. 2008).
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It has been reported that the dysfunction of the SDH and FH enzymes is linked to the
activation of hypoxia-inducible factor-o (HIFla), which enhances tumourigenic-
related signalling promoting processes like angiogenesis (Selak et al. 2005).
Functional CIII of the ETC is required for the hypoxic stabilisation of HIFla and
HIF2a, and that an increase in ROS links this complex to HIFa stabilisation
(Mansfield et al. 2005; Guzy et al. 2005).

Mitochondria are dynamic organelles that continually undergo fission and fusion.
These opposing processes work in concert to maintain the shape, size, and number
of mitochondria and their physiological function. Mitochondrial dynamics has been
linked to multiple mitochondrial, including mtDNA stability, respiratory capacity,
apoptosis, and the response to cellular stress (Chan 2012). Because of these important
processes, mitochondrial fusion and fission are essential in mammalian cells, and
even mild defects in mitochondrial dynamics can promote pathological states
(Detmer and Chan 2007; Galloway and Yoon 2013). Interestingly, cells have developed
a defence mechanism against aberrant cytotoxic mitochondria. This mechanism
involves selective sequestration and subsequent degradation of malfunctional
mitochondria before they enter the apoptotic process. Induction of mitochondrial
autophagy (mitophagy) results in selective cellular clearance of damaged mitochondria.
This process is the only known mechanism for mitochondrial turnover. It has been
speculated that dysfunction of autophagy may result in the accumulation of malfunc-
tional mitochondria, promoting their abnormal function and oxidative stress.

Mitochondrial dynamics, metabolism and function are tightly regulated by intra-
cellular pathways. The discovery of microRNAs (MiRs) has yielded a new paradigm
of post-transcriptional gene regulation with the small non-coding RNAs closely
linked to virtually all known fundamental biological pathways. Deregulation of MiRs
can contribute to the promotion of human diseases, including cancer, where MiRs can
function as either oncogenes or tumour suppressors. MiRs can affect mitochondria
by targeting mitochondrial proteins coded for by nuclear genes, and have been also
found in mitochondria (Kren et al. 2009; Bian et al. 2010). Conceivably, MiRs may
contribute to the mitochondrial dysfunction (Li et al. 2011).

2 Characteristics of MicroRNAs

MiRs are small non-coding RNAs that promote the cleavage or translational repres-
sion of specific mRNAs with the cognate site(s) in their 3’-untranslated regions
(3'UTRs). In the human genome, MiR sequences can be present either as a part of
independent polymerase II transcription units or within annotated ‘host’ genes. Of the
50-80 % of human MiRs that are found in introns, most are preferentially located
near their central part (Morlando et al. 2008; Kim and Kim 2007). The biogenesis
of MiR is controlled by two RNase-dependent processing steps that convert a long
primary transcript into a mature MiR. First, primary MiRs (pri-MiRs) are processed
by the Drosha-containing complex, i.e. the RNase IlI-like enzyme and DGCRS
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Fig. 1 MiR biogenesis and mitochondrial translocation. The pri-MiR, transcribed from genome
by RNA polymerase II, is processed into pre-Mir by RNase III enzyme Dorsha. In cytosol the
pre-MiR is cleaved by Dicer to produce mature MiR, which is associated with the RISC assembly
to degrade complimentary mRNA. MiRs translocate to various subcellular locations including
mitochondria. MiR and AGO2, a core component of the RISC complex, are associated with
mitochondria to regulate mitochondrial gene expression

(DiGeorge syndrome critical region gene 8), to stem-loop pre-MiRs that are then
further processed by the second RNase, Dicer, to short double-strand duplexes.
Eventually, one of the functional strands in the resulting duplex is preserved, forming
a functional complex with the RNA-induced silencing complex (RISC) proteins,
and acts as a ‘guide’ strand for specific recognition (Fig. 1). A number of RNA-
binding proteins, such as hnRNPs (heterogeneous nuclear ribonucleoproteins)
Al, Lin28, Smad proteins and the KSRP protein (KH-type splicing regulatory
protein) have been shown to positively or negatively regulate MiR production
(reviewed in Siomi and Siomi 2010). Drosha itself can regulate the level of the
microprocessor complex by cleaving hairpins in the 3’-UTR and the coding region
of the DGCR8 mRNA, whereby destabilising the mature transcript and leading to
a decrease in the DGCRS protein (Kim 2009). This suggests that a balance between
the levels of the microprocessor and its regulator proteins is essential for the physi-
ological homeostasis.

MiRs are transcribed within the nucleus and are then extensively processed into
the mature form in the cytosol as ~22-bp double-stranded RNAs. Mature MiRs
associate with Argonaute (AGO) proteins to form the core of the RISC, which is the
basis for RNA interference (RNAi). RNAi occurs upon pairing of one of the two
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MiR strands, associated with an AGO protein, with target sites in an mRNA, thereby
affecting its stability/translation (for review see Ketting 2011; von Brandenstein
et al. 2012). Mammalian cells contain four AGO proteins (AGO1-4), which have
been shown to function in translational repression (Fabian et al. 2010), but only
AGQO2 can catalyse the cleavage of the target transcript (Liu et al. 2004). Furthermore,
knock-down and knock-out AGO2 experiments in human cells and in mice, respec-
tively, suggest that this protein has specific functions that may not be complemented
by the other three AGO proteins. Initially, mature MiRs and AGO2 were believed to
accumulate and function exclusively in the cytosol and/or in unstructured cytosolic
foci, such as the processing bodies (P-bodies) and stress granules (Leung et al.
2006; Liu et al. 2005). However, more recent evidence shows that they can also
localise to and function within different cellular compartments. To date, MiRs and
AGO?2 have been found to localise to the nucleus (Hwang et al. 2007; Liao et al.
2010; Ohrt et al. 2008) and to multivesicular bodies (Gibbings et al. 2009).
Interestingly, ~90 % of extracellular MiRs are packaged with proteins (i.e. AGO2,
HDL, and other RNA-binding proteins) and ~10 % are wrapped in small membranous
particles (i.e. exosomes, microvesicles, and apoptotic bodies). It is believed that these
extracellular MiRs mediate cell-to-cell communications (Zhuang et al. 2012).

3 MicroRNAs in Mitochondria

The regulation of mitochondrial function is critically determined by proteins
encoded by both nuclear and mitochondrial genome. Replication and transcription
of mtDNA is initiated from a small non-coding region, the D-loop, and is regulated
by nuclear-encoded proteins that are post-translationally imported into mitochondria.
The transcription and translation of mtDNA as well as the processing of mitochondrial
transcripts requires the involvement of several types of non-coding RNAs, which can
be either mitochondrial encoded or transcribed within the nucleus and subsequently
localised to mitochondria. Recent studies have reported that there are MiRs that
localise to and function in other cellular compartments than the cytosol. Nuclear
encoded MiRs have been found to be associated with the MOM (Mercer et al. 2011).
This compartment may provide a platform for the assembly of signalling complexes
that play an important role in the regulation of transcriptional repression.

It has been reported that MiR-181c, encoded in the nucleus, matures in the
cytoplasm, and finally translocates into mitochondria of cardiac myocytes. This MiR
can enter and target the mitochondrial genome, ultimately causing re-modelling of
CIV and mitochondrial dysfunction (Das et al. 2012). Mitochondria harbour their
own genetic system that may be a potential site for MiR-mediated post-transcriptional
regulation. For example, MiRs have been identified in mitochondria purified from
rat liver (Kren et al. 2009; Bian et al. 2010), and localisation of pre-MiRs and mature
MiRs has been demonstrated for mitochondria isolated from human muscles
cells (Barrey et al. 2011). Whether mitochondrial MiRs are transported into the
mitochondria or are endogenously synthesised remains unknown and should be further
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investigated. Several arguments support the MiR import hypothesis. A possible link
between mitochondria and RNAi came from co-immunoprecipitation of human
AGO?2 with mitochondrial tRNAM® (Maniataki and Mourelatos 2005). This suggests
that components involved in mitochondrial RISC assembly, in particular AGO2 may
be involved in transport of MiRs to mitochondria. In mitochondria, post-transcriptional
regulation via MiRs would provide a sensitive and rapid mechanism that will adjust
the expression of the mitochondrial genome in relation to the conditions and metabolic
demands of the cell (Fig. 1).

A recent study, aimed to investigate the possible link between MiRs and mito-
chondria in human cells, identified 13 MiRs significantly enriched in mitochon-
dria purified from HeLa cells that have been referred to as mitoMiRs and that are
coded for in the nucleus (Bandiera et al. 2011). For example, apart from its role in
the cytosol, MiR-494 is likely to have a function in mitochondria due to its locali-
sation to this organelle. Conceivably, hsa-MiR-1974, hsa-MiR-1977 and hsa-
MiR-1978 are considered non-canonical MiRs because they map to mitochondrial
tRNA and rRNA genes. The actual mitochondrial localisation of certain MiRs
implies that small RNA-mediated processes may regulate mitochondrial biogen-
esis and function. Details of which MiRs modulate the mitochondrial function are
rather obscure.

4 MicroRNAs and Mitochondrial Metabolism

A fundamental function of mitochondria is to produce ATP via oxidative phosphor-
ylation (OXPHOS), thereby providing energy for the variety of cellular functions.
MiR-15b, MiR-16, MiR-195 and MiR-424 have emerged as regulators of the ATP
levels all sharing the same ‘seed’ sequence. Their over-expression down-regulates
ATP and affects the mitochondrial integrity. The target of these MiRs is the ADP-
ribosylation factor-like 2 (ARL2) mRNA, and knock-down of ARL2 by siRNA also
resulted in reduced ATP level and degeneration of mitochondria (Nishi et al. 2010).
Conditions that induce up-regulation of MiR-15b as well as several other MiRs
that share the same ‘seed’ sequence, such as MiR-195, result in the mitochondrial
degeneration and reduction in ATP levels in cardiomyocytes. MiR-338 is another
MiR that modulates OXPHOS and the mitochondrial function, since it targets cyto-
chrome ¢ oxidase IV (COX IV) mRNA (Aschrafi et al. 2008). In neurons, MiR-338
over-expression by transfection resulted in decreased COX IV and reduced ATP.
In contrast, expression of anti-MiR oligonucleotides increased COX IV levels and
improved OXPHOS. It was therefore concluded that over-expression of MiR-338
jeopardises the mitochondrial function.

Mitochondrial glutaminase (GLS) is important for mitochondrial metabolism
since it converts glutamine to glutamate that is further catabolised by the tricarboxylic
acid (TCA) cycle for the production of ATP. Glutamate also serves as a substrate
for glutathione synthesis. Proliferating cells are known to utilise glutamine as a
major source of energy, ‘nitrogen’ for biosynthetic pathways and ‘carbon’ for
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anabolic processes (Wise et al. 2008; Gao et al. 2009). Recent reports show that
transcriptional regulation of the Myc oncogene is coordinated with the expression
of genes that promote cells to engage in excessive glutamine catabolism, which
exceeds the cellular requirement for protein and nucleotide biosynthesis (Wise et al.
2008). Such Myc-dependent glutaminolysis results in re-programming of the mito-
chondrial metabolism to depend on glutamine catabolism and to maintain cellular
viability and TCA cycle anaplerosis. Concomitantly, this stimulation of mito-
chondrial glutamine metabolism leads to reduced glucose-derived metabolites to
enter the TCA cycle and a decreased contribution of glucose to the mitochondrial-
dependent synthesis of phospholipids (Barth et al. 1992). MiR-23a and MiR23b
have been demonstrated to target mitochondrial GLS, since they can directly repress
GLS levels (Gao et al. 2009). Myc, in turn, up-regulates GLS by suppressing the
expression of MiR-23a/b.

Early studies have demonstrated the formation of mitochondrial ROS under
hypoxia, and these radicals have been suggested as ‘sensors’ of oxygen deficiencies
(Klimova and Chandel 2008). Cells sense and respond to the shortage of oxygen by
activating the transcription factors HIF-1 and HIF-2 to evoke adaptive responses.
Mitochondria are at the center of hypoxia sensing and the response relay system.
In hypoxic cancer cells, mitochondria re-direct the TCA cycle intermediates to
preserve their biosynthetic function. Persistent HIF activation lowers the entry of
the mitochondria ‘electron-delivering’ compounds to reduce the TCA cycle fuelling
and P-oxidation, attenuates the expression of the ETC components, limits the
mitochondria-associated biosynthetic pathways, and provokes their removal by
autophagy (Dehne and Briine 2014). MiR-210, significantly up-regulated during
hypoxic stress in many cell types (Kulshreshtha et al. 2007; Huang et al. 2010;
Chan et al. 2012a), has been reported to be involved in repressing mitochondrial
respiration and the ensuing down-stream events (Favaro et al. 2010; Chan et al.
2012b). Following exposure to hypoxia, cellular metabolism shifts from
OXPHOS to glycolysis (known as the Pasteur effect). MiR-210 contributes to the
metabolic shift by down-regulating several steps of mitochondrial metabolism and,
in particular, the ETC complexes.

The effect of MiR-210 on the metabolic function is also linked to its direct
repression of the iron sulphur cluster assembly proteins ISCU1 and ISCU2. Upon
identifying the ISCU1/2 proteins as MiR-210 targets, it has been shown that
HIF-expressing tissues in vivo feature increased levels of MiR-210, decreased
expression of ISCU1/2, and consequently the disruption of the integrity of iron-
sulphur clusters. In turn, due to repressing ISCU1/2 during hypoxia, MiR-210
decreases the activity of iron-sulphur enzymes that control the mitochondrial
metabolism, including CI and aconitase. Consequently, MiR-210 represses mito-
chondrial respiration, which, in the presence of normal oxygen, leads to decreased
ATP levels. In contrast, during hypoxia, miR-210 appears to increase ATP levels
(Chan et al. 2012b) and optimise energy production in the hypoxic cell via the
Pasteur effect (Semenza 2007). The repressive effect of MiR-210 on the ETC also
impacts on mitochondrial ROS production, a consequence of electron leakage.
Indeed, MiR-210 expression increases oxidative stress under normoxic conditions
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and this is, in part, mediated by ISCU (Favaro et al. 2010; Chan et al. 2012b).
However, conflicting results have been reported for hypoxia. In cancer cell lines,
miR-210 alleviated the hypoxia-induced ROS formation. On the other hand, hypoxia
exposure did not induce significant changes in ROS production in normal endothe-
lial cells, which increased when miR-210 was inhibited. This discrepancy underlies
the differences between normal versus cancer cells.

Other relevant mitochondrial targets of MiR-210 targets that have been reported
to be the NADH dehydrogenase (ubiquinone) 1-a sub-complex 4, a subunit of CI
(Giannakakis et al. 2008), and SDHD, a subunit of CII (Puisségur et al. 2011).
An additional target is glycerol-3-phosphate dehydrogenase (GPD), the catalyst of
the glycerol phosphate shuttle, which transfers electrons from cytoplasmic NADH to
the ETC. Collectively, MiR-210 suppresses mitochondrial respiration and enhances
glycolysis, which leads to a decrease in the ATP level.

More recently, MiR-126 has been found to induce a metabolic shift in tumours
toward a more glycolytic phenotype (Tomasetti et al. 2014). MiR-126 suppresses the
mitochondrial respiratory activity in malignant mesothelioma (MM) cells and stim-
ulates glycolysis in response to the inhibition of mitochondrial oxygen con-
sumption, indicative of a compensatory process (Fig. 2a—c). This process is coupled
to the glycolytically derived pyruvate that enters a truncated TCA cycle, where
citrate is preferentially exported to the cytosol via the tricarboxylate transporter
(Baggetto 1992). Once in the cytosol, citrate is cleaved by ATP citrate lyase (ACL)
to produce cytosolic acetyl-CoA used for endogenous synthesis of fatty acids, cho-
lesterol, and isoprenoids, as well as acetylation reactions that modify proteins. It
has been postulated that MiR-126 affects the mitochondrial citrate metabolism by
inhibiting the Akt pathway to restore the TCA cycle for the synthesis of ATP. Thus,
this mechanism favours glucose oxidation to produce cellular energy rather than
converting it into other macromolecules for cellular biosynthesis (Fig. 2d).

5 Mitochondrial Dysfunction and MicroRNAs

There is considerable evidence for mitochondrial dysfunction in association with
insulin resistance, obesity, diabetes and cancer (Ren et al. 2010; Rabgl et al. 2009;
Garcia-Roves 2011; Kim et al. 2008; Dang 2012). Mitochondrial dysfunction has
been shown to compromise insulin signalling via serine phosphorylation of the insulin
receptor substrate-1 (IRS-1) (Morino et al. 2005). The contribution of mitochondrial
dysfunction to the impairment in insulin metabolic signalling has been also suggested
by results of gene array analysis showing that the repression of genes regulating mito-
chondrial ATP production is associated with insulin resistance and type 2 diabetes
mellitus. Moreover, reduction in the oxidative capacity of the ETC has been mani-
fested in obese, insulin-resistant persons as well as diabetic patients. Genetic and
environmental factors, oxidative stress, and alterations in mitochondrial biogenesis
can adversely affect the mitochondrial function, leading to insulin resistance and vari-
ous pathological conditions such as the cardiorenal syndrome and type 2 diabetes.
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Several MiRs have been implicated in the metabolic homeostasis deregulation,
as follows from loss-of-function studies in mice (N#ir 2011; Rottiers and Naar 2012).
Both MiR-378 and MiR-378* participate in the regulation of mitochondrial
metabolism and energy homeostasis in mice via the transcriptional network
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controlled by the peroxisome proliferator-activated receptor y co-activator-1
(PGC-1p) (Carrer et al. 2012). Mice lacking MiR-378 and MiR-378* are resistant
to high-fat diet-induced obesity, and exhibited enhanced mitochondrial fatty acid
metabolism and elevated oxidative capacity of insulin-target tissues. On the other
hand, up-regulation of MiR-378* in cancer cells has been proposed to mediate
increased lactate production owing to the shift from oxidative to glycolytic metab-
olism, which is associated with tumourigenesis (Eichner et al. 2012).

Mitochondrial dysfunction resulting from genetic alteration (mtDNA depletion)
or metabolic inhibition (rotenone toxicity) induces insulin resistance in hepatocytes
via reduced expression of the IRS-1 protein. Furthermore, it has been found that
mitochondrial dysfunction induces the expression of several MiRs thought to target
the IRS-1 3’'UTR. Of these, MiR-126 is actively involved in the development of
insulin resistance as it directly targets IRS-1 (Zhang et al. 2008b; Ryu et al. 2011).
MiR-126 acts as a metabolic regulator, its up-regulation being associated with the
inhibition of Akt signalling (Yang et al. 2012; Tomasetti et al. 2014).

Activation of the PI3K/Akt pathway is one of the most common events in spon-
taneous human cancers, and it has been shown to alter metabolism and to promote
the flow of precursors into anabolic pathways (Ward and Thompson 2012).
Akt activates ACL, promoting the conversion of mitochondria-derived citrate to
acetyl-CoA for lipid synthesis (Bauer et al. 2005). Therefore, the re-programming
of mitochondrial citrate metabolism is a central aspect of the PI3K/Akt activity
(Hatzivassiliou et al. 2005). MiR-126 was found to affect the citrate metabolism by
inhibiting the Akt pathway to restore the TCA cycle for ATP synthesis. This mechanism
favours glucose oxidation to produce energy rather than convert it into precursors
for cellular biosynthesis (Tomasetti et al. 2014).

A key downstream effector of the Akt pathway is the Forkhead box O-class 1
(FOXO1) protein, functionally inactive due to its phosphorylation by activated
Akt in a variety of cancers. FOXO1 inactivation favours enhanced cell survival, cell
proliferation, and susceptibility to stress, while its activation leads to apoptosis,
cell cycle arrest and stress resistance in various tissues (Tothova and Gilliland 2007,
Zhang et al. 2011). Recent evidence documents that IRS-1 is an important inhibitor
of FOXO1 viaits Akt-mediated phosphorylation (Dong et al. 2008; Guo et al. 2009).
Ectopic MiR-126 has been found to re-activate FOXO1 via the inhibition of the
IRS-1/Akt pathway (Fig. 3a, b). Consistent with this, MiR-126 induced nuclear
translocation of FOXO1 in both non-malignant and MM cells, resulting in increased
expression of genes involved in the glucose metabolism and mitochondrial function
(Tomasetti et al. 2014). MiR-126 induced the expression of phosphoenolpyruvate car-
boxykinase (PCK1), which is a main control point for the regulation of gluconeo-
genesis (Fig. 3c). Substrate level phosphorylation occurs in glycolysis, where
phosphoenol pyruvate is converted to pyruvate, which then enters the TCA cycle.
Under these conditions, increased glycolysis is an important early compensatory
mechanism to produce ATP (Fig. 3d). Further, cells expressing MiR-126 feature
high levels of mitochondrial superoxide dismutase (SOD2) and catalase (CAT), also
regulated by FOXO1 (Tomasetti et al. 2014; Valis et al. 2011). Enhanced ROS pro-
duction in cancer drives the onset of aerobic glycolysis, with lactate and ketone
production promoting mitochondrial biogenesis and anabolic growth of tumour



69

3 MicroRNA and Mitochondria

a b '
M MM par MiR
par IRSI MiR  par IRSl- MiR
PIRSI | wmwm sl s P ]
IRS1 e o
pAkt e — S i i
AKE | o e —— —— (o]
pFoxOl B o || T e ?B * W parental
FoxO1 = M IRS1-
. e - s 4| MiR
actin | e > i = [ MiR/FoxO1
=
— S * .
FoxOl | a4 . R 2 <=, -
actin e — — — Q>)~. E
FoxOl I ——— O ol | el
Jamin | SE——— | ——— Q'l 0 ’_'L‘
par MiR126 MM
d
Insulin

TS AN

MlRlZ() —] @

Resplratlon
o]
...... PCKl Phosphoenol
Acetoacetate pyruvate

Fig. 3 MiR-126 alters the IRS1 pathway-dependent mitochondrial function and expression of
FOXO1-dependent genes. MiR-126 was found to suppress IRS1 with ensuing inhibition of Akt.
This causes the failure of FOXO1 sequestration in the cytosol, which results in the increase in the
gluconeogenesis gene PCK1 (a, b) yielding increased pyruvate accompanied by a glycolytic shift
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significantly different values with p<0.05. Panel ¢ depicts the proposed role of MiR-126

cells. Alleviation of mitochondrial oxidative stress via enhanced expression of
antioxidant enzymes targeted to mitochondria was found to be sufficient to lower
tumour severity and to considerably reduce the tumour burden, linking MiR-126 to

the suppression of the onset and progression of cancer.
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An important component of cellular metabolism is the production of ROS
(Finkel 2012), which are generated by mitochondria as well as NADPH oxidases (NOX).
They can cause damage to membranes and can be mutagenic. Emerging data
suggest that conditions of cellular stress can alter the biogenesis of MiRs, the
expression of their targets and the activity of MiR-protein complexes. The level of
MiR-mediated repression depends not only on the ratio of a particular mRNA
target relative to the MiR, but also on the amount of other MiRs present in the
transcriptome targeted by the same MiRs. Consistent with this, expression of a
number of MiRs is rapidly modulated by stress, as documented for cells exposed to
UV radiation (Pothof et al. 2009).

Exposure to H,O, has been reported to alter the MiR expression profile. For
example, MiR-126 is induced by oxidative stress exerting a protective function
by inducing the expression of antioxidant enzymes (Tomasetti et al. 2014). Over-
expression of MiR-145 significantly inhibited H,O,-induced cellular apoptosis, ROS
production, mitochondrial structure disruption as well as the activation of key
signalling proteins in the mitochondrial apoptotic pathway (Li et al. 2012). Haque
et al. (2012), demonstrated that a sub-lethal dose of H,O, up-regulated the
expression of MiR-30b, which inhibited the expression of CAT. MiR-335 and MiR-
34a were found to inhibit the expression of SOD2 and thioredoxin reductase 2
(Txnrd2) by binding to the 3’-UTR of each gene, respectively. Overexpression of
MiR-335 and MiR-34a induced premature senescence of young mesangial cells via
suppression of SOD2 and Txnrd2 with a concomitant increase in ROS (Bai et al. 2011).
Furthermore, MiRNA-320a has been found responsive to oxidative stress and
involved in the regulation of glycolysis (Tang et al. 2012). Thus, regulation of MiR
processing plays an important role in the response to environmental stress and,
consequently, stress-related pathologies.

6 MitoRNAs and Mitochondrial Dynamics

Mitochondrial dynamics and turnover are crucial for cellular homeostasis and
differentiation. Mitochondria form dynamic networks that are necessary for the
maintenance of the organelle fidelity (Chan 2012; Blomain and McMahon 2012).
Mitochondrial biogenesis involves the growth and division of pre-existing mito-
chondria. It requires the coordination of several distinct processes: (1) asymmetric
formation of both the inner and outer mitochondrial membrane; (2) synthesis of
mitochondrial proteins; (3) synthesis and import of proteins encoded by the nuclear
genome; (4) replication of mtDNA; and (5) mitochondrial fusion and fission.
Mitochondrial fission requires the activation of the dynamin-related protein-1 (Drp-1)
(Frank et al. 2001), a GTPase that causes the scission of the mitochondrial outer
membrane, resulting in the fission of mitochondrial tubules into individual frag-
ments. Drp-1 activity is also linked to cytochrome c release and caspase activation
(Tanaka and Youle 2008).

Mitochondria are under constant cycles of fission and fusion. If subjected to
stress, they may be removed by autophagy, and their biogenesis might, in turn,
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increase to meet the energetic demands. The rates of mitochondrial fission and
fusion respond to changes in the metabolism, such that mitochondria become ‘more
fused” when they are forced to rely on OXPHOS by withdrawing glucose as the
carbon source. Fusion is also enhanced by the induction of autophagy, increasing the
reliance on OXPHOS via enhanced metabolism of lipids and protein. Alternatively,
increased fusion may be necessary to maximise the fidelity of OXPHOS by stimulating
the complementation among mitochondria. Autophagy may also evoke a specific
stress response called ‘stress-induced mitochondrial hyperfusion’ or it may inhibit
fission to protect mitochondria from autophagic catabolism when their function
needs to be preserved (Youle and van der Bliek 2012). These effects are consistent
with a model in which mitochondrial dynamics helps maximise the capacity for
OXPHOS under conditions of stress.

MiRs have been shown to be involved in the regulation of mitochondrial dynamics.
MiR-30 family members have been reported to regulate apoptosis by targeting the
mitochondrial fission machinery, inhibiting mitochondrial fission by suppressing the
expression of p53 and its downstream target Drp-1 (Li et al. 2010). More recently,
MiR-494, whose location is predominantly mitochondrial, has been found to modulate
mitochondrial biogenesis by down-regulating the mitochondrial transcriptional
factor A (TFAM) and the nuclear transcription factor forkhead box J3 (FOXIJ3)
during myocyte differentiation and skeletal muscle adaptation to physical exercise
(Yamamoto et al. 2012).

The removal of damaged mitochondria by autophagy, a process referred to as
mitophagy, is critical for maintaining proper cellular functions. Mitophagy regu-
lates the number of mitochondria to match the metabolic or developmental demands
(Kundu et al. 2008), and is also a part of the quality control based on the removal of
malfunctional mitochondria (Tolkovsky et al. 2002; Kundu et al. 2008; Okamoto et al.
2009). Malfunctional/damaged mitochondria are removed by autophagy, a process
requiring two steps: induction of general autophagy and priming of damaged mito-
chondria for selective recognition. Recent reports reveal that mitochondrial priming
is mediated by the PINK1-Parkin signalling pathway (Parkin-dependent) or by
the mitophagic receptors Nix and BNIP3 (Parkin-independent). The induction of
canonical autophagy requires ATG proteins and, furthermore, it involves mTOR
suppression in response to ROS generated by damaged mitochondria and ATP
depletion. Upon mitochondrial membrane depolarisation, PINK1 triggers Parkin
translocation from the cytosol to mitochondria where it promotes ubiquitination of
the MOM proteins, which may either be degraded by the proteasome or serve as
binding partners for the p62 protein. This protein then acts as an adaptor molecule
directly interacting with the LC3 protein to recruit autophagosomal membranes to
the mitochondria. For Parkin-independent mechanism, damaged mitochondria
(particularly under hypoxic condition) increase the expression of the FUNDC1 and
Nix proteins, which may in turn recruit autophagosomes to mitochondria by direct
interaction with LC3. BNIP3 and Nix (upregulated by oxidative stress and/or hypoxia)
can induce mitophagy by triggering mitochondrial depolarisation, which is known
to induce mitochondrial removal by autophagy (Mazure and Pouyssegur 2010).

Recent studies have suggested a role for MiRs in autophagy, including MiR-101
(Frankel et al. 2011), MiR-204 (Xiao et al. 2011) and MiR-30a (Zhu et al. 2009).
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MiRs target transcripts of autophagy-related proteins, thereby suppressing their
function in autophagy with pathological consequences (Frankel and Lund 2012).
For example, down-regulation of MiR-34b/c is an early event in Parkinson’s disease
(Mifiones-Moyano et al. 2011). In some tumors, the level of MiR-21 is increased,
and it suppresses the expression of PTEN, which regulates the mitophagy-associated
PINK1 (Zhang et al. 2010).

Mitophagy has been characterised as an HIF-dependent mechanism (Zhang et al.
2008a). Hypoxic repression of the mitochondrial function by MiR-210 and ISCU1/2
may trigger mitophagy. In addition, MiR-126 has been found to be induced by
hypoxia and to have a profound effect on cancer cell morphology. Robust formation of
autophagic vacuoles was observed in cancer cells over-expressing MiR-126 as a
result of their aberrant bioenergetic status (Tomasetti et al. 2014). Ectopic MiR-126
induces the loss of malignancy and the failure of MM cells to induce tumours; these
events were not observed in malignant cells lacking beclin-1, a critical regulator of
autophagosome formation. These findings have a clinical context, since autophagy
is an important process contributing to tumour suppression.

7 MicroRNAs and Mitochondria-Induced Cell Death

Defective mitochondria can be toxic by generating excessive amounts of ROS, by
consuming ATP and by interfering with other metabolic processes. Low levels of
damage may be corrected by complementation through mitochondrial fusion.
Damaged mitochondria will contaminate other mitochondria if they become part of
the mitochondrial network unless they are eliminated by autophagy. High levels of
ROS can induce apoptosis by affecting mitochondria. Stimulation of the intrinsic
mitochondrial apoptotic pathway by ROS and mitochondrial DNA damage
promotes the MOM permeabilisation and cytosolic translocation of cytochrome c,
the AIF, or Smac/Diablo that trigger/promote caspase-dependent or -independent
apoptotic cascade of reactions (Ryter et al. 2007). In caspase-dependent signalling,
cytochrome c forms the apoptosome complex that induces cleavage of the down-stream
effector caspases. Additionally, Smac/Diablo antagonises the inhibitory effects of
the inhibitor of apoptosis proteins, which promotes caspase activation.

AIF mediates caspase-independent signalling through cytosol-to-nuclear trans-
location and induction of nuclear chromatin condensation and DNA fragmentation
(Susin et al. 1999). The mechanism regulating apoptogenic processing and translo-
cation of mitochondrial AIF into the cytoplasm is complex and not fully understood.
Permeabilisation of mitochondria, irrespective of whether it occurs before or after
AITF cleavage, is an obligatory event in the AIF-mediated apoptotic signalling.
Central to mitochondrial permeabilisation and mitochondrial release of apoptogenic
factors is the permeability transition pore (PTP), a megapore spanning the inner and
outer mitochondrial membrane composed by cyclophilin, VDAC and the adenine
nucleotide translocase (Circu and Aw 2010). Mitochondrial apoptogenic factors can
be released through the pores in the outer membrane formed by the pro-apoptotic
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Bcl-2 family members. Key members of the anti-apoptotic (e.g. Bcl-2, Bel-x;, and
Mcl-1) and pro-apoptotic (e.g. Bax, Bak, Bad, Bim, and Bid) Bcl-2 family of pro-
teins are major players in the MOM permeabilisation and apoptotic susceptibility
(Kelekar and Thompson 1998).

MiR-15a and the MiR-16-1 induce apoptosis by regulating the mitochondrial
function by affecting multiple oncogenic activities including those of Bcl-2 and
Mcl-1. Furthermore, MiR-15a promotes mitochondrial dysfunction resulting in
cytochrome c release into the cytoplasm and the dissipation of the mitochondrial
membrane potential (AW,;) (Gao et al. 2010). MiR-210, MiR-181, and the
muscle-specific MiR-1 have been reported to be increased upon apoptotic stimula-
tion and found to be associated with the release of cytochrome c¢ from mitochondria
and the AW, ; decrease (Chio et al. 2013; Ouyang et al. 2012; Yu et al. 2008).
Recently, several MiRs have been demonstrated to regulate the expression of
members of the Bcl-2 family. MiR-195, MiR-24-2 and MiR-365-2 act as negative
regulators of Bcl-2 by direct binding to their cognate sites in the 3’-UTR of the
human Bcl-2 gene. Over-expression of these MiRs induced dissipation of AW, ; and
the release of cytochrome c (Singh and Saini 2012). Furthermore, MiR-135a, con-
siderably down-regulated in malignant gliomas and correlated with the pathological
grading of the neoplasia, is capable of inducing mitochondria-dependent apoptosis
of malignant gliomas by regulating various genes including STAT6, SMADS5 and
BMPR?2, as well as affecting the down-stream signalling events (Wu et al. 2012).

Several MiRs inhibit apoptosis by exerting a protective role. MiR-145 protects
from the activation of the mitochondrial apoptotic pathways in cardiomyocytes
under oxidative stress by direct targeting of the BH3-only proteins such as BNIP3.
This protein primarily localising to the MOM functions not only as a sensor of
mitochondria to oxidative stress in the cytoplasm, but also as an effector of
mitochondria-mediated apoptosis. BNIP3 transduces the apoptotic signals via the
activation of pro-apoptotic Bax/Bak proteins, neutralising the anti-apoptotic BH1-4
proteins, and promoting mitochondrial membrane depolarisation by inducing the
formation of the detrimental PTP (Li et al. 2012). In addition, ectopic expression of
MiR-125b partially restored cell viability and inhibited apoptosis induced by temo-
zolomide and camptothecin (CPT), which are promising chemotherapeutic agent
for glioblastomas (Shi et al. 2012; Zeng et al. 2012). It has been demonstrated that
CPT induces apoptosis in cancer cells by MiR-125b-mediated mitochondrial
pathways via targeting the 3’-UTRs of Bakl, Mcl-1, and p53 (Zeng et al. 2012).
These data clearly document the regulatory role of MiRs in apoptosis modulation,
both positive and negative.

8 Conclusions

MiRs play a critical role in regulating the mitochondrial function under physiological
and pathological conditions. Pre-MiRs and MiRs have been found in human mito-
chondria, implication their regulatory role in the mitochondrial function and integrity.
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Table 1 MicroRNAs involved in mitochondrial function

ATP level Target Reference
MiR-15 ARL2 Nishi et al. (2010)
MiR-16 ARL2 Nishi et al. (2010)
MiR-195 ARL2 Nishi et al. (2010)
MiR-338 COX 1V Aschrafi et al. (2008)
MiR-424 ARL2 Nishi et al. (2010)
Mitochondrial metabolism
MiR-23a/b GLS Gao et al. (2009)
MiR-210 ETC components Favaro et al. (2010), Chan et al.
(2012b)
MiR-126 IRS-1 Zhang et al. (2008b), Ryu et al. (2011)
MiR-378 PGCI1p Carrer et al. (2012)
Inhibition of mitochondrial ROS
MiR-34a SOD2/Txnrd2 Bai et al. (2011)
MiR-126 CAT/SOD2 Tomasetti et al. (2014)
MiR-145 Bnip3 Lietal. (2012)
MiR-335 SOD2/Txnrd2 Bai et al. (2011)
Mitochondria dynamics
MiR-30 Mitochondrial fusion Liet al. (2010)
MiR-494 Mitochondrial biogenesis Yamamoto et al. (2012)
Mitophagy
MiR-21 PINK1 Zhang et al. (2010)
MiR-30a Zhu et al. (2009)
MiR-101 Frankel et al. (2011)
MiR-126 Tomasetti et al. (2014)
MiR-204 Xiao et al. (2011)
Apoptosis
MiR-1 Cytochrome c release Yu et al. (2008)
MiR-15a Bcl-2/Mcl-1 Gao et al. (2010)
MiR-16-1 Bcl-2/Mcl-1 Gao et al. (2010)
MiR-24 Bcl-2 Singh and Saini (2012)
MiR-181 Bcl-2/cytochrome c release Ouyang et al. (2012)
MiR-195 Bcl-2 Singh and Saini (2012)
MiR-210 Bcl-2/cytochrome c release Chio et al. (2013)
MiR-365 Bcl-2 Singh and Saini (2012)

ARL2 ADP-ribosylation factor-like 2, COX IV cytochrome ¢ oxidase IV, GLS mitochondrial
glutaminase, ETC electron transport chain, PGCIf peroxisome proliferator activated receptor-y
co-activator 1, IRS-/ insulin receptor substrate-1, Txnrd2 thioredoxin reductase 2, SOD2 superoxide
dismutase, CAT catalase

Table 1 gives examples of MiRs that have been detected in mitochondria and, where
known, their interacting partner that regulated. As obvious, MiRs modulate a number
of diverse processes, including the ATP level, mitochondrial metabolism, modula-
tion of mitochondrial ROS generation, dynamics of the organelles, and mitophagy
as well as apoptosis. How MiRs affect the mitochondrial function, in particular
when targeted to mitochondria (probably via their association with AGO2 and other,
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thus far unknown chaperones) is still obscure. Neither it is clear whether MiRs bind
to 3’UTR of mitochondrial transcripts and, ultimately, whether mtDNA codes for
mitochondria-specific MiRs. Notwithstanding the limited knowledge, it is clear that
MiRs exert, via affecting the mitochondrial function and integrity, a modulatory
role in a variety of pathologies, both positive and negative. The translational impor-
tance of MiRs, for example, in the context of cancer, can be reconciled with recent
findings of unexpected differences in the mutational patterns of the same type of
tumours in different patients (Hayden 2008) and even in individual regions of the
same tumour (Gerlinger et al. 2012). The unprecedented heterogeneity of tumours
makes it rather unlikely to treat cancer on a wider scope with agents that act via a
single target or a single signalling pathway. MicroRNAs with their multiple targets
affecting mitochondria appear promising vehicles that may be employed for effi-
cient cancer therapy, although whether this approach will be practically applicable
is yet to be uncovered. Since mitochondria are implicated critically in a variety of
pathologies, ranging from neoplastic diseases through neurodegenerative diseases,
to cardiovascular pathologies, their potential use is obvious.
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Abstract The mitochondrial connection in cancer has long been suspected, but the
first unequivocal genetic link was established only when hereditary paraganglioma-
associated mutations were found in genes coding for the subunits of mitochondrial
complex II. In this chapter we provide an overview of current knowledge concern-
ing the involvement of complex II in cancer, and discuss molecular mechanisms that
may contribute to complex II-mediated tumourigenesis.

Keywords Mitochondria « Cancer * Complex II ¢ Succinate-coenzyme Q oxidore-
ductase * Metabolism ¢ Oxidative phosphorylation ¢ Succinate * 2-oxoglutarate ®
Reactive oxygen species * Citric acid cycle ¢ Mitochondrial inner membrane ¢
Apoptosis * Pseudohypoxia ¢ Paraganglioma ¢ Pheochromocytoma

1 Mitochondria and Cancer

Mitochondria play a crucial role in cell survival, providing energy and metabo-
lites for the maintenance and growth of a healthy cell. At the same time, mito-
chondria function as executors of cell death and upon various stress stimuli or
signalling cues initiate apoptosis, a prerequisite for an effective defence against
uncontrolled cell proliferation. Given this protean role in both proliferation and
cell death, it is perhaps not surprising that mitochondria participate in the devel-
opment of diseases such as neural degeneration and cancer that are character-
ised by the deregulation of those two fundamental processes. With respect to
cancer, the role for mitochondria in tumourigenesis has been suggested a long
time ago, but the identification of the first cancer-associated mitochondrial gene
is of a relatively recent date (Baysal et al. 2000). The gene in question is one of
the subunits of the mitochondrial respiratory complex II (CII), which together
with four other macromolecular protein complexes constitutes the oxidative
phosphorylation (OXPHOS) system in the mitochondrial inner membrane
(MIM). The investigations into the role of CII in cancer provide a good illustra-
tion of the current state of affairs concerning the involvement of mitochondrial
and metabolic alterations in cancer development; we know that there is ‘some-
thing going on’, but have not yet been able to pinpoint the aspects most relevant
for cancer development.
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2 Complex II Links Tricarboxylic Acid Cycle
and Oxidative Phosphorylation

The function of OXPHOS is critically dependent on the tricarboxylic acid cycle
(TCA), a complex system of reactions in the mitochondrial matrix in which pyruvate
imported into mitochondria from the glycolytic pathway is degraded, producing
reducing equivalents NADH and NADPH, as well as GTP. NADH, which enters
OXPHOS via CI, provides electrons that serve to reduce molecular oxygen to water
in a multistage process involving the respiratory complexes CI, CIII and CIV. As the
electrons travel through OXPHOS via the electron carriers ubiquinone (UbQ) and
cytochrome c, CI, III and IV pump protons from the matrix to the inter-membrane
space, creating electrostatic and pH gradient which is utilised by CV to produce
ATP, the major energy ‘currency’ of the cell.

Within this general scheme, CII is exceptional for several reasons. First, it
directly ties TCA to OXPHOS without the usual NADH intermediary (Fig. 4.1).
This is due to the fact that CII possesses two distinct enzymatic activities: it oxi-
dises succinate to fumarate in the TCA which is referred to as the succinate

Intermembrane
H space

succinate
GTP uccil fumarate

GDP malate
succinyl-CoA TCA

NADH cycle NADH
oxaloacetate

NAD* J
2-oxoglutarate .
citrate Matrix

isocitrate &=
AD"

NAD*

NADH

Mitochondria

Fig. 4.1 Complex II on the interface between the tricarboxylic acid cycle and oxidative
phosphorylation. CII removes electrons from succinate and transfers them via its four protein
subunits to ubiquinone, where they are pooled with those originating at CI and further shuttled by
CIII, cytochrome c (cyt c) and CIV to molecular oxygen. Unlike other respiratory complexes, CII
contributes only indirectly to the proton gradient which is maintained on the inner mitochondrial
membrane and allows CV to form ATP



84 K. Kluckova et al.

dehydrogenase (SDH) activity (giving CII its alternative name, SDH), and reduces
UbQ to ubiquinol, by means of the succinate-coenzyme Q oxidoreductase (SQR)
activity, a quintessential OXPHOS reaction. Second, CII, the smallest of respira-
tory complexes, possesses only four protein subunits, known as SDHA, SDHB,
SDHC and SDHD, all of them nuclear-encoded and therefore subject to inheri-
tance pattern typical for nuclear genes. All other OXPHOS complexes contain at
least one mitochondrially-encoded gene. Third, unlike other OXPHOS complexes,
CII does not truly span the whole MIM, and does not transport protons to the inter-
membrane space. Instead, electrons originating at CII contribute to the proton
pumping activity of CIII and CIV. As mentioned above, the reaction catalysed by
CII is complex and requires specific participation of all CII subunits at different
stages of the process. The matrix-exposed active site for the succinate to fumarate
conversion, the only membrane-associated TCA activity, resides in the SDHA
subunit. The catalysis is mediated by the flavine prosthetic group (FAD), and the
electrons are subsequently handed over to iron sulfur clusters present in the subunit
SDHB. The [2Fe-2S], [4Fe-4S] and [3Fe-4S] clusters channel the electrons to
subunits C and D inserted in the MIM, which together form the UbQ-binding sites,
where the electrons are released to UbQ and transferred further to CIII. Of the two
UbQ-binding sites found in the crystal structure of porcine CII (Sun et al. 2005),
only the proximal site (the one closer to the mitochondrial matrix and the [3Fe-4S]
cluster) appears to be functional, whereas the distal site may be a non-functional
pseudosite (Maklashina and Cecchini 2010). All in all, CII serves a vital function
connecting TCA and OXPHOS by providing a direct link unparalleled by any other
respiratory complex or TCA enzyme.

3 Role of Complex II in Disease

Being wholly encoded by nuclear DNA, in the field of mitochondrial research CII has
been considered as somewhat ‘uninteresting’, ‘housekeeping’ gene. However, in 1995
the first disease-associated mutation was identified in the SDHA subunit of CII in
sibling patients suffering from the neurodegenerative Leigh syndrome (Bourgeron
etal. 1995), and in 2000 first association with cancer was found for the SDHD subunit
(Baysal et al. 2000). This indicated that CII may play an active role in disease develop-
ment, in particular for neurodegenerative diseases and cancer, and stimulated research
into the mechanisms driving these associations. These aspects of CII biology have
been summarised recently in comprehensive reviews (Bardella et al. 201 1b; Hoekstra
and Bayley 2013), and we will provide a short update below.

3.1 Neurodegenerative Diseases and Myopathies

Leigh syndrome is a neurodegenerative disorder resulting from incorrect function of
the mitochondrial OXPHOS. Genetically, it is a heterogeneous disease associated
with defects in all respiratory complexes, including CV (DiMauro and Schon 2003).
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Leigh syndrome-associated CII mutations are found exclusively in the SDHA gene
and account for only about 2 % of all cases. The mutations are either homozygous,
often in siblings of consanguineous parents, or involving two heterozygous muta-
tions that result in a compound loss of the SDHA subunit (Bourgeron et al. 1995;
Parfait et al. 2000). The clinical presentation includes bilateral lesions in deep grey
matter including rostral spinal cord, the brain stem, thalamus, cerebellum, and the
basal ganglia. The peripheral skeletal nervous system is also frequently affected. The
clinical neurological symptoms initially consist of hypotonia and psychomotor
regression, followed by variable onset of dystonia, involuntary movements, ataxia,
and eventually quadriparetic spasticity, accompanied by general symptoms that
include failure to thrive and recurrent vomiting, the latter probably related to lactic
acidosis (Uziel et al. 2011). Besides Leigh syndrome, SDHA mutations can also lead
to other degenerative disorders such as cardiomyopathies, and an SDHB mutation
was reported in a leukodystrophy case (reviewed in Hoekstra and Bayley 2013).

3.2 Cancer

3.2.1 Paraganglioma/Pheochromocytoma Syndrome

The function of CII as a tumour suppressor has come to light when the first germline
mutations in SDHD (Astuti et al. 2001a; Baysal et al. 2000) and SDHC (Niemann
and Muller 2000) have been reported in families with hereditary paragangliomas or
pheochromocytomas (PGL/PHEO), followed by mutations in SDHB (Astuti et al.
2001b). Surprisingly, no disease association between SDHA and PGL/PHEO has
been found until 2009, when a mutation in a gene now known as SDH5 or SDHAF?2
and required for flavination of SDHA was reported (Hao et al. 2009), shortly fol-
lowed by the identification of mutations in SDHA itself (Burnichon et al. 2010).
Owing to these discoveries, PGL/PHEOs are the best known tumours associated
with CII mutations. Initially, 3 PGL/PHEO susceptibility loci were identified and
dubbed PGL1-3. As the responsible genes were discovered, PGL1 was ascribed to
mutations in SDHD, PGL2 to mutations in the assembly factor SDHAF?2 and PGL3
to mutations in SDHC. Mutations in SDHB were associated with paraganglioma
type 4 (Bardella et al. 201 1b; Opocher and Schiavi 2011).

PGL/PHEO is the malignancy of the neural crest lineage, and derives from either
parasympathetic or sympathetic nervous system. Parasympathetic nervous system
usually produces paragangliomas in the head and neck region from carotid bodies,
along the vagus nerve, in the jugular foramen and in the middle ear space. These
tumours are often referred to as head and neck paragangliomas, and generally do
not hypersecrete catecholamines or other hormones. Sympathetic nervous system
can produce pheochromocytomas originating from chromaffin cells of the adrenal
medulla, or extra-adrenal paragangliomas originating from extra-adrenal sympa-
thetic tissue confined to the abdomen, thorax and pelvis. The sympathetic nervous
system-derived tumours typically secrete catecholamines, and extra adrenal para-
gangliomas have higher risk of metastases (Bardella et al. 2011b; Fishbein and
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Nathanson 2012). PGL/PHEO are quite rare, occurring in two to eight people per
million, and equally in men and women. At least 25 % are familial and inherited in
an autosomal-dominant pattern, which makes PGL/PHEO the cancer most strongly
associated with inherited germ line mutations (Fishbein and Nathanson 2012;
Kantorovich and Pacak 2010).

Apart from ClI-related genes, mutations in VHL (von Hippel-Lindau), NFI (neu-
rofibromin 1), RET (Ret proto-oncogene), TMEM 127 (transmembrane protein 127)
and MAX (myc-associated factor X) are associated with PGL/PHEO (reviewed in
Fishbein and Nathanson 2012). In addition, PGL/PHEO-associated germline muta-
tions were also found in KIF1Bp (kinesin family member 1Bf) (Schlisio et al. 2008;
Yeh et al. 2008) and EGLN! (Egl nine homolog 1 in C. elegans, also known as
PHD2) (Ladroue et al. 2008). Very recently two paraganglioma cases with muta-
tions in the EPASI gene encoding hypoxia-inducible factor 2a (HIF2a) were
reported, and even though these were somatic gain-of-function mutations, the
authors speculate that the mutations could have arisen in a post-zygotic event early
in embryogenesis (Zhuang et al. 2012).

3.2.2 Other Complex II-Associated Cancers

Even though PGL/PHEO has the strongest association with CII genes, these genes
have been found mutated in other types of tumours as well. They include gastroin-
testinal stromal tumours (GISTs), either sporadic where SDHB-D mutations are
present in 12 % of patients that are negative for cKIT and PDGFRA mutations
(Janeway et al. 2011), or in the so called Carney-Stratakis syndrome, a genetic
predisposition to combined PGL/PHEO and GIST (Carney and Stratakis 2002;
McWhinney et al. 2007). In addition, in Cowden and Cowden-like syndromes
(CS/CLS), a genetic predisposition to breast, thyroidal and renal cancers, SDHB-D
mutations were found in 8 % PTEN mutation-negative patients and in 6 % PTEN
mutation-positive patients. The patients positive for SDHB-D mutations were also
more likely to progress to a full-blown cancer (Ni et al. 2008, 2012). More on SDH
mutations and associated cancers can be found in a recent review by Bardella,
Pollard and Tomlinson (Bardella et al. 2011b).

4 Mechanism of Complex II-Related Tumourigenesis

Whereas the causal association of CII mutations with PGL/PHEO (and some other
cancers) is clear, undisputed and supported by solid genetic evidence, the mecha-
nism underlying the tumourigenicity of CII mutations is still a matter of debate. In
contrast to genomic DNA for germ-line mutational analysis, which is relatively easy
to obtain, the availability of primary tumour samples for biochemical functional
studies is much more limited, given the relatively low frequency of PGL/PHEO and
other Cll-related tumours and their particular growth characteristics. As a result,
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there are no established tumour-derived cell lines, and neither are there suitable
animal models to study CII-dependent malignancies (Hoekstra and Bayley 2013).

The overriding feature of CII-related tumours is the diminished expression
of CII subunits and reduction in CII activity (Burnichon et al. 2010; Favier et al.
2009; Fliedner et al. 2012; Gimenez-Roqueplo et al. 2001; Janeway et al. 2011).
Also characteristic for these tumours, as noted early on, is increased angiogenesis.
It was shown already in 2001 that a nonsense mutation in SDHD found in three
patients resulted in a complete loss of CII activity and activation of hypoxia path-
ways represented by increased angiogenic markers such as vascular endothelial
growth factor (VEGF) and HIF2«a (a product of EPASI) (Gimenez-Roqueplo
et al. 2001). Importantly, the whole study was performed with tumour samples,
and the results were compared to control sporadic PHEO ensuring high relevance.
These observations were later extended by the same authors to malignant, apparently
sporadic PHEO in a patient with a germline SDHB mutation, which led to the
loss of CII activity and stimulation of angiogenesis, associated with ‘spectacular
tumour vascularisation and tumour growth’, to borrow the authors’ own words
(Gimenez-Roqueplo et al. 2002). Furthermore, as individuals living in higher alti-
tudes are more susceptible to PGL/PHEO (Astrom et al. 2003), this suggests that an
oxygen-sensing pathway may play a causal role in the development of the disease.
Concerning angiogenesis in PGL/PHEO tumours, it is useful to note that transcrip-
tomic analysis classifies PGL/PHEO tumours into two groups: one which includes
VHL and ClI-derived tumours characterised by angiogenesis/hypoxia profile,
and another including RET and NF1-derived tumours which do not show these
characteristics (Dahia et al. 2005). Detailed clustering of selected 103 (energy
metabolism-related) or 54 (HIF1 or HIF2-regulated) transcripts was used to dis-
criminate between VHL- and Cll-related tumours (Burnichon et al. 2010); this
suggests that despite some differences, the overall pro-angiogenic signature of
VHL and CII PGL/PHEO is rather similar.

4.1 Role of Succinate Accumulation

4.1.1 Induction of Pseudohypoxia

Increased angiogenesis suggests that hypoxia responses may be deregulated in
ClII-derived tumours. These responses are directed by hypoxia-inducible factors
(HIF) 1 and 2, which consist of two protein subunits, the labile « and the stable 8
subunit, that together initiate a transcriptional programme promoting glycolysis
and neovascularisation. The stability of the a subunit of HIF1/2 is mainly governed
by the oxygen- and 2-oxoglutarate (20G)-dependent enzymes called prolyl
hydroxylases (PHDs) that hydroxylate two proline residues in the HIF1/2a sub-
units, providing a signal for proteasomal degradation mediated by VHL (which, as
noted above, is also associated with PGL/PHEOQ). In addition, the factor inhibiting
HIF (FIH), another oxygen- and 20G-dependent hydroxylase, hydroxylates an
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asparagine residue in the HIF1/2a, dampening HIF transcriptional activity under
normoxia (Keith et al. 2012).

Succinate, the by-product of FIH and PHD hydroxylation reaction is the sub-
strate for CII, and this provided the first connection between CII deficiency and the
pro-angiogenic phenotype: cells with SDHD knock-down lost CII activity and
accumulated succinate, which resulted in substrate inhibition of PHDs and HIF
stabilisation (Selak et al. 2005). The cells thus entered a state referred to as pseudo-
hypoxia with hypoxic pathways activated under normal oxygen levels, which
could be reverted by the reactivation of PHDs with cell-permeable derivative of the
co-substrate 20G (MacKenzie et al. 2007). In contrast to PHDs, the role of FIH
appears minor in this setting, as it is virtually insensitive to succinate inhibition
(Hewitson et al. 2007; Koivunen et al. 2007). In vitro data published by Selak et al.,
were replicated in tumour samples where both accumulation of succinate and HIF 1«
stabilisation were confirmed (Lehtonen et al. 2007; Pollard et al. 2005), providing
the rationale for the above mentioned similarity between CII and VHL-derived
tumours. In the former, HIFs are stabilised because they cannot bind to VHL due to
the lack of hydroxylation, whereas in the latter they are stabilised because VHL
itself is missing or non-functional. As HIF transcription factors may promote tumour
formation (reviewed in Keith et al. 2012), this was proposed as a possible mechanism
of tumourigenesis in both CII and VHL-derived tumours, and succinate accumula-
tion is now considered a standard feature of CII-deficiency.

4.1.2 Epigenetic Changes

HIF-controlling hydroxylases are not the only 20G-dependent, succinate-producing
enzymes present in mammalian cells. In fact, PHDs and FIH are members of a large
family of ferrous iron and 20G-dependent oxygenases, comprising more than 80
individual enzymes with a broad range of physiological roles (McDonough et al.
2010). These include the JmjC domain-containing histone demethylases (JHDM),
which modulate the epigenome by removing methyl residues from specific lysines of
histones, and TET (ten-eleven translocation) DNA hydroxylases, which demethylate
genomic DNA in a multistep process initiated by hydroxylation of 5-methylcytosin.
With respect to the JHDMs, soon after the original report of succinate accumulation
was published, it was shown in a yeast model of SDHB deficiency that increased
succinate inhibits JHDMs as indicated by increased histone H3 lysine 9 methylation,
a phenomenon that was recapitulated in mammalian cells by the administration of
cell-permeable succinate (Smith et al. 2007). Subsequently, it was demonstrated that
the loss of SDHB or SDHD in mammalian cells results in increased histone H3
methylation on several lysine residues, which could be reversed by JMJD3 histone
demethylase over-expression. These cells also displayed reduced histone 3 occupancy
of IGFBP7 (insulin-like growth factor-binding protein 7) promoter, a gene previously
found up-regulated in SDHB-deficient cells (Cervera et al. 2009). In addition, in PGL
samples the chief type 1 cells, the neoplastic component of PGL, stained positive for
methylated histone 9.
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Concerning TETs, a recent study showed inhibition of both JHDM and TET
enzymes upon SDHA/B knock-down, which promoted histone 3 methylation as
well as increased 5-hydroxymethylcytosine levels, indicating reduced rate of DNA
demethylation, resulting in genome-wide epigenetic changes and increased mRNA
expression of HOXA genes, whose upregulation was associated with H3 demethyl-
ation in leukemia (Xiao et al. 2012). Interestingly, investigation of tumour sam-
ples from 55 PGL/PHEO patients identified a strong association of pl6™E#
promoter hypermethylation with SDHB mutations. In fact, all SDHB-mutated
tumours (no other SDH genes were sequenced) had increased pl6™%** promoter
methylation (Kiss et al. 2008), and the hypermethylation phenotype of these tumours
applied to other promoters as well (Geli et al. 2008). In addition, the hypermethyl-
ation phenotype of SDH-deficient tumours was confirmed in extended and indepen-
dent sample panels (Killian et al. 2013; Letouze et al. 2013), and it was demonstrated
that hypermethylation is tumour-specific (Kiss et al. 2013). We can therefore specu-
late that this might have happened as a consequence of succinate accumulation fol-
lowing the loss of heterozygosity event inactivating the wild type SDHB allele,
linking epigenetic changes with the development of PGLs. As both the alteration of
the epigenome and HIF stabilisation are driven by elevated succinate levels in CII-
deficient cells, it was proposed by Frezza et al. that these two mechanisms might
co-operate and the modified epigenome might modulate the transcription of HIF
target genes, and in this way bring about the specific pseudohypoxia phenotype
associated with tumourigenesis (Frezza et al. 2011a).

4.1.3 Extracellular Succinate

PHG/PHEO tumours (especially those of sympathetic origin) secrete hormones
such as catecholamines with striking systemic effects manifesting, among other
things, as severe hypertension, cardiac complications, sweating, palpitation and
anxiety (Kantorovich and Pacak 2010). Analogically, as ClI-derived tumours
massively accumulate succinate, a notion was put forward that succinate released
by CII-deficient cells could act in an endocrine or paracrine manner and in this way
promote certain features of tumourigenesis (Bardella et al. 2011b; Frezza et al.
2011a). It has been shown that succinate binds to a specific receptor known as
GPROI1 (also referred to as SUCNRI1) (Ariza et al. 2012; He et al. 2004). The
receptor is most abundantly expressed in kidneys and its engagement leads to
hypertension in rodents (He et al. 2004). This is mediated by the stimulation of
renin release (Toma et al. 2008), and contributes to hypertension in the diabetic
mice. Elevated plasma succinate was detected in patients with CII deficiency in
Cowden syndrome (Hobert et al. 2012), but it remains to be seen whether this
might contribute to the symptoms typical for PGL/PHEO as well. Besides
hypertension, succinate signalling could potentially also stimulate angiogenesis
(as shown for the eye) and modulate immunity, both processes with high relevance
for cancer development (Rubic et al. 2008; Sapieha et al. 2008). Finally, the finding
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that SDHB-suppressed cells up-regulate GPR91 shows that there might be a role
for autocrine/paracrine activity of cell-extruded succinate within CII-deficient
tumours (Cervera et al. 2008). Accordingly, although speculative, a possibility
exists that extracellular succinate might be relevant for the pathogenesis of CII-
deficient tumours.

4.2 Role of Oxidative Stress

Whereas succinate accumulation is an undisputed feature of CII-deficient tumours
stemming from the absence or reduction of succinate-converting activity, the find-
ings concerning oxidative stress in tumours and cells deficient in CII are less con-
sistent. Even though CII is a bona fide source of reactive oxygen species (ROS)
(Quinlan et al. 2012), the experimental evidence for increased ROS associated with
CII deficiency is mixed. Various investigators found increased (Guo and Lemire
2003; Guzy et al. 2008; Ishii et al. 1998, 2005; Owens et al. 2012; Slane et al. 2006;
Smith et al. 2007; Szeto et al. 2007) or normal levels (Cervera et al. 2008; Selak
et al. 2005, 2006) of ROS production in cells lacking various CII subunits or
containing various CII mutations. The issue is confounded by the fact that various
investigators utilise different experimental models (differences in species, techniques
of ROS evaluation, acute vs. chronic CII deficiency etc.). For example, the increase
of ROS is consistently observed upon CII dysfunction in yeast (Guo and Lemire
2003; Smith et al. 2007; Szeto et al. 2007), whereas for mammalian cells the data is
controversial. In primary tumour samples, increased ROS were not detected in
SDHB-deficient tumours, however the tumour tissue manifested elevated superox-
ide dismutase-2 expression, suggesting an adaptation to increased oxidative stress
(Fliedner et al. 2012).

It is possible that the production of ROS might differ depending on which of the
CII subunits is mutated or missing. In this scenario, the presence of SDHA is
required for the electrons to be removed from succinate, but molecular defects down
the line in other CII subunits may result in a failure to deliver electrons to ubiqui-
none and their diversion towards ROS production. However, the experimental evi-
dence is not unequivocal and the issue awaits further clarification.

4.2.1 The Role of ROS in HIF Stabilisation and Induction
of Pseudohypoxia

The idea that ROS stabilise HIF in CII-deficient tumours is consistent with the
observation that mitochondrial ROS are necessary for HIF stabilisation during
hypoxia (Guzy et al. 2005; Chandel et al. 1998, 2000; Klimova and Chandel 2008),
and ROS also inhibit PHDs and stabilise HIF1 under normoxia (Gerald et al. 2004).
A convincing case was presented in favour of ROS-mediated HIF stabilisation in
CII-deficient cells, as pharmacological inhibition of the proximal UbQ (Q,) site in
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SDHC/D, but not that of the SDH active site in SDHA, resulted in ROS production and
HIF induction, an effect abrogated by mitochondria-targeted antioxidants. In addition,
SDHB knock-down induced ROS and stabilised HIF, which was attenuated by the
NP3 inhibitor of the SDH active site, whereas SDHA knock-down did not stabilise
HIF (Guzy et al. 2008). In contrast, other investigators found that HIF can be stabilised
without ROS formation in SDHB (Cervera et al. 2008) or SDHD (Selak et al. 2005,
2006) knock-down, and they could reverse the HIF stabilisation by the administra-
tion of cell-permeable 20G (MacKenzie et al. 2007). In addition, SDHA-mutated
tumours, too, show signs of pseudohypoxia (Burnichon et al. 2010). Finally, in
Cowden-like syndrome, the ROS production was increased in the lymphoblastoid
cell lines derived from the peripheral blood of SDH- and some PTEN-mutated
patients. Despite that, HIF1« stabilisation was associated only with the SDH muta-
tions (Ni et al. 2012).

The regulation of HIF activity by ROS and succinate is a complex process (Qutub
and Popel 2008), and it is possible that relative contribution of both factors might
differ depending on the cellular context studied and the level of the knock-down
achieved. The methodology of ROS measurement might possibly also play a role.
Nevertheless, clear discrepancies exist between the reported data, which have yet to
be reconciled.

4.2.2 The Role of ROS in Genomic Instability

The story linking oxidative stress to genomic instability in CII-defective settings
started with the identification of a Mev-1 mutant in C. elegans, in which a mutation
in SDHC led to decreased life-span and increased sensitivity to oxidative stress
(Ishii et al. 1998). The mutation, equivalent to the E69 mutation in human SDHC,
increased superoxide production, whereas succinate concentrations remained
unchanged (Senoo-Matsuda et al. 2001). The nematode mutation was expressed in
murine fibroblasts, which resulted in increased superoxide production from mito-
chondria, in a switch to more tumourigenic phenotype, as evidenced by increased
colony and xenograft tumour formation, and mutational frequency in the nuclear
HPRT gene (Ishii et al. 2005). This also led to induced oxidative stress in yeast
(Guo and Lemire 2003). Others showed that Chinese hamster fibroblasts deficient
in functional SDHC subunit (due to a premature stop codon) had increased steady
state superoxide levels, superoxide dismutase activity and higher aneuploidity indi-
cating chromosomal instability, all features that were corrected by the over-expression
of wild-type SDHC (Slane et al. 2006). Similarly, cells expressing a truncated form
of SDHD displayed increased ROS levels without much decreased CII activity and
higher mutational rate of the HPRT gene, which could be reduced by the adminis-
tration of superoxide dismutase and catalase, and enhanced by the depletion of the
glutathione pool (Owens et al. 2012).

In Cowden-like syndrome, SDH mutations are associated with increased ROS
levels, lipid peroxidation and DNA damage, which could be diminished by the
administration of the lipid-soluble antioxidant a-tocopherol (Ni and Eng 2012). The
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relative importance of the direct oxidative damage and indirect effects via modula-
tion of signalling networks is as yet unclear, but at least using cells expressing mutant
CII subunit on the wild-type background could help differentiate between the effects
of ROS and succinate accumulation, as in these cells the succinate accumulation is
expected to be limited.

4.3 Apoptosis Induction and Complex 1l Deficiency

Resistance to apoptosis is one of the hallmarks of cancer. Functional OXPHOS is
required for efficient apoptosis induction (Kwong et al. 2007), and disruption of
CI and II in a caspase-dependent manner is an integral feature of mitochondrial
apoptosis (Ricci et al. 2003). CII may play a direct role in apoptosis induction. The
cells with compromised CII are more apoptosis-resistant (Albayrak et al. 2003),
and apoptosis induction by ClI-targeting compounds has been described (Dong
et al. 2008, 2011; Rohlena et al. 2011a, b). Furthermore, it was shown that CII
disintegrates during apoptosis in a pH-dependent manner, leading to the detach-
ment of the A and B subunits and to a failure of electron transfer to UbQ, resulting
in ROS formation (Lemarie et al. 2011). It can thus be assumed that this process
would be inefficient in ClI-deficient tumours, but this has never been shown in
primary patient material.

CII deficiency may also contribute to attenuation of the apoptotic responses
indirectly. EGLN3 (also known as PHD3), an enzyme from the prolyl hydroxylase
family responsible for the stabilisation of HIF in response to succinate accumula-
tion, controls the induction of apoptosis in neuronal progenitor cells in response to
growth factor removal (Lee et al. 2005). The apoptotic pathway induced by EGLN3
involves KIF1Bf, a gene associated with PGL/PHEO (Schlisio et al. 2008; Yeh
et al. 2008), suggesting clinical relevance. Reduced sensitivity to apoptosis was also
determined in cells derived from Cowden-like patients with CII germ line mutations
(Ni et al. 2012). This was possibly connected with reduced p53 protein levels in
these cells, related to the increased FAD/NAD ratio stemming from the loss of func-
tional NADH quinone oxidoreductase-1. Accordingly, treatment of control cells
with the excess of the FAD precursor riboflavin mimicked the phenotype observed
in CII-mutant cells.

4.4 Phenotypic Differences in Complex II Deficiency

One of the interesting features of ClI-deficiency are different phenotypes associ-
ated with the mutations of individual CII subunits. This is puzzling, as large dele-
tions in any of the subunit should lead to a complete loss of CII, which should give
rise to an identical phenotype. In reality, SDHA deficiency is associated predomi-
nantly with degenerative diseases and cancer association is week, whereas the loss
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of SDHB-D subunits is strongly associated with cancer. PGL/PHEO most often
develops in SDHB and SDHD mutation carriers, whereas cancer associated with
SDHC mutations is less frequent. SDHB mutations often lead to an aggressive,
metastatic disease and occur more frequently in sporadic cases, but the penetrance
is lower than for SDHD. SDHD mutations have high penetrance and show
strong parent-of-origin effect (the disease develops only when the deficient
allele is inherited from the father), but the pathology is frequently non-metastatic.
SDHC-associated cancers are rare, the penetrance appears to be quite low, and
the tumours are usually benign similarly to tumours carrying SDHD mutations.
The reasons for these differences are not yet clear, but may have biochemical or
genetic background.

Chromosomal locations of the genes coding individual CII subunit differ: SDHA
is on chromosome ch5pl5, SDHB on chlp36, SDHC on chl1q23, and SDHD on
ch11g23. Somatic loss of the second allele leading to tumour development may also
cause a simultaneous deletion of additional genes, which would differ according to
the chromosomal location for each of the subunits. This genetic explanation would
reconcile the somewhat puzzling observation of a frequent SDHB loss, probably due
to the failure of the CII assembly, in CII-related tumours (van Nederveen et al. 2009).
This argues against inter-subunit differences based solely on a biochemical mecha-
nism, such as different ROS formation rates as discussed above. Concerning SDHB,
others have shown reduction of its protein level (possibly HIF1a-dependent) even in
the absence of CII mutations (Dahia et al. 2005; Janeway et al. 2011), indicating the
importance of the tumour suppression role of CII in cancer.

The increased metastatic potential of SDHB-derived PGL/PHEO tumours is a
highly complicating feature in the clinic, yet the underlining molecular mecha-
nism remains unknown. Differences among tumours with individual CII subunit
deficiencies have not been investigated in this context (possible due to the scarcity
of available material), but considerable effort went into the study of SDHB- and
VHL-derived tumours, the latter of which are generally metastasis-free. Due to
the differences of pseudohypoxia induction in these tumours (the lack of VHL as
opposed to succinate/ROS accumulation), attention was given to HIFla and
HIF2a stabilisation, as these two transcription factors may play different roles in
tumorigenesis (Keith et al. 2012). The results are still somewhat confusing, as
HIF2a was found to be increased more than HIF1a in VHL (Pollard et al. 2006),
SDHB (Lopez-Jimenez et al. 2010) or both SDHB and VHL tumours (Favier et al.
2009). Data suggest that VHL tumours may be more glycolytic than SDHB
tumours due to p53 down-regulation (Favier et al. 2009), and there is an indication
of increased oxidative stress in SDHB tumours as evidenced by higher mitochon-
drial superoxide dismutase expression (Fliedner et al. 2012). Interestingly, SDHB
tumours up-regulate pathways involved in cell-cell interaction and migration
(Lopez-Jimenez et al. 2010), also observed for SDHB-silenced cells (Cervera
et al. 2008), where compared to controls the SDHB knock-down led to enhanced
attachment to various components of the extracellular matrix (Cervera et al.
2008). The elevated adhesiveness may be of high relevance for enhancing metas-
tasis of SDHB tumours, but the exact regulatory mechanism behind this pheno-
type remains unresolved.
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5 Lessons from Other Tricarboxylic Acid Cycle
and Oxidative Phosphorylation-Associated Cancers

CII is not the only cancer-associated component of the mitochondrial metabolic
machinery. In addition, mutations in fumarate hydratase, (FH) and isocitrate dehy-
drogenase (IDH) are associated with cancer, and in a number of malignancies the
OXPHOS system is compromised due to mitochondrial DNA mutations. Both FH
and IDH defects are similar to CII deficiency in that they modulate levels of intra-
cellular metabolites, and some of the findings in those settings, such as the effect on
20G-dependent enzymes, may be relevant for CII malignancies as well. However,
in the clinic there are substantial phenotypic differences between these tumours and
although these cancers share similar molecular features, the early stages of their
development may have unique initiators (Raimundo et al. 2011). Activation of
hypoxia pathways could play an important role in the transformation in CII-associated
cancers, but for IDH and FH cancers reduced cellular differentiation was proposed
to be the trigger for tumour initiation, pseudohypoxia being only an additional
advantage for further tumour progression (Raimundo et al. 2011).

5.1 Fumarate Hydratase-Deficient Tumours

CII (SDH) deficiency might have most in common with defects in FH, an enzyme
catalysing the reaction of the TCA cycle placed just after SDH. FH deficiency,
which compromises the conversion of fumarate to malate and results in the accumu-
lation of intracellular fumarate, has a strong association with renal cancer. In 2007
Pollard et al. introduced a very useful model to study FH defects in tumour forma-
tion. This mouse model bears conditionally inactivated mouse homologue of human
FH gene (Fhl) in the kidney and develops multiple renal cysts (Pollard et al. 2007).
Since then, the mouse model and the isolated embryonic fibroblasts provided very
valuable data. First, in 2010 it was demonstrated that the pseudohypoxic signature
of FH deficient cells is independent of defective mitochondrial energy metabolism,
because re-expression of extra-mitochondrial FH was sufficient to restore HIF1a
prolyl hydroxylation by reducing the intracellular fumarate levels (O’Flaherty
et al. 2010).

Surprisingly, Adam et al. provided evidence that tumourigenesis in Fh/-deficient
mice is HIF-independent, as combining FH deficiency with that of HIF1a, HIF2a,
both HIFa isoforms, or PHD enzymes did not ameliorate renal cyst formation.
Instead, the nuclear factor (erythroid-derived 2)-like 2 (NRF2) signalling turned out
to be the oncogenic pathway responsible for FH tumourigenesis, which is in agree-
ment with its tumourigenic role in other malignancies (DeNicola et al. 2011;
Mitsuishi et al. 2012). NRF2 activity is controlled by the protein inhibitor KEAP1,
which is inactivated due to the succinylation of regulatory cysteine residues by
accumulated fumarate in FH-deficient cells, resulting in NRF2 stabilisation and
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upregulation of NRF2 target genes. One of these genes is haem oxygenase 1
(HMOXI) (Adam et al. 2011), whose role in FH-deficient tumours was nicely
explained by Frezza et al. (2011b). This study provided an explanation of how cells
survive without a functional TCA cycle enzyme by switching to an alternative
pathway involving HMOXI1, and demonstrated that inhibition of this pathway is
synthetically lethal in FH-deficient mouse and human cell lines (Frezza et al. 2011b).
The question arises whether the HMOX1 TCA shunt may be also applicable to
ClII-deficient tumours. KEAP1 inactivation by succinylation is likely restricted
only to FH-related malignancies, as no succinylated cysteins were detected in the
material from ClI-deficient tumours (Bardella et al. 2011a).

The data from FH-deficient mice suggest that HIF stabilisation may not be
the sole mechanism of tumourigenesis, as previously discussed for ROS (which
also activate NRF2) and epigenetic modifications. The FH story also empha-
sises the lack of suitable experimental model of CII deficiency. There are no
human PGL/PHEO cell lines, and no suitable model of CII deficiency with
human or mouse background. The homozygous deletion of SDHD in mice is
embryonically lethal, and SDHD heterozygous animals do not develop PGL/
PHEO (Bayley et al. 2009; Piruat et al. 2004). There are no reports of PGL/
PHEO in mice over-expressing the SDHC Mev1 mutant on the wild-type back-
ground either (reviewed in Ishii et al. 2013), and only the animal models of
PTEN, retinoblastoma, NF1 or cyclin-dependent kinase inhibitor deficiency
develops PGL/PHEO-like symptoms (reviewed in Korpershoek et al. 2012).
Accordingly, a proper model of CII deficiency is needed.

5.2 Isocitrate Dehydrogenase-Associated Tumours

Less similar to CII deficiency are defects in IDH enzymes. Whereas the NAD*-
dependent IDH3 catalyses oxidative decarboxylation of isocitrate to 20G in the TCA
and is not associated with cancer, the cytoplasmic IDH1 and mitochondrial IDH2 are
NADPH-dependent and catalyse the same reaction in the reversible fashion, and
have been found mutated in gliomas, astrocytomas, chondromas and acute myeloid
leukemia. Unlike CII which requires a second hit for tumourigenesis and therefore
behaves as a tumour suppressor, one allele mutation is sufficient for IDH-driven
oncogenesis, and this classifies IDHs as oncogenes. Oncogenic IDH variants catalyse
conversion of 20G to 2-hydroxyglutarate, which surprisingly activates PHD1 and
PHD?2 to increase the degradation of HIF1a that in this context behaves as a tumour
suppressor gene (Koivunen et al. 2012). In addition, the activity of JHDMs is
inhibited, resulting in increased histone H3 lysine 9 methylation, a block in cell
differentiation and induction of the ‘hypermethylator’ phenotype (Lu et al. 2012;
Turcan et al. 2012). These data suggest that similar mechanisms may modify the
same pathways with distinct outcomes, and put a question mark over the role of
HIFla in tumourigenesis. Further investigation of HIF1/2a in the context of CII
deficiency is therefore warranted.
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5.3 Mitochondrial DNA Mutations and Oncocytic Tumours

As CII participates in both TCA and OXPHOS, parallels can be drawn with
other OXPHOS mutations, which predominantly occur in mitochondrial DNA
(mtDNA) coding for 13 protein subunits of the OXPHOS CI, CIII, CIV and CV,
and also for 22 transfer and 2 ribosomal RNAs. In contrast to CII gene defects,
mutations in mtDNA follow the rules of population genetics and can be either
homoplasmic or heteroplasmic, i.e. present in all or only a fraction of mito-
chondria of a given cell. The OXPHOS mtDNA mutations are quite frequent in
cancer, yet their functional relevance is not always clear. Some of these mutations
likely play a causal role in cancer development, as they are enriched in tumour
tissue, and may contribute to an aggressive tumour phenotype (Ishikawa et al.
2008; Petros et al. 2005), while many others are functionally neutral. Many of
the functionally relevant mtDNA mutations occur in seven mitochondrial genes
coding for CI subunits, as these CI genes constitute a large part (about 40 %) of
the mitochondrial genome. In this respect the so called oncocytic tumours are of
special interest.

These usually benign tumours are epithelium-derived, occur in the kidney or
thyroid, parathyroid, salivary and pituitary glands, and are characterised by aberrant
hyperplastic mitochondria, where increased biogenesis might be a compensatory
effect of OXPHOS dysfunction (reviewed in Gasparre et al. 2011). In these tumours
and the derived models, impaired OXPHOS was reported due to defects in CI or a
combined defect of CI and CIII (Bonora et al. 2006; Simonnet et al. 2003). Porcelli
et al. screened 44 pituitary adenomas and 25 head-and-neck tumours (HNT), most
of which presented with an oncocytic phenotype, for mtDNA disruptive mutations
(Porcelli et al. 2010). The investigation revealed that the oncocytic phenotype was
associated with homoplasmic mitochondrial mutations (i.e. present in all mitochon-
dria of a cell) responsible for CI impairment. 20G/succinate ratio was higher than
in heteroplasmic and control cells, which resulted in HIF1a destabilisation, as con-
firmed by the negative HIFla staining in tumours also negative for the mtDNA-
coded MTNDG6 subunit of CI. The authors explained the observation by accumulation
of NADH due to non-functional CI and the consequent activation of 20G-dependent
dehydrogenase, which would result in enhanced prolyl hydroxylation of HIF1a and
its proteasome targeting (Porcelli et al. 2010).

An HNT case was also described with the mutated CIV MTCO1 subunit, which
also affected CI assembly and led to HIF1a destabilisation (Porcelli et al. 2010). It
was suggested that in these tumours oncocytic transformation in fact ameliorates the
cancer phenotype and should be separated from oncogenic transformation (Gasparre
et al. 2011). Accordingly, the effect of mtDNA mutations might be double-edged;
mutations that lead to a complete loss of CI activity might be protective and associ-
ated with a benign phenotype, whereas those that only partially decrease CI activity
and simultaneously increase ROS formation might be pro-tumourigenic (lommarini
etal. 2013). As of now, this leaves CII the only OXPHOS component unequivocally
linked with a genetic predisposition to cancer.
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6 Conclusions

Despite considerable progress in understanding various aspects of ClI-associated
tumourigenesis (summarised in Fig. 4.2), ClI-associated tumours remain enigmatic.
For example, it is still not clear whether the distinct phenotypic manifestations of
individual CII subunit deficiencies relate to a genetic cause, given the varying chro-
mosomal location of genes coding for individual subunits, or to different structural
and functional roles each subunit plays in CII assembly and function (reviewed in
Iverson et al. 2012). The lack of proper cellular model for CII deficiency in human
or murine cell lines as well as clear Cll-related phenotypic presentation of (for
example) PGL/PHEOQ in laboratory animals are a hurdle to further progress in CII-
related research. The yeast models of CII deficiency are informative, yet possess
inherent limitations, such as that a number of tumour-associated mutations are in
positions that are not well conserved between humans and yeast (Panizza et al.
2013). In summary, to understand various aspects of CllI-related tumourigenesis,
better model systems are required to guide the basic research, the results of which
could then be verified in the relatively rare human primary tumour samples.
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Abstract Numerous studies demonstrate that the non-steroidal anti-inflammatory
drug (NSAID) Celecoxib is an attractive lead compound for cancer therapy:
Epidemiological studies suggest a lower incidence of colonic polyps in patients
with the hereditary familiary adenomatous polyposis (FAP) syndrome and a
decreased risk for colorectal, skin and other cancers upon continuous uptake of
Celecoxib or related compounds. Moreover, preclinical investigations demonstrate
promising anti-tumour activity of Celecoxib in a variety of human tumours.
Celecoxib not only interferes with tumour initiation and tumour cell growth in vitro
and in vivo but also increases the sensitivity of tumour cells to chemotherapy, radio-
therapy, or chemoradiotherapy.

Cell cycle arrest, induction of apoptosis and anti-angiogenic effects contribute to
the antineoplastic effects of Celecoxib. This chapter will focus on the molecular
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mechanisms of Celecoxib-induced apoptosis, in particular the ability of Celecoxib
to activate the mitochondrial death pathway and to interfere with specific members
of the Bcl-2 protein family and the apoptosis regulator Survivin. Moreover, the role
of cyclooxygenase-2 (COX-2) in the regulation of Celecoxib-induced apoptosis
will be discussed. Finally, some clinical aspects of the use of Celecoxib in cancer
therapy will be highlighted.

Keywords Apoptosis ¢ Bcl-2 proteins * Celecoxib ¢ Chemoprevention *
Combination therapy ¢ Cyclooxygenase-2 ¢ Cytosolic Ca®* » ER-stress ¢ Intrinsic
pathway * Mcl-1 * Nonsteroidal anti-inflammatory drug ¢ Protein kinase B/Akt
SERCA ¢ Survivin * Cancer therapy

1 Introduction

During the last two decades, the implementation of the ‘omics’ technologies in cancer
research has led to an enormous increase in knowledge about cancer biology and
treatment resistance, offering numerous novel options for early detection and mecha-
nism-based personalized treatment. These investigations also shed light on the enor-
mous complexity of cancer as a disease as well as the considerable interindividual and
intraindividual tumour heterogeneity. They also revealed that a given targeted agent
will only be effective in patient subgroups with a specific molecular tumour subtype
in which the drug target is deregulated and essential for tumour cell survival.
Celecoxib (Celebrex®, Onsenal®, Pfizer, New York, USA) is a member of the
COXIB drug family. COXIBs belong to the most potent specific inhibitors of cyclo-
oxygenase-2 (COX-2), an immediate early response protein that catalyses a critical
step in the formation of certain prostaglandins from arachidonic acid. The primary
rationale for using COX-2 inhibitors in cancer therapy was based on the observations
that COX-2 is up-regulated during early carcinogenesis and that constitutively
elevated COX-2 levels in tumour and stromal cells are associated with tumour
progression, therapy resistance and poor prognosis (Williams et al. 1999; Gupta et al.
2000; Soslow et al. 2000; Denkert et al. 2004; Brown and DuBois 2005; Ladetto
et al. 2005; Jamieson et al. 2011; Thiel et al. 2011; Mohammad et al. 2012). In line
with that assumption, Celecoxib-mediated inhibition of COX-2 mostly reduced pros-
taglandin-mediated tumour growth, tumour neovascularization, and metastasis (Seno
et al. 2002; Basu et al. 2005; Dandekar et al. 2005; Wang et al. 2008; Liu et al. 2009;
Klenke et al. 2011; Ninomiya et al. 2012; Setia and Sanyal 2012; Xin et al. 2012).
However, it turned out that Celecoxib is also effective in tumour cell systems being
negative for COX-2 expression (Grosch et al. 2006; Chuang et al. 2008). Moreover,
structural derivatives of Celecoxib not inhibiting COX-2 showed potent antineoplas-
tic activity (Waskewich et al. 2002; Grosch et al. 2006; Chuang et al. 2008; Schonthal
2010). Suggested proteins involved in the COX-2-independent antineoplastic
actions of Celecoxib and derivatives include 3-phosphoinositide-dependent kinase-1
(PDK-1) and its downstream target protein kinase B (Akt) (Hsu et al. 2000; Arico
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et al. 2002; Zhu et al. 2004; Liu et al. 2008), cyclin-dependent kinase inhibitors and
cyclins (Ding et al. 2008; Liu et al. 2011; Reed et al. 2011), the signal transducer and
activator of transcription 3 (STAT3) (Reed et al. 2011), the anti-apoptotic proteins
Survivin, Bcl-2 and Mcl-1 (Pyrko et al. 2006; Rudner et al. 2010; Bosch et al. 2011),
the sarcoplasmic/endoplasmic reticulum calcium ATPase SERCA (Johnson et al.
2002), as well as c-myc (Sobolewski et al. 2011) and B-catenin (Maier et al. 2005;
Sakoguchi-Okada et al. 2007; Tuynman et al. 2008; Xia et al. 2010) (for a review see
Grosch et al. 2006; Schonthal 2007).

A better understanding of the molecular determinants essential for the antineo-
plastic action of Celecoxib and of putative resistance mechanisms or compensatory
pathways are required to define patient subgroups that may benefit from treatment
with Celecoxib and its derivatives alone and in combination with classical cytotoxic
chemotherapy, radiotherapy and targeted agents. This book chapter will focus on
the molecular details of the pro-apoptotic action of Celecoxib and the relevance of
these findings for cancer therapy.

2  Molecular Pathways of Celecoxib-Induced Apoptosis

Apoptosis is an evolutionary conserved death program that is critical for the mainte-
nance of tissue homeostasis and constitutes an important tumour suppressor mecha-
nism. Induction of apoptotic cell death is also a crucial component of the cytotoxic
action of chemotherapy and radiotherapy. However, to survive the specific stress
conditions within the tumour microenvironment tumour cells acquire genetic or epi-
genetic alterations that affect the expression or function of critical death promoting
proteins or lead to the over-activation of survival signalling pathways thereby acquir-
ing apoptosis resistance (Gatenby and Gillies 2008; Hanahan and Weinberg 2011).
Therefore, there is great interest in the development of drugs that specifically induce
cell death in apoptosis resistant tumour cells, or that enhance the efficacy of genotoxic
therapies e.g. by modulating the cellular apoptosis threshold. Generally, apoptotic
cell death is executed via two main pathways, the extrinsic, death receptor-dependent
pathway and the intrinsic, mitochondrial pathway. Both pathways lead to the activa-
tion of specialized proteases, the caspases that cleave diverse cellular substrates to
foster death execution (Timmer and Salvesen 2007) (Fig. 5.1).

There is accumulated evidence from preclinical investigations that Celecoxib
and some of its derivatives potently induce apoptotic cell death in tumour cells and
endothelial cells (Grosch et al. 2001; Leahy et al. 2002; Song et al. 2002; Jendrossek
et al. 2003; Lin et al. 2004a, b; Zhang et al. 2007a, b; Ding et al. 2008; Schiffmann
et al. 2008). Up to now, the molecular pathways of Celecoxib-induced apoptosis are
still a matter of debate. Most reports demonstrate the activation of classical caspase-
dependent apoptosis pathways in response to Celecoxib and its pro-apoptotic deriv-
atives, and only individual reports suggest the involvement of caspase-independent
apoptosis pathways (Johnson et al. 2005; Yacoub et al. 2006; Bosch et al. 2011),
or alternative modes of cell inactivation such as autophagy (Gao et al. 2008).
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Fig. 5.1 Basic apoptosis signalling pathways. Apoptosis signalling is characterized by the sequen-
tial activation of initiator and effector caspases by the extrinsic, death receptor-dependent pathway
and the intrinsic, mitochondrial pathway. Both pathways are interconnected at several levels
(dotted arrows). The extrinsic apoptosis pathway is initiated by binding of so-called death receptor
ligands (e.g. CD-95-ligand, Tumour necrosis factor (TNF) related apoptosis inducing ligand,
TRAIL) to their receptors (e.g. CD95/Fas/APO-1, DR4/TRAIL-R1 or DR5/TRAIL-R2). Ligand-
binding results in the multimerisation of the death receptors followed by the recruitment of the
adaptor protein FADD (Fas-associated death domain) and of the initiator caspase procaspase-8 to
form the so-called death-inducing signalling complex (DISC) at the cytoplasmic membrane. The
induced proximity of the procaspase-8 molecules at the DISC triggers their activation by autopro-
teolytic cleavage and is a prerequisite for the subsequent proteolytic activation of the effector
caspases-3, -6, -7 and cleavage of a multitude of downstream caspase-substrates to provoke apop-
totic phenotype and cell death (Timmer and Salvesen 2007). The intrinsic, mitochondrial apoptosis
pathway is mainly activated in response to cellular stress. Activation of this pathway involves
multiple mitochondrial alterations including the breakdown of the mitochondrial membrane poten-
tial and the release of cytochrome c and further pro-apoptotic proteins into the cytosol such as the
second mitochondria-derived activator of caspases/direct IAP binding Protein with Low PI (Smac/
DIABLO). Calcium (Ca?*) fluxes between the ER and the mitochondria as well as cytosolic Ca**-
levels have been suggested as further important apoptosis regulators (Adams and Cory 2007; Youle
and Strasser 2008). Cytosolic cytochrome c binds to Apaf-1 in a dATP-dependent manner to form
a cytosolic multiprotein complex called ‘apoptosome’ that recruits and activates the initiator
caspase procaspase-9. Caspase-9 then triggers proteolytic activation of the effector caspase cascade
(caspases-3, -6, -7) and finally apoptosis. The intrinsic apoptosis pathway is mainly controlled by
members of the Bcl-2 protein family at the level of the mitochondria and the ER (Adams and Cory
2007; Youle and Strasser 2008). The pro-apoptotic multidomain Bcl-2 family members Bax or Bak
are critical for the induction of mitochondrial alterations and are therefore considered as central
effectors of the intrinsic pathway. While anti-apoptotic Bcl-2 proteins (e.g. Bcl-2, Bel-xL, Mcl-1
and A1) counteract the activation of Bax and Bak, the pro-apoptotic BH3-only proteins (e.g. Bim,
Bad, Puma, NOXA, truncated Bid) promote apoptosis execution either by a direct interaction with
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The following paragraphs will highlight current knowledge about the role of the
extrinsic and the intrinsic apoptosis pathway as well as the role of the ER stress
response in the execution of Celecoxib-induced apoptosis.

2.1 Role of the Extrinsic and Intrinsic Apoptosis Pathway
for Celecoxib-Induced Apoptosis

Some early investigations about the molecular mechanisms of Celecoxib-induced
apoptosis hint to a role of death receptor activation and the extrinsic pathway in apop-
tosis induced by Celecoxib and related compounds, at least in non-small cell lung
cancer cells (NSCLC) and hepatocellular carcinoma (HCC) cells (Liu et al. 2004; Kern
et al. 2006) (Fig. 5.2). In both cell types, Celecoxib-treatment led to the up-regulation
of death receptors, activation of the caspase cascade and subsequent apoptosis. Silencing
of DRS or caspase-8 by RNAI (Liu et al. 2004) or overexpression of a dominant nega-
tive Fas-Associated Death Domain (FADD) mutant largely reduced Celecoxib-induced
apoptosis in these cells (Liu et al. 2004; Kern et al. 2006). Celecoxib down-regulated
the expression of cellular FLICE-inhibitory protein (c-FLIP), a negative regulator of the
extrinsic apoptosis pathway, and over-expression of c-FLIP inhibited Celecoxib-
induced apoptosis (Liu et al. 2006). On a mechanistic basis, Akt-independent inhibition
of glycogen synthase kinase-3 by Celecoxib has recently been suggested to be respon-
sible for c-FLIP degradation and apoptosis initiation (Chen et al. 2011).

Nevertheless, most reports including own data argue for a critical role of the intrin-
sic, mitochondrial pathway in the regulation of Celecoxib-induced apoptosis
(Jendrossek et al. 2003; Ding et al. 2005; Kern et al. 2006; Tong et al. 2006; Sinha-
Datta et al. 2008; Muller et al. 2008) (Fig. 5.3). This assumption is based on the follow-
ing findings (i) Celecoxib-induced apoptosis involved breakdown of the mitochondrial
membrane potential, release of cytochrome ¢ and activation of caspase-9 (Jendrossek
et al. 2003; Ding et al. 2005; Tong et al. 2006); (ii) Celecoxib-induced apoptosis was
largely reduced in Apaf-1 deficient fibroblasts and in Jurkat cells expressing a domi-
nant negative caspase-9 (Jendrossek et al. 2003); (iii) loss of FADD or caspase-8, two
central effectors of the extrinsic apoptosis pathway, did almost not affect Celecoxib-
induced apoptosis in B-cell and T-cell lymphopma cell lines, respectively (Jendrossek
et al. 2003); (iv) in Bax-deficient Jurkat cells, the additional loss of Bak or

<
<

Fig. 5.1 (continued) Bax or Bak (direct activation model) (Kuwana et al. 2005; Certo et al. 2006),
or by thereby releasing the Bax-like effector proteins from their anti-apoptotic counterparts (indi-
rect activation model) (Chen et al. 2005; Willis et al. 2007). Of note, caspase-8 can also function
as an effector caspase downstream of caspase-9 to allow amplification of signals originating from
the intrinsic apoptosis pathway through cleavage of the pro-apoptotic BH3-only protein Bid to
truncated Bid (tBid) (Belka et al. 2000). Caspase-8-mediated cleavage of the Bid also allows the
amplification of caspase-signalling via the intrinsic apoptosis pathway in case of weak death
receptor-dependent signalling events. Downstream of the DISC and of the apoptosome, inhibitors
of apoptosis proteins (IAPs) such as X-IAP or Survivin impair apoptosis execution by inhibiting
caspase-function. The anti-apoptotic activity of inhibitors of apoptosis proteins, e.g. Survivin, is
suppressed by Smac/DIABLO upon its release from the mitochondrial intermembrane space
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Fig. 5.2 Interaction of Celecoxib with the intrinsic pathway. Celecoxib-treatment triggers
activation of the effector caspase cascade via the extrinsic pathway at the level of the DISC by
up-regulation of death receptor expression or down-regulation of the expression of c-FLIP (cellular
FLICE-inhibitory protein), a negative regulator of caspase-8, respectively. Celecoxib also facili-
tates apoptosis signalling through the extrinsic pathway by down-regulating Survivin, a member of
the inhibitors of apoptosis proteins

siRNA-mediated down-regulation of Bak completely abrogated Celecoxib-induced
apoptosis (Muller et al. 2008); (v) Celecoxib interfered with the phosphorylation state
of PDK-1 and its downstream target Akt (Hsu et al. 2000; Kucab et al. 2005; Kulp et al.
2004; Wu et al. 2004). Since Akt has a major role in the regulation of the intrinsic
pathway, the inhibitory action of Celecoxib on Akt adds another flavour to the effects
of Celecoxib and derivatives on the intrinsic apoptosis pathway.

Of note the extrinsic and the intrinsic apoptosis pathway interact at multiple
levels. On the one hand, cleavage of the pro-apoptotic BH3-only protein Bid down-
stream of caspase-8 can co-opt the intrinsic apoptosis pathway to amplify weak
death receptor-dependent signalling events. On the other hand, caspase-8 can func-
tion as an effector caspase downstream of caspase-9-activation to amplify signals
originating from the intrinsic apoptosis pathway (Belka et al. 2000). Finally, through
Smac/DIABLO-mediated inhibition of IAPs, activation of the intrinsic apoptosis
pathway impacts on the threshold to death receptor-dependent activation of the
effector caspase cascade (Fig. 5.1). Therefore, the sensitivity of a given tumour cell
to Celecoxib-induced apoptosis will largely depend on its molecular subtype, in
particular the integrity of the extrinsic and the intrinsic apoptosis pathways and the
expression level of molecules with impact on the death threshold at the level of the
death inducing signalling complex (DISC) and the mitochondria, respectively.
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Fig. 5.3 Interaction of Celecoxib with the core mitochondrial pathway. Celecoxib potently
induces apoptosis in Bcl-2-overexpressing cells. Celecoxib can down-regulate the expression of
anti-apoptotic Bcl-2 and Bcl-xL by inhibition of cyclooxygenase (COX-2)-mediated prostaglandin
(PG)-production. Alternatively, Celecoxib can neutralize the anti-apoptotic function of Bcl-2 by
triggering an inactivating posttranslational modification of Bcl-2. Neutralization of Bcl-2 may also
involve inhibition of the PDK-1/Akt pathway that is responsible for the inhibition of the
pro-apoptotic BH3-only protein Bad by phosphorylation. Celecoxib-treatment decreases the levels
of anti-apoptotic Mcl-1. This process may include inhibition of the novel synthesis of the short-
lived Mcl-1 protein by inhibition of Akt/mammalian target of Rapamycin (mTOR)-mediated
protein translation. Moreover, induction of GSK-3B-activation as a consequence of Akt-inhibition
may promote enhanced proteasomal degradation of Mcl-1 downstream of GSK-38. Alternatively,
Mcl-1-degradation upon Celecoxib-treatment may also involve a secondary caspase-dependent
mechanism. Altogether, these effects decrease the death threshold at the mitochondria. In addition,
Celecoxib can promote apoptosis execution via the intrinsic pathway by facilitating caspase-
activation through down-regulation of Survivin

2.2 Role of the ER-Stress Response

A number of reports suggest that induction of endoplasmic reticulum (ER) stress
and the activation of the unfolded protein response (UPR) are major mechanisms
for apoptosis initiation by Celecoxib (Tsutsumi et al. 2004; Alloza et al. 2006;
Kardosh et al. 2008; Du et al. 2011; Winfield and Payton-Stewart 2012). Similar to
Celecoxib, a Celecoxib-derivative without COX-2 inhibitory action called
Dimethylcelecoxib (DMC), was also shown to trigger ER-stress; this suggests that
the effects of Celecoxib at the ER occur independently from COX-2 inhibition
(Pyrko et al. 2007). On a mechanistic basis, inhibition of the Ca*-ATPase SERCA
at the ER by Celecoxib or DMC seem to be critical for the observed effects as it
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Fig. 5.4 Interaction of Celecoxib with the ER-stress response. Celecoxib-induced apoptosis
involves induction of endoplasmic reticulum stress (ER-stress). Celecoxib-mediated inhibition of
the Ca?*-ATPase SERCA at the ER results in a rapid increase in intracellular Ca®* and a Ca*-
dependent phosphorylation of the eukaryotic translation initiation factor elF2a. Phospho-elF2a
(p-elF2a) can promote cellular protection by transiently inhibiting global protein translation and
by stimulating the translation of proteins involved in cellular protection against injury. In case of
failure to restore normal ER-function p-eIF2a can promote cell death by up-regulating proteins
regulating apoptosis, e.g. the transcription factor ¢/EBP homologous transcription factor (CHOP).
The Celecoxib-increase in the level of intracellular Ca** may also promote apoptosis by triggering
the activation of Ca**-sensitive proteases, endonucleases and caspase-4

results in a rapid increase in intracellular Ca?* and a Ca**-dependent phosphoryla-
tion of the eukaryotic initiation factor 2-kinase (PERK) and of the eukaryotic trans-
lation initiation factor elF2a (Johnson et al. 2002; Tsutsumi et al. 2004; Pyrko et al.
2007) (Fig. 5.4). Phospho-elF2a is a bifunctional stress response protein involved
in the regulation of the UPR (Rasheva and Domingos 2009; Walter and Ron 2011),
it can promote cellular protection by transiently inhibiting global protein translation
to conserve cellular resources and by stimulating via activating transcription factor
4 (ATF4) the translation of proteins involved in cellular protection against injury,
e.g. the ER chaperone GRP78 (glucose-regulated 78 kDa protein). Alternatively, in
case of failure to restore normal ER-function phospho-eIF2a can promote cell death
by up-regulating proteins regulating apoptosis, e.g. the transcription factor c/EBP
homologous transcription factor (CHOP). There is evidence from multiple reports
that Celecoxib-treatment induces an increase in the concentrations of cytosolic
Ca?", accumulation of ATF4, GRP78 and CHOP, a transient inhibition of protein
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translation and finally apoptosis (Tsutsumi et al. 2004; Kim et al. 2007; Pyrko et al.
2007). In this scenario, increased concentrations in cytosolic Ca** may also promote
apoptosis by triggering the activation of Ca?*-sensitive proteases, endonucleases,
and caspase-4 (Tanaka et al. 2005; Kim et al. 2007; Pyrko et al. 2007; Kardosh et al.
2008). In addition, Celecoxib also inhibits L-type voltage-gated calcium channels in
a COX-2-independent manner (Zhang et al. 2007a, b).

3 Role of COX-2 for the Regulation of Celecoxib-Induced
Apoptosis

Initial investigations suggested a role of its target protein COX-2 in the regulation
of Celecoxib-induced apoptosis. It had been speculated that Celecoxib inhibits
COX-2-dependent formation of prostaglandins (PG) and thus PG-mediated up-
regulation of anti-apoptotic proteins thereby decreasing the apoptotic threshold (Lin
et al. 2001; Altorki et al. 2003; Oltersdorf et al. 2005; Mehar et al. 2008; Bai et al.
2010; Chun and Langenbach 2011) (Fig. 5.2).

Nowadays it is well accepted that Celecoxib is also able to induce apoptosis
without an apparent involvement of its target protein COX-2: Numerous reports
demonstrated that Celecoxib efficiently induces apoptosis in COX-2 negative cells
and that apoptosis sensitivity is rather similar in COX-2-positive and COX-2-
negative cell systems (Williams et al. 2000; Grosch et al. 2001; Waskewich et al.
2002; Muller et al. 2008). In line with these findings down-regulation of COX-2 by
anti-sense constructs or RNAI did not affect apoptosis sensitivity of prostate cancer
cells (Song et al. 2002) corroborating the assumption that sensitivity to Celecoxib-
induced apoptosis is independent of the cellular COX-2 expression level. These
findings are in good accordance with data showing that Celecoxib-derivatives with-
out COX-2 inhibitory action, e.g. 2,5-dimethylcelecoxib (DMC) or OSU-03012,
induce apoptosis in tumour cells with similar or higher potency compared to
Celecoxib whereas other members of the COXIB family that inhibit COX-2 with
similar or higher potency compared to Celecoxib lack pro-apoptotic activity (Song
et al. 2002; Ding et al. 2005; Schonthal 2006; Pyrko et al. 2007; Schiffmann et al.
2008; Chuang et al. 2008). Meanwhile, multiple COX-2-independent targets of
Celecoxib with a potential role in cell death regulation have been identified, e.g.
SERCA, PDK-1, Akt, the pro-apoptotic proteins Bax and Hrk, and the anti-apoptotic
proteins Survivin, Bcl-2 and Mcl-1 (Hsu et al. 2000; Wu et al. 2004; Grosch et al.
2006; Pyrko et al. 2006, 2007; Schonthal 2007; Rudner et al. 2010; Cervello et al.
2011). A recent gene expression profiling study in COX-2-positive and COX-2-
negative hepatocellular carcinoma cells demonstrated that Celecoxib-treatment
inhibits the NF-kB signalling network in both cell types and thus also independently
of COX-2 (Cervello et al. 2011). The comparison of differentially regulated genes
in COX-2-positive and COX-2-negative cells also revealed that other cellular pro-
cesses were regulated in a cell type dependent manner involving COX-2-dependent
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effects, e.g. altered expression of genes involved in small molecule, lipid, vitamin
and mineral metabolism, and COX-2-independent effects, e.g. altered expression of
genes involved in cell signalling (Cervello et al. 2011).

It has recently been reported that DMC, a Celecoxib-derivative without COX-2-
inhibitory action, efficiently suppresses the production of PG, particularly PGE2, in
different cancer cell lines (Wobst et al. 2008). The same group now demonstrated in
HeLa that DMC inhibits PGE2 synthesis by inducing an inhibitory complex com-
posed of histone deacetylase 1 (HDAC-1) and nuclear factor kappa B (NF-xB). This
inhibitory complex bound to the EGR1 promoter resulting in down-regulation of
EGR-1 expression and transcriptional inhibition of microsomal PGE-synthase-1
(mPGES-1) (Deckmann et al. 2010, 2012). Thus, inhibition of PG-mediated up-
regulation of anti-apoptotic proteins may contribute to the pro-apoptotic action of
Celecoxib-derivatives without COX-2 inhibitory action.

Altogether, these findings confirm that Celecoxib acts on numerous targets except
of COX-2. Nevertheless, although COX-2-expression may not be essential for
Celecoxib-induced apoptosis, it may well influence sensitivity of COX-2-expressing
cells to apoptosis by up-regulation of proteins like Survivin or anti-apoptotic members
of the Bcl-2 protein family that promote apoptosis resistance (Lin et al. 2001; Altorki
et al. 2003; Komatsu et al. 2005; Bai et al. 2010) (Figs. 5.2 and 5.3). COX-2-inhibition
may be of particular importance for the in vivo effects of Celecoxib in COX-2-positive
tumours, because COX-2 expression in tumour and stromal cells is known to favour
tumour progression and therapy resistance (Ko et al. 2002; Leahy et al. 2002; Seno
et al. 2002; Amano et al. 2003; Chang et al. 2004; Oyama et al. 2005).

4 Role of Bcl-2 Proteins for the Activation Celecoxib-
Induced Apoptosis at the Mitochondria

As outlined above, Celecoxib-induced apoptosis is mostly executed via the intrinsic
apoptosis pathway. Therefore, it was not surprising that Celecoxib-induced apopto-
sis depends on the expression of Bax or Bak, the two central pro-apoptotic effector
proteins of the intrinsic death pathway at the level of the mitochondria (Cianchi
et al. 2006; Muller et al. 2008). Tumour cells respond Celecoxib by an increase in
the expression of Bax or Bak (Cianchi et al. 2006; Kern et al. 2006; Fantappie et al.
2007; Kim et al. 2007), an increased activation-related conformational change of
these proteins (Rudner et al. 2010), or both. Since Bax and Bak can substitute each
other, the cellular expression level of Bax and Bak will dictate the cell-type specific
dependency of Celecoxib-induced apoptosis from either Bax, Bak, or both (Wei
et al. 2001; Hemmati et al. 2006; Reed 2006; Adams and Cory 2007). As an exam-
ple, in Bax-deficient Jurkat cells, Bak was shown to be responsible for apoptosis-
initiation in response to Celecoxib-treatment (Wang et al. 2001; Muller et al. 2008).

A unique characteristic of Celecoxib and its pro-apoptotic derivatives is the fact
that overexpression of Bcl-2 does not block apoptosis initiation, suggesting a par-
ticular mechanism of drug action (Hsu et al. 2000; Jendrossek et al. 2003; Ding
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et al. 2005; Johnson et al. 2005; Sinha-Datta et al. 2008; Muller et al. 2008; Rudner
et al. 2010) (Fig. 5.3). Since up-regulated expression of Bcl-2 is a known determi-
nant of chemotherapy and radiotherapy resistance of tumour cells, its Bcl-2-
independent action makes Celecoxib an attractive compound for a use in the
treatment of Bcl-2 overexpressing tumours.

Importantly, Celecoxib also counteracts the action of the anti-apoptotic Bcl-2
protein Mcl-1 in diverse cancer cells (Kern et al. 2006; Rudner et al. 2010).
Celecoxib-induced down-regulation of Mcl-1 seems to include specific drugs effects
upstream of caspase activation as well as caspase-dependent Mcl-1 degradation.
This assumption is based on the finding that Mcl-1 degradation was observed in
both, apoptosis-deficient and apoptosis-proficient Jurkat cells, although to a distinct
extent (Rudner et al. 2010). Another regulator of Mcl-1 protein stability is Noxa,
a BH-3 only protein that specifically binds to Mcl-1 and A1 but not Bcl-2 or Bel-xLb
to neutralize their anti-apoptotic actions (Chen et al. 2005; Willis et al. 2005).
Celecoxib-treatment did not increase the expression of Noxa, and Noxa-RNAi
failed to alter the Mcl-1 levels in Jurkat cells. But Celecoxib-induced apoptosis in
Jurkat cells was significantly reduced when Noxa was down-regulated by using
RNAI. Thus, Noxa is most probably needed for the neutralization of Mcl-1 (Rudner
et al. 2010). Finally, the levels of the short-lived Mcl-1-protein are controlled by the
rates of novel synthesis and proteasomal degradation (Zhong et al. 2005). Mcl-1-
expression is induced by growth factors and cytokines at the transcriptional level
involving the phosphatidylinositol-3-kinase (PI3K)/Akt pathway, the Janus kinase
pathway, and the mitogen activated protein kinase pathway (Kuo et al. 2001; Lin
et al. 2001; Craig 2002; Opferman 2006). On the other hand, Mcl-1 levels are con-
trolled at the posttranslational level: In the absence of active Akt, the Akt target
protein glycogen synthase kinase-3 (GSK-3) is activated and triggers the Mcl-1
phosphorylation which is a prerequisite for its ubiquitination and proteasomal deg-
radation (Maurer et al. 2006). Celecoxib may decrease cellular Mcl-1 levels by
inhibiting novel synthesis via the PI3K/PDK1/Akt pathway or downstream of the
ER-stress response (Figs. 5.3 and 5.4). Alternatively, Celecoxib may increase Mcl-1
degradation through activation of GSK-3 downstream of Akt-inhibition. Still, the
relative importance of Noxa, Akt/GSK-3 and the ER-stress response for the regula-
tion of Mcl-1 levels in Celecoxib-treated cells remains to be clarified.

Anti-apoptotic Mcl-1 is a critical determinant of cell survival in Jurkat cells
(Zhou et al. 1998; Han et al. 2006; Sinha-Datta et al. 2008; Dai et al. 2009).
Consequently, the Celecoxib-induced down-regulation of Mcl-1-levels was suffi-
cient to induce Bak-dependent apoptosis in Jurkat cells, an effect that could be
mimicked by Mcl-1 RNAi (Rudner et al. 2010). While overexpression of anti-
apoptotic Bcl-2 or Bcl-xL. protected Jurkat cells from death induced by Mcl-1
RNAI, only overexpression of Bcl-xL but not of the very similar Bcl-2 protected
Jurkat cells from Celecoxib-induced mitochondrial alterations and apoptosis
although down-regulation of Mcl-1 was still observed (Rudner et al. 2010). Thus,
apart from targeting Mcl-1 Celecoxib must initiate signalling events that neutralize
the anti-apoptotic action of Bcl-2, execute apoptosis independently of Bcl-2, or
both. However, the molecular mechanisms of the Bcl-2-independent pro-apoptotic
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actions of Celecoxib are still controversial and may depend on the cell type
(Jendrossek et al. 2003; Subhashini et al. 2005; Chen et al. 2007; Reed et al. 2011).
It has been hypothesized that Celecoxib compromises the anti-apoptotic action of
Bcl-2 by down-regulation (Reed et al. 2011) or by inactivating phosphorylation of
the protein (Yamamoto et al. 1999; Del Bello et al. 2001; Wei et al. 2008; Pattingre
et al. 2009), by interaction with the nuclear receptor Nur77 (Lin et al. 2004a;
Thompson and Winoto 2008; Rudner et al. 2010), or by activation of a specific
BH3-only protein that preferentially interacts with Bcl-2 but not with Bcl-xL (Chen
et al. 2005; Certo et al. 2006; Rudner et al. 2010). Yet own recent data revealed that
only Bcl-xL efficiently sequesters pro-apoptotic Bak upon Celecoxib-treatment
when overexpressed in Jurkat cells, whereas anti-apoptotic Bcl-2 failed to form
high affinity complexes with pro-apoptotic Bak under similar conditions. The dis-
tinct potency of Bcl-2 and Bcl-xL to bind and inactivate Bak provides a sound
explanation why only Bcl-xLL but not Bcl-2 overcomes the loss of Mcl-1 in
Celecoxib-treated Jurkat cells and protects Jurkat cells from Celecoxib-induced
apoptosis (Rudner et al. 2011). These findings are in good accordance to earlier
observations that the multidomain pro-apoptotic effector protein Bak is mainly kept
in check by Mcl-1 and Bcl-xL, whereas Bcl-2 seems to be the predominant anti-
apoptotic Bcl-2 protein in the protection from Bax-dependent apoptosis (Cuconati
et al. 2003; Willis and Adams 2005; Willis et al. 2007; Zhai et al. 2008) (Fig. 5.3).
The Bcl-2-independent action and the prominent Mcl-1-antagonistic effects of
Celecoxib suggest a potential benefit of Celecoxib for the treatment of apoptosis-
resistant tumours that overexpress Bcl-2 and Mcl-1, although the relevance of the
above-mentioned effects for clinical drug activity remains to be confirmed.

S Survivin as Target for the Pro-apoptotic Action
of Celecoxib

There is accumulated evidence that the inhibitors of apoptosis (IAP) protein family
member Survivin is a major determinant of apoptosis resistance in malignant tumours
and impairs apoptosis execution by inhibiting the activation of apoptosis-related cas-
pases (Ambrosini et al. 1997; Yamamoto et al. 2008; Kelly et al. 2011) (Fig. 5.1). In
addition, Survivin is known to participate in the regulation of mitosis during cell
division (Altieri 2008). Preclinical investigations revealed that Celecoxib and its
derivatives affect the levels of Survivin-expression in diverse cancer cells (Catalano
et al. 2004; Pyrko et al. 2006; Fukada et al. 2007; Kardosh et al. 2007; Sakoguchi-
Okada et al. 2007; Zhang et al. 2007a, b; Kim et al. 2010; Reed et al. 2011). Even
more important, in some studies the potency of Celecoxib and DMC to inhibit
tumour cell growth and to induce apoptosis correlated with their ability to down-
modulate Survivin (Kardosh et al. 2005; Ferrario et al. 2011). Importantly, because
caspase-activation is important for apoptosis execution upon activation of both,
the extrinsic and the intrinsic apoptosis pathway, Survivin modulates apoptosis exe-
cution downstream of death receptor activation as well as downstream of the
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mitochondria (Figs. 5.2 and 5.3). It is also highly likely that the inhibitory action of
Celecoxib and derivatives on Survivin participates in their cytotoxic action as single
drug or in combination with genotoxic chemotherapy or radiotherapy (Pyrko et al.
2006; Gaiser et al. 2008; Zhao et al. 2009) (Fig. 5.4). PG constitute important regula-
tors of Survivin-expression; therefore, the down-regulation of Survivin in Celecoxib-
treated tumour cells may be linked to drug-induced COX-2-inhibition although
COX-2-independent effects have also been suggested (Sakoguchi-Okada et al. 2007,
Mehar et al. 2008; Bai et al. 2010; Chun and Langenbach 2011).

6 Clinical Aspects of the Use of Celecoxib
in Cancer Therapy

Multiple preclinical investigations demonstrate promising anti-tumour activity of
Celecoxib and derivatives in a variety of human tumours including radioresistant
glioblastoma-derived CD133* cells (Williams et al. 2000; Waskewich et al. 2002;
El-Rayes et al. 2004; Johnsen et al. 2004; Muller et al. 2008; Zhao et al. 2009; Kim
et al. 2010). Celecoxib and derivatives also increased the sensitivity of tumour cells
to chemotherapy, radiotherapy, chemoradiotherapy or photodynamic therapy in
vitro and in vivo (Milas et al. 1999; Hida et al. 2000; Trifan et al. 2002; Davis et al.
2004; Zhao et al. 2009; Ferrario et al. 2011; Kaneko et al. 2013).

Moreover, a variety of epidemiological studies reported that Celecoxib and
related compounds reduce the number of colonic polyps in patients with the heredi-
tary familiarly adenomatous polyposis (FAP) syndrome and potentially reduce the
risk for cancers of the colon, breast, skin, oesophagus, and stomach (Steinbach
et al. 2000; Phillips et al. 2002; Arber et al. 2006; Harris et al. 2007; Elmets et al.
2010; Arber et al. 2011) (Table 5.1). On the basis of these observations, Celecoxib
had been approved for oral use to reduce the formation of colorectal polyps in
patients with FAP as an adjunct to usual care, e.g. endoscopic surveillance and sur-
gery. However, in April 2011, this indication was voluntarily withdrawn from the
approved indications for the usage of Celecoxib on the US and European market.
It had not been possible to timely prove neither the clinical benefit of its use in FAP
patients nor the persistence of potential chemopreventive effects after discontinua-
tion of Celecoxib-treatment, or the efficacy and safety beyond 6 months of treat-
ment. A major reason for that was too slow recruitment of patients to the post-approval
confirmatory phase Il trial in paediatric patients with FAP ‘CHIP’ (Study A3191193).
But the potential of Celecoxib in the prevention or treatment of advanced human
tumours is still under intense investigation in multiple clinical studies (http://clini-
caltrial.gov; Table 5.2). Most clinical studies demonstrate that Celecoxib can be
safely administered in diverse cancers. However, the various responses point out that
the clinical benefit of Celecoxib for individual cancer types warrants further investi-
gation. In particular, it is required to define molecular biomarkers that are suited for
the definition of patient subgroups likely to respond to Celecoxib-treatment.
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The increased risk for life-threatening cardiovascular side effects observed in
patients receiving long-term treatment with specific COX-2 inhibitors of the COXIB
family has also to be considered when using Celecoxib or its antineoplastic deriva-
tives in cancer prevention or treatment (Fitzgerald 2004; Bresalier et al. 2005;
Solomon et al. 2005). These side effects led to the withdrawal of FDA-approved
COXIBs Rofecoxib and Valdecoxib from the market in 2004/2005. Luckily, COX-2
inhibition and pro-apoptotic action could be attributed to distinct structural motifs
of the Celecoxib molecule so that pro-apoptotic derivatives without effects on
COX-2 could be designed (Waskewich et al. 2002; Grosch et al. 2006; Chuang et al.
2008; Schonthal 2010). Since antineoplastic Celecoxib derivatives without COX-2
inhibitory action such as DMC and OSU-03012 have equal or even more pro-
nounced anticancer activity compared to Celecoxib their use may reduce the risk of
cardiovascular toxicity in the clinical situation (Zhu et al. 2002; Johnson et al. 2005;
Kardosh et al. 2005; Schonthal et al. 2008; Jendrossek 2013). Nevertheless, Celecoxib
may still be of value for a cautious use for the treatment of COX-2-expressing
tumours as single drug or in combination with classical chemotherapeutic drugs or
radiotherapy since COX-2-inhibition also participates in its antineoplastic effects
(Ferrandina et al. 2002; Kim et al. 2002; Bundred and Barnes 2005; Ghosh et al.
2010). Fortunately, many clinical studies failed to report about an increase in adverse
side effects when combining Celecoxib with chemotherapy or radiotherapy to treat
cancer (Table 5.2).

7 Conclusions

The selective COX-2 inhibitor Celecoxib is a potent anti-cancer agent. Although
inhibition of COX-2 can contribute to its cytotoxic effects, at least in COX-2-
positive tumours, Celecoxib has the unique capacity among the COXIBs to induce
apoptotic cell death in tumour cells independently of COX-2. Although Celecoxib-
induced apoptosis is mainly executed via the intrinsic, mitochondrial apoptosis
pathway, it is not inhibited by overexpression of Bcl-2. Moreover, Celecoxib trig-
gers the down-regulation of the anti-apoptotic proteins Mcl-1 and Survivin. Thus,
the molecular demands for the pro-apoptotic action of Celecoxib differ from those
of standard genotoxic chemotherapy and radiotherapy offering the opportunity for
improving the treatment outcome in patients with apoptosis-resistant tumours. In
particular, neoplasms that depend on Bcl-2, Mcl-1, or Survivin for their survival
may benefit from a treatment with Celecoxib alone or in combination with chemo-
therapy, radiotherapy (Fig. 5.5), or agents that target complementary apoptosis
pathways. In tumours that are characterized by the additional up-regulation of
Bcl-xL, it will be necessary to combine Celecoxib with drugs that counteract
Bcl-xL, e.g. the Bad-like BH3-only-mimetics ABT-737 or ABT-263 (Oltersdorf
et al. 2005; Huang and Sinicrope 2008).

Of course the success of a treatment with Celecoxib and derivatives will
largely depend on the genetic background of the respective tumour cells and their
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Fig. 5.5 Model of the action of Celecoxib in combination with genotoxic therapy and radiother-
apy. Anti-apoptotic Bcl-2 proteins and Survivin mediate resistance to genotoxic chemotherapy
(chth) and radiotherapy (RT). Celecoxib counteracts anti-apoptotic Mcl-1, Bcl-2, and Survivin by
multiple mechanisms. By lowering the apoptotic threshold in Mcl-1/Bcl-2 overexpressing tumour
cells Celecoxib can sensitize tumour cells to apoptosis induction by genotoxic chemotherapy and
radiotherapy, that trigger apoptosis via p53-mediated up-regulation of pro-apoptotic BH3-only
proteins of the Bcl-2 family and activation of Bax

surrounding stroma. For the definition of patients that may benefit from
Celecoxib-treatment it will be of utmost importance that the molecular pathways
that are essential for tumour growth and therapy resistance in those patients
match the molecular determinants of the antineoplastic action of Celecoxib, eg.
up-regulated expression of COX-2, Bcl-2 and Mcl-1 and others. For a pronounced
and stable response it will be necessary to additionally target compensatory path-
ways, resistance-related mechanisms, or both. Moreover, because of potential
cardiotoxicity, a strict surveillance and a meticulous monitoring of adverse side
effects is highly recommended when using Celecoxib alone or in combination
therapies to fight cancer. A safer alternative may be the use of Celecoxib deriva-
tives that lack its COX-2 inhibitory action but induce apoptosis with even higher
efficacy such as DMC.
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Abstract Mitochondria have recently emerged as promising agents for cancer
therapy. Of particular interest and potential clinical relevance are agents that target
these organelles, promoting cell death. There are literally thousands of compounds
that act on mitochondria and destabilise them. Of these, naturally occurring compounds
are particularly interesting, since they are often more ‘biocompatible’; besides, natural
compounds can be lead drugs for the design of novel and more efficient anti-cancer
agents. In this paper, we focus on the natural product artemisin and its semisynthetic
derivatives, and document the molecular mechanism of their activity and their
potential use as clinically relevant anti-cancer agents.
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1 Introduction

More than a decade ago, we initiated a research program on the molecular pharma-
cology and pharmacogenomics of natural products derived from traditional Chinese
medicine (Efferth et al. 1996). This project turned out to be a fertile ground for the
identification and characterization of compounds with activity against tumour cells
and viruses. Plant extracts with growth-inhibitory activity against tumour cells have
been fractionated by chromatographic techniques. We have isolated the bioactive
compounds and elucidated the chemical structures by nuclear magnetic resonance
and mass spectrometry (Efferth et al. 2008a).

Among a plethora of different compounds, we focused on artemisinin, the active
principle of Artemisia annua L. and its semi-synthetic derivative, artesunate,
towards cancer cells in vitro and in vivo (Efferth et al. 2001, 2003b; Dell’Eva et al.
2004). Our data indicated profound also against various viruses, Trypanosoma, and
even plant crown gall tumours (Efferth et al. 2002a, 2008b).

To elucidate the molecular mode of action of artesunate towards tumour cells,
we applied molecular biological and pharmacogenomic approaches in vitro and in
vivo (Efferth et al. 2002b, 2003b; Dell’Eva et al. 2004). Different signalling path-
ways were affected by artesunate treatment, e.g., antioxidant stress response, inhibi-
tion of nitric oxide generation, inhibition of multidrug-resistance conferring
membrane transporters, inhibition of proliferation and cell cycle regulators, inhibi-
tion of cancer metastasis, induction of apoptosis, inhibition of tumour angiogene-
sis, interference with EGFR-related signal transduction pathways (Efferth 2005,
2006, 2007; Anfosso et al. 2006; Efferth et al. 2007; Konkimalla et al. 2008, 2009;
Bachmeier et al. 2011). Artesunate (as most natural products) attack several rather
than single targets to kill cancer cells, e.g. it alkylates cell cycle related proteins and
it induces oxidative DNA damage (Li et al. 2008; Berdelle et al. 2011).

Despite its multi-target specificity, its toxicity to normal tissues is astonishing
low and few side effects appear as shown in meta-analysis of several thousand
malaria patients treated with artesunate-type compounds (Ribeiro and Olliaro 1998;
Adjuik et al. 2004; Efferth and Kaina 2010). By chemical derivatisation, we synthe-
sized novel artesunate-type compounds with improved efficacy to kill tumour cells
(Horwedel et al. 2010).

Artesunate was active to inhibit the growth of human xenograft tumours trans-
planted to nude mice. Inhibition of angiogenesis was found to be a mechanism rel-
evant in the in vivo situation. The successful compassionate use of artesunate for
treatment of two uveal melanoma patients and a pilot study with 10 cervical carci-
noma patients encourage controlled randomized clinical studies in the future (Berger
et al. 2005; Jansen et al. 2011).

Despite the multi-factorial mode of action of artesunate, the generation of ROS,
the induction of the mitochondrial pathway of apoptosis appear as prominent modes
of action. Therefore, we hypothesized that targeting mitochondrial functions of cancer
cells by this class of compounds is of special relevance to explain their activity. In the
present chapter, we give an overview of the available data supporting this point of view.
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2 Dual Role of Mitochondria for Cell Death and Survival

Mitochondria are crucial cellular organelles making them to exquisite targets for
cancer drug development (Zhang et al. 2011). They are structurally and functionally
different in cancer cells as compared to normal cells (Fulda et al. 2010; Galluzzi
et al. 2010) and they are gateways to both lethal functions triggering cell death and
vital functions promoting cell survival.

Among the lethal functions of mitochondria is the regulation of the intrinsic
pathway of apoptosis. In a death receptor-independent fashion, mitochondria can
activate apoptosis. Disruption of the mitochondrial membrane potential leads to the
release of cytochrome C and Smac/DIABLO protein, which further down-stream
activates caspases ultimately leading to nuclear fragmentation and cell death (Igney
and Krammer 2002). This process is controlled by the balance of pro- and anti-
apoptotic proteins of the Bcl-2 family which are located in the mitochondrial
membrane. Small molecules bearing the potential to specifically attack intrinsic
apoptosis have been described, e.g. inhibitors of IAP (Hunter et al. 2007;
Varfolomeev and Vucic 2011) or Bcl-2 family members (Goldsmith and Hogarty
2009; Vogler et al. 2009).

Another process which is linked to mitochondrial function is autophagy. ROS
and reactive nitrogen species (RNS) are generated by incomplete oxygen reduction
during oxidative metabolism. Aerobic respiration leads to ROS formation in the
mitochondrial electron transport chain (Murphy 2009; Lee et al. 2012). Whereas
low levels of mitochondrial ROS are involved in signalling processes, high ROS
amounts damage proteins and contribute to autophagy by degradation of damaged
proteins in the lysosomes. Autophagy is involved in carcinogenesis, since it may
deliver hypoxic and nutrient-deprived tumour tissues with enough energy to survive.
Autophagy prevents cancer cells from accumulation of dysfunctional mitochondria
(Guo et al. 2011). On the other hand, excessive autophagy can induce cell death and
cellular senescence stopping tumour progression (Young et al. 2009). Small mole-
cule autophagy regulators have been developed for therapeutic purposes, which can
be classified as direct or indirect autophagy enhancers and autophagy inhibitors
(Wu and Yan 2011).

Vital functions of mitochondria include the production of ATP. Mitochondria
represent primary energy sources. As cancer cells reveal higher energy demands as
normal cells, targeting mitochondrial energy production seems to be an attractive
treatment target. Oxidation of glucose takes place by glycolysis (in the cytosol)
and oxidative phosphorylation (in mitochondria). In the first half of the twentieth
century, Otto Warburg recognized that cancer cells meet their higher energy require-
ment by glycolysis pointing to a defective energy metabolism in mitochondria
even under anaerobic conditions (Weinhouse 1976). Up-regulated glycolysis may
be an adaptation towards hypoxic environments. This is accompanied by lowered
intracellular pH values facilitating tumour invasion, generation of ROS and inhibi-
tion of apoptotic signalling cascades, the latter two conferring tumour progression
and resistance to chemo- and radiotherapy (Indran et al. 2011).
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Several therapeutic strategies have been suggested to exploit mitochondrial
functions as Achilles heel of cancer cells. The shift of cancer cells from oxidative
phosphorylation to aerobic glycolysis (Warburg effect) does not imply that
mitochondria play a minor role in tumour cell survival. Mitochondria supply
40-75 % of the ATP required by cancer cells (Boujrad et al. 2007). Hence, inhibition
of metabolic pathways in mitochondria has emerged as treatment principle for cancer
drug development. Synthetic and natural small molecule inhibitors of glycolysis,
oxidative phosphorylation, mitochondrial ATP transport and glutaminolysis as well
as ROS regulators have been described (Biasutto et al. 2010; Fulda et al. 2010;
Hockenbery 2010; D’Souza et al. 2011; Ramsay et al. 2011; Wenner 2012).

3 Role of Reactive Oxygen Species and Iron for Artemisinin
and Its Derivatives

In Plasmodia, the cleavage of the endoperoxide moiety of artemisinin is facilitated
by haem-iron. Haemoglobin of erythrocytes serves as an amino acid source for
Plasmodium trophozoites and schizonts. The parasites take up haemoglobin and
degrade it in their food vacuoles. The release of haem-iron during haemoglobin
digestion facilitates the cleavage of the endoperoxide moiety of artemisinin by a
Fe(IT) Fenton reaction. Thereby, ROS are generated, such as hydroxyl radicals and
superoxide anions. They damage membranes of food vacuoles and lead to auto-
digestion. Furthermore, carbon-centred radical species are generated by the haem
iron(I)-mediated decomposition of artemisinin. These highly reactive molecules
are able to alkylate haem and several Plasmodium-specific proteins. It has also be
discussed, however, haem iron(II) and oxidative stress are not to be the only deter-
minants of artemisinin’s anti-malarial activity.

Focusing on the anti-cancer activity of artemisinin and its derivatives, we
compared the baseline antioxidant mRNA gene expression in the NCI cell line
panel with the ICs, values for artesunate (Efferth et al. 2003a; Efferth and Oesch
2004; Efferth and Volm 2005). Our results speak for oxidative stress as a mecha-
nism of artesunate against cancer cells. We found that thioredoxin reductase and
catalase expression correlated significantly to the ICs, values for artesunate.
WEHI7.2 mouse thymoma cells selected for resistance to hydrogen peroxide or
transfected with thioredoxin, manganese superoxide dismutase or catalase
showed resistance to artesunate as compared to the parental cell line. The micro-
array-based mRNA expression of dihydrodiol dehydrogenase, y-glutamylcysteine
synthase (y-GCS; GLCLR), glutathione S-transferases GSTM4, GSTT2, GSTZI,
and microsomal glutathione S-transferase MGST3 correlated significantly with
resistance to artesunate in the NCI cell line panel. A tendency for correlation
(0.05<p<0.1) was observed for GSTA I, GSTA2, GSTPI and MGST1. MSC-HL13
cells transfected with cDNAs for heavy and light subunits of y-GCS were more
resistant to artesunate than mock transfected MSV-PC4 cells (Efferth and Volm
2005). L-buthionine sulfoximine, a y-GCS inhibitor that depletes cellular
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glutathione pools completely reversed artesunate resistance in MSV-HL13 cells
(Efferth and Volm 2005).

As tumour cells contain much less iron than erythrocytes, but more than other
normal tissues, the question arises as to whether iron may be critical for artemisinin’s
action towards tumour cells. Cellular iron uptake and internalization are mediated by
binding of transferrin-iron complexes to the transferrin receptor (CD71) expressed
on the cell surface membrane and subsequent endocytosis. While most normal tis-
sues are CD71-negative, CD71 is highly expressed in clinical tumours and is widely
distributed among clinical tumours. We found that CD71 expression was much
higher in CCRF-CEM and U373 tumour cells (48-95 %) than in peripheral mono-
nuclear blood cells of healthy donors (<2 %) (Efferth et al. 2004). Iron(Il) glycine
sulfate (Ferrosanol®) and transferrin increased the cytotoxicity of free artesunate,
artesunate microencapsulated in maltosyl-fB-cyclodextrin, and artemisinin towards
CCRF-CEM leukaemia and U373 astrocytoma cells compared with artemisinins
applied without iron (Efferth et al. 2004). This effect was reversed by monoclonal
antibody RVS10 against the transferrin receptor, which competes with transferrin for
binding to the receptor. The ICs, values for eight different artemisinin derivatives in
the NCI cell lines were correlated with the microarray mRNA expression of 12 genes
involved in iron uptake and metabolism. The mRNA expression of mitochondrial
aconitase and ceruloplasmin (ferroxidase) significantly correlated with the ICs, val-
ues for artemisinins. Interestingly, exposure of artemisinin and its derivatives pro-
duces no or only marginal cytotoxicity to non-tumour cells. We found that the growth
of primary human fibroblasts is almost unaffected by artesunate concentrations up to
100 pM (Efferth et al. 2003b; Sertel et al. 2010a). This implies that tumours that
express more CD71 than normal cells might be more affected by combination treat-
ments of transferrin or Ferrosanol® plus artemisinin derivatives. The finding that
iron(IT) glycine sulfate increased the action of artemisinins is interesting, since
Ferrosanol® is in clinical use for many years. Hence, artemisinins might be safely
applied in combination with Ferrosanol® in a clinical setting (Efferth et al. 2004).

To further analyse the enhancement of artesunate’s activity towards tumour cells
by ferrous iron, we analysed the role of the transferrin receptor and the ATP-binding
cassette (ABC) transporters ABCB6 and ABCB7, which are also involved in iron
homeostasis (Kelter et al. 2007). Thirty-six tumour cell lines were treated with arte-
sunate or artesunate plus Ferrosanol®. The majority of cell lines showed increased
inhibition rates, for the combination of artesunate plus Ferrosanol® compared to
artesunate alone. However, in 11 out of the 36 cell lines the combination treatment
was not superior. Cell lines with high transferrin receptor expression significantly
correlated with high degrees of modulation indicating that high transferrin receptor-
expressing tumour cells would be more efficiently inhibited by this combination
treatment than low transferrin receptor-expressing ones. Furthermore, we found a
significant relationship between cellular response to artesunate and transferrin
receptor expression in 55 cell lines of different tumour types. A significant correla-
tion was also found for ABCB6, but not for ABCB7. Artesunate treatment of human
CCRF-CEM leukaemia and MCF-7 breast cancer cells induced ABCB6 expression
but repressed ABCB7 expression. Finally, artesunate inhibited proliferation and
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differentiation of mouse erythroleukaemia (MEL) cells. Down-regulation of
ABCB6 by antisense oligonucleotides inhibited differentiation of MEL cells
indicating that artesunate and ABCB6 may cooperate (Kelter et al. 2007). In conclu-
sion, our results indicate that ferrous iron improves the activity of artesunate in
some but not all tumour cell lines. Several factors involved in iron homeostasis such
as transferrin receptor and ABCB6 may contribute to this effect.

The tumour specificity of iron and artemisinin-type compounds has been shown
by various groups. Human breast cancer cells were not inhibited by artemisinin plus
transferrin, whereas breast cancer cells did (Singh and Lai 2001). Similarly, arte-
misinin linked to transferrin was more cytotoxic to leukaemia cells than to normal
lymphocytes (Lai et al. 2005). Artesunate killed human papilloma virus-
immortalized and transformed cervical cells with high TfR expression more
efficiently than normal cervical epithelial cells (Disbrow et al. 2005).

These in vitro data were confirmed by data of animal experiments. Artesunate
and Ferrous sulfate were co-administered to rats (Fafowora et al. 2011). Low ionic
strength mitochondria were isolated from hepatic cells of the rats and assayed for
protein content, changes in the absorbance of the liver mitochondria, and mitochon-
drial swelling. Co-administration of artesunate and ferrous sulfate resulted in
increasing opening in the mitochondrial membrane transition pore.

Disbrow et al. (2005) tested three different artemisinin compounds and found that
dihydroartemisinin and artesunate displayed strong cytotoxic effects on human pap-
illoma virus-immortalized and transformed cervical cells in vitro with little effect on
normal cervical epithelial cells. Dihydroartemisinin-induced cell death involved acti-
vation of the mitochondrial caspase pathway with resultant apoptosis. Apoptosis was
p53-independent and was not the consequence of drug-induced reductions in viral
oncogene expression. Due to its selective cytotoxicity, hydrophobicity, and known
ability to penetrate epithelial surfaces, Disbrow et al. (2005) postulated that dihydro-
artemisinin might be useful for the topical treatment of mucosal papillomavirus
lesions. To test this hypothesis, the authors applied dihydroartemisinin to the oral
mucosa of dogs that had been challenged with the canine oral papillomavirus.
Although applied only intermittently, dihydroartemisinin strongly inhibited viral-
induced tumour formation. Interestingly, the dihydroartemisinin-treated, tumour-
negative dogs developed antibodies against the viral L1 capsid protein, suggesting
that dihydroartemisinin had inhibited tumour growth but not early rounds of papil-
lomavirus replication. These findings indicate that dihydroartemisinin and other arte-
misinin derivatives may be useful for the topical treatment of epithelial papillomavirus
lesions, including those that have progressed to the neoplastic state.

4 Programmed Cell Death Induction by Artemisinin
and Its Derivatives

Artesunate induced apoptosis in leukemic T-cells mainly through the mitochondrial
pathway via generation of ROS, a mechanism different from doxorubicin. This is
confirmed by the fact that the antioxidant N-acetyl-cysteine completely blocked ROS
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generation and, consequently, inhibited artesunate-induced apoptosis. Therefore,
artesunate can overcome the doxorubicin-resistance and induce P-glycoprotein-
overexpressing doxorubicin-resistant leukaemia cells to undergo apoptosis (Efferth
et al. 2007). We also showed that artesunate can synergize with doxorubicin to
enhance apoptotic cell death in leukemic T cells. This synergistic effect can be
largely explained by the fact that artesunate and doxorubicin use different killing
mechanisms. This raises the possibility to develop artesunate in combination with
other established anticancer drugs which induce apoptosis through the pathways or
mechanisms different from artesunate (Efferth et al. 2007).

In cluster analyses of microarray experiments, we found that the programmed
cell death genes 2, 4, 8, and 9 (PDCD2, PDCD4, PDCDS8, PDCD9), BCL2-
associated athanogenes 1 and 3 (BAG1, BAG3), death-associated protein 6 (DAXX),
MAP-kinase activating death domain (MADD), cell death-inducing DFFA-like
effector f (CIDEB), and others are possible determinants of tumour cell response to
artesunate (Efferth et al. 2002b, 2003b; Efferth 2006; Sertel et al. 2010b). Since
apoptosis is a common mechanism of cell death for most anti-cancer drugs, this
may also apply for artemisinin and its derivatives. WEHI7.2 cells transfected with
the anti-apoptotic BCL2-gene were more resistant to artesunate than mock vector-
transfected control cells (Efferth et al. 2003a), indicating that artesunate may
induce apoptosis via the intrinsic mitochondrial pathway of cell death. Furthermore,
we found that artesunate acts via p53-dependent and -independent pathways in
isogenic p533+/+ p21WAF1/CIP1**, p537- p21WAF1/CIP1**, and p53*+ p21WAF1/
CIP17~ colon carcinoma cells (Efferth et al. 2003b). This was confirmed in a
subsequent study with pS3 wild-type TK6 and p53 mutated WTK1 lymphoblastic
cells. In both cell lines, we observed a similar sensitivity towards artesunate (Efferth
et al. 2004). In T-cell leukaemia cell lines, artesunate induced apoptosis by the
intrinsic, but not the extrinsic pathway of apoptosis (Efferth et al. 2007).

Since chemotherapy of non-Hodgkin’s lymphoma is frequently hampered by
drug resistance, we investigated experimental strategies to improve cell killing
rates. The monoclonal antibody rituximab specifically targets the CD20 antigen
and sensitizes B-cell lymphoma cells to standard anticancer drugs. We analysed,
whether a combination of rituximab and artesunate may act in a complementary
manner and eventually synergize in tumour cell killing (Sieber et al. 2009).
While rituximab alone was minimally cytotoxic, rituximab increased cytotoxic-
ity to artesunate in Ramos cells. Artesunate induced apoptosis, induced Fas/
CD95 expression and the formation of ROS and resulted in a breakdown of mito-
chondrial membrane potential. This argues for the involvement of both receptor-
driven extrinsic and mitochondrial intrinsic routes of apoptosis. Rituximab
increased Fas/CD95 expression and ROS formation and decreased mitochondrial
membrane potential ultimately leading to increased apoptosis induced by artesu-
nate. The transcription factors YY1 and Spl are upstream regulators of apoptosis
by controlling the expression of apoptosis-regulating genes. YY1 and Spl were
down-regulated and Fas/CD95 was up-regulated by rituximab and artesunate
indicating that artesunate activated the Fas/CD95 pathway and that rituximab
increased the susceptibility of tumour cells to artesunate-induced apoptosis.
Furthermore, rituximab affected the expression of antioxidant genes. The
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antibody decreased artesunate-induced up-regulation of catalase expression and
increased artesunate-induced down-regulation of glutathione S-transferase-n
expression. Manganese-dependent superoxide dismutase expression was not
changed by artesunate. Antioxidant proteins may help to detoxify artesunate-
induced ROS. Rituximab reversed the artesunate-induced expression changes of
antioxidant genes and, hence, reduced the detoxification capacity of Ramos cells.
The effects of rituximab on antioxidant genes represent a novel mechanism of
rituximab for chemosensitization.

A connection between ROS generation, disruption of mitochondrial membrane
potential and apoptosis has also been observed by other investigators.
Dihydroartemisinin induced apoptosis via caspase-3-dependent mitochondrial
death pathway in ASTC-a-1 lung adenocarcinoma cells (Lu et al. 2009). The authors
found a collapse of mitochondrial transmembrane potential using the mitochondrial
fluorescence probe rhodamine 123 and laser scanning confocal microscope and
flow cytometry. Caspase-3 activities were measured with or without the broad spec-
trum caspase inhibitor Z-VAD-fmk pre-treatment.

Oxidative changes also occurred in Jurkat T-lymphoblastic leukaemia cells after
treatment with dihydroartemisinin (Handrick et al. 2010). The disruption of the
mitochondrial death pathway suggested a role of ROS and oxidative membrane
changes in death signalling upstream of the mitochondria. Dihydroartemisinin
induced a breakdown of the mitochondrial transmembrane potential, release of
cytochrome C, activation of caspases, and DNA fragmentation indicative of apopto-
sis induction. Although the absence of FADD or caspase-8 did not alter apoptosis
rates in Jurkat cells, over-expression of dominant-negative caspase-9 or of anti-
apoptotic Bcl-xL or Bcl-2 largely decreased the cytotoxicity of dihydroartemisinin,
demonstrating a role of the intrinsic death pathway. The pro-apoptotic Bcl-2 effec-
tor protein Bak and the Bcl-2 homology domain 3-only protein NOXA turned out to
be important mediators of dihydroartemisinin-induced apoptosis in Jurkat cells.
Dihydroartemisinin treatment triggered the expression of NOXA and the activation
of Bak. Furthermore, dihydroartemisinin-induced apoptosis was completely abro-
gated by loss of Bak and largely reduced in cells with siRNA-mediated down-
regulation of Bak or NOXA. Pro-apoptotic signalling of dihydroartemisinin also
involved the formation of reactive oxygen species and membrane oxidation. Pre-
treatment with the lipophilic radical scavenger vitamin E or the hydrophilic radical
scavengers glutathione and N-acetyl-cysteine reduced dihydroartemisinin-induced
membrane oxidation and apoptosis, respectively.

Xiao et al. (2012) explored the roles of caspase-8, -9 and -3 during artemisinin-
induced apoptosis in human lung adenocarcinoma (ASTC-a-1) cells. Artemisinin
treatment induces a rapid generation of ROS, and ROS-dependent apoptosis as well
as the activation of caspase-8, -9 and -3 via time- and dose-dependent fashion.
Inhibition of caspase-8 or -9, but not caspase-3, almost completely blocked
artemisinin-induced not only activation of the caspase-8, -9 and -3 but also apoptosis.
In addition, the apoptotic process triggered did not involve the Bid cleavage, tBid
translocation, significant loss of mitochondrial membrane potential and cytochrome
¢ release from mitochondria. Moreover, silencing Bax/Bak did not prevent the
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artemisinin-induced cell death as well as the activation of caspase-8, -9 and -3. The
authors concluded that artemisinin triggered a ROS-mediated positive feedback
amplification activation loop between caspase-8 and -9 independent of mitochondria,
which dominantly mediated the artemisinin-induced apoptosis via a caspase-3-
independent apoptotic pathway in ASTC-a-1 cells.

Pancreatic cancer is highly resistant to the currently available chemotherapeu-
tic agents. Less than 5 % of patients diagnosed with this disease survive more
than 5 years. Du et al. (2010) reported that artesunate killed human pancreatic
cancer cells in vitro and in vivo. Artesunate exhibited selective cytotoxic activity
against Panc-1, BXPC-3 and CFPAC-1 pancreatic cancer cells with ICs, values
that are 2.3- to 24-fold less than that of the normal human hepatic cells (HL-
7702). The pan-caspase inhibitor zZVAD-fmk did not inhibit the cytotoxic activity
of artesunate. Electron microscopy of artesunate-treated cells revealed severe
cytoplasmic swelling and vacuolization, swollen and internally disorganized
mitochondria, dilation (but not fragmentation) of the nuclei without chromatin
condensation, and cell lysis, yielding a morphotype that is typical of oncosis.
Artesunate-treated cells exhibited a loss of mitochondrial membrane potential
and cell death was inhibited by the ROS scavenger N-acetyl-cysteine. Importantly,
artesunate produced a dose-dependent tumour regression in an in vivo pancreatic
cancer xenografts model. The in vivo antitumor activity of artesunate was similar
to that of the control drug, gemcitabine. The authors concluded that artesunate
exhibited antitumor activity against human pancreatic cancer via a novel form of
oncosis-like cell death.

The generation of ROS by artemisinin-type drugs does not only induce apop-
tosis and oncosis-like forms of cell death, but also autophagy. In malaria parasites,
artesunate cytotoxicity originates from interactions with haem-derived iron within
the food vacuole. The analogous digestive compartment of mammalian cells, the
lysosome, similarly contains high levels of redox-active iron and in response to
specific stimuli can initiate mitochondrial apoptosis. Hamacher-Brady et al.
(2011) investigated the role of lysosomes in artesunate-induced programmed cell
death and determined that in MCF-7 breast cancer cells artesunate activated lyso-
some-dependent mitochondrial membrane permeabilisation. Artesunate impacted
endolysosomal and autophagosomal compartments, inhibiting autophagosome
turnover and causing perinuclear clustering of autophagosomes, early and late
endosomes, and lysosomes. Lysosomal iron chelation blocked all measured
parameters of artesunate-induced cell death, whereas lysosomal iron loading
enhanced death, thus identifying lysosomal iron as the lethal source of ROS
upstream of mitochondrial membrane permeabilisation. Moreover, lysosomal
inhibitors chloroquine and bafilomycin Al reduced artesunate-activated cell
death, evidencing a requirement for lysosomal function during programmed cell
death signalling. Artesunate killing did not involve activation of the BH3-only
protein, Bid, yet artesunate enhanced TNF-mediated Bid cleavage. We addition-
ally demonstrated the lysosomal cell death pathway in T47D and MDA-MB-231
breast cancer cells. Importantly, non-tumorigenic MCF-10A cells resisted artesu-
nate. We concluded that artesunate triggered cell death via engagement of distinct,
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interconnected cell death pathways, with hierarchical signalling from lysosomes
to mitochondria, suggesting a potential clinical use of artesunate for targeting
lysosomes in cancer treatment.

5 Effect of Artemisinin and Derivatives on Mitochondrial
Metabolism

Since mitochondria as cellular powerhouses are crucial for ATP production, their
inhibition by artemisinins may offer selective and efficient ways to kill cancer cells.
Overcoming multidrug resistance is a main topic of cancer chemotherapy research.
As shown by Reungpatthanaphong and Mankhetkorn (2002), artemisinin and its
derivatives poorly inhibited the function of P-glycoprotein and did not inhibit the
function of MRP1 protein. Artemisinin, artesunate and dihydroartemisinin effi-
ciently decreased the mitochondrial membrane potential, leading to a decrease in
intracellular ATP in all cell lines tested. The compounds increased cytotoxicity of
pirarubicin and doxorubicin in P-glycoprotein-overexpressing K562/adr, and in
MRP1-overexpressing GLC4/adr, but not in their corresponding drug-sensitive cell
lines. In this range of concentrations these compounds did not decrease the function
of P-glycoprotein, suggesting a mechanism by which the drugs did not reverse mul-
tidrug resistance phenomenon at the P-glycoprotein level, but at the mitochondrial
level. The disruption of the mitochondrial membrane potential and the ATP deple-
tion caused by artemisinins indicate that metabolic changes in the mitochondria
contribute to multidrug resistance, which is at least in part reversible by artemisinin
compounds.

Mercer et al. (2011) have used cell models and quantitative drug metabolite anal-
ysis to define the role of the mitochondrion and cellular haem in the chemical and
molecular mechanisms of cell death induced by artemisinin compounds. HeLa p(0)
cells, which are devoid of a functioning electron transport chain, were used to dem-
onstrate that actively respiring mitochondria play an essential role in endoperoxide-
induced cytotoxicity via the generation of ROS and the induction of mitochondrial
dysfunction and apoptosis.

Lu et al. (2012) found that dihydroartemisinin inhibited the proliferation of
human hepatocarcinoma BEL-7402 cells in a concentration-dependent manner.
An analysis of the mitochondrial proteome was performed employing two-dimensional
gel electrophoresis and matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry. Seven mitochondrial proteins including fumarate hydratase,
60 kDa heat shock protein, enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydroge-
nase, two subunits of ATP synthase and NADPH:adrenodoxin oxidoreductase were
identified to be differentially expressed between the control and dihydroartemisinin-
treated groups. These results indicate that the imbalance of energy metabolism
induced by dihydroartemisinin may contribute, at least in part, to its anti-cancer
potential in BEL-7402 cells.
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Neurotoxicity of artemisinin derivatives was discussed as a possible side effect
in malaria and cancer therapy. Schmuck et al. (2002) discussed possible mecha-
nisms of brain stem-specific neurodegeneration, in which artemisinin-sensitive neu-
ronal brain stem cell cultures were compared with non-sensitive cultures (cortical
neurons, astrocytes). Effects on the cytoskeleton of brain stem cell cultures, but not
that of cortical cell cultures, were visible after 7 days. However, after a recovery
period of 7 days, this effect also became visible in cortical cells and more severe in
brain stem cell cultures. Neurodegeneration was induced by effects on intracellular
targets such as the cytoskeleton, modulation of the energy status by mitochondrial
or metabolic defects, oxidative stress or excitotoxic events. Artemisinin reduced
intracellular ATP levels and the potential of the inner mitochondrial membrane
below the cytotoxic concentration range in all three cell cultures, with these effects
being most dominant in the brain stem cultures. Surprisingly, there were substantial
effects on cortical neurons after 7 days and on astrocytes after 1 day. Artemisinin
additionally induced oxidative stress, as observed as an increase of ROS and of lipid
peroxidation in both neuronal cell types. Interestingly, an induction of expression of
AOE was only seen in astrocytes. Here, manganese superoxide dismutase expres-
sion was increased more than 3-fold and catalase expression was increased more
than 1.5-fold. In brain stem neurons, manganese superoxide dismutase expression
was dose dependently decreased. Copper-zinc superoxide dismutase and glutathi-
one peroxidase, two other antioxidant enzymes that were investigated, did not show
any changes in their mRNA expression in all three cell types after exposure to arte-
misinin. These results demonstrate that mitochondrial ATP changes induced by
artemisinin compounds may not only contribute to killing of cancer cells, but also
to adverse side effects.

While the activity of artemisinins on mitochondrial pathways is still incom-
pletely understood in mammalian cells, more hints can be found in the malaria lit-
erature. The ultrastructural changes induced by artemisinin were already studied in
the 1980s by Jiang and colleagues (1985) in monkeys (Macaca assamensis) infected
with Plasmodium inui. Significant changes, notably mitochondrial swelling within
the parasites but not within host cells, were first observed 2.5 h after exposure to
artemisinin. This suggests that the target of artemisinin may be the parasite’s mito-
chondria. Ultrastructural changes induced in Plasmodium falciparum by artemis-
inin were studied in vitro by Maeno et al. (1993). Electron microscopic
autoradiography was performed on infected erythrocytes that were exposed in vitro
to 3H-dihydroartemisinin and 14C-artemisinin. These drugs consistently were
located in food vacuoles and mitochondria. Two hours after administration, changes
were observed in parasite mitochondria, rough endoplasmic reticulum, and nuclear
envelope.

Krungkrai et al. (1999) assayed both asexual and sexual stages of the parasites
for mitochondrial oxygen consumption by using a polarographic assay. The rate of
oxygen consumption by both stages was low and not much different. Furthermore,
the mitochondrial oxygen consumption by both stages was inhibited to various
degrees by mammalian mitochondrial inhibitors that targeted each component of
complexes [-IV of the respiratory system. The oxygen consumption by both stages
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was also affected by artemisinin suggesting that P. falciparum in both developmental
stages have functional mitochondria that operate a classical electron transport
system, containing complexes I-IV.

Wang et al. (2010) also showed that artemisinin directly acts on mitochondria
and it inhibits malaria in a similar way as yeast. Specifically, artemisinin and its
homologues exhibited correlated activities against malaria and yeast, with the per-
oxide bridge playing a key role for their inhibitory action in both organisms. In
addition, artemisinins were distributed to malarial mitochondria and directly impair
their functions when isolated mitochondria were tested. A strikingly rapid and dra-
matic ROS production was induced with artemisinin in isolated yeast and malarial
mitochondria, and ROS scavengers ameliorated the effects of artemisinin.
Deoxyartemisinin, which lacks an endoperoxide bridge, had no effect on membrane
potential or ROS production in malarial mitochondria. OZ209, a distantly related
antimalarial endoperoxide, also caused ROS production and depolarization in iso-
lated malarial mitochondria. Finally, interference of mitochondrial electron trans-
port chain altered the sensitivity of the parasite towards artemisinin. Addition of
iron chelator desferrioxamine drastically reduced electron transport chain activity
as well as mitigated artemisinin-induced ROS production.

Using Saccharamyces cerevisiae, Li et al. (2005) demonstrated that artemisinin’s
inhibitory effect was mediated by disrupting the normal function of mitochondria
through depolarizing their membrane potential. Moreover, in a genetic study, the
electron transport chain was identified as an important player in artemisinin’s action.
Deletion of NDEI or NDII, which encode mitochondrial NADH dehydrogenases,
conferred resistance to artemisinin, whereas overexpression of NDE/ or NDII dra-
matically increased sensitivity to artemisinin. Mutations or environmental condi-
tions that affect electron transport also altered host’s sensitivity to artemisinin.
Sensitivity is partially restored when the Plasmodium falciparum NDII orthologue
was expressed in yeast ndil strain. Finally, artemisinin’s inhibitory effect was medi-
ated by ROS and artemisinin’s effect was primarily mediated through disruption of
membrane potential by its interaction with the electron transport chain, resulting in
dysfunctional mitochondria. Li et al. (2005) proposed a dual role of mitochondria
played during the action of artemisinin: the electron transport chain stimulates arte-
misinin’s effect, most likely by activating it, and the mitochondria are subsequently
damaged by the locally generated free radicals.

6 Conclusions and Perspectives

During the past years, it became clear that artemisinin compounds act on malaria
parasites and cancer cells by affecting mitochondrial functions. The generation of
ROS, disruption of mitochondrial membrane potential and induction of apoptosis were
frequently observed modes of action for artemisinin compounds. While a sufficient
amount of results is available for the induction of programmed cell death by
artemisinin and its derivatives, research on metabolic disruption of mitochondrial
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functions is still in its infancy. There are clear hints that these compounds affect
mitochondrial metabolism, but the exact mechanisms still need to be explored.

Recently, a number of highly active, novel artemisinin derivatives, e.g. artemisinin
dimer molecules, have been described (Chow and Chan 2009; Horwedel et al.
2010). Their effects on mitochondria represent an exciting topic for research in the
years to come.
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Abstract Mitochondria have emerged recently as a novel, intriguing target for
anti-caner drugs, owing largely to their importance for proper growth of cancer
cells. Destabilization of mitochondria often results in the induction of apoptosis in
cancer cells that, consequently, may translate into suppression of tumour growth.
A class of mitochondria-targeting compounds, mitocans, comprises several groups
of agents with different targets within the mitochondrion. Of these, vitamin E
analogues have been recently promoted as agents that disrupt mitochondria by
several modes of action. These compounds hold substantial promise as potential
anti-cancer drugs of clinical relevance.

Keywords Vitamin E analogues * Cancer ®* Mitochondria ® Redox-silent * Functional
domain ¢ Anti-cancer effect ¢ Apoptosis * Signaling pathways ¢ a-tocopherol
succinate ® a-tocopheryloxyacetic acid * a-tocopheryl maleamide * Mitochondrially
targeted vitamin E succinate * Complex II

1 Introduction

In spite of the recent unprecedented advancement in molecular medicine, there has
been only limited progress in the search for efficient, selective anti-cancer drugs
(Siegel et al. 2013). Although the hallmarks of cancer have been defined and re-defined
(Hanahan and Weinberg 2000, 2011), recent findings indicate that cancer is more
complex than thought, and, accordingly, the successful treatment may be harder to
find than anticipated. This grim notion stems from the findings of high level of
genetic and mutational differences amongst patients with the same or very similar
type of tumour (Jones et al. 2008; Parsons et al. 2008), as well as within one tumour
and the derived metastases in the same patient (Gerlinger et al. 2012). This hetero-
geneity considerably complicates the treatment (Hayden 2008), indicating that
current therapies may be efficient only for some patients and, even worse, may kill
only a part of the tumour cells.

Therefore, it is imperative to search for an invariant target that could be utilised
across the landscape of different cancers and also could be used to selectively kill
cancer cells with low or no effect on normal cells and tissues. Such a plausible target
is presented by mitochondria, essential organelles that are the major source of
energy as well as purveyors of cell death. Recently, there has been a focus on mito-
chondria as potential targets for cancer therapy, with numerous original papers and
several excellent reviews (see e.g., Wallace 2012; Galluzzi et al. 2010; Fulda et al.
2010; Ralph et al. 2010a, b; Gogvadze et al. 2008). We have been coining the term
‘mitocans’ (standing for ‘mitochondria’ and ‘cancer’), encompassing a class of
compounds that exert anti-cancer activity by way of targeting and destabilising
mitochondria, causing apoptosis, often selectively in cancer cells (Ralph et al. 2006;
Neuzil et al. 2006, 2013). Of these agents, we and others have focused on intriguing
types of mitocans, vitamin E (VE) analogues, that act via mitochondria, causing
apoptosis selectively in cancer cells, and featuring anti-tumour activity (e.g. Neuzil
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et al. 2007; Zhao et al. 2009; Angulo-Molina et al. 2014). In this review, we focus
on VE analogues, discussing their structural features, molecular mode of activity as
well as their promise as efficient anti-cancer agents.

2 Structure of Vitamin E and Its Analogues

VE is a generic term that refers to a family of eight different naturally occurring
phenolic compounds (Sen et al. 2000; Elnagar et al. 2010). These agents belong to
two categories, tocopherols and tocotrienols. Both groups share the aromatic chro-
manol group with two rings (one phenolic and one heterocyclic) and an isoprenoid
chain (a 16-carbon tail) attached at the C2 position. Tocopherols differ from tocot-
rienols only in the aliphatic tail (Kamal-Eldin and Appelqvist 1996). Tocopherols
refer to VE compounds with a saturated phytyl side chain, tocotrienols refer to com-
pounds containing poly-unsaturated side chain. Each group includes four isoforms,
named a-, 3-, y-, and 8-tocopherols or tocotrienols, which differ by the number and
position of methyl groups on the chromanol ring (see the structures in Fig. 7.1)
(Aggarwal et al. 2010; Elson and Yu 1994). The role of these molecules as lipophilic
antioxidants in vitro and in vivo is widely accepted (Neuzil et al. 2007). It has been
reported that both tocopherol and tocotrienol isoforms display a wide-range of
antioxidant-related activities (Mclntyre et al. 2000), with the level of phytyl chain
saturation and/or chromanol ring methylation critical for the differential bioactivity
of the individual isoforms (Elson and Yu 1994; Mclntyre et al. 2000). In addition,
non-antioxidant properties of VE family members have also been investigated
(Akazawa et al. 2002).

While a-tocopherol (a-TOH) was the first VE analogue to be recognized, and
was named in 1924 and synthesized in 1938 (Sen et al. 2007), the term tocotrienol
was first suggested by Bunyan and colleagues (Bunyan et al. 1961), and tocotri-
enols were first isolated from the latex of the rubber plant in 1964 (Whittle et al.
1996). Furthermore, among the VE isomers, a-tocopherol is the most common
form found in human diets; it also has the highest bioavailability. So far,
a-tocopherol is the best characterized VE isomer and has been examined in a large
number of studies (Ling et al. 2012). There is evidence suggesting that human
tissues can convert tocotrienols to tocopherols (Qureshi et al. 2001, 2002). The
differences in the aliphatic side chain may account for the differences in the effi-
cacy and potency both in vitro and in vivo. To date, over 30,000 papers have been
published on tocopherols, and about 600 on tocotrienols (Aggarwal et al. 2010).
The most studied functions of these two groups of compounds are related to their
antioxidant (Lee et al. 2009; Cai et al. 2012), anti-proliferative and anti-survival
(Shun et al. 2004; Mudit et al. 2010), anti-inflammatory (Bachawal et al. 2010;
Ivanova et al. 2011), anti-angiogenic (Inokuchi et al. 2003; Weng-Yew et al.
2009), pro-apoptotic and anti-cancer (Wu and Ng 2010; Parker et al. 1993),
cardio-protective (Koba et al. 1992) and neuro-protective activity (Aggarwal et al.
2010; Sen et al. 2000).
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Fig. 7.1 Chemical structures Tocotrienols
of naturally occurring forms
of vitamin E, tocotrienols
and tocopherols

While the naturally occurring VE compounds have been a focus of numerous
studies for many years since they were first recognized in 1924, semisynthetic VE
analogues, a group of compounds which are derived from VE and share the same
core structure with VE, have recently emerged as very important compounds with
even higher biological activity, especially the anti-cancer effect. This group of com-
pounds have been represented by agents like a-tocopheryl succinate (a-TOS),
a-tocopheryl ether-linked acetic acid (a-TEA), or mitochondrially targeted vitamin
E succinate (MitoVES). Their anti-cancer activity and the molecular mechanism of
their biological action have been studied profoundly in recent years and will be
highlighted in this paper.
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VE analogues, including a-tocopheryl succinate, a-tocopherol ether-linked acetic
acid, a-tocopheryl polyethylene glycol 1000 succinate, tocopheryl nicotinate,
a-tocopheryl ferulate, tretinoin tocoferil or a-tocopheryl phosphate have been syn-
thesized and their cellular effects investigated. They are examples of VE analogues
modified at the tocopheryl-C6 position that do not have antioxidant activity in their
intact form, unless they are hydrolysed, suggesting that individual ‘regions’ of the
molecule of VE and its analogues can be divided into functionally different groups.
Thus, the VE molecule comprises three different domains (Fig. 7.2): the hydropho-
bic domain (I), the signalling domain (II) and the functional domain (IIT) (Neuzil
et al. 2007).

®

(ii)

The functional domain is the group attached at C6 of the chromanol ring. This
position determines whether the molecule behaves as a redox-active or a
redox-silent compound. The well documented antioxidant properties of the
four tocopherol isomers and their bioavailability (in particular that of
a-tocopherol) led to their testing in cancer clinical trials. In the two of the larg-
est chemoprevention trials, VE (a-tocopherol) consumption was found to have
no beneficial effect on cancer incidence, indicating little if any positive out-
come concerning the use of free tocopherols in cancer prevention (Pham and
Plakogiannis 2005). However, certain chemical modifications at C6, such as
those resulting in the generation of ether, ester and amide analogues (with a
free carboxylate) proved to endow the parental agents with pro-apoptotic and
anti-neoplastic activity, which resulted in a concerted research on the anti-
cancer efficacy of these agents (Neuzil et al. 2007).

The signalling domain is responsible for activities of the agents that are inde-
pendent of the antioxidant nature of tocopherols and are given by the methyla-
tion pattern of the aromatic ring. For example, a-tocopherol has been reported
to inhibit protein kinase C (PKC) by decreasing diacylglycerol levels, whereas
other tocopherols with similar antioxidant efficacies do not inhibit the kinase
activity. Thus, the PKC inhibitory activity of a-tocopherol is independent of its
antioxidant capacity (Kunisaki et al. 1995; Tasinato et al. 1995).
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(iii) The lipophilic side chain of VE compounds distinguishes between tocopherols
with saturated isoprenyl units and tocotrienols with unsaturated isoprenyl units.
The hydrophobic domain determines whether the molecule can bind to lipopro-
teins and membranes or will be degraded by phase I enzymes (Birringer et al.
2002; Neuzil et al. 2007). It has been reported that tocotrienols can be degraded
to a larger extent than their counterparts with saturated side chains, and there
are quantitative differences in the metabolism between individual tocopherols
as well as between tocotrienols and tocopherols (Kogure et al. 2005).

2.2 Redox-Silent Analogues of Vitamin E

VE analogues with a modified hydroxyl group of a-TOH have been tested for their
pro-apoptotic activity. The most prominent derivative of this group (and certainly the
most studied one) is a-TOS (Fig. 7.2), bearing a succinyl group at position C6 of the
chromanol ring. Because of its low pKa (<6), a-TOS is fully deprotonated under phys-
iological conditions, leading to a detergent-like molecule, which destabilizes mito-
chondrial membranes (Neuzil et al. 2007). Dicarboxylic esters of tocopherols present
the best studied compounds for structure-activity relationship (SAR). Strong apopto-
gens include a-TOS, a-tocopheryl oxalate and a-tocopheryl malonate, the latter two
inducing non-selective cytotoxicity in mice inoculated with B16-F1 melanoma cells
(Kogure et al. 2005). Even greater apoptogenic activity has been observed for unsatu-
rated dicarboxylic acids like a-tocopheryl maleate (Birringer et al. 2003). Increasing
the chain length of the dicarboxylic acid led to decreased activity as shown for
a-tocopheryl glutarate and a-tocopheryl methyl glutarate (Birringer et al. 2003), or
a-tocopheryl pimelate (Kogure et al. 2004) exhibiting no activity at all. The substitu-
tion pattern of the chromanol ring is often not merely related to the antioxidant proper-
ties of tocopherols (Azzi et al. 2002). An important feature of compounds with
a-tocopheryl structure is their selective recognition by the hepatic a-tocopherol trans-
fer protein (TTP). The relative affinities of the homologues of VE for TPP decrease
with the loss of methylation of the chromanol ring (Hosomi et al. 1997).

2.3 Other Vitamin E Analogues with Anti-proliferative Activity

A number of compounds with modifications in the functional domain exhibit anti-
proliferative activity and exert additional properties. For example, a-tocopheryl
polyethylene glycol succinate (a-TPGS) has been used as a vehicle for drug deliv-
ery systems. As one of the components of the nano-emulsion vehicles (NEs), it
showed significant pro-apoptotic effect for both murine breast and colon carcinoma
cell lines, indicating built-in anti-cancer properties for such NE platforms, poten-
tially enhancing overall anti-neoplastic effects of incorporated chemotherapeutic
agents (Jordan et al. 2012). a-TPGS also showed enhanced chemosensitization and
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anti-tumour efficacy against non-small cell lung cancer cell lines (Gill et al. 2012).
In addition, this compound has been shown to possess anti-cancer activity against
human lung carcinoma cells implanted in nude mice. The apoptosis-inducing effi-
cacy of the compound was not due to its increased uptake by cells but rather due to
increased ability to generate ROS (Youk et al. 2005).

Another example is a-tocopheryl phosphate (a-TOP), a water-soluble molecule,
which has been found in animal and plant tissues (Gianello et al. 2005). It has been
shown to exert more potent cellular effects than a-tocopherol itself in terms of inhibi-
tion of cell proliferation and regulation of gene expression. It may directly modulate
intermediate steps of signal transduction or gene regulation (Negis et al. 2009). At a
higher concentration, a-TOP induces apoptosis, as documented, for example, by its
high anti-proliferative and apoptogenic effect on MG-63 cancer cells (Rezk et al.
2007). The reason for a-TOP being more efficient than a-tocopherol may be due to its
better penetration across the plasma membrane (Gianello et al. 2005), and it may also
be possible that the phosphorylated forms of tocopherol can be transported to the sites
of action more efficiently than the non-phosphorylated ones. It is believed that «-TOP
can act as a signalling molecule, modulating cell functions such that it may be a source
of a-TOH that can undergo enzymatic dephosphorylation and phosphorylation reac-
tions, modulating cell signalling pathways (Negis et al. 2005). Mixtures of a-TOP and
di-a-TOP were shown to inhibit proliferation of rat aortic smooth muscle cells as well
as THP-1 monocytic leukemia cells (Munteanu et al. 2004). It was proposed that
a-TOS and a-TOM act in cancer cells by mimicking and substituting for a-TOP, caus-
ing permanent activation of cellular signalling (Neuzil et al. 2007).

Furthermore, two experimental a-tocopheryl esters, the all-trans retinoic acid
a-tocopoheryl ester and 9-cis retinoic acid a-tocopoheryl ester, have been docu-
mented to reduce proliferation of acute promyelocytic leukemia (APL) cells. The
O-cisretinoic acid a-tocopheryl ester also inhibited proliferation of APL-derived
NB4 and HT93 cells and induced their differentiation, as documented by biomark-
ers, such as granulocytic maturation, nitroblue tetrazolium reduction and enhanced
CD11b expression (Makishima et al. 1998). Transactivation experiments with a reti-
noid receptor-responsive reporter construct revealed that both compounds acted as
agonists of retinoic acid receptors. y-Carboxyethyl hydroxychroman, a degradation
product of y-tocopherol often found secreted in the urine, reduces proliferation of
PC-3 prostate cancer cells by inhibiting cyclin D1 expression (Galli et al. 2004).

2.4 Tocotrienol and Its Analogues

Tocotrienols are forms of VE with potent anti-proliferative activity against different
types of cancer cells with little or no effect on normal cell growth or functions.
Previous studies suggested that tocotrienol treatment is associated with significantly
lower tumour incidence, lower tumour numbers and longer tumour latency in mam-
mary carcinoma models (Whittle et al. 1996). However, physico-chemical and
pharmacokinetic properties greatly limit their use as therapeutic agents. Chemical
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Fig. 7.3 Modification of the hydrophobic domain of tocotrienols

instability, poor water solubility, and rapid metabolism of tocotrienols are examples
of obstacles that hinder the therapeutic use of these natural products and their semi-
synthetic analogues (Behery et al. 2010). Tocotrienols exhibit their pro-apoptotic
activity without modifications of the functional domain. The hierarchy in the signal-
ling domain is reversed, making d-tocotrienol (Fig. 7.3c) the most potent agent,
followed by y-tocotrienol (Fig. 7.3b) and a-tocotrienol (Fig. 7.3a) (He et al. 1997).
The pro-apoptotic property of tocotrienols may be related to the inactivation of the
Ras family of proteins. Recent studies indicate that both y- and 8-tocotrienols have
potent anti-proliferative and pro-apoptotic activity in several different types of pan-
creatic cancer cells, Panc-28, MIA PaCa-2, Panc-1 and BxPC-3. The mechanisms
of the anti-cancer effects of the two tocotrienols mainly involve the Akt and the Ras/
Raf/MEK/ERK signalling pathways (Shin-Kang et al. 2011). A direct inhibitory
action of tocotrienols has been proposed, since the membrane-anchoring cysteine
residue of Ras proteins is modified by a common structural element, a farnesyl
chain. Accordingly, Ras farnesylation and RhoA prenylation were inhibited by
tocotrienols in A549 cells with an activating Ras mutation (Yano et al. 2005).

It was reported that y-tocotrienol displays potent anti-cancer activity associated
with suppression of HER/ErbB receptor signalling (Ayoub et al. 2011), and a recent
study showed that y-tocotrienol enhances chemo-sensitivity of human oral cancer
cells to docetaxel through the down-regulation of nuclear factor-kB (NF-xB)-
regulated anti-apoptotic gene products (Kani et al. 2013). Interestingly, the number
and position of methyl substituents in tocotrienols affect their hypocholesterolemic,
antioxidant, and anti-tumour properties. The desmethyl tocotrienol (Fig. 7.3d),
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lacking all aromatic methyl groups, shows even higher activity with the ICs, value
of 0.9 uM. This compound has been isolated from rice bran, giving it the status of a
native product (Qureshi et al. 2000).

3 Molecular Mechanism of Anti-cancer Function
of Vitamin E Analogues

Advanced sequencing and bioinformatics lead to the discovery that tumours are
heterogeneous. This is demonstrated by recent reports revealing the extraordinary
variability of mutations in the same type of tumour from different patients (Jones
et al. 2008; Parsons et al. 2008; Hayden 2008). This grim notion has been further
accentuated by the finding that there are differences in the mutational signatures of
different regions even in a single tumour and its metastases (Gerlinger et al. 2012).
These findings underscore the low possibility of the discovery of an efficient cancer
cure that would target only a single gene or a single signalling pathway. Currently,
the majority of established anti-cancer drugs are either non-selective or gradually
lose their efficacy because of the constant mutational changes in malignant cells.
This is also likely to be the major reason why cancer incidence is either stagnating
or on the rise (Siegel et al. 2012). Therefore, pursuing cancer control strategies
is one of the major tasks for scientists, and discovery and development of novel
selective and efficient anticancer agents for treating neoplastic diseases is of para-
mount importance.

VE analogues have been studied extensively for their anti-cancer potential and have
been shown to possess strong pro-apoptotic and anti-cancer efficacy in different types of
cancer. They are selective for malignant cells, cause destabilization of cancer cell mito-
chondria, and suppress cancer in pre-clinical models. The feature of selectivity for
malignant cells, different molecular mechanisms of anti-cancer activity as well as their
unique targets via which they exert anti-cancer activity endow VE analogues agents
with a great promise to be developed into novel anti-cancer drugs to benefit cancer
patients. Anti-cancer molecular mechanisms of VE analogues are summarized below.

3.1 Mitochondrial Apoptotic Pathways Induced
by Vitamin E Analogues

Mitochondria are organelles important for both life and death of a cell. They are
membrane-enclosed structures distributed in the cytosol of most eukaryotic cells,
with the mitochondrial outer membrane (MOM) defining the entire organelle and
the mitochondrial inner membrane (MIM) containing the fluid-filled matrix.
Mitochondria are the major source of cellular energy with a crucial role in cellular
bioenergetics and are vital for signalling of mammalian cells. However they are also
central actors in cell death, critically contributing to the process of apoptosis
induction and progression (Ralph et al. 2006; Neuzil et al. 2006). Furthermore,
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mitochondria are also a major source of intracellular reactive oxygen species (ROS);
as such, they are themselves potentially vulnerable to oxidative stress. When ROS
production exceeds the capacity for detoxification and repair, oxidative damage to
proteins, DNA, and phospholipids can occur, disrupting mitochondrial OXPHOS
and eventually leading to the impairment of cell function and death. Accordingly,
mitochondrial ROS production and oxidative damage are attractive targets for phar-
macological intervention.

3.1.1 Initiation of Mitochondrial Membrane Permeabilization

Apoptosis, an organized sequence of events controlled by a network of genes, is an
essential process during development and plays a key role in a variety of pathologies.
There are many triggers of apoptosis, including increased levels of oxidants within the
cell, damage to DNA by these oxidants or other agents, accumulation of proteins that
fail to fold properly, or signalling by molecules binding to death receptors. Apoptosis
induction is also a major process by which VE analogues kill cancer cells.

Various apoptotic stimuli may trigger the formation of the MOM pore (MOMP).
This is a complex process that involves numerous molecular players and also serves
as a target for anti-cancer drugs. During this event, both MOM and MIM are permea-
bilized, resulting in the “rupture” of the MOM and the release of soluble proteins
from the inter-membrane space into the cytosol. This process is accompanied by the
loss of the mitochondrial inner trans-membrane potential (AY,,;), depletion of
the cellular ATP pool and increase in the ROS levels, which, together, contribute to
the cell demise. The fact that MOMP represents or is close to the commitment point
in the process of cell death cascade has prompted efforts to develop agents capable of
efficiently eliciting these events (Neuzil et al. 2007; Alirol and Martinou 2006).

ROS generation is important in apoptosis induction involving mitochondria. The
generation of ROS is an early event occurring in response to VE analogues.
Mitochondrial respiratory chain within the MIM is a major intracellular source of
ROS, which cause damage to lipids, proteins and DNA, leading to alteration or loss
of cellular function and, consequently, trigger or amplify the destabilization of the
MOM. a-TOS is able to induce ROS accumulation in many different cancer cell
lines, most probably originally in the form of superoxide anion radicals (Weber
et al. 2003). Substantial accumulation of ROS in Jurkat T lymphoma cells was
observed within 1 h, most likely as a result of disrupting the electron flow within the
mitochondrial complex II (CII) in the respiratory chain when the cells were chal-
lenged with a-TOS (Weber et al. 2003; Dong et al. 2008).

3.1.2 Apoptotic Signalling Downstream of Mitochondria
Although the initial apoptosis triggers have not been completely resolved, the

events in apoptosis induced by VE analogues downstream of mitochondria
are relatively well understood. During the apoptotic process induced by VE
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analogues, down-stream events of mitochondrial destabilization comprise
mobilization of apoptosis mediators, including cytochrome c, the apoptosis-
inducing factor (AIF), and Smac/Diablo. In turn, they set in motion a series of
biochemical events that mediate the execution phase of the cell death programme
resulting in the degradation of both key proteins by caspases and of genomic
DNA by endonucleases.

Cytochrome c is a key player in mitochondria-dependent apoptosis, leading to
caspase activation. The soluble protein is anchored to the MIM via its affinity to the
mitochondria-specific phospholipid cardiolipin (CL), and the binding is disrupted
upon oxidation of CL by ROS derived from the OXPHOS complexes. Increasing
evidence suggests that ROS play a key role in promoting cytochrome c release from
the mitochondria upon exposure of cancer cells to a-TOS, and the protein in the
cytoplasm triggers activation of the caspase cascade that ultimately leads to apopto-
sis (Kogure et al. 2002). ROS induce dissociation of cytochrome ¢ from CL by way
of causing CL hydroperoxidation, which lowers the affinity of the phospholipid for
cytochrome c, and the protein may then be released via the mitochondrial permea-
bility transition (MPT)-dependent or MPT-independent mechanisms. ROS also pro-
mote Ca?*-dependent MPT, with swelling of the mitochondrial matrix and rupture
of the MOM (Kakkar and Singh 2007), and MTP-independent mechanisms involv-
ing the voltage-dependent anion channel in the MOM or an oligomeric form of Bax
(Petrosillo et al. 2003).

The mitochondrial pro- and anti-apoptotic proteins, including Bax, Bak, Bcl-2,
Mcl-1 and Bcl-x;, are important modulators related to apoptotic signalling path-
way, regulating the formation of a mega-channel across the MOM (Cory et al.
2003). Generation of the MPT pore and translocation of Bax from the cytosol to the
mitochondria have also been suggested as an important event upon exposure of
cancer cells to a-TOS. This process is likely modulated by a balance between the
Bcl-2 family of pro- and anti-apoptotic proteins (Yamamoto et al. 2000; Yu et al.
2003). Over-expression of Bax results in sensitization of cells to a-TOS-induced
apoptosis, whereas over-expression of Bcl-2 or Bcl-x; protects them from a-TOS.
Likewise, down-regulation of Bcl-2 by antisense oligodeoxynucleotide treatment
sensitized cells to the VE analogue (Weber et al. 2003).

Probably the most compelling evidence for mitochondria as major transmit-
ters of apoptotic signalling induced by VE analogues stems from experiments in
which p° cells were found to be resistant to a-TOS (Weber et al. 2003; Wang
et al. 2005). It was found that cancer cells lacking mitochondrial DNA failed to
translocate cytochrome ¢ when challenged with a-TOS, unlike the apoptosis-
sensitive parental cells, and also showed low levels of phosphatidyl serine exter-
nalization and caspase-3 activation. Similar resistance of p° cells has been found
for other inducers of apoptosis, including tumour necrosis factor-o (TNF-a)
(Higuchi et al. 1997).

Collectively, mitochondria are the critical intracellular organelles that relay the
initial apoptotic signals downstream to the apoptosis commitment stage. It needs to
be noticed, though, that other organelles may also be involved in apoptosis induced
by VE analogues, such as lysosomes (Neuzil et al. 2002).
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3.2 Mitochondria-Independent Apoptosis Induction
by Vitamin E Analogues

Although mitochondria are central to apoptosis induction by VE analogues via the
intrinsic signalling pathways, a number of extrinsic non-mitochondrial or cytoplas-
mic signalling pathways have also been implicated to play a role in apoptosis induc-
tion by VE analogues in many types of tumour cells. The extrinsic signalling
pathways comprise a number of mediators, and it has been recently established that
death receptor, mitogen-activated protein kinase (MAPK), protein kinase C (PKC)
and NF-xB signalling pathways are all related to «-TOS-triggered apoptosis
(Yu et al. 2001).

3.2.1 Activation of Death Receptors by Vitamin E Analogues

Activation of the extrinsic cell death pathway is initiated by ligation of cell surface
death receptors (DRs) including Fas, the TNF receptor, and the TNF-related
apoptosis-inducing ligand (TRAIL) receptor-1 (DR4) and TRAIL receptor-2 (DRS).
DRs are constitutively expressed on the surface of mammalian cells, and both the Fas
and TRAIL systems are effective against carcinogenesis in pre-clinical models.
Impaired apoptotic signalling pathways endow some types of malignant cells with
resistance to DR-mediated apoptosis, and such tumours are rather difficult to treat
(O’Connell et al. 2000; Cretney et al. 2002). It has been reported that a-TOS-mediated
apoptosis involves DR signalling. For example, Fas-resistant breast cancer cells were
sensitized by a-TOS via mobilization of the cytosolic Fas protein to the cell surface
(Turley et al. 1997). In a separate study, expression of Fas, Fas-associated death
domain and caspase-8 was enhanced after a-TOS treatment in gastric cancer cells,
whereas Fas antisense oligonucleotides inhibited the expression of the Fas-associated
death domain protein and decreased caspase-8 activity (Wu et al. 2002).

TRAIL has attracted attention as a selective immunological apoptogen with anti-
cancer activity. Tumour cells escape from TRAIL-induced death signalling when
the balance between DRs and the ‘anti-apoptogenic’ decoy receptors is altered, and
the latter are expressed at a higher level. It was found that the combination of TRAIL
with chemotherapeutics or radiation resulted in a synergistic apoptotic response
proceeding via caspase-activating signals. a-TOS and TRAIL showed a synergistic
pro-apoptotic activity both in vitro and in vivo for experimental colon cancer (Weber
et al. 2002). a-TOS also sensitized the resistant MM and osteosarcoma cells to
TRAIL. The ICs, value of TRAIL treatment was greatly decreased when treating
MM cells with sub-lethal doses of a-TOS, whereas an antagonistic effect of a-TOS
on TRAIL sensitivity was found in the case of non-malignant mesothelial cells
(Tomasetti et al. 2004). Combination of a-TOS and TRAIL resulted in enhanced
apoptosis in a caspase- and p53-dependent manner (Weber et al. 2003; Tomasetti
et al. 2006), and a-TOS elevated the expression of DR4 and DRS without modulat-
ing the expression of the decoy receptors in MM cells (Tomasetti et al. 2004, 2006).
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a-TOS also enhanced the sensitivity of Jurkat T lymphoma cells to TRAIL-induced
apoptosis by suppression of NFkB activation (Dalen and Neuzil 2003). Thus, VE
analogues may play a role in adjuvant therapy of DR-resistant cancers. These ana-
logues can also be used alone, because they are expected to sensitize cancer cells to
endogenous immunological inducers of apoptosis by cells of the immune system,
thereby potentiating the natural tumour surveillance.

3.2.2 MAP Kinase Pathway and Apoptosis Induction
by Vitamin E Analogues

The mitogen-activated protein kinase (MAPK) pathway is one of the most fre-
quently studied pathways in cancer. It plays an important role in the regulation of
many processes that are critical to the malignant phenotype, and a variety of genetic
alterations that activate the pathway have been detected in different types of cancer.
As a result, the search for compounds that inhibit the pathway has been an active
area of investigation for many years (Davies and Kopetz 2013). The importance of
the MAPK pathway is in the control of cellular responses to the environment and in
the regulation of gene expression, cell growth, and apoptosis, making it a priority
for research related to many disorders (Fang and Richardson 2005). The c-Jun
N-terminal kinases (JNKs), along with Erk and p38, constitute the principle
members of the MAPK family (Johnson and Lapadat 2002; Wagner and Nebreda
2009). JNKs function primarily through the activator protein-1 (AP-1) family of
transcription factors to regulate a plethora of cellular processes, including cell pro-
liferation, differentiation, survival and migration (Zhang and Selim 2012). There is
also a cross-talks and integration with other signalling pathways in a cell context-
specific and cell type-specific manner (Wagner and Nebreda 2009). INKs were
originally identified as the major kinase responsible for the phosphorylation of
c-jun, leading to increased transcriptional activity of AP-1, again largely in response
to multiple cellular stimuli, including stress events, growth factors, and cytokines
(Nishina et al. 2004).

Kline’s group was the first to report a role of JNK and c-jun in a-TOS-induced
apoptosis. The VE analogue up-regulated c-jun expression in different types of
cancer cells (Qian et al. 1996; Yu et al. 1997). a-TOS-triggered apoptosis involves a
prolonged increase in c-jun expression, and AP-1 trans-activation and transfection
of dominant-negative c-jun reduced a-TOS-mediated apoptosis. It was subsequently
demonstrated that a-TOS enhanced ERK1/2 and JNK activity but not the p38 kinase
activity (Yu et al. 2001). Increased phosphorylation and trans-activation of c-jun
and ATF-2 were also observed in cells exposed to a-TOS.

Three upstream components of the JNK cascade, apoptosis signal-regulating
kinase 1, growth arrest DNA damage-inducible 45p, and stress-activated protein
kinase/ERK kinase-1 were all induced, and the level of phospho-JNK was also
noticeably increased in prostate cancer cells in response to a-TOS (Zu et al. 2005).
Dominant-negative JNK significantly reduced c-jun expression and apoptosis trig-
gered by the agent. On the other hand, a-TOS stimulated early activation of ERK1/2
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and, in turn, reduced the ERK activity concomitant with the activation of PKC in
HL60 cells. However, blockage of ERK activity showed no significant effects on
a-TOS-triggered apoptosis (Bang et al. 2001). Conversely, it was reported that
a-TOS and a-tocopheryloxybutyric acid inhibited ERK phosphorylation and acti-
vated p38 in breast cancer cells (Akazawa et al. 2002). The discrepancy in the role
of ERK activity may result from differences in the treatment time in that ERK can
be rapidly and transiently induced by a-TOS, but longer exposures may lead to the
suppression of ERK activation. Thus, there is strong evidence that the JNK cascade
is an important modulator of apoptosis induced by a-TOS. However, it is not clear
at this stage how this signalling pathway is linked to the destabilization of mito-
chondria by the VE analogue.

3.3 Role of Protein Kinase C in Apoptosis Induced
by Vitamin E Analogues

Protein kinase C (PKC) has been a tantalizing target for drug discovery ever since it
was first identified as the receptor for the tumour promoter phorbol ester in 1982
(Mochly-Rosen et al. 2012). It forms a multi-gene family of phospholipid-dependent
serine/threonine protein kinases involved in modulation of divergent biological
functions (Spitaler and Cantrell 2004). Much of the interest in PKC began with the
discovery that members of this family of isozymes are activated in various diseases
(Mochly-Rosen et al. 2012), including diabetes (Geraldes and King 2010), cancer
(Totoni et al. 2011), ischaemic heart disease (Inagaki et al. 2006) and heart failure
(Ferreira et al. 2011). PKC is normally present in an inactive form. Binding of
cofactors to the regulatory domain induces conformational changes that result in the
activation of the enzyme, which is usually associated with its membrane transloca-
tion (Basu 2003). Treatment of Jurkat cells with «-TOS caused a decrease in PKC
activity by activation of PP2A, leading to hypophosphorylation of PKCa and
decreased phosphorylation of Bcl-2 on Ser70 (Ruvolo et al. 1998; Neuzil et al.
2001c¢). Phorbol-12-myristate-13-acetate, a PKC activator, efficiently protected the
cells from apoptosis induced by a-TOS, indicating an inhibitory role of PKC in the
regulation of apoptosis (Neuzil et al. 2001c¢).

PKC isozymes can also be activated by proteolytic separation of the regulatory
and the catalytic domain. Several members of the PKC family have now been iden-
tified as substrates for caspases. During apoptosis, activation of caspases results in
the cleavage of PKC isozymes followed by PKC activation (Endo et al. 2000; Smith
et al. 2003). It was shown that «-TOS induced apoptosis via activation of PKCBII
and promoted PKCa membrane translocation, concomitant with a decline in ERK
activity (Bang et al. 2001). The differences in the effects of a-TOS on PKC in rela-
tion to apoptosis might be due to the presence of specific PKC isozymes in cells of
different origin, resulting in different or even opposing effects on the outcome of
apoptosis.
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3.4 Role of Nuclear Factor-xkB in Apoptosis Induced
by Vitamin E Analogues

NF«kB signalling plays a critical role in cancer development and progression (Karin
2006). NFkB provides a mechanistic link between inflammation and cancer, and is
a major factor controlling the ability of both pre-neoplastic and malignant cells to
resist apoptosis-based tumour-surveillance mechanisms. NFkB might also regulate
tumour angiogenesis and invasiveness, and the signalling pathways that mediate its
activation provide attractive targets for new chemopreventive and chemotherapeutic
approaches (Karin 2006). Activation of the multi-complex transcription factor
NFkB is crucial for a wide variety of cellular responses. In non-stimulated cells,
NF«B is sequestered in the cytoplasm by the inhibitory kB (IkB). Upon activation
by a number of stimuli, the IkB protein is rapidly degraded, allowing translocation
of NF«B into the nucleus and binding to cognate-response elements. In addition to
its fundamental role in regulation of immune and inflammatory responses, NFxB
also exerts anti-apoptotic activities.

In line with the above, it was found that NFkB activation stimulated by TNF-a was
inhibited by a-TOS in Jurkat and endothelial cells (Suzuki and Packer 1993; Neuzil
et al. 2001a), possibly sensitizing them to apoptosis induction. Because activation of
NF«xB is negatively associated with apoptosis induced by TRAIL in multiple cancer
cells, agents that inhibit NFkB activation may convert TRAIL-resistant to TRAIL-
sensitive cells. TRAIL may transiently activate NFkB, thereby delaying the onset of
apoptosis. We found that o-TOS has the capacity to overcome this resistance by
suppressing TRAIL-stimulated NFkB activation. This is based on modulating the deg-
radation of IxB, which sensitizes cells to the effect of TRAIL (Dalen and Neuzil 2003).

4 Vitamin E Analogues, Anti-cancer Agents
Targeting Mitochondria

Cancer is an ever-increasing neoplastic disease that has been a major threaten of the
mankind for centuries. In 2012, over a million of Americans, representing an industri-
alized nation, were diagnosed with cancer, and most of them suffered more from
metastatic tumours and drug side-effects rather than from the initial tumours. Despite
great advances in molecular medicine and increasing understanding of molecular
signalling pathways related to cancer as well as great efforts to develop better treat-
ments, currently there is still no selective and efficient cure for most types of cancer.
As mentioned before, mitochondria have come into the focus of current research
of cancer biologists, since they have emerged as an intriguing target for anti-cancer
drugs, inherent to vast majority if not all cancer types. The exceptional potential of
mitochondria as an emerging and perspective target for anti-cancer agents has been
reinforced by the discouraging finding that there are different mutations in individual
areas even in the same tumour in one patient (Gerlinger et al. 2012). This is consistent
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with the idea of personalised therapy, an elusive goal at this stage, in line with the
notion that tumours are unlikely to be treated by agents that target only a single gene
or a single pathway. This endows mitochondria, an invariant target present in all
tumours, with an exceptional momentum. Drugs that target mitochondria and exert
anti-cancer activity have become a focus of recent research due to their great clinical
potential. Mitochondria, whilst being the ‘powerhouse’ of the cell, are also reservoirs
of a number of apoptosis-promoting proteins that are essential for apoptosis induction
and its progression downstream of these organelles, in order for the cancer cell to shift
into the commitment phase and to undergo the final demise (Galluzzi et al. 2010). It is
also important to take into consideration the aberrant mitochondrial metabolism of
malignant cells (Koppenol et al. 2011; Ward and Thompson 2012). Thus, the recent
decade has witnessed an unprecedented focus on and discovery of novel agents that
target mitochondria to induce cancer cell death, which opened a new paradigm of
efficient cancer therapy and is likely to benefit cancer patients in the (near) future.

Mitochondria are proving to be worthy targets for activating specific killing of
cancer cells in tumours and a diverse range of mitochondrially targeted drugs are
currently in clinical trial to determine their effectiveness as anti-cancer therapies.
The mechanism of action of many mitochondrially targeted anti-cancer drugs relies
on their ability to disrupt the energy producing systems of cancer cell mitochondria,
leading to increased generation of ROS and activation of the mitochondrially depen-
dent cell death signalling pathways within cancer cells. We believe that targeting
mitochondria for tumour treatment may lead to a potential future breakthrough in
the management of neoplastic pathologies. To better classify the various group of
agents that act by mitochondrial destabilisation, we proposed the term mitocans
(Ralph et al. 2006; Neuzil et al. 2006).

Mitocans, an acronym for ‘mitochondria and cancer’, are small compounds that in
many cases selectively kill cancer cells via mitochondrial destabilisation, whereby
inducing apoptosis, often via generation of ROS. They are classified into eight sub-
groups based on the site of action of the individual agents, from the surface of the
MOM to the mitochondrial matrix (Fig. 7.4). The selection of the sites also stems from
their importance as targets for the development of drugs that hold substantial promise
to be utilised in the clinical practice. VE analogues that act by targeting mitochondria
to cause ROS production and, as well, to boost the immune surveillance, exemplify a
group of mitocans. The role of ROS production and the events leading to the activation
of the inflammasome and pro-inflammatory mediators induced by dying cancer cell
mitochondria are later on discussed along with the evidence for their contribution to
promoting immune responses against cancer (Hahn et al. 2013).

4.1 a-Tocopheryl Succinate

a-Tocopheryl succinate (a-TOS), bearing a succinyl ester at position C6 of the
chromanol ring (Fig. 7.4), belongs to class 2 (BH3 mimetics group) and class 5
(electron transport chain targeting drugs) sub-groups of mitocans. It has been shown
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to be a potent apoptosis inducer and growth inhibitor in a variety of cancer cells.
This agent has the selectivity to kill malignant cells at concentrations non-toxic to
normal cells and tissues (Neuzil et al. 2001b) and regardless whether the cells
feature mutations in key tumour suppressor genes, such as p53 (Weber et al. 2002).
Importantly, a-TOS also has been shown to exert anti-cancer activity in a wide
range of solid tumours in pre-clinical models, including the difficult-to-treat mela-
nomas, mesotheliomas, HER2-positive breast carcinomas, as well as prostate and
colorectal tumours. So far, a-TOS has been shown to suppress tumour growth in up
to 15 types of cancer (Wang et al. 2005; Neuzil et al. 2001c; Malafa et al. 2002;
Stapelberg et al. 2005).

The molecular mechanism underlying the selectivity of a-TOS and similar
agents for malignant cells results from at least two mechanisms. One relates to the
ester structure of a-TOS and is due to the generally higher levels of esterases in
normal cells such as hepatocytes, colonocytes, fibroblasts or cardiomyocytes that
cleave a-TOS to produce vitamin E (Don and Hogg 2004; Fariss et al. 2001).
Another reason for the cancer cell-specific toxicity of a-TOS may be related to the
inherent property of many inducers of apoptosis to trigger programmed cell death
by initially inducing cells to accumulate ROS that, in turn, cause a cascade of
subsequent reactions leading to the transition of the cell into the apoptosis commit-
ment phase (Simon et al. 2000). a-TOS has been reported to induce ROS accumu-
lation in many different cancer cell lines, most probably resulting in the generation
of superoxide anion radicals (Kogure et al. 2001, 2002; Malafa et al. 2002;
Swettenham et al. 2005). In addition, it has been reported that cancer cells feature
lower antioxidant defences than normal cells. For example, malignant cells express
lower levels of manganese superoxide dismutase (MnSOD) compared to non-
malignant cells. Moreover, we have found that proliferating endothelial cells,
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unlike their confluent (growth-arrested) counterparts, are susceptible to a-TOS-
induced apoptosis (Neuzil et al. 2001a), endowing a-TOS the ability to selectively
kill proliferating endothelial cells and inhibit angiogenesis in mouse tumour mod-
els (Dong et al. 2007).

An important discovery demonstrated that «-TOS has a unique target to perform
its biological (apoptogenic) activity. Research from Neuzil’s group found that
a-TOS induces cancer cell apoptosis by targeting the mitochondrial complex II
(CII). More specifically, a-TOS inhibits the succinate quinone reductase (SQR)
activity of CII by interacting with the proximal and distal ubiquinone (UbQ) bind-
ing site (Qp and Qp, respectively) (Dong et al. 2008). Additional work documented
that CII is also a target for a-TOS in a pre-clinical tumour model, since tumours
with mutant CII (a stop codon mutation in the CII’s subunit SDHC) were not respon-
sive to the agent unlike the wild-type or reconstituted CII tumours (Dong et al.
2009). This is the first time that a molecular target of a-TOS has been defined. CII
as the target indicates that the agent may be an efficient anti-cancer drug since genes
coding for the four subunits of CII only rarely mutate (for example there is only one
mutation in CII per one million breast cancer patients).

Recent studies from Gogvadze’s group also emphasized the importance of mito-
chondria as a target for a-TOS. The agent was shown by these researchers to trigger
cancer cell apoptosis via targeting mitochondria, more specifically by stimulating
rapid entry of Ca?* into the cytosol, compromising the Ca?* buffering capacity of
mitochondria and sensitising them to mitochondrial permeability transition and
subsequent apoptotic cell death. This mechanism was reported for neuroblastoma
cells that were found to be killed by a-TOS irrespective of their MycN oncogene
expression level and amplification (Kruspig et al. 2012).

Collectively, there is ample evidence for a-TOS (and similar agents) to kill
cancer cells by destabilising mitochondria. Therefore, it seems a logical next step to
modify the drugs in such a way that they accumulate in mitochondria, i.e. in the
proximity of their molecular target.

4.2 Mitochondrially Targeted Vitamin E Succinate

Although a-TOS acts on mitochondria, it does not discriminate between the differ-
ent membranous intracellular compartments. Therefore, we modified the structure
of a-TOS in order to generate a variant of the agent that would be directly targeted
to mitochondria, so that its apoptogenic activity would be increased. Based on the
previous work of synthesis and testing of a series of mitochondrially targeted anti-
oxidants by tagging them with the positively charged triphenylphosphonium group
(TPP*) (Murphy and Smith 2007), producing very efficient redox-active compounds
(Kelso et al. 2001; James et al. 2007), our group prepared the mitochondrially tar-
geted vitamin E succinate (MitoVES) by adding the TPP* group to the hydrophobic
chain of vitamin E succinate. The result of this modification was the preferential
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localisation of the agent in mitochondria, greatly enhancing its pro-apoptotic and
anti-cancer activity (Dong et al. 2011a, b; Rohlena et al. 2011).

MitoVES, besides accumulating in mitochondria, has another advantage: its
mitochondrial accumulation is based on the AY,,;, which is considerably higher (in
negative values) in cancer cells than in normal cells (Modica-Napolitano and Aprille
2001; Fantin et al. 2002). Due to the chemical structure of MitoVES, the compound
is expected to be positioned such that the positive charge of the TPP* group is adja-
cent to the interface of the MIM and matrix and its hydrophobic alkyl chain spans
the MIM with the tocopheryl succinyl group juxtapositioned to its molecular target,
the UbQ-site of CII. Our recent research documents that the prototypic compound
of such a targeted VE analogue, MitoVES, is some 1-2 orders of magnitude more
efficient in apoptosis induction than the untargeted parental compound a-TOS,
while maintaining selectivity for malignant cells (Dong et al. 2011a, b). One reason
is that at relatively low levels, high percentage of the MitoVES pool (90-95 %)
accumulates in mitochondria, resulting in very fast generation of ROS (within min-
utes) and changes in mitochondrial morphology (10-15 min). This then causes the
modulation of expression of Bcl-2 family proteins. More specifically, we found that
the ROS generated in response to MitoVES activates the Mstl kinase that, in turn,
phosphorylates the transcription factor FoxO1. Phosphorylated FoxO1 then translo-
cates to the nucleus where it activates transcription of the BH3-only protein Noxa
that, in turn, diverts Mcl-2 from Bak that can then form a channel in the MOM
(Dong et al. 2011a, b; Valis et al. 2011).

MitoVES proved to be superior in suppression of experimental tumours com-
pared to the untargeted analogue, as we showed for breast cancer, colon cancer and
mesothelioma (Dong et al. 2011a, b; Kovarova et al. 2014). Based on the prototypic
MitoVES targeting the mitochondrial CII, we propose that mitochondrially targeted
delivery of anti-cancer agents offers a new paradigm for increasing the efficacy of
compounds with anti-cancer activity (Figs. 7.5, 7.6). Accordingly, preparation of
novel anti-cancer agents by tagging other compounds that target mitochondrial
complexes is imminent and we are conducting relevant experiments.

An interesting way how to possibly suppress tumour promotion avoiding the
many mutations in cancer cells is targeting angiogenesis. In this regard, we found
that MitoVES efficiently kills proliferating endothelial cells (ECs) but not contact-
arrested ECs or ECs deficient in mitochondrial DNA. It also suppressed angiogen-
esis in vitro by inducing accumulation of ROS and induction of apoptosis in
proliferating/angiogenic ECs. Resistance of arrested ECs was ascribed, at least in
part, to lower AY,,; of quiescent ECs compared with their proliferating counter-
parts, resulting in the lower level of mitochondrial uptake of MitoVES. (Rohlena
et al. 2011).

Additional studies on energy-related mitochondrial function using isolated mito-
chondria demonstrated that MitoVES stimulates basal respiration and ATP hydro-
lysis, but inhibits net state 3 (ADP-stimulated) respiration and Ca?* uptake by
collapsing WA,,; at low doses, acting as an uncoupler (1-5 uM). At higher doses
(> 5 pM), MitoVES targets the SQR activity of the mitochondrial CII. Uncoupled
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Fig. 7.6 MitoVES suppresses tumour progression. (a) FVB/N c-neu mice with breast carcinomas
and (b) Balb ¢ nu/nu mice with xenografts derived from HCT116 cells were treated by ip injection
of 1-2 pmol MitoVES or 15 pmol a-TOS per mouse every 3—4 days, and tumors were visualized
and their volume was quantified using ultrasound imaging (panel (c¢) shows representative ultra-
sound images of tumours acquired on given days, panel (d) documents representative tumours at
the end of the experiment. (Adapted from Dong et al. 201 1a, b)

mitochondrial respiration and basal respiration of SMPs were inhibited by VE
analogues with the following efficacy: MitoVES>a-TEA>a-TOS (Rodriguez-
Enriquez et al. 2012). The same authors also showed that MitoVES inhibited oxida-
tive phosphorylation and induced ATP depletion in rodent and human cancer cells
more potently than in normal rat hepatocytes. This is consistent with our recent data
that in vivo, cancer cell mitochondria are a preferred target of MitoVES compared
to normal cells (such as found for kidney, heart or liver; Truksa et al. unpublished
data). Collectively, these findings are consistent with and corroborate the notion
that targeting of anti-cancer agents to mitochondria enhances their anti-cancer
efficacy and, as shown for MitoVES, maintains their selectivity for malignant cells.
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4.3 a-Tocopheryloxyacetic Acid

a-TEA is an ether analogue of VE with potent anti-cancer actions via activation of
pro-apoptotic pathways and suppression of pro-survival pathways both in vitro
and in vivo. It has been shown to suppress tumour growth in various murine and
human xenograft tumour models, including melanoma, breast, lung, prostate, and
ovarian cancers (Jia et al. 2008; Yu et al. 2006; Dong et al. 2012). a-TEA has also
been shown to exhibit anti-metastatic activities in xenografts, syngeneic and spon-
taneous mouse models of breast cancer. Importantly, similar to a-TOS, a-TEA has
the ability to possess anti-cancer properties that are selective for cancer cells, to
reduce tumour burden and metastases in vivo with no or very low toxicity to normal
tissues (Yu et al. 2006; Lawson et al. 2004; Latimer et al. 2009; Hahn et al. 2009;
Shun et al. 2010). This gives a-TEA a great potential for future drug development
for clinical use.

a-TEA is a stable semi-synthetic analogue of naturally occurring VE. It is derived
from a-tocopherol by a chemical modification, replacing the hydroxyl group C6 of
the phenolic ring with an acetic acid residue linked via an ether bond (Fig. 7.5). This
modification makes o-TEA redox-silent, while making it active against tumours
(Lawson et al. 2003; Hahn et al. 2006). The presence of the non-cleavable ether
bond ensures the stability of a-TEA, allowing it to be delivered via the oral route in
a biologically active form (Dong et al. 2012). An earlier report documented that
a-TEA, when given orally (incorporated into mouse chow), significantly inhibited
the progression of breast cancers and strongly reduced the incidence of spontaneous
lung metastases before and after primary tumour establishment without general tox-
icity (Lawson et al. 2003). A number of reports from different groups have showed
that apoptosis is a primary mode of a-TEA-induced tumour cell death (Kline et al.
2001; Neuzil et al. 2004). However, since the antitumor activity of a-TEA could not
be completely blocked using pan-caspase or caspase-specific inhibitors (Jia et al.
2008), additional pathway(s) may be involved in a-TEA-mediated tumour cell kill-
ing, such as mitochondria-independent signalling pathways.

It has been reported that a-TEA induces apoptosis in MCF-7 and HCC-1954
breast cancer cells via TRAIL/DR5-induced activation of caspase-8 that is relayed
to mitochondria-dependent pro-apoptotic pathway by increasing the DRS and
TRAIL protein levels, and via suppression of the anti-apoptotic protein c-FLIP by
decreasing its levels. This mitochondria-dependent apoptosis signalling pathway
involves the initial activation of caspase-8 followed by cleavage of Bid to tBid, acti-
vation of the Bax protein (its translocation to the MOM) and increased mitochon-
drial permeability transition. The data suggest that that a-TEA has the potential as
a treatment for human breast cancer either as a stand-alone drug or in combination
with the recombinant TRAIL protein or antagonistic antibodies to the TRAIL recep-
tor (Yu et al. 2010). Mechanistic studies showed that the major events necessary and
sufficient for inducing apoptosis of cancer cells with a-TEA include the activation
of pro-apoptotic mechanisms such as signalling via the Fas receptor/Fas ligand, and
endoplasmic reticulum (ER) stress involving JNK/CHOP/DRS5 and p73/Noxa,
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leading to caspase-8 activation followed by mitochondria-dependent apoptotic
cascade of reactions (Hahn et al. 2009, 2011; Shun et al. 2010). One report
documented that a-TEA disrupts the cholesterol-rich micro-domains, acting coop-
eratively with a selective estrogen-receptor modulator to reduce pro-survival media-
tors, and induces DRS5-mediated mitochondria-dependent apoptosis via the ER
stress-mediated pro-apoptotic pJINK/CHOP/DRS amplification loop (Lawson et al.
2003; Tiwary et al. 2010).

A previous report suggested that «-TEA suppresses the phosphatidylinositol-3-
kinase (PI3K)/Akt/ERK pathways via JNK-mediated down-regulation of insulin-
receptor substrate (IRS-1) (Tiwary et al. 2011b). It induced apoptosis in human
MCF-7 and HCC-1954 breast cancer cells by suppressing constitutively active
basal levels of pAKT, pERK, p-mTOR, and their downstream targets. In addition,
a-TEA increased levels of pIRS-1 (Ser-307), a phosphorylation site correlated with
insulin receptor substrate-1 (IRS-1) inactivation, as well as of total IRS-1. Down-
regulation of the IRS-1/PI3K pathways via JNK are critical for o-TEA and
o-TEA+MEK or mTOR inhibitor-induced apoptosis in human MCF-7 and HCC-
1954 breast cancer cells (Tiwary et al. 2011b). a-TEA has also been shown to
induce cancer cell death, at least in part, by down-regulation of members of the
EGFR family (Shun et al. 2010).

Collectively, there is ample data documenting the potential of a-TEA as an anti-
cancer agent. Except for some specific activities in cancer cells, the ether can be
considered as a stable ‘homologue’ of the prototypic anti-cancer VE analogue,
a-TOS. From the application point of view, the great advantage of a-TEA is that it
can be applied orally, while a-TOS has to reach the site of the tumour while bypass-
ing the alimentary system, where it is completely hydrolysed to the non-apoptogenic
vitamin E.

5 Vitamin E Analogues as Stimulants of the Immune System

Recent research demonstrated that, in addition to the direct cytotoxic effects, «-TEA
stimulates anti-tumour immune responses, resulting in higher level of infiltration of
activated T cells in the tumour microenvironment and increased ratios of CD4* and
CDS8* T cells to regulatory T cells in the tumour, respectively (Hahn et al. 2011;
Tiwary et al. 2011a). Moreover, autophagy has been found to be involved in the
immune system stimulation by a-TEA, since autophagy plays an essential role in
the major histocompatibility complex (MHC) class II-restricted antigen presenta-
tion (Miinz 2009), and recently its role in MHC class I-restricted stimulation of
CD8* T cells (cross-presentation) has been documented (Li et al. 2008; Kepp et al.
2009). A recent report indicates that a-TEA triggers tumour cell autophagy and
improves cross-presentation of tumour antigens to the immune system. o-TEA
stimulated both apoptosis and autophagy in murine mammary and lung cancer cells.
These findings suggest that both autophagy and apoptosis signalling programmes
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are activated during a-TEA-induced tumour cell killing (Li et al. 2012), endowing
the agent with a very interesting pattern of bioactivities.

6 Conclusions

Taken together, VE analogues are potent anti-cancer agents that selectively kill
cancer cells with the advantage of limited side effects on normal cells, as also shown
for high level of toxicity of the agents to cancer tissues and low (if any) deleterious
effects on normal tissues. Mitochondria act as targets for VE analogues, relaying the
selective apoptotic signals shifting cancer cells to the commitment phase of pro-
grammed cell death. The VE analogues a-TOS, a-TEA and MitoVES epitomize
mitocans, a large group of compounds acting as anti-cancer agents by destabilizing
mitochondria. These compounds present a source of very promising, potentially
highly effective and selective lead structures hopefully leading to exciting new
developments in cancer therapy. The predominant mechanism of action whereby
mitochondria-targeted anticancer drugs kill cancer cells is linked to the ability of
these drugs to disrupt the energy-producing systems of cancer cells (concentrated in
mitochondria), leading to increased accumulation of ROS and the activation of the
mitochondria-dependent death signalling pathways. There is little doubt that, given
recent advances in anti-cancer research, mitocans will become an integral part of
modern weaponry in the fight to eliminate cancer, although there is still a lot of
work to achieve this goal. Notwithstanding this, the authors are optimistic and can
‘see the light at the end of the (apparently) long tunnel’.
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Abstract Mitochondria are being proposed and tested as plausible targets for
cancer therapy. There are several reasons for this recent approach. Perhaps the most
important one is the fact that mitochondria comprise potent inducers of apoptosis,
therefore disruption of mitochondria with ensuing apoptotic cell death is a promis-
ing strategy for cancer therapy. Importantly, too, mitochondria of cancer cells differ
from these organelles in normal cells, in particular in their altered bioenergetics, the
former utilizing for their energetic needs aerobic glycolysis. Further, mitochondria
of cancer cells are characterized by greater negative potential across the inner
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membrane, also contributing to the potential design and testing of cancer
cell-selective compounds. Some of the agents that target mitochondria of cancer
cells, based on their differences compared to mitochondria of normal cells, are cur-
rently undergoing pre-clinical and clinical testing, which gives hope to the poten-
tial establishment of efficient and selective anti-cancer agents.

Keywords Mitochondria ¢ Cancer cell « Metabolism ¢ Apoptosis ® Oxidative stress
* Mitochondrial dysfunction * Therapeutic targets

1 Introduction

Mitochondria are cellular organelles that play pivotal roles in cellular metabolism,
redox signaling, calcium homeostasis, and regulation of cell proliferation and cell
death. Mitochondria have unique ultra-structural features that differ from other cel-
lular organelles as they are enclosed by double membranes with certain unique lipid
compositions. The mitochondrial membranes and matrix contain important mole-
cules and metabolic enzymes, including those involved in electron transport, oxida-
tive phosphorylation (OXPHOS), and the tricarboxylic acid (TCA) cycle. The
mitochondrial DNA (mtDNA) contains genes that encode mitochondrial rRNA
and tRNA as well as 13 proteins which, together with the nuclear DNA-encoded
protein components, are necessary for the assembly of the oxidative phosphoryla-
tion machinery. Mitochondrial functions are coordinated with their dynamic behav-
iors and tightly regulated by balanced fusion and fission events. The replication of
mtDNA and biogenesis of mitochondria are not necessarily synchronous with the
cell cycle events, and thus mitochondria may replicate without cell division. Due to
their diverse roles in the production of ATP and metabolic intermediates, generation
of reactive oxygen species (ROS), and regulation of apoptosis, mitochondria are
involved in a variety of pathological processes including neurodegenerative dis-
eases, cancer, ischemia/reperfusion injury, aging, obesity, diabetes, and other dis-
ease conditions. The complex regulatory mechanisms involved in mitochondrial
energetics, epigenetics, and genetics have been reviewed recently (Wallace and Fan
2010; Gogvadze 2011; Heller et al. 2012).

Mitochondria contribute to many critical cellular metabolic pathways, including
oxidative phosphorylation, the TCA cycle (Krebs cycle), lipid metabolism, biosyn-
thesis of iron sulfur center and heme, and metabolism of amino acids (Smith et al.
2012). Oxidative phosphorylation generates the bulk of cellular ATP to meet the
energy requirements for normal cell proliferation and maintenance. The mitochon-
drial electron transport chain (ETC) complexes (I-V) are the key molecular machin-
eries that execute the biochemical processes of respiration and ATP synthesis. ETC
accepts electrons from NADH and succinate via complex I and complex II,
respectively, and delivers them through complexes III and IV to the terminal elec-
tron acceptor oxygen, forming water and pumping proton into the intermembrane
space to generate an electrochemical gradient across the mitochondrial inner
membrane. The energy potential stored in this transmembrane proton gradient
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can be used to drive ATP synthesis by complex V (ATP synthase). The TCA cycle
is the major source of NADH that feed electrons into the ETC via complex I. Acetyl-
CoA is a key metabolite from pyruvate catalyzed by pyruvate dehydrogenase,
and subsequently reacts with oxaloacetate to form citrate and fuel to TCA cycle.
The enzymes of the TCA cycle are mainly located in the mitochondrial matrix.
Succinate dehydrogenase associated with the inner mitochondrial membrane func-
tions as part of ETC Complex II.

Mitochondria are also a major intracellular source of reactive oxygen species
(ROS), which are mainly produced at Complex I and III of the respiratory chain,
although complex II may also be a site of ROS generation under certain conditions.
Associated with the electron transport process during oxidative phosphorylation,
some of the electrons may leak or “escape” from the ETC complexes, and are cap-
tured by molecular oxygen to form superoxide radicals. Superoxide can then be
converted to other forms of ROS such as hydrogen peroxide or react with nitric
oxide to form peroxynitrite, a reactive nitrogen species (RNS). Interestingly, mito-
chondrial respiratory chain is a major source of cellular free radicals and at the same
time, a vulnerable target of free radicals (Ott et al. 2007). ROS/RNS are implicated
to play a significant role in regulating a wide variety of physiological functions. At
moderate levels, ROS/RNS may function as signaling molecules and affect many
biological processes such as cell proliferation, mobility, epithelial-mesenchymal
transition (EMT), angiogenesis and metabolic coupling of stromal and epithelial
cells. This can be accomplished by transcriptional regulation through certain redox-
sensitive transcription factors including NF-kB, p53, Nrf-2, TGF-p and HIF, or by
directly modifying protein/enzyme molecules such as TRX, AKT, PTEN, MAPK,
PI3K, and Bcl-2 (Trachootham et al. 2008a; Cui 2012; Ray et al. 2012). At a sus-
tained high level beyond the cellular antioxidant buffering capacity, ROS/RNS can
cause various damages to biolipids, DNA, and proteins, leading to injury of cellular
components and cell death (Trachootham et al. 2009; Bae et al. 2011).

Besides their prominent role in cellular energy metabolism, mitochondria also
function as a key modulator of the cell death pathways including apoptosis, necrosis,
and autophagy. Both apoptotic and non-apoptotic cell death pathways need the
involvement of mitochondria and alterations in mitochondrial membranes (Wenner
2012). The intrinsic pathway of apoptosis is initiated at mitochondria, leading to a
release of multiple mitochondrial proteins such as cytochrome c, apoptosis-inducing
factor (AIF), endonuclease G, and Smac/DIABLO. The release of such mitochondrial
apoptotic factors in turn activates the caspase cascades, leading to protein degradation,
DNA cleavage, and cell death. In the extrinsic apoptotic pathway (also known as death
receptor pathway), apoptosis is triggered by ligand-induced activation of death recep-
tors on the cell surface. Such death receptors include CD95/Fas (the receptor of
CDO95L/FasL) and the TNF-related apoptosis inducing ligand (TRAIL) receptors. The
extrinsic apoptotic pathway can activate a subset of proteases, which then cause a
destruction of cellular proteins leading to cell death. The extrinsic cell death process
may cross-talk with the intrinsic pathway by caspase-mediated cleavage of Bid, which
is translocated to mitochondria to induce the release of apoptosis factors (Kroemer
et al. 2007). Autophagy is a special cell death pathway which also involves mitochon-
dria. The inclusion of mitochondria within the lysosomal structure is a characteristic
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change. Furthermore, accumulating evidence suggests that whether cells undergo
apoptosis or necrosis is in part determined by their energy status. The mitochondrial
membrane potential (MMP) can be an important parameter for necrotic cell death.
Considering the crucial roles of mitochondria in various cell death pathways, it is not
surprising that compounds that target mitochondria may profoundly affect cell viabil-
ity by inducing apoptosis, necrosis, or autophagy.

2 Mitochondrial Dysfunction in Cancer Cells

Mitochondrial dysfunction may be considered as a hallmark of transformed cancer
cells, and can be categorized into primary and secondary dysfunctions (Smith et al.
2012). Primary dysfunction can be caused by mutations of mtDNA or nuclear genes
that code for mitochondrial proteins, directly leading to mitochondria defects.
Secondary mitochondrial dysfunction may be caused by signaling events that origi-
nate outside the mitochondria and indirectly affect mitochondrial functions.
Mitochondrial dysfunction in cancer cells may lead to metabolic reprogramming to
maintain that promotes tumor cell survival and proliferation. Mitochondrial dys-
function may also contribute to elevated ROS, which can stimulate cell proliferation
and also function as a constant source of mutagen to induce DNA damage and
genetic instability, leading to cancer development and progression (Storz 2005).

2.1 Mitochondrial Dysfunction and Alterations
in Energy Metabolism

Cancer cells are active in glycolysis even in the presence of oxygen. This phenome-
non of active aerobic glycolysis, known as the Warburg effect, was first observed in
the 1920s and has since been shown to occur in various types of cancer cells. Warburg
attributed this phenomenon to defective mitochondria or respiratory injury and con-
sidered this metabolic change as a critical event in cancer development (Warburg
1956). The observation that cancer cells actively utilize glucose has led to the devel-
opment of ®F-deoxyglucose positron emission tomography (FDG-PET), a sensitive
imaging technology for cancer diagnosis and for monitoring therapeutic responses.
FDG-PET scan is largely based on high glucose uptake by cancer cells in vivo
(Gambhir 2002). The prevalence of high glycolysis in cancer cells has led to the
hypothesis that dysfunctional mitochondria are the root of cancer (Koppenol et al.
2011). However, why cancer cells are addicted to aerobic glycolysis and the underly-
ing molecular mechanisms still remain elusive. In many cancer cells, mitochondria
are still able to carry out oxidative phosphorylation. Glycolysis may be still highly
active even in cancer cells with competent mitochondrial function and active oxida-
tive phosphorylation. As such, blocking a single energy metabolic pathway might not
be highly effective in killing cancer cells (Moreno-Sanchez et al. 2010). Given the
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catabolic and anabolic demands of proliferating tumor cells, it is believed that mito-
chondrial impairment would be disadvantageous for cancer cell survival, (Romero-
Garcia et al. 2011). Nevertheless, the high glycolytic activity in cancer cells may
provide certain metabolic advantages over their normal counterparts. Firstly, active
glycolysis enables cancer cells to survive under the harsh microenvironment such as
hypoxia (Gogvadze 2011). Secondly, the metabolic intermediates from glycolysis
provide cells with an important source of precursors needed for biosynthesis of
nucleotides, lipids, and NADPH, also of which are important for cell proliferation
and redox balance (DeBerardinis et al. 2008). Thirdly, the acidification of microen-
vironment due to lactate production during glycolysis may facilitate tumor invasion
and metastasis (Gatenby and Gillies 2004; Weinberg and Chandel 2009). Interestingly,
it has been found that certain mitochondrial proteins encoded by nuclear genes can
be tumor suppressors and their abnormalities may be involved in tumor development.
For instance, mutations in succinate dehydrogenase (SDH) and fumarate hydratase
(FH) are linked to phaeochromocytoma, paraganglioma, leiomyoma, and renal cell
carcinoma (Ward and Thompson 2012).

Activation of the PI3K/AKT pathway is one of the most common alterations in
human cancer, and this pathway plays a major role in promoting glucose uptake
and glycolysis (Gottlieb and Tomlinson 2005; Weinberg and Chandel 2009).
The PI3K/AKT pathway promotes glucose flux into the biosynthetic pathways in
the mitochondria through affecting the activity of pyruvate dehydrogenase (PDH)
complex that converts pyruvate into acetyl-CoA for metabolism via the TCA
cycle. PI3K/AKT oncogenic activity seems to play a key role in reprogramming
cellular energy metabolism. It is known that downstream of PI3K/AKT pathway,
activation of the mTORC pathway has profound effect on nutrient uptake and
mitochondrial metabolism (Elstrom et al. 2004; Buzzai et al. 2005). Another key
protein involved in glycolysis is HIF-1a, which plays a pivotal role in reprogram-
ming of cancer metabolism by activating the transcription of glucose transporters
(GLUT 1, GLUT 4) and many of the glycolytic enzymes. Activation of HIF-1a
seems able to induce the Warburg effect and promote aggressiveness of malignant
cells (Bhaskar et al. 2009). When mitochondrial respiration in tumor cells is
inhibited, accumulation of TCA cycle substrates might serve as a signal for stimu-
lation of glycolysis. Succinate was shown to inhibit HIF-1a prolyl hydroxylases
in the cytosol, leading to stabilization and activation of HIF-1a, which then stimu-
lates the expression of lactate dehydrogenase to accelerate the conversion of pyru-
vate into lactate (Robey et al. 2005), thus diminishing the utilization of pyruvate
by the mitochondria. In addition, HIF-1a can modulate cytochrome oxidase
(COX) expression and alter the subunit composition of COX to affect its activity
under hypoxic conditions. For instance, expression of the COX4-2 subunit is
increased, whereas the COX4-1 subunit is degraded by activation of the mito-
chondrial protease LON, a downstream enzyme of HIF-1a (Semenza et al. 1996).
Similarly, the oncogene Myc also plays a major role in promoting glycolysis by
transcriptionally enhancing the expression of glycolytic enzymes (Dang 2012).

The tumor suppressor p353 is a key regulator of cell cycle checkpoints and DAN
repair, and is often deregulated or mutated in cancer cells. Accumulating evidence
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suggest that pS3 not only functions as a guardian for the nuclear genome but also plays
a significant role in maintaining mitochondrial genomic integrity (Gogvadze et al.
2008). Loss of p53 function may lead to mtDNA mutations, and thus has a major effect
on cellular metabolism including glycolysis (Bakhanashvili et al. 2008). The wild-type
pS3 represses GLUT1 and GLUT4 gene transcription, while mutations within the
DNA binding domain of p53 release the repressive effect on GLUT transcription, lead-
ing to high glucose uptake and increased glucose metabolism (Ralph et al. 2010). The
p53 downstream gene TIGAR (TP53-induced glycolysis and apoptosis regulator) is
able to significantly alter glucose metabolism at the step involving phosphofructose.
Wild-type p53 can down-regulate, while mutant p53 can enhance phosphoglycerate
mutase (PGM) activity and glycolytic flux (Schwartzenberg-Bar-Yoseph et al. 2004).
Loss of p53 function leads to a decrease of mitochondrial respiration and increased
glycolysis. In addition, pS3 has recently been shown to directly regulate OXPHOS
in cancer cells through transcriptional upregulation of its downstream gene SCO2
(Shen et al. 2012). Knockout of p53 in HCT116 colon cancer cells resulted in lower
expression of SCO2, leading to abated OXPHOS activity which was compensated by
an increase in glycolysis (Madan et al. 2011). Furthermore, p53 has been reported to
directly increase GLS2 (glutaminase 2) activity and accelerate the TCA metabolism by
enhancing the flow of glutamine into the TCA cycle (Madan et al. 2011). In addition,
p53 seems able to inhibit the pentose phosphate pathway through binding to glucose-
6-phosphate dehydrogenase (G6PD), and to inhibit fatty acid metabolism through
upregulation of AMPK activity (Suzuki et al. 2010). Several key oncogenes including
c-Myc and Ras have been shown to regulate cellular metabolism. Their potential roles
in affecting mitochondrial functions and energy metabolism warrant further study.

Taken together, multiple regulatory pathways participate in the metabolic regula-
tion in cancer cells and are closely associated with mitochondrial dysfunction.
Metabolic reprogramming may render cancer cells highly dependent on certain
metabolic enzymes and thus may provide a biological basis for developing novel
and effective therapeutic approaches to cancer therapy. Several agents inhibiting
glycolytic enzymes have been in various stages of preclinical and clinical studies
(Pelicano et al. 2006; Zhang et al. 2010; Maddocks and Vousden 2011).

2.2 Mitochondrial Dysfunction and Oxidative Stress

Mitochondria consume the majority of oxygen used by the cells, and are consid-
ered the major site of ROS generation. Nearly 2 % of oxygen consumed by cells is
used through the ETC to generate superoxide, which can then be converted to other
ROS. If not detoxified, high levels of ROS may cause significant damage to pro-
teins, lipids, nuclear acids and other biomolecules, while a mild level of oxidative
stress stimulate cell proliferation. As such, both ROS-mediated genotoxicity
(DNA damage) and ROS-mediated signaling may contribute to tumor initiation
and progression (Pathania et al. 2009; Chen et al. 2010). It has been recognized that
increased ROS stress in cancer cells is correlated with aggressiveness of tumors
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and poor prognosis (Fogg et al. 2011). Compelling evidence suggests that cancer
cells tend to have elevated levels of ROS compared to the normal cells of same
tissue origins (Patel and Chiplunkar 2007; Kumar et al. 2008). Mitochondrial dys-
function has been proposed as one of the main reasons for elevated ROS in cancer
cells (Szatrowski and Nathan 1991). The hypoxic environment in the rapidly grow-
ing tumor mass may facilitate ROS production since a lower oxygen tension may
cause dysfunction of ETC and more electron leakage from the respiratory com-
plexes. Prolonged hypoxia and glucose deprivation are reported to increase mito-
chondrial ROS in various cell types (Brandon et al. 2006; Pani et al. 2009).
A sustained ROS increase could result in mtDNA mutations leading to further
defect in mitochondrial respiration, more electron leakage and higher ROS genera-
tion (Martens et al. 2005; Isaev et al. 2008), and mitochondrial oxidative stress has
been linked to a vicious cycle of ROS generation, DNA mutations, and oncogene
deregulation, leading to cell transformation and malignancy (Gogvadze 2011).

A series of studies suggest that oncogenic K-Ras may induce the expression of
NRF2, PGC-1a and TFAM associated with mitochondrial dysfunction manifested by
low mitochondrial respiration, decreased ATP generation, AMPK activation, and high
glycolysis (Ralph et al. 2010). More recently, K-Ras is shown to cause mitochondrial
dysfunction leading to elevated ROS generation (Moiseeva et al. 2009; Yun et al. 2009).
In addition, microarray analysis revealed that K-ras transformed cells had low copy
number of mitochondrial OXPHOS components. It has been suggested that a high level
of K-Ras induces cell senescence while sustained expression of a low level of K-Ras
induces carcinogenesis (Janssen-Heininger et al. 2008; Moiseeva et al. 2009). Severe
ROS stress may contribute to K-Ras-induced senescence.

Another oncogene Myc also impacts mitochondrial function and promote gly-
colysis in cancer cells. Myc induces expression of mitochondrial biogenesis gene
TFAM and glutaminolysis gene GLS, leading to increased oxygen consumption and
elevated ROS (Chiaradonna et al. 2006; Sarkisian et al. 2007). Interestingly, Myc
also promotes the expression of several mitochondrial antioxidant molecules such
as SOD2, PRX 6, and PRX III, and thus provides a mechanism for the transformed
cells to sustain oxidative stress. Inhibition of Myc-induced oxidative stress by vita-
min C, which prevent glutathione depletion, can delay Myc-mediated cell transfor-
mation (Morrish et al. 2008; Wise et al. 2008), suggesting that ROS may play a
significant role in cell transformation. It was recently hypothesized that Myc may
cause mitochondria functional transition from basal maintaining level (low oxygen
consumption, low ROS leakage from ETC, low ATP generation) to an activated
state (high oxygen consumption, high ROS production, and high ATP generation)
(Dang et al. 2005; Kc et al. 2005).

Loss of p53 function may play an important role in mtDNA depletion, mitochon-
drial dysfunction, and ROS alteration. P53 seems to affect mitochondrial ROS
homeostasis through its influence on mtDNA replication and repair. In one study,
thymic lymphomas derived from p53-/- mice showed an abnormal mitochondrial
biogenesis, increased mtDNA copy number, high ROS and glycolytic activity (Ralph
et al. 2010). These observations suggest that mutation or loss of p53 is associated
with alterations in mitochondrial function, energy metabolism, and ROS generation,



190 G. Chen et al.

and thereby may promote malignant phenotype. As such, mitochondrial oxidative
stress due to loss of p53 may contribute to the development of the hallmarks of can-
cer (Samper et al. 2009), including immortalization and transformation (Hanahan
and Weinberg 2000), uncontrolled proliferation (Behrend et al. 2003), disruption of
cell survival/death signaling (Pervaiz and Clement 2004; Achanta et al. 2005; Clerkin
et al. 2008), epithelial-mesenchymal transition and metastasis (Trachootham et al.
2008a, b), angiogenesis and chemo-resistance (Achanta et al. 2005; Radisky 2005).

The elevated ROS associated with mitochondrial dysfunction in cancer cells may
be exploited for therapeutic purpose. Pharmacological agents may be used to selec-
tively induce ROS-mediated death in cancer cells by increasing the already high
intrinsic ROS level above the threshold that triggers cell death, while normal cells
with low basal ROS may be able to sustain the same treatment due to lower basal
ROS output (Sullivan et al. 2008). Indeed, certain drugs used in clinical treatment of
cancer such as cisplatin, vinblastine, and doxorubicin exert their cytotoxic action in
part by inducing ROS generation. Arsenic trioxide, which is capable of impacting
the mitochondrial respiratory chain and promoting superoxide generation, has been
shown to effectively kill leukemia cells with relatively low toxicity to normal cells
(Wang and Choudhary 2011). However, for certain cancer cells, especially those
in advanced disease stages with sustain oxidative stress, it is possible that these
malignant cells might have up-regulated their antioxidant systems and become less
sensitive to ROS-promoting agents. In fact, antioxidant molecules such as SOD2,
glutathione, Nrf-2, and GPX are often overexpressed in malignant cells (Pelicano
et al. 2003). Therefore, abrogation or inhibition of such antioxidant systems may
represent a more effective strategy than using ROS-generating agents to kill these
malignant cells. It has been suggested that the combination of ROS-generating
agents and drugs that abolish the antioxidant systems would be an effective thera-
peutic strategy (Janssen et al. 1998; Plymate et al. 2003; Irwin et al. 2013).

2.3 Mitochondrial Dysfunction and Apoptosis

Besides their roles in cellular energy metabolism and redox homeostasis, mitochon-
dria also play a key role in regulation of cell death. Apoptosis is a complex cell
death process regulated by mitochondria and is characterized by cell shrinkage,
nuclear condensation, chromatin fragmentation, and generation of apoptotic bodies.
Execution of apoptosis is orchestrated in part by mitochondria, which release apoptosis
factors such as cytochrome c, AIF, Smac/DIABLO, and endonuclease G into the cyto-
plasm, followed by activation of the caspase cascade (Smith et al. 2011). Malignant
cells harness various mechanisms to suppress the intrinsic and extrinsic apoptotic
signaling to escape cell death, which is a hallmark of cancer. It is believed that
evasion of the normal apoptotic pathways is necessary for tumorigenesis (Gogvadze
et al. 2006; Low et al. 2011).

One of the central events that control cellular commitment to apoptotic cell death
is mitochondrial outer membrane permeabilization (MOMP), which allows
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apoptotic factors to be released to cytosol. This process is in part controlled by the
Bcl-2 family (Ferrin et al. 2011; Fogg et al. 2011). The anti-apoptotic members of the
Bcl-2 family members such as Bcl-2, Bel-XL, and Mcl-1 are pivotal regulators of
apoptotic cell death, and are often overexpressed in cancers of different origins
(Davids and Letai 2012). Bcl-2 family can be divided into 3 subgroups based on their
functional and structural features: (a) proteins that promote cell survival and contain
multi BH domains such as Bcl-2 and Bcl-XL; (b) proteins that contain only BH3
domain with pro-apoptotic function such as Bim and Puma; (c) proteins that activate
the effecters of apoptotic pathways such as Bax and Bak. Mutations or deregulation
of the Bcl-2 family members are commonly observed in human tumor samples.
Unfortunately, these changes may render tumor cells refractory to chemotherapies.
The permeability of the outer mitochondrial membrane can be regulated by the
cross-talk between the pro- and anti-apoptotic proteins. Anti-apoptotic proteins (Bcl-
2, Bcl-XL, Mcl-1) interact with the pro-apoptotic proteins (Bax, Bak), thereby pre-
venting the oligomerization of the pro-apoptotic proteins to induce MOMP. Targeting
the Bcl-2 family of proteins and the combination of such targeting agents with the
conventional anticancer drugs may be effective therapeutic strategies.

A key cell pathway, which may engage either necrotic or apoptotic cell death, is
the induction of mitochondrial permeability transition (MPT) involving multiple
protein components and complex regulatory processes. MPT can be a sudden per-
meabilization of the inner mitochondrial membrane in response to various stimuli
such as oxidative stress, calcium overload, hypoxia, or certain cytotoxic chemi-
cals (Straten and Andersen 2010). These stimuli may cause a dissipation of the
mitochondrial transmembrane potential, loss of ATP generation, and formation of
mitochondrial permeability transition pore (MPTP), leading to the release of mito-
chondrial apoptotic factors (McCommis and Baines 2012). The mitochondrial volt-
age-dependent anion channel (VDAC) seems to play a crucial role in regulating
MPTP. VDAC not only forms the main interface between the mitochondrial and
cellular metabolic processes thus controlling a cross-talk between mitochondria and
the rest of the cell, but is also involved in regulating cell death through direct inter-
action between hexokinase 2 (HK2), Bcl-2 family proteins such as Bcl-2 or Bel-XL
(Shoshan-Barmatz et al. 2010; Arbel et al. 2012), peripheral benzodiazepine recep-
tor (PBR), and the translocator protein TSPO. Hexokinase is a key glycolytic
enzyme associated with VDAC on the mitochondrial outer membrane, and thereby
gains access to the mitochondrial ATP during glucose metabolism. In vitro and
in vivo studies suggested that the mitochondria-bound HK?2 is elevated in cancer
cells and protects against apoptosis by inhibiting cytochrome c release. The mito-
chondrial-bound HK2 also protects against Bax-induced apoptosis (Arbel et al.
2012). Interestingly, a recent study revealed that a single mutation in VDACI pre-
vented HK-mediated protection against apoptosis (Pedersen et al. 2002; Arzoine
et al. 2009). Another study showed that both anti- and pro-apoptotic Bcl-2 family
proteins interact with VDAC and regulate MPTP. Bcl-2/Bcl-XL over-expression
blocked As,O;-induced VDAC dimerization (Shoshan-Barmatz et al. 2009), and
cisplatin-induced apoptosis through activation of BAX was inhibited in VDAC-
depleted cells (Zheng et al. 2004). The close association between TSPO and VDAC
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is also thought to play a role in cellular apoptosis. A TSPO antagonist PK11195 can
induce mitochondrial depolarization and cytochrome c release in primary chronic
lymphocytic leukemia (CLL) cells, while such PK11195-induced apoptosis could
be suppressed by an inhibitor of VDAC, suggesting a possible interaction between
TSPO and VDAC (Tajeddine et al. 2008). Since Bcl-2 family proteins, VDAC and
their associated proteins are often altered in cancer cells with mitochondrial dys-
function, these changes provide opportunities for therapeutic intervention.

3 Compounds Targeting Mitochondrial Dysfunction
in Cancer Cells

3.1 Targeting Metabolic Alternations Associated
with Mitochondrial Dysfunction

Cancer cells with mitochondrial dysfunction typically undergo a series of metabolic
changes to support the energetic and biosynthetic requirements for rapid cell prolif-
eration. Therefore, specific targeting these altered metabolic pathways provides an
attractive strategy to preferentially kill cancer cells. Altered expression and activi-
ties of enzymes in glycolysis and the TCA cycle have been observed in various
cancers (Santidrian et al. 2007). One strategy is to inhibit glycolysis, which may
cause depletion of ATP, or force the cancer cells to use the “normal” OXPHOS
metabolic pathway and thus disrupt their survival and growth. Some of the com-
pounds described below have indeed been shown to effectively kill cancer cells with
high glycolytic phenotype, and may also enhance their sensitivity towards other
chemotherapeutic agents. A major caveat with glycolytic inhibition is that cancer
cells may exhibit flexibility in metabolism and use alternative metabolic path-
ways when glycolysis is inhibited. Therefore, combinational strategies that target
multiple metabolic pathways such as glutamine and fatty acid metabolism may be
required to eliminate therapeutic resistance. Figure 8.1 illustrates several key com-
pounds that target metabolic pathways in cancer cells.

3-Bromoyruvate: Many tumor cells exhibit increased glucose uptake and active gly-
colysis with overexpression of hexokinase (HK), especially HK2. Hexokinase is the
first enzyme in the glycolytic pathway that converts glucose to glucose-6-phosphate
via transfer of a phosphate group from ATP to the 6-carbon of glucose. Under physio-
logical condition, a portion of HK?2 is associated with mitochondria through VDAC to
form a complex that seems to prevent apoptosis, thus contributing to drug resistance
(Kroemer and Pouyssegur 2008; DeBerardinis and Thompson 2012). A synthetic bro-
minated derivative of pyruvic acid, 3-bromopyruvate (3-BrPA), has been found to
selectively kill hepatocellular carcinoma cells in vitro, leaving normal hepatocytes
undamaged (Mathupala et al. 2010). Moreover, systemic delivery of 3-BrPA sup-
pressed “metastatic”’ lung tumors with no apparent toxicity to the animals (Mathupala
et al. 2010). Analysis of potential cellular targets for 3-BrPA revealed that this
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Fig. 8.1 Compounds targeting cancer cells with mitochondrial dysfunction and altered energy
metabolism. Compounds that target glucose and glutamine metabolism in cancer cells are shown
in gray boxes. Glycolysis is a series of metabolic processes, driven by specific enzymes, and gener-
ated 2 molecules of ATP per glucose with a production of 2 molecules of pyruvate, which is further
metabolize in the mitochondria through TCA cycle under normal conditions. In cancer cells, pyru-
vate is mainly converted into lactate. Glutaminolysis converts glutamine into glutamate which also
feed the TCA cycle for further metabolism. Glut glucose transporter, MCT1/4 monocarboxylate
transporter 1 and 4, G6P Glucose-6-phosphate, GA3P Glyceraldehyde-3-phosphate, 1,3-BPGA 1,
3-bisphosphoglycerate. Chemical inhibitors are indicated in bold: 2DG 2-Deoxy-Glucose, LND
Lonidamine, 3-BrPA 3-Bromopyruvate, 3-BrOP 3-bromopyruvate propyl ester, KA koningic acid,
DCA Dichloroacetate, BPTES bis-2-(5-phenylacetimido-1,2.4,thiadiazol-2-yl) ethyl sulfide

compound suppressed the glycolytic capacity of the tumor, inhibited the activity of
mitochondria-bound hexokinase, and also suppressed respiration of isolated mitochon-
dria (Geschwind et al. 2002). 3-BrPA is a highly reactive electrophilic alkylator and
may react with multiple proteins including the glycolytic enzymes HK and GAPDH
(Gogvadze 2011), the mitochondrial succinate dehydrogenase (Ganapathy-Kanniappan
et al. 2010a), and certain endoplasmic reticulum proteins (Dschietzig et al. 2009).
Recent work found 3-BrPA causes a covalent modification of mitochondria-bound
HK?2, leading to disruption of interaction between HK2 and apoptosis-inducing factor
(AIF). AIF released from the mitochondria leads to induction of cell death, revealing
another mechanism of action of 3-BrPA (Ganapathy-Kanniappan et al. 2010a, b). A
chemopotentiating function/activity of 3-BrPA has also been shown in combination
with platinum drugs (Chen et al. 2009b) and with 5-fluorouracil (Thrlund et al. 2008)
through the synergetic effect of glycolysis inhibition and DNA damage. Recent studies
showed that the 3-BrPA derivative 3-BrOP preferentially inhibits GAPDH, and is
highly effective in killing stem-like cancer cells, especially when it is combined with a
conventional anticancer drug BCNU (Zhao et al. 2011; Yuan et al. 2013).
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Dichloroacetate: The use of dichloroacetate (DCA) to treat certain metabolic
abnormalities, administered as an ionic complex with sodium or other cations, has
been in clinical practice for decades. As shown in Fig. 8.1, DCA is an inhibitor of
pyruvate dehydrogenase kinase (PDK) and is able to stimulate the activity of pyru-
vate dehydrogenase (PDH) via suppressing the inhibitory phosphorylation by PDK,
thus enhancing the conversion of pyruvate to acetyl-CoA to enter the TCA cycle and
facilitate mitochondrial oxidative phosphorylation. Interestingly, DCA has been
shown to inhibit cancer cell proliferation, increase apoptosis and decrease mito-
chondrial membrane potential (Sanchez-Arago and Cuezva 2011). PDK II seems to
be an isozyme constitutively expressed in most tissues and is sensitivity to DCA. A
knockdown of PDK II by siRNA showed similar effect as DCA (Bonnet et al. 2007).
DCA treatment leads to inhibition of cancer growth in vitro and in vivo (Bonnet
et al. 2007). In preclinical studies, DCA has shown promising antitumor activity and
is currently being tested in clinical trials against metastatic solid tumors including
gliomas and glioblastoma (Cao et al. 2008).

Oxamate: Lactate dehydrogenase (LDH) is an enzyme that catalyzes the revers-
ible conversion of pyruvate to lactate and NADH to NAD*. The c-Myc oncogene
was reported to up-regulate the expression of LDHA in tumor cells and promote
glycolytic activity (Michelakis et al. 2008; Stacpoole et al. 2008). LDH expression
and activity is found to increase in malignant cells compared to normal tissues
(Lewis et al. 2000). HIF-1a, a central regulator in cells under hypoxic conditions,
also up-regulates LDHA expression, which is positively associated with active cell
proliferation and poor prognosis in breast cancer (Gimeno et al. 1976; Balinsky
et al. 1983). Thus LDH may be a key enzyme that affects glycolysis and a potential
target for cancer therapy. Inhibition of LDH might force cancer cells to utilize pyru-
vate in mitochondrial OXPHOS by shuttling pyruvate into the TCA cycle. Oxamate
has been shown to competitively inhibit LDH in vitro using recombinant LDH-A
(Thornburg et al. 2008). This compound was shown to suppress the glycolytic flux
in HeLa cells (cervical adenocarcinoma cells), and is selective toxicity to fibroblasts
transformed with H-Ras (Thornburg et al. 2008). Interestingly, a combination of
oxamate and taxol seems to have synergistic effect on the breast cancer cell line
MDA-MB-435 (Ramanathan et al. 2005). It should be noted that oxamate may also
inhibit aspartate aminotransferase, an enzyme involved in transfer of a-amino group
between aspartate and glutamate and plays a critical in amino acid metabolism and
electron transfer. As such, the anticancer activity of oxamate should not be entirely
attributed to inhibition of LDH.

TLN-232: Formerly known as CAP-232, TLN-232 is a synthetic cyclic peptide of
7 amino acids and has entered clinic trials in metastatic melanoma and renal cell car-
cinoma. This compound exhibits broad antitumor activity in vitro and in vivo (Zhou
et al. 2010). Mechanistically, TLN-232 targets pyruvate kinase isoenzyme type 2
(PKM2), which is a dimeric isoform of pyruvate kinase and the preferentially
expressed in tumor cells (Tejeda et al. 2007). PKM2 is a glycolytic enzyme that con-
verts phosphoenolpyruvate (PEP) to pyruvate, with concomitant generation of ATP.
The primary role of PKM2 in proliferation cells is to facilitate anabolic metabolism as
a glycolytic switch (Steinberg et al. 1999). TLN-232 can cause nuclear translocation
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of PKM2, resulting in alteration of cellular glycolysis. The redistribution of PKM2 in
the cells seems to correlate with the cytotoxicity of TLN-232. Incubation of the highly
glycolytic glioma cells (SF-188) with TLN-232 resulted in a dose-dependent inhibi-
tion of PKM?2 enzymatic activity associated with a cleavage and activation of caspases
and PARP, leading to apoptosis.

3.2 Targeting Redox Alternations Associated
with Mitochondrial Dysfunction

Reactive oxygen species (ROS) are products of cellular metabolism, and may have
beneficial or harmful effects on the cells, depending on their levels and subcellular
localizations. In cancer cells with mitochondrial dysfunction, high levels of ROS
are often observed due in part to an increase in electron leakage from the respira-
tory chain. It is believed that ROS may promote tumorigenesis due to induction of
mutation, and induce drug resistance due to overexpression of antioxidant mole-
cules (e.g. SOD2, Prx III, GPX4, glutathione) as a consequence of adaptation to
oxidative stress (Ward and Thompson 2012). Paradoxically, ROS manipulation is
considered a valuable approach to cancer prevention and treatment. Both antioxi-
dants and pro-oxidants have been tested experimentally and clinically with various
results. Since cancer cells often have higher levels of ROS than normal cells, they
are intrinsically under oxidative stress and thus may be highly sensitive to further
ROS stress by redox-modulating agents. A key to successful design of effective
cancer therapeutics exploiting oxidative stress is to effectively break the cellular
redox balance in cancer cells to induce apoptosis before antioxidant adaptation,
while exerting minimum toxic effect on normal cells due to their low basal ROS
output (Smith et al. 2011). Figure 8.2 illustrates several compounds that target
redox balance with promising anticancer activity.

B-Phenethyl isothiocyanate (PEITC): PEITC is a natural product found in cru-
ciferous vegetables such as watercress, cabbage, and broccoli. It shows promising
anticancer activity through a ROS-modulating mechanism. Accumulating research
shows that PEITC can selectively kill cancer cells, including those resistant to
standard chemotherapeutic agents such as fludarabine, cisplatin, and Gleevec,
with low toxicity to normal cells. Furthermore, PEITC is also effective in tumor
xenograft models and in primary cancer cells from leukemia patients (Trachootham
et al. 2009). The highly electrophilic chemical property of PEITC seems to be the
base of its biochemical reactions with various cellular targets. Among the many
mechanisms proposed, the ability of PEITC to disable cellular antioxidant GSH
system seems to be the most prominent mechanism contributing to the anticancer
activity of this compound. PEITC can conjugate with GSH and cause its rapid
export from the cells leading to a severe depletion of intracellular GSH pool, and
can also inhibit the redox-modulating enzyme glutathione peroxidase (GPX)
(Trachootham et al. 2006, 2008a, b, 2009; Zhang et al. 2008). The depletion of
GSH and inhibition of GPX effectively abrogate the cellular antioxidant capacity
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Fig. 8.2 Compounds targeting redox imbalance in cancer cells with mitochondrial dysfunction.
Chemical inhibitors are indicated in bold. PEITC phenethyl isothiocyanate, ATO arsenic trioxide,
a-TOS o-Tocopheryl succinate, 2-ME 2-Methoxy-Estradiol, VK3 vitamine K3, BSO buthionine
sulphoximine, BZ-423 1,4-benzodiazepine

and thus cause a severe ROS accumulation in cancer cells, leading to oxidative
damage and cell death. Since normal cells have a lower basal ROS output and thus
are less dependent on the GSH antioxidant system, PEITC has minimum cytotox-
icity effect on normal cells at the concentrations that are toxic to cancer cells
(Estrela et al. 2006; Trachootham et al. 2009). Recent studies suggest that PEITC
may also target the mitochondrial respiration chain components, cause complex
disruption, and promote electron leakage and ROS generation (Trachootham et al.
2009). It should be noted that PEITC is mechanistically different from the gluta-
thione-depleting agent buthionine sulfoximine (BSO), which inhibit glutathione
synthesis and causes slow depletion of cellular GSH, while PEITC deprives both
cytosolic and mitochondrial GSH pool rapidly, leaving cancer cells under tremen-
dous oxidative stress in an acute manner early as 1 h (Brown et al. 2010; Chen
et al. 2011). The rapid action of PEITC to cause oxidative damage in cancer cells
leave little time for adaptation. As such, PEITC may be more effective than BSO
in eliminating cancer cells.

Arsenic Trioxide: Arsenic trioxide (ATO) is a highly effective compound for
treatment of acute promyelocytic leukemia (APL) as a single agent, and has also
been included in several front-line studies to overcome chemotherapy resistance
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and decrease chemotherapy-related side effects. Interestingly, ATO seems to
have concentration-dependent mechanisms of action. At the concentration
range of 0.1-0.5 mM, ATO induces partial differentiation, catabolism and pro-
teasomal degradation of PML and PML-RARalpha, while at higher concentrations
(0.5-2.0 mmol/l), ATO stimulates ROS generation and activates caspases, which
in turn induce apoptosis (Chen et al. 2011). Interfering with the mitochondrial
electron transport chain is likely an important mechanism by which ATO promotes
ROS generation (Lengfelder et al. 2012). In leukemia cells, ATO is capable of
inhibiting mitochondrial respiration, resulting in a substantial decrease of oxygen
consumption as early as 3 h and a concurrent increase in ROS generation. The
mitochondrial respiration-deficient cells (rho-0 cells) seem relatively resistant to
ATO treatment compared to their respiration functional counterparts, further sug-
gesting that the mitochondrial respiratory chain activity may be an important target
of ATO (Pelicano et al. 2003).

2-Methoxyestradiol (2-ME): 2-methoxyestradiol is a natural estrogen metabo-
lite with promising anticancer activity (Pelicano et al. 2003). Treatment of Ewing
sarcoma cells with 2-ME leads to elevated cellular ROS, disruption of mitochon-
drial membrane potential, cytochrome c release, caspase activation, and apoptosis
(Fotopoulou et al. 2010). The proposed mechanisms of action of 2-ME include
disruption of microtubules and inhibition of mitochondrial superoxide dismutase
(SOD2). A recent study suggested that after 3 months of chronic incubation with
2-ME, the level of mitochondrial SOD2 protein was significant upregulated in the
resistant pancreatic cells compared to the parental cells, and silencing of SOD2
re-sensitized the resistant cells to 2-ME (Djavaheri-Mergny et al. 2003). Since
2-ME has limited bioavailability and rapid metabolic degradation, development
of special formulation and analogues to increase bioavailability and combina-
tion with other drugs seem to be attractive strategies to enhance its therapeutic
activity in vivo. Such therapeutic strategies are under clinical evaluation in vari-
ous tumor types including breast cancer, pancreatic cancer, and metastatic renal
cancer (Zhou and Du 2012).

3.3 Targeting Apoptosis Resistance Associated
with Mitochondrial Dysfunction

Many anticancer agents kill tumor cells by inducing apoptosis. However, dysfunc-
tion of apoptotic pathways is often observed in cancer cells and contributes to
chemoresistance. Thus, reengaging the mitochondrial apoptosis pathway by
activating apoptotic effectors in cancer cells presents an attractive therapeutic
approach. Mitochondrial outer membrane permeablization (MOMP) links the
intra-mitochondrial death factors to the cytosolic apoptotic machinery and presents
a critical event in induction of apoptosis. Besides Bcl-2 family members, certain
porin components such as VDAC, ANT, CyPD are also involved in the regulation
of MOMP. Several agents including BH3-mimetics targeting MOMP are currently
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under clinical trials as potential anticancer drugs. Another group of compounds
that are selectively accumulate in the mitochondria of cancer cells due to elevated
MMP also shows promising antitumor activity. Figure 8.3 illustrates compounds
that induce apoptosis by targeting various mitochondrial apoptotic components in
cancer cells.

3.3.1 Compounds Affecting Mitochondrial Membrane Permeability

ABT-737: This compound was developed through a rational nuclear magnetic
resonance-based screening and structure-based design. As a BH3 mimic, ABT-737
binds to Bcl-2, Bel-X1 and Bel-W (but not Mcl-1), and shows potent anti-tumor
effects as a single agent in a variety of cancer types including solid tumors and leu-
kemia with high expression of Bcl-2 family members (Harrison et al. 2011; Bruce
etal. 2012). And ABT-737 in combination with other chemotherapeutic agents such
as Vorinostat showed strong synergic effects and significantly lowered the side
effects (Konopleva et al. 2006; High et al. 2010).

PRLX 93936: A structural analogue of erastin, PRLX 93936 is a small molecule
exhibiting promising anticancer activity in multiple tumor models. This compound
shows positive activity against tumors with limited treatment options such as malig-
nant melanoma. Mass spectrometry-based proteomic experiments showed that
PRLX 93936 could bind to VDAC and induce rapid mitochondrial membrane polar-
ization, affect ion flux, disturb cell cycle, and ultimately induce caspase-dependent
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apoptosis. It is currently in clinical phase I/II trials for treatment of solid tumors
(Sahasrabudhe et al. 2008).

3.3.2 Compounds Targeting Mitochondria Based on Altered
Transmembrane Potential

Rhodamine-123: Due to its lipophilic and cationic properties, rhodamine-123 can
readily cross the double mitochondrial membranes and accumulate in the mitochon-
drial matrix where the microenvironment is negatively charged (Hikita et al. 2010).
Due to the fact that mitochondrial membrane potential is often elevated in cancer
cells compared to normal cells, rhodamine-123 is preferentially taken up by malig-
nant cells and accumulated in their mitochondria. This compound showed modest
anticancer activity in animal tumor models, and this selective toxicity could be
further potentiated by combination with 2-deoxyglucose, a glycolytic inhibitor
(Lampidis et al. 1985). A phase I clinical trial of rhodamine-123 was carried in
hormone refractory prostate cancer patients to determine the maximum tolerated
dose (MTD) and its safety/toxicity profile (Herr et al. 1988). More recently, the
mitochondrial targeting character of rhodamine-123 has also been utilized to facili-
tate therapeutic payload to the mitochondria by using rhodamine-123 conjugated
polymers (Jones et al. 2005).

Table 8.1 shows a list of compounds under clinical development that directly or
indirectly target mitochondria.

4 Summary

Mitochondria play important roles in regulating fundamental cellular functions.
Dysfunction of mitochondria is involved in various physiological and pathological
processes that are pivotal in tumorigenesis and malignance progression. As such,
mitochondrial dysfunction may be regarded as a hallmark of cancer. Integrated
with oncogenes and tumor suppressor deregulation, mitochondrial dysfunction
may cause extensive metabolic reprogramming, elevated ROS stress and altera-
tions in apoptosis pathways. The key pathophysiological differences between
mitochondria in cancer cells and normal cells provide a biological basis for
developing novel strategies to selectively target cancer cells. Compounds that
target mitochondria (Mitocans) show promising anticancer activity and selectivity
(Biswas et al. 2011). These therapeutic strategies and the relevant compounds pro-
vide a new possibility to improve cancer treatment outcomes, and investigation of
the underlying mechanisms may gain new insights into mitochondrial biology and
their role in cancer development. It is extremely important to identify Mitocans
that can discriminate the difference between cancer and normal mitochondria.
Combination of Mitocans with conventional drugs may further increase therapeu-
tic activity and reduce toxic side effects. In addition, recent study suggests that an
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Table 8.1 Clinical trial compounds target at mitochondria

G. Chen et al.

Compound

Cellular target

Clinical status References

Reagents targeting IAP proteins

AEG35156
GDC-0917; LCL-161
BV6, Comp3, CompA

MVI1, LBW242, CS3

XIAP antisense
Monovalent IAP antagonist
IAP antagonist

Reagents targeting mitochondrial metabolism

3-BrOP
Lonidamine
Oxamate
2-deoxyglucose
DCA

GAPDH, OXPHOS, HKII
HKII, Ant

LDH

HKII

PDK

Reagents targeting mitochondria

Honokiol
Betulinic acid

Rhodamine 123

MKT-077

2-ME
Curcumin
ABT-263
ABT-737
Gossypol
HA14-1
Obatoclax
As,0;

Bullatacin
Antimycin A

5-Aminolevulinic acid
Resveratrol
Rhodamine-123
o-TOS

MitoVES

Doxorubicin
Tamoxifen

Photofrin
Fenretinid

Mitochondrial permeability
transition pore

Mitochondrial permeability
transition pore

Mitochondrial
transmembrane
potential

mtDNA, mitochondrial
transmembrane
potential

Cu-ZnSOD, MnSOD

Bax, Bcl2, Bel-XL

Bcl2 inhibitors

Bcl2 inhibitors

Bcl-2, Bel-XL

BcL-2

Bcl-2, Bel-XL

OXPHOS, Ant, VDAC

OXPHOS
OXPHOS

OXPHOS

OXPHOS

OXPHOS

OXPHOS, Bcl2, Bel-XL
OXPHOS,

OXPHOS

OXPHOS, antagonist

of the estrogen receptor

OXPHOS

OXPHOS

Phase I/
Phase |
Preclinical

Preclinical
Phase IV
Preclinical
Phase I/IT
Phase I

Preclinical

Phase I/

Phase 1

Phase 1

Phase I/
Phase I/IT
Phase I/IT
Preclinical
Phase I/I1
Preclinical
Phase I/
Phase IV

Preclinical

Preclinical

Phase 1
Phase I/
Phase |
Preclinical
Preclinical
Phase IV
Phase IV

Phase III
Phase I1I

Diehn et al. (2009)
LaCasse et al. (2006)
Vucic (2008), Fulda
and Vucic (2012)
Vince et al. (2007)

Varfolomeeyv et al. (2007)
Dell’ Antone (2009)
Akers et al. (2011)
Gorlach et al. (1995)
Maher et al. (2004)

McFate et al. (2008)
Chen et al. (2009a)

Hsu et al. (2012)

Jones et al. (2005)

Britten et al. (2000)
Harrison et al. (2011)
Carroll et al. (2011)
Rudin et al. (2012)
Vaux (2008)
Van Poznak et al. (2001)
Simonin et al. (2009)
Parikh et al. (2010),
Paik et al. (2011)
Powell et al. (2010)
Lietal. (2012)
Holschneider
et al. (1994)
Wolvetang et al. (1994)
Kashtan et al. (1999)
Li et al. (2006)
Lampidis et al. (1983)
Neuzil et al. (2007)
Dong et al. (2011)
Oliveira and Wallace
(2006)
James et al. (2012)
Wu et al. (2009)

(continued)
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Table 8.1 (continued)

Compound Cellular target Clinical status References
3,30-Diindolylmethane OXPHOS Preclinical Villablanca et al. (2011)
Atpenins OXPHOS Preclinical Yin et al. (2012)
Bz-423 OXPHOS Phase II/IIT Miyadera et al. (2003)
PEITCs GSH, OXPHOS Preclinical Blatt et al. (2009)
BITC GSH, OXPHOS Preclinical Chen et al. (2011)
all-trans retinoic acid ~ Ant phase II Antony et al. (2012)
Dithiodipyridine Ant Preclinical Iland et al. (2012)
GSAO Ant Phase 1 Lifson et al. (2004)
EGCG Hsp70, Hsp90, p68 Preclinical Elliott et al. (2012)
Ro05-4864 PBR Preclinical Shanafelt et al. (2009,
2013)
Menadione Redox-cycling agent Phase /I Lee et al. (2009)
Metformin AMPK, OXPHOS Phase I/IT Lim et al. (2005)
Vinblastine DNA Phase I/IT Esteva et al. (2012)
Etoposide DNA phase IV Delord et al. (2012)
Motexafin gadolinium Akt Phase 111 Wang et al. (2012)
TP187 OXPHOS Preclinical Edelman et al. (2011)
Phloretin GLUT-2 Preclinical Millard et al. (2010)
Troglitazone PPARY, OXPHOS, AMPK  Phase I/II Wau et al. (2009)

appropriate level of ROS may be important for maintaining cancer cell stemness
(Biasutto et al. 2010). Certain compounds such as 3-BrOP, BCNU, and arthenolide
show unique ability to selectively eliminate cancer stem cells and provide a new
possibility to eradicate tumors in vivo (Yuan et al. 2013). Overall, a comprehensive
understanding of mitochondrial functions and their alterations in cancer cells will
be essential to the development of mitochondrial targeting agents for effective can-
cer treatment.
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Abstract Mitochondria-directed anti-cancer agents (“mitocans”) represent a novel
approach to cancer therapy. To optimize their effectiveness researchers need to iden-
tify appropriate targets and mechanisms of action, and to adopt a molecular design
and/or delivery strategy ensuring that the drugs act at the mitochondrial level. Here
we review: (i) the major options available for mitochondrial targeting: so far most
studies have taken advantage of the high mitochondrial transmembrane potential;
(i1) one set of possible targets: membrane channels exploited as transducers of a
death signal; (iii) the induction of redox stress at mitochondria as a promising
approach to cancerous cell destruction.

Keywords Mitocans * Mitochondrial ion channels ¢ Mitochondria-targeting
Apoptosis * Necrosis * VDAC ¢ Kv1.3 ¢ Permeability transition pore * Ion homeo-
stasis * Oxidative stress ® ROS ¢ Triphenylphosphonium ¢ Polyphenols ¢ Plant
antioxidants

1 Introduction

Mitochondria are emerging as a target of chemopreventive or chemotherapeutic inter-
vention largely because of the sheer complexity of cancer. Estimates of independent
mutations in tumour cells range from a minimum of 47 (Balmain et al. 1993) up to
several thousands (Stoler et al. 1999). They lead to the dysregulation of hundred of
genes and of multiple interacting signalling pathways. The mutational profile of what is
clinically the same cancer may differ from an individual to the next, depending on the
genetic background and on gene-environment interactions, so that only about 20 % of
patients, on average, responds optimally to any given chemotherapeutic treatment.
Despite this complexity, much effort continues to be devoted to targeted therapy
approaches, whereby a single component of the intricate web is chosen as the bull’s eye.
Despite the effort put into target validation this approach has so far generally failed to
deliver efficacious and affordable therapies. Even targeting whole processes, rather than
single molecules, may not be enough. In an important example, repressing angiogenesis
may be counterproductive because it may lead to enhanced selection by hypoxia of cells
with genetic characteristics unfavourable for the patient (Voss et al. 2010).

One can think of two ways to improve this situation. One is “personalized
medicine”: determining the exact genetic and epigenetic characteristics of any indi-
vidual tumour, and developing a taylor-made suite of treatments. The other is to
focus on a target which is present and relatively invariant in all cells, but has assumed
a peculiar role in cancer cell physiology, or else can be manipulated so as to convey
a cytotoxic effect specifically to cancer cells (Ralph and Neuzil 2009). The Readers
of this book already know that this target is the mitochondrion. In this chapter we
briefly discuss some approaches to specific pharmacological intervention on mito-
chondria, and then focus on two promising strategies we address in our research: the
exploitation of mitochondrial channels to obtain outer and/or inner membrane
permeabilization and the induction of mitochondrial oxidative stress. In both cases
the goal is the selective demise of cancerous cells.
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2 Mitochondrial Targeting

Anti-cancer agents that induce cell death via mitochondria are termed “mitocans”,
and can be classified into subfamilies depending on their specific target (Neuzil
et al. 2013). Directing the active moieties to mitochondria would be expected,
by definition, to improve their effectiveness, as exemplified by mitoVES, a
mitochondria-targeted vitamin E analog (Dong et al. 201 1a, b; Rodriguez-Enriquez
et al. 2012). Several strategies have been devised to achieve “mitochondriotropic-
ity” (Biasutto et al. 2010; Smith et al. 2011, 2012). The most widely used is proba-
bly that of linking the “cargo” to a membrane-permeant lipophilic cation, often
triphenylphosphonium (TPP), which will cause the construct to accumulate in com-
partments held at more negative electrical potentials, such as the mitochondrial
matrix (Murphy and Smith 2007; Hoye et al. 2008; Smith et al. 2012). This strategy,
originally developed by V.P. Skulachev, has been used by his group to convey plas-
toquinones to mitochondria both in vitro and in vivo. Used at low concentrations,
these compounds have had signal success as antioxidants in a number of pathology
models (Skulachev et al. 2009, 2011). Berberine and palmatine, penetrating cations
of plant origin, have recently been used instead of TPP (Lyamzaev et al. 2011;
Chernyak et al. 2013). Positive results have been obtained also by the group of M.P.
Murphy and R.A. Smith, who have adopted an analogous approach (Smith and
Murphy 2010; Smith et al. 2011, 2012).

Charged peptides can also be used either to affect mitochondria directly or to
“ship” molecules to mitochondria, and may be more versatile (Szeto and Schiller
2011; Yousif et al. 2009a, b; Kelley et al. 2011). TPP groups can be bound to pro-
apoptotic cell-penetrating peptides, increasing their effectiveness (Abu-Gosh et al.
2009; Kolevzon et al. 2011; Kelley et al. 2011). Peptides of viral origin (Brabant
et al. 2009; Silic-Benussi et al. 2009; Lecoeur et al. 2012) may be particularly prom-
ising as anti-cancer agents, in part because they may induce the mitochondrial
permeability transition (MPT) and thereby cause cell death (Deniaud et al. 2006).
Some of these approaches have already been tested in vivo and offer considerable
promise (reviewed in Smith et al. 2012).

Weak acids are also expected to accumulate into mitochondria, although at lower
in/out ratios than permeant cations, because of the basic-inside ApH maintained
across the inner mitochondrial membrane (IMM). While these strategies are based
on extensive physico-chemical properties of the mitochondria, other approaches
may take advantage of specific transport pathways to promote irreversible uptake of
suitable constructs. In a pioneering study carried out more than 20 years ago a mito-
chondrial leader peptide was used to direct import of a DNA sequence into isolated
mitochondria (Vestweber and Schatz 1989). This approach has attracted renewed
interest in more recent years (Flierl et al. 2003; Mileshina et al. 2011).

To better insure specificity of action, mitochondriotropic pro-drugs may be
designed in such a way that a targeting portion is eliminated by a reaction taking
place exclusively in mitochondria, thus releasing the active compound only where
desired. One such construct was the carboxyester of lipoic acid and a TPP-carrying
alcohol. The ester moiety withstood cytosolic esterases but was lysed by
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mitochondrial aldehyde dehydrogenase (Ripcke et al. 2009). Other studies exploited
the fatty acid B-oxidation pathway (Anders 1995, 2011; Roser et al. 2010). Kagan’s
group used the peroxidase activity of the cytochrome ¢ — cardiolipin complex which
forms in apoptotic cells by devising a mitochondriotropic substrate of the complex
which would release NO. The compound induces “suicide” of the peroxidase, since
NO inhibits it by binding to heme iron (Stoyanovsky et al. 2008; Belikova et al.
2009; Prime et al. 2009; Atkinson et al. 2011). In a related approach, a mitochondria-
targeted precursor has been photoactivated by UV irradiation to release an uncoupler
with precise spatial control (Chalmers et al. 2012).

Instead of targeting the molecules themselves, one may deliver them selectively
to mitochondria using mitochondria-targeted liposomes or nanoparticles (D’Souza
and Weissig 2009; Biasutto et al. 2010). Dequalinium, a dication in which the two
charges are separated by a lipophilic chain, assembles into vesicular “DQAsomes”
which have been developed and elaborated mainly by Weissig’s group (Weissig
2011, 2012). These structures can penetrate into cells and reach mitochondria. They
are being considered as a vehicle for the delivery of DNA (Weissig and Torchilin
2001; D’Souza et al. 2003; Vaidya et al. 2009a; Lyrawati et al. 2011) and, in cancer,
cell death inducers to mitochondria. Some success has been reported in this latter
case for the mitochondrial delivery of paclitaxel (PTX) (which acts as an inducer of
the mitochondrial permeability transition) (D’Souza et al. 2008). Improved systems
incorporate in the DQAsomes PEG chains to facilitate membrane permeation, and
ligands to be recognized by receptors abundantly expressed by cancer cells, such as
those for folate (Vaidya et al. 2009b) or transferrin (Vaidya and Vyas 2012).

In a mouse xenograft model these vesicles proved capable of delivering pacli-
taxel to the tumour more efficiently than plain DQAsomes or paclitaxel as such,
and to exert significant antitumour activity. These vehicles are somewhat analo-
gous to the “Multifunctional Envelope-type Nano Devices” (MEND) (Yamada
et al. 2012; Nakamura et al. 2012) and analogous multi-functionalized vesicles
(Sawant and Torchilin 2011), which utilize a multiplicity of surface groups to
optimize delivery to the intended target(s). Harashima’s group has developed a
sophisticated variation on this theme, the “Dual-Function mitoPORTER” vesicles
(Yasuzaki et al. 2010; Yamada et al. 2011; Yamada and Harashima 2012). In this
system the cargo to be delivered to mitochondria (nucleic acids, proteins, toxins)
is enclosed in an inner membrane made of a mito-fusogenic lipid (DOPE:
1,2-dioleoyl-sn-glycero-3-phosphatidyl ethanolamine) bearing fusogenic and
mito-targeting octa-arginine (R8) peptides which act in Tat-like fashion. This
assembly is furthermore enclosed within another membrane system, also decorated
with R8, which promotes fusion with the endosomal membrane and thus delivery
of the inner particle to the cell cytoplasm and eventually to the mitochondria.
When administered to cultured cells, these constructs are internalized by macropi-
nocytosis and have been shown to deliver their cargo to the mitochondrial matrix.

Torchilin and colleagues have produced PTX-loaded liposomes bearing
PEG-PE chains with a Rhodamine 123 or a triphenylphosphonium group attached
which showed an efficient colocalization with mitochondria and demonstrated
enhanced cytotoxicity and anti-tumour efficacy (compared to control unmodified
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liposomes) in in vitro and in vivo experiments (Biswas et al. 2011, 2012a).
Mitochondria-directed dendrimers have also been recently produced by conjuga-
tion with TPP groups, and have been shown to effectively target mitochondria in
cultured cells (Biswas et al. 2012b). With essentially the same strategy, Marrache
and Dhar (2012) have designed solid block-polymer nanoparticles containing
PEG and TPP groups on a poly(D,L-lactic-co-glycolic acid) base. These particles
could be loaded with various mitochondria-active compounds and proved capable
of delivering them in various in vitro cellular systems.

Alterations of mitochondrial metabolism in cancer are offering new perspectives
for therapeutic approaches (Pathania et al. 2009; Solaini et al. 2011; Barbosa et al.
2012). The challenge is down to develop targeted drugs which may exploit these
alterations.

3 Mitochondrial Channels as Targets

The complex membrane system of mitochondria is their key functional feature. The
“impermeable” inner membrane allows the formation of an electrochemical proton
gradient which in turn drives the aerobic synthesis of ATP. The “semipermeable”
outer membrane (OMM) serves to enclose a periplasmic space where proteins with
fundamental roles in cell death are stored until a sufficiently strong pro-apoptotic
signal arrives.

A still imperfectly defined, multi-factorial process leads to the loss of the perme-
ability barrier posed by the OMM in cells committed to apoptosis (or at least to
so-called “intrinsic” apoptosis). A generally accepted feature of this process is the
involvement of proteins of the Bcl-2 family, the most notorious pro-apoptotic ones
being Bax and Bak. Bax/Bak functional mimetics are therefore a tool whose devel-
opment is being actively pursued as a potential means to eliminate cancer cells
(Leber et al. 2010; Shamas-Din et al. 2011; Billard 2013; Hartman and Czyz 2012).
Pro-apoptotic Bax oligomers display ion channel activity in phospholipid bilayers
and this oligomerization has been proposed to underlie OMM permeabilization
(Tait and Green 2010).

However, recent work by our group challenges the hypothesis that Bax alone is
sufficient to induce cytochrome c release, given that a single point mutant of Bax
did not mediate cell death in Bax/Bak-less mouse embryonic fibroblasts despite
forming ion channels with properties similar to WT Bax (Szabo et al. 2011;
Brustovetsky et al. 2010). A pore (mitochondrial apoptosis-induced channel, MAC)
with an estimated diameter sufficient to allow the passage of cytochrome c was
detected by patch clamp (Martinez-Caballero et al. 2009; Dejean et al. 2010). MAC
activity was inhibited in cells over-expressing Bcl-2 and was similar to the activity
of pure Bax in planar bilayer (BLM) experiments. The timing of cyt c release in
apoptotic cells correlated with the onset of MAC activity and with the translocation
of Bax to mitochondrial membranes, suggesting that MAC includes Bax. This does
not exclude the participation of other proteins/factors.
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The major protein of the OMM is porin, often referred to as “voltage-dependent
anion channel” (VDAC) because of its properties. A conspicuous literature supports
its involvement in apoptosis and hence its potential usefulness as a target for a mito-
chondrial therapy of cancer (Sect. 3.1).

A marvelous array of specialized proteins conducts and controls the intense traffic
of ions, metabolites, nucleotides and proteins across the IMM, insuring that its “tight-
ness” is not lost. When the IMM becomes freely permeable to solutes, the conse-
quences for the cell can be catastrophic. The prime example of such a catastrophe is
the Permeability Transition (discussed in Sect. 3.3), which is considered to bear
heavy responsibilities in the tissue damage caused by, e.g., ischemia/reperfusion and
oxidative stress. While much effort is directed towards finding ways to prevent this
phenomenon when noxious, the selective induction of IMM permeabilization in can-
cer cells is a strategy definitely worth pursuing in oncotherapy. Other inner mem-
brane mitochondrial (IMM) channels may participate in cell death. We mention these
channels only very briefly, (in Sect. 3.4), given that their role is indirect, hypothetical,
or both. We devote more space to the involvement of IMM voltage-dependent Kv
channels, whose role and mechanism in apoptosis we have studied, and which offer
a definite perspective of pharmacological intervention (Sect. 3.2).

3.1 VDAC

3.1.1 Structure and Properties

VDACI, one of the three isoforms of the most abundant protein of the OMM, was
the first mitochondrial channel to be discovered (Schein et al. 1976; Colombini
1979), and has been the object of a large number of studies. We will refer to
VDACI as “VDAC” unless we want to emphasize the isoform involved. Many
excellent reviews of the field are available, including comprehensive, detailed
recent ones (Shoshan-Barmatz et al. 2010a; Shoshan-Barmatz and Golan 2012;
Shoshan-Barmatz and Ben-Hail 2012; Colombini and Mannella 2012) and a spe-
cial issue of Biochim Biophys Acta dedicated to “VDAC structure, function and
regulation of mitochondrial metabolism” (Vol. 1818, June 2012). We will concen-
trate therefore our overview on the aspects of greatest relevance for the theme of
this book, i.e. the role of VDACsS in apoptosis and their candidacy as anti-cancer
pharmacological targets.

Some 30 years after the field was opened by the studies by Schein and Colombini,
and much intervening work seeking to clarify its architecture, the structure of mam-
malian VDAC has been reported in 2008 (Bayrhuber et al. 2008; Hiller et al. 2008;
Ujwal et al. 2008, 2009; Raschle et al. 2009; Choudhary et al. 2010; Yu et al. 2012).
The channel was confirmed to be a p-barrel, composed of 19 p-strands and an
N-terminal o-helix adhering to the inner wall of the pore but possessing consider-
able freedom of motion (Villinger et al. 2010). The N-terminal segment is a crucial
region, involved in many molecular interactions. The barrel measures 3.1-3.5 nm
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Table 9.1 Major intrinsic biochemical/biophysical characteristics of VDAC1

Property

References?

Structure: p-barrel, composed of 19 B-strands
and an N-terminal a-helix

Conductance: ohmic with substates.
Highest conductance is ~ 4-5 nS in symm.
1 M KCL, ~0.9nSin0.15M KCl
Steep voltage dependence: the channel closes
partially and occasionally completely when at

voltages higher than ~20 mV of either polarity

Slight anion selectivity for the maximal
conductance state(s): Po—/Px+ ~ 1-4.5

Anion selectivity is determined largely by
exposed charges on the inside walls
of the pore

Cation selectivity of the majority of substates;

Occasionally also of high-conductance states
The channel conducts a range of ions and
metabolites, including
Ca2+

ATP

Superoxide
Variable kinetic behaviour, with often “slow”
gating kinetics but also fast transitions
between substates

Bayrhuber et al. (2008), Hiller et al. (2008),
Ujwal et al. (2008), Raschle et al.
(2009), Yu et al. (2012)

De Pinto et al. (1987), Blachly-Dyson et al.
(1993), Mirzabekov et al. (1993), Benz
(1990)

Colombini (1989), Popp et al. (1996),
Bathori et al. (1998)

Colombini (1989), De Pinto et al. (1987)

Adelsberger-Mangan and Colombini
(1987), Blachly-Dyson et al. (1990),
Peng et al. (1992), Ujwal et al. (2008),
Choudhary et al. (2010)

Colombini (1989), Benz et al. (1990), Benz
and Brdiczka (1992)

Pavlov et al. (2005a)

Hodge and Colombini 1997; Rostovtseva
et al. 2002.

Gincel et al. (2001), Rapizzi et al. (2002),
Israelson et al. (2007), De Stefani et al.
(2012)

Rostovtseva and Colombini (1996, 1997),
Rostovtseva and Bezrukov (1998)

Han et al. (2003), Lustgarten et al. (2012)

Mirzabekov et al. (1993), Béthori et al.
(1998)

#Only exemplary references are cited

(it is slightly elliptical) in the plane of the membrane, and ~4 nm in the perpendicular
dimension. The path for solute passage measures approximately 1.5 by 1 nm.

The channel properties of the purified and reconstituted protein have been
thoroughly defined in studies using mostly the planar bilayer technique. In exper-
iments of this type VDAC reproducibly forms a large, voltage-dependent pore,
whose characteristics — rather well conserved among species — are summarized
in (Table 9.1).

3.1.2 Regulation and Modulation
A clear-cut identification of VDAC activity has not been reported in patch-clamp

experiments purportedly recording from the OMM. VDAC might actually be a
strictly regulated pore, rather than a permanently open one. In fact VDAC, once
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seen as the inert hole of a sieve, has come to be considered, at the other extreme,
as a master gatekeeper regulating the flux of metabolites and ions between the
mitochondria and the cytoplasm. The truth is probably somewhere in between.
Despite its abundance, VDAC may indeed pose a limit to the traffic of nutrients
and metabolites across the OMM, since its downregulation by shRNA has a dra-
matic effect on cell growth (Abu-Hamad et al. 2006; Koren et al. 2010). VDAC
can be modulated in various ways (Das et al. 2012; Kerner et al. 2012). It can be
Ser-Thr phosphorylated at various positions (at least in vitro) by GSK3p, PKA,
PKCe, Nekl (never-in-mitosis A (Nima)-related kinase) and other kinases and
also by tyrosine kinases (Salvi et al. 2005). Phosphorylation is thought to regulate
interaction with cytoskeletal components and is considered to be in most cases
pro-apoptotic.

A list of factors potentially modulating VDAC (directly or indirectly) includes
pyridine dinucleotides, glutamate, ATP and ADP, lipids including cholesterol,
phosphatidylethanolamine and cardiolipin, possibly Ca**. Proteins like VDAC
itself, creatine kinase, hexokinase I and II, the ANT, c-Raf kinase, eNOS, tubu-
lin, G-actin, gelsolin, dynein light chain, mtHSP70, the TSPO (formerly mtBzR),
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), aldolase, mutant
(G37R) SODI, BclxL, Bax, possibly t-Bid, COX-I are part of its interactome.
These interactions constitute the basis of the involvement of VDAC in cell death
and in cancer.

Overexpression of Hexokinase-2 (HK?2) and its association with VDAC are
key features of glycolytic cancers (Wolf et al. 2011). HK2 binding to the con-
duit channeling ATP out of mitochondria provides a metabolic benefit to cancer
cells (Warburg effect) and it antagonizes cell death via inhibition of Bax-
induced cyt c release (Pastorino et al. 2002; Gall et al. 2011) and/or inhibition
of the Mitochondrial Permeability Transition (MPT) (Chiara et al. 2008).
Phosphorylation of VDAC (on Thr51) by GSK3f prevents binding of
Hexokinase to VDAC (Pastorino and Hoek 2008). One of the ways the pro-life
kinase Akt is understood to produce its effects is by migrating to mitochondria,
phosphorylating GSK3p (on Ser9), thereby inhibiting it and thus promoting
HK-VDAC interaction (Bijur and Jope 2003; Pastorino et al. 2005). This pro-
life association of VDAC and HK appears furthermore to be dependent on
Cyclophilin D (Machida et al. 2006). HK2 can be dissociated from mitochon-
dria by peptides modeled on either HK2 or VDACI sequences, and by small
molecules such as clotrimazole, bifonazole (both fungicides, in the tens-of-pM
range) and methyl jasmonate. The mechanism by which HK detachment favours
cell death is not yet clear and may comprise more than one factor. Proposals
include disruption of aerobic glycolysis and of the energy balance of the cell,
regulation of ROS production, altered interaction of Bcl2 family proteins with
mitochondria, facilitation of VDAC oligomer formation (reviewed in: Shoshan-
Barmatz et al. 2010a; Shoshan-Barmatz and Golan 2012), and MPTP opening
(since death is influenced by expression of Cyp D and by Cyclosporin A)
(Chiara et al. 2008). Regardless, the interaction of HK2 and VDAC may well
represent an Achilles’ heel of cancer.
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3.1.3 VDAC and Apoptosis

The role of VDAC in cell death is multi-faceted and complex (McCommis and
Baines 2012; Shoshan-Barmatz and Golan 2012; Shoshan-Barmatz and Ben-Hail
2012; Shoshan-Barmatz and Mizrachi 2012). Proteins of the Bcl2 family have been
found to interact with VDAC1 and/or VDAC?2. Tsujimoto’s group first reported that
pro-apoptotic Bax and Bak could stimulate the efflux of cyt ¢ from VDAC-containing
liposomes via formation of a large pore comprising VDAC and Bax/Bak (Tsujimoto
and Shimizu 2000). The reality of such a cooperative interaction between Bax and
VDAC is however controversial. For example, VDACI1 and VDAC3 were found to
be dispensable for the formation of the mitochondrial apoptosis-induced channel
(MAC), proposed to correspond to the conduit for cytochrome c release (Martinez-
Caballero et al. 2009), which requires instead the presence of Bax and/or Bak.

Tsujimoto’s group was also the first to report that Bcl2 and BclxL inhibited
VDAC via their BH4 domain, and ascribed to this inhibition the protection from
apoptotic death afforded by BclxL (Shimizu and Tsujimoto 2000). Binding has
been confirmed by structural studies (Malia and Wagner 2007; Hiller et al. 2008;
Arbel and Shoshan-Barmatz 2010; Abu-Hamad et al. 2009), and is considered to
have an anti-apoptotic significance. In fact, a peptide derived from the BH4 domain
of BclxL was found to have anti-apoptotic action, reducing I/R injury in isolated rat
hearts (Sugioka et al. 2003; Ono et al. 2005) and apoptosis in isolated human islets
(Klein et al. 2004), while, conversely, expression of peptides copying VDAC
sequences antagonized the protection offered by Bcl2 (Arbel and Shoshan-Barmatz
2010) or BcelxL (Arbel et al. 2012) against staurosporine-induced apoptosis. The
potential biomedical relevance of these studies is evident.

The formation of dimers and higher oligomers of VDACT has been confirmed by
several studies (Shoshan-Barmatz et al. 2010b; Mader et al. 2010; Geula et al. 2012).
These oligomers have been proposed to form the conduit for the efflux of cytochrome
¢ from the mitochondrial periplasmic space of pre-apoptotic cells (Zalk et al. 2005;
Abu-Hamad et al. 2008, 2009; Shoshan-Barmatz et al. 2006, 2008, 2010a).

Overexpression of VDACI has been found to be conducive to cell death (Rapizzi
et al. 2002; Zaid et al. 2005; Mader et al. 2010; Sharaf el dein et al. 2012). This may
be rationalized in terms of an increased formation of pro-apoptotic oligomers, or of an
increase in the fraction of channels not bound to HK, equivalent to a partial detach-
ment of HK from its VDAC binding sites. In contrast with the view that BclxL inhibits
VDAC thereby antagonizing apoptosis (see above), block of VDAC by the phospho-
rothioate oligonucleotide G3139 (Tan 2012) or by avicins (plant saponins with anti-
cancer activity) (Haridas et al. 2007) has been observed to be pro-apoptotic.

VDAC?2 has been heavily implicated in the regulation of Bak activity. Korsmeyer’s
group reported (Cheng et al. 2003) that this isoform (but not VDAC1) inhibits Bak
activation and apoptosis, as later confirmed by other groups. In lymphocytes,
VDAC?2 deletion is fatal but can be rescued by the simultaneous deletion of Bak
(Ren et al. 2009). In cells lacking VDAC?2, Bak relocates from the OMM to the ER
(Raghavan et al. 2012). Along with the evidence in favor of the participation of
VDAC’s in the processes of cell death, results have been presented which argue
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against the whole notion. In their paper reporting the irrelevance of VDAC isoforms
for the MPT (see below), Baines et al. (2007) also reported that Bax-induced cyt ¢
release from mitochondria isolated from WT or VDAC1-, VDAC3~ and VDAC1/
VDAC3-null cells was the same. MEFs lacking either one or both of these isoforms
showed no difference in their apoptotic response to Bax overexpression, staurosporine
or TNFa (lack of VDAC?2 is fatal; Cheng et al. 2003).

3.1.4 VDAC2 and VDAC3

VDAC2 and VDAC3 (Messina et al. 2012; Raghavan et al. 2012) are much less
abundant than VDACTI, and less studied. Despite its comparatively low abundance,
VDAC?2 is the major isoform in bovine testis and spermatozoa, where it is located
in part in the cellular membrane of the head and it undergoes tyrosine phosphoryla-
tion during capacitation (in human spermatozoa). The porin has been shown to be
associated with the outer dense fiber of the sperm flagellum, a non-membranous
compartment (Hinsch et al. 2004). The axoneme and mitochondria of VDAC3™ mice
are altered (Sampson et al. 2001), and VDAC2 and VDAC3 are very important for
male fertility (Kwon et al. 2013). This suggests a function other than pore formation.
VDACS3, purified and reconstituted after expression in yeast (it has never been
obtained as a reasonably pure preparation from native mammalian tissue), gave rise
to channel activity only with difficulty (Xu et al. 1999), and whether this scant activity
was really due to VDAC3 is doubtful (Messina et al. 2012). All three isoforms
reportedly permeabilized liposomes with similar solute size exclusion thresholds
(Xu et al. 1999). VDAC?2 forms pores resembling those of VDAC1 (Menzel et al.
2009; Xu et al. 1999). VDAC?2 has been reported to associate with Ryanodine
Receptor 2 at SR/mitochondria junctions in the heart, and to be of major importance
for the direct transfer of Ca?* from the SR to mitochondria (Min et al. 2012). VDAC1
has in turn been reported to interact with the IP3 receptor and to channel Ca?* from
the ER to mitochondria selectively, transferring an apoptotic signal (Hajnéczky
et al. 2002; De Stefani et al. 2012). The fact that VDAC2 deletion is embryonically
lethal (while deletion of VDACI1 or VDAC3 is not, and does not seem to induce
alterations of apoptosis) and its interaction with Bak (see above) single out VDAC2
for special consideration as a target for mitocans (Raghavan et al. 2012).

3.1.5 VDAC and Cancer

The role of the VDAC-HK assembly in aerobic glycolysis and the relevance of
VDACSs (at least VDACI1 and VDAC?2) for apoptosis automatically provide these
proteins with oncological relevance (Shoshan-Barmatz and Golan 2012; Shoshan-
Barmatz and Mizrachi 2012). Expression of VDACs has been found to be higher in
cancerous than in normal cells, and may change with chemotherapy. A high VDAC
level is an unfavourable prognostic factor (Grills et al. 2011). VDAC downregula-
tion by RNA interference is an obstacle to cancer growth (Koren et al. 2010). This



9 Mitochondrial Strategies Against Cancer 221

may seem at odds with the finding that VDAC overexpression induces apoptosis
(see above), a discrepancy illustrating the point that the functional meaning of a
biological parameter depends on context. The upregulation of VDAC in cancer goes
hand-in-hand with that of HK2 and may be considered as a tassel of the upregula-
tion of glycolysis.

The development of antitumoural drugs targeting VDAC and its interactions is
still in its infancy, but shows promise (Shoshan-Barmatz and Golan 2012). A major
target is the HK-VDAC complex (Galluzzi et al. 2008; Simamura et al. 2008;
Mathupala and Pedersen 2010); peptides interfering with this association and small
molecules doing the same (clotrimazole, bifonazole, methyl jasmonate) have
already been mentioned. The HK-VDAC complex, or more specifically HK, has
also been considered a prime target for the alkylating agent 3-Bromopyruvate,
reported to be very effective on in vitro and in vivo models (Pedersen 2012; Shoshan
2012; Ko et al. 2012; Cardaci et al. 2012). The targets of this compound are however
several, including GAPDH (Tang et al. 2012), components of the respiratory chain
(Rodrigues-Ferreira et al. 2012), the ER and lysosomes. Its remarkable specificity
for cancerous cells may be attributed in part to the presence of members of the
glycolytic pathway (HK, GADPH) among the targets, but mostly to facilitated entry
into glycolitic cells via the lactate transporter (Ko et al. 2004; Queirds et al. 2012).

Erastin has been found to selectively induce the death of cells with mutations in
the oncogenes HRas, KRas and BRaf. The cytotoxic effect was found to depend on
VDAC2/3: RNAi-mediated knockdown of these proteins rescued the cells, and
Erastin was found to bind to VDAC?2 and to increase the permeability of liposomes
containing it (Yagoda et al. 2007; Bauer et al. 2011). A recent publication seems to
reconduce Erastin-induced death to an oxidative form of cell death (nicknamed
“ferroptosis”; possibly related to “autoschizis”; Jamison et al. 2002), which depends
on iron and is potentiated by erastin inhibition of the cystine/glutamate antiporter
which supplies substrate for glutathione synthesis (Dixon et al. 2012). How
VDAC?2/3 would fit into such a mechanism is not clear, but oxidative stress and
VDAC:s have been linked in other studies.

Furonaphtoquinones (FNQs) induced apoptosis of HeLa cells and increased pro-
duction of H,0,, a production that was reduced by anti-VDAC antibodies and by
VDAC-targeting siRNA. The expression level of VDAC, FNQ-induced H,O, and cell
death were found to be correlated (Simamura et al. 2006). VDAC has been identified
as part of a complex having oxidoreductase activity involved in Paraquat toxicity
(Shimada et al. 2009). Notwithstanding the above, a systematic search for compounds
acting at the level of VDAC to antagonize cancer remains to be performed.

3.2 The Potassium Channel Kv1.3

Voltage-gated potassium channels (Kv) comprise a large family of channels which
are expressed in both excitable and non-excitable cells (Armstrong 2003; Gutman
et al. 2003; Yu et al. 2005). They control the resting plasma membrane potential
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and the frequency of action potentials in excitable cells. In non-excitable tissues,
such as pancreatic islets, the immune system, and epithelial cells, they are involved
in feedback regulation of the potential, and thus in processes ranging from secre-
tion to cell proliferation. Downstream events are the result of a signalling cascade
which most often involves modulation of voltage-dependent Ca** channels and
variations of cellular Ca** levels. Each Kv gene encodes a protein subunit, four of
which may form either homotetramers or heterotetramers within the same family
(Kv1 — Kv12). Functional diversity of Kv activities is enhanced by heterotetramer-
ization and the association of accessory proteins, such as the f-subunits which can
modulate gating properties and assist multimerization (Torres et al. 2007; Pongs
and Schwarz 2010). Alternative splicing and posttranslational modifications also
contribute to variety of activity, and various mechanisms have been proposed to
regulate protein expression itself.

A characteristic of Kv channels is the presence of a vestibule which helps to
gather and concentrate cations for eventual transport through the pore, due to the
presence of a set of acidic aminoacids which impart an overall negative charge to
the vestibule walls. These conserved residues can interact with a strategic basic
(positive) aminoacid present in the peptide toxins of certain venoms — such as
ChTx, MgTx, IbTx, ShK — which can therefore “plug” and block the channel (Yu
et al. 2004; Rauer et al. 1999). Other toxins approach instead the channel via the
membrane lipid bilayer and interact with the voltage sensor (Lee and MacKinnon
2004) or enter the channel and block it at the level of the selectivity filter (Zimin
etal.2010). This may well be the mechanism of potent small molecule (membrane-
permeant) inhibitors of Kv1.3, notably Psora-4 (ECs, 3 nM) (Vennekamp et al.
2004), PAP-1 (ECsy 2 nM) (Schmitz et al. 2005) and clofazimine (ECsy, 300 nM)
(Ren et al. 2008).

Kv members are known to be located in the plasmamembrane, but Kv1.3 is
present in the IMM as well (see below). This channel was first discovered in
lymphocytes, but it is expressed also in the CNS, macrophages, kidney, testis, adipose
tissue, osteoclasts, liver and skeletal muscle as well (Gutman et al. 2003). Kv1.3 has
been implicated in the regulation of cell proliferation (Cahalan and Chandy 2009),
apoptosis (Szabo et al. 2010; Gulbins et al. 2010; Szabo et al 2004), cell volume
(Lang et al. 1999, 2004), and neurotransmitter release in excitable cells (Shoudai
et al. 2007). Furthermore, Kv1.3 seems to participate in the pathways regulating
energy homeostasis and body weight by a still poorly clarified mechanism (Xu et al.
2003). One intriguing possibility is that the mitochondrial Kv1.3 rather than the
PM-located channel is involved in energy homeostasis.

Clarification of its patho-physiological roles and the discovery of powerful
inhibitors made this channel a promising pharmacological target (Beraud and
Chandy 2011) for various diseases, including autoimmune diseases (Wulff et al. 2009;
Chi et al. 2012), diabetes (Choi and Hahn 2010) and cancer (Arcangeli et al. 2009,
2012; Felipe et al. 2012).
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3.2.1 Mitochondrial Localization of Kv1.3

Localization of Kv1.3 to the IMM in lymphocytes and subsequently in other cell
types has been demonstrated by various techniques: patch clamp (see below),
immunogold transmission electron microscopy in lymphocytes (Szabo et al. 2005),
macrophages (Vicente et al. 2006) and neurons of the postsynaptic medial nucleus
of the trapezoid body (Gazula et al. 2010), immunofluorescence in gerbil hippocampus
(Bednarczyk et al. 2010) and Western blot in the same preparation as well as in
PC-3 prostate cancer cells, in MCF-7 breast adenocarcinoma (Gulbins et al. 2010),
in SAOS-2 osteosarcoma, in B16F10 melanoma cell lines (Leanza et al. 2012a) and
in J774 macrophages (Leanza et al. 2012b). In all these cases the channel protein
was found in genetically non-manipulated cell lines or tissues, either healthy or
cancerous. Kv1.5 also has a dual localization in the PM and in mitochondria at least
in macrophages (Leanza et al. 2012b) and another Kv channel, Kv10.1, has recently
been described as a functional channel in the nuclear membrane beside being active
in the PM (Chen et al. 2011).

3.2.2 Pathophysiological Roles of mtKv1.3

mtKv1.3 is expected to participate in regulation of mitochondrial membrane poten-
tial, volume and ROS production, similarly to other K* channels found in the IMM.
The role of mtKv1.3 under physiological conditions has not been elucidated in
detail, but a crucial role for this channel in apoptosis became evident first in lym-
phocytes and later in other systems as well. Expression of a mitochondria-targeted
Kv1.3 construct was sufficient to sensitize apoptosis-resistant CTLL-2 T lympho-
cytes, which lack Kv channels. MtKv1.3 has been identified as a target of Bax and
physical interaction between the two proteins in apoptotic cells has been demon-
strated (Szabo et al. 2008, 2011). Incubating Kv1.3-positive isolated mitochondria
with Bax triggered apoptotic events including membrane potential changes (hyper-
polarization followed by depolarization due to the opening of MPTP), ROS produc-
tion and cyt c release, whereas Kv1.3-deficient mitochondria were resistant. Highly
conserved Bax lysine 128 protrudes into the intermembrane space (Annis et al.
2005) and mimics a crucial lysine in Kv1.3-blocking peptide toxins. Mutation of
Bax at K128 (BaxK128E) abrogated its effects on Kv1.3 and mitochondria, as well
as in Bax/Bak-less double knock-out (DKO) mouse embryonic fibroblasts, indicat-
ing a toxin-like action of Bax on Kv1.3 to trigger at least some of the mitochondrial
changes typical of apoptosis. These findings are not in contradiction with the view
that Bax contributes to cyt c release, but indicate that a K* channel-dependent event
is important for the release of cyt ¢ and that expression of mtKv1.3 sensitizes cells
to apoptosis. Blocking the IMM channel(s) would not per se be expected to result in
permeabilisation of the OMM to proteins. This might however be obtained with the
intermediacy of ROS, which may prompt Bax migration to mitochondria and/or the
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Clofazimine

Fig. 9.1 Mitochondrial Kv1.3 in death induction. A cartoon illustrating the role of mtKv1.3 in cell
death. Normally mtKv1.3 acts as a conduit for the passive flow of K* ions (small and purple) across
the IMM, i.e., as a component of the machinery controlling mitochondrial volume, ion homeosta-
sis and transmembrane potential. In cells challenged by a pro-apoptotic stimulus, Bax begins to
migrate to the mitochondria, undergoing a conformational change and inserting into the OMM.
There, it can interact via a protruding lysine residue with Kv1.3 and other Kv-family channels in
the IMM, blocking K* flux. This causes a transient hyperpolarisation and hence enhanced produc-
tion of ROS by the respiratory chain. These ROS can further stimulate Bax recruitment and/or
induce the mitochondrial permeability transition. The consequence is loss of cytochrome c (large,
red) via Bax oligomers or OMM lacerations caused by swelling of the matrix compartment follow-
ing MPTP induction. The latter event also results in the collapse of the potential and in the disper-
sion into the cytoplasm of small molecules (multicoloured) such as NADH and Krebs cycle
intermediates, hampering respiration. Pharmacological inhibition of mtKv1.3 with membrane-
permeant small molecules is sufficient to induce the same phenomena and cell death in cancerous
cells, which are already subjected to a higher-than-normal redox stress

onset of the MPT, which provides a mechanism alternative to Bax oligomerization
for cytochrome c efflux. In accordance with our findings, platelets, in which Kv1.3
is the exclusive Kv channel expressed, were resistant to apoptosis in Kv1.3 knock-
out mice (McCloskey et al. 2010).

Recently we reported for the first time that Psora-4, PAP-1 and clofazimine, three
distinct membrane-permeant inhibitors of Kv1.3, induce death by directly targeting
the mitochondrial channel in multiple human and mouse cancer cell lines, while
membrane-impermeant, selective and high-affinity Kv1.3 inhibitors ShK or MgTx
did not induce apoptosis, further proving the crucial role of mtKv1.3 for this process
(Leanza et al. 2012a). Importantly, the membrane-permeant drugs killed cells also in
the absence of Bax and Bak, a result in agreement with the current mechanistic model
for mtKv1.3 action (Fig. 9.1). Genetic deficiency or siRNA-mediated downregulation
of Kv1.3 abrogated the effects of the drugs, proving specificity of their action via
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Kv1.3. Intraperitoneal injection of clofazimine reduced tumour size by 90 % in an
orthotopic melanoma B16F10 mouse model in vivo, while no adverse effects were
observed in several healthy tissues. Similar results were obtained for primary human
cancer cells from patients with chronic lymphocytic leukemia (Leanza et al. 2013).

The selective action of these drugs on tumour cells may be related to the observed
higher expression of Kv1.3 in cancer lines/tissues with respect to healthy ones, but
other factors are also expected to contribute and are under investigation. In any case,
the fact that clofazimine is already used in the clinic for the treatment of e.g. leprosis
(Ren et al. 2008) and shows an excellent safety profile emphasizes the possibility to
exploit mtKv1.3 targeting for therapy.

In summary, inhibition of mtKv1.3 results in the generation of ROS and facilitation
of cyt c release. It may therefore be expected that inhibition of other Kv-family chan-
nels present in the IMM of other cell types would promote apoptosis in a similar man-
ner. It is to note that indeed the action of Bax is not restricted to Kv1.3: Kv1.1, mtKv1.5
and mtKCal.1 can also interact with Bax (Cheng et al. 2011; Leanza et al. 2012b). In
macrophages, which express both Kv1.3 and Kv1.5 in their mitochondria, down-
expression of both channels is required to prevent staurosporine-induced apoptosis
(Leanza et al. 2012b). Thus, beside those of the plasmamembrane, mitochondrial volt-
age-gated K* channels are emerging as therapeutic targets for oncological diseases.

3.3 MPTP

The Mitochondrial Permeability Transition Pore (MPTP) is to date known only indi-
rectly. Its properties are deduced from those of the phenomenon it causes — the
Permeability Transition — and from electrophysiological observations of a mitoplast
channel believed to coincide with the MPTP. The MPT has been traditionally defined
as the unselective permeabilisation of the inner mitochondrial membrane to solutes
of MW up to 1.5 KDa, caused by operation of a wide pore. This permeabilisation
results in a “bioenergetic catastrophe”: the transmembrane electrochemical proton
gradient is dissipated, ATP synthesis ceases, respiratory substrates are lost from the
mitochondrial matrix. If MPTP opening is widespread and sustained, cell death, gen-
erally classified nowadays as a type of necrosis, ensues. A variety of stresses and
dysfunctions can impinge on mitochondria causing them to undergo this rather brutal
alteration, which is now considered as a target for intervention in pathologies ranging
from infarct to neurodegeneration.

In the absence of definitive evidence on its molecular composition, the MPTP
must be defined operationally on the basis of its pharmaceutical and biophysical
properties. This is no easy task, because the MPT is a many-faceted, multi-factor
phenomenon with no absolute dependence on any one parameter. A minimum set
of properties may nonetheless be subjectively chosen, such that any phenomenon
attributed to the MPTP ought to display them. This list might include: (1) a require-
ment for the presence of Ca®* in the matrix; (2) dependence on matrix pH: acidifi-
cation inhibits; (3) voltage dependence: the MPTP will open upon depolarization
if the mitochondria have been suitably primed by Ca** loading or other treatments;
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Table 9.2 A tabulation of reviews on the MPTP?

Focused on

Reviews

General properties
and possible functions

Electrophysiology
Molecular composition

Regulation

Involvement in cell death

Involvement in autophagy
Involvement in dystrophy
Involvement in I/R injury

Involvement in
cardioprotection
(conditioning)

Targeting the MPTP for
ischemic damage
and cardiac disease

Involvement in
neurodegeneration

Targeting the MPTP for
neurodegeneration

Targeting the MPTP
for cancer

Zoratti and Szabo (1995), Bernardi and Petronilli (1996),
Bernardi et al. (1998, 2006), Nowikovsky et al. (2009),
Azzolin et al. (2010), Ricchelli et al. (2011), Uribe-Carvajal
et al. (2011), Bernardi and von Stockum (2012), Vianello
et al. (2012)

Zoratti and Szab6 (1994), Zoratti et al. (2009, 2010)

Halestrap et al. (2002), Halestrap and Brenner (2003), Grimm
and Brdiczka (2007), Leung and Halestrap (2008), Halestrap
(2009), Baines (2009b), Forte and Bernardi (2005), Zoratti
et al. (2005), Brenner and Moulin (2012)

Bernardi (1996), Fontaine and Bernardi (1999), Bernardi and
Rasola (2007), Di Lisa and Bernardi (2009), Zorov et al.
(2009), Rasola et al. (2010a), Miura et al. 2010; Miura and
Tanno 2012, Belliere et al. (2012), Papanicolaou et al. 2012

Lemasters et al. (1998, 2009), Tsujimoto et al. (2006), Tsujimoto
and Shimizu (2007), Grimm and Brdiczka (2007), Rasola and
Bernardi (2007, 2011), Giorgio et al. (2010), Kinnally et al.
(2011), Dorn (2010a, b, 2011), Baines (2011), Miura and
Tanno (2012)

Kim et al. (2007), Aviv et al. (2011), Gottlieb et al. (2011)

Bernardi and Bonaldo (2008)

Halestrap et al. (1997, 2004), Di Lisa et al. (2003), Di Lisa and
Bernardi (2006), Halestrap and Pasdois (2009), Baines
(2009a), Halestrap (2010), Ruiz-Meana et al. (2010), Miura
et al. (2010), Gouriou et al. (2011), Garcia-Dorado et al.
(2012), Webster (2012), Oerlemans et al. (2013), Kalogeris
et al. (2012), Sloan et al. (2012), Griffiths (2012), Kim et al.
(2012)

Halestrap et al. (2007), Murphy and Steenbergen (2008, 2011),
Penna et al. (2008, 2013), Pagliaro and Penna (2011), Di Lisa
et al. (2011a, b), Boengler et al. (2011), Sanada et al (2011),
Cour et al. (2011)

Liem et al. (2007), Javadov and Karmazyn (2007), Andreadou
et al. (2008), Javadov et al. (2009, 2011), Morin et al. (2009),
Di Lisa et al. (2011a), Hausenloy et al. (2012), Oerlemans
et al. (2013)

Friberg and Wieloch (2002), Du and Yan (2010), Martin
(20104, b, ¢, 2011, 2012)

Tatton and Chalmers-Redman (1998), Martin (2010c),
Azarashvili et al. (2010)

Armstrong (2006), Ralph et al. (2006), Hail and Lotan (2009),
Fulda et al. (2010), Gogvadze (2011), Javadov et al. (2011)

“Most reviews cover various aspects and provide at least some general information on the MPT

(4) redox sensitivity: oxidative stress favours the MPT. Many reviews covering the
various aspects of MPTP physiology and pharmacology, the various hypotheses
about its composition, its role in cell death, autophagy and in assorted pathologies
have been published, and most are tabulated in Table 9.2. We provide here a brief
overview and focus on the relevance of this phenomenon for cancer. The MPT has
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been clearly recognized as one of the mitochondrial processes one can hope to
exploit for cancer therapy (see Table 9.2 for reviews).

3.3.1 Properties

Information on the properties of the open MPTP has been gleaned from biochemi-
cal experiments following mitochondrial swelling (water follows the suspension
medium osmolite into the matrix, once the IMM has become permeable to the
osmolite itself) and the permeation of tracers as well as from electrophysiological
work. Most have been known since Hunter and Haworth’s fundamental work
(Haworth and Hunter 1979, 1980, 2000; Hunter and Haworth 1979a, b). Solute
exclusion studies suggested a diameter of 2-3 nm and indicate that the pore is
unselective, or only poorly selective. A high-conductance channel (dubbed
“Mitochondrial MegaChannel”, MMC) has been identified as the MPTP on the
basis of its pharmacological profile (Zoratti and Szabo 1994, 1995; Martinucci et al.
2000; De Marchi et al. 2009a; Zoratti et al. 2010) and proposed to consist of a dimer
of cooperating, mildly anion-selective, substate-rich pores which can occasionally
turn into irregular, cation-selective channels.

The idea that MPTPs of different sizes may exist in different mitochondria and
that the size of the pore may depend on the MPT-inducing conditions has been
around for a long time (Pfeiffer et al. 1995; Broekemeier et al. 1998). A major line
of evidence consists in the observation that the time course of mitochondrial swell-
ing does not always coincide with that of other phenomena thought to be associated
with the MPT (Zoratti and Szabd 1995; Novgorodov and Gudz 1996). This vision
of the MPTP as a “variable pore” is consistent with its putatively “accidental”
nature, i.e. with the concept that it is formed by membrane components whose main
task is something else. What these components may be is still, after 40 years of
work, an unsolved riddle.

3.3.2 Composition

The idea that the adenine nucleotide translocator (ANT) may be the centerpiece of a
molecular complex — comprising also VDAC, HK or creatine kinase, the OMM protein
TSPO (or peripheral benzodiazepine receptor), and cyclophilin D, the mitochondrial
matrix isoform of a family of peptidyl-prolyl cis-trans isomerases — which would
form the MPT is old (Hunter and Haworth 1979a; Le Quoc and Le Quoc 1988; rev.:
Zoratti and Szabo 1995) and entrenched, but it has not stood the test of genetic experi-
ments. It was much weakened when it was shown that the MPT took place also in
mouse liver mitochondria in which the expression of both ANT-1 and ANT-2 isoforms
had been eliminated (Kokoszka et al. 2004). To accommodate the undeniable effects
of ANT ligands (atractyloside (ATR) favours, and bongkrekate (BGK) inhibits,
MPT development) the carrier is now considered by many to be one of
the regulatory components of the pore (Zhivotovsky et al. 2009; Biasutto et al. 2010;
Baines 2009b). Another, definitive blow came from the observation that the MPTP
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was still present, with much the usual characteristics, in cells in which the three VDAC
isoforms had been eliminated by pairwise gene knockout (and siRNA silencing of the
third) (Krauskopf et al. 2006; Baines et al. 2007; De Marchi et al. 2008). Cyclophilin
D (Cyp D) was confirmed to be a component of the MPTP by studies showing that its
deletion decreased MPT-related damage in ischemia (Baines et al. 2005; Nakagawa
et al. 2005; Schinzel et al. 2005). Subsequent studies confirmed this and the regulatory
role of the isomerase: the MPT can still be elicited in the absence of CypD, although
it requires more drastic conditions (Basso et al. 2005; De Marchi et al. 2006). Cyp D
has recently been found to act by masking an inhibitory Pi-binding site (Basso et al.
2008; Li et al. 2012). Thus, Pi would appear to be the real MPTP inhibitor in the pres-
ence of the Cyp D ligand cyclosporine A (CSA); the role of the latter would be to
unmask the regulatory site by causing CypD detachment. Finally, the TSPO has also
been found to be disposable for the MPT (Sileikyte et al. 2011), although it definitely
retains the role of a regulatory component.

The collapse of the ANT-VDAC model has opened the way to other more or
less speculative models. The phosphate carrier (PiC) and at least two other mem-
bers of the “tripartite” carrier family — the aspartate-glutamate exchanger and the
ornithine-citrulline exchanger — have been proposed as candidates (Baines 2009b).
The similarity between the pore activity observed upon reconstitution of compo-
nents of the mitochondrial protein import system and the MPTP channel points to
a possible identification of the former with the latter (Zoratti et al. 2010). Other
candidates include inorganic polyphosphate (Pavlov et al. 2005b) and unspecific
aggregates of membrane proteins caused by oxidative stress (Kowaltowski et al.
2001). Recently, Cyclophilin D has been found to interact with the lateral stalk of
the FoF, ATP synthase (Giorgio et al. 2009, 2010). Azarashvili’s group on the
other hand has reported that ligands of the TSPO (see above) promote both
opening of the MPTP and dephosphorylation of subunit c of the ATP synthase in
rat brain mitochondria (Krestinina et al. 2009). These findings point to the possi-
bility that the ATP synthase itself might form the MPTP (Giorgio et al. (2013);
Bernardi (2013)).

3.3.3 Regulation

The MPT in isolated mitochondria is favoured by Ca** loading in conjunction with
inducers such as Pi, sources of ROS, thiol cross-linkers and acylating agents,
Awy-reducing and surface potential-modifying agents, fatty acids, ligands stabilizing
the C conformation of the ANT (ATR, CATR, acyl-CoA’s, pyridoxal-5-phosphate)
and compounds that can deplete the mitochondria of protective molecules (e.g. ADP
depletion by PPi). Pore opening can be inhibited, or open pores closed, by agents
that counteract the action of inducers. For example, radical scavengers will protect
against oxidation of thiol groups, dithiothreitol will reverse it. In addition, as already
mentioned above, the MPT is classically inhibited by CSA (although many papers
describe or refer to CSA-insensitive forms of the MPTP), matrix acidification,
adenine nucleotides, divalent cations other than Ca?*, compounds that stabilize the
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M conformation of the ANT (BGK, matrix ADP). Which parts of the electron
transport chain are used may also have important consequences on MPT induction
(see below). It is worth repeating that since the MPT is influenced by many factors,
the effects described in the literature are rarely all-or-nothing; their magnitude
depends on conditions.

Unless inhibitors are administered or Ca** is sequestered, prolonged closure after
prolonged opening of the full-size MPTP does not readily occur in vitro. Endogenous
protective factors such as NAD(P)H and ADP are rapidly lost through the open
pores, along with Krebs cycle intermediates. Swelling may result in the loss of
cytochrome ¢ upon rupture of the OMM, and respiration may be permanently
impaired. This scenario may not apply to brief openings.

While Ca** is a key effector at least in vitro, MPT induction by oxidizing condi-
tions has long been known and indeed it is considered by some to be an essential
feature of the MPT (Kowaltowski et al. 2001; Juhaszova et al. 2008). Ca**-treated
mitochondria produce more ROS (Maciel et al. 2001) and this enhanced ROS pro-
duction may well contribute to MPTP opening. Thus, antioxidants antagonize the
MPT, and pro-oxidants promote it (De Marchi et al. 2009a).

The origins of the perduring interest in the MPT can be traced to the discovery
that Cyclosporin A is a powerful inhibitor (Broekemeier et al. 1989; Crompton
et al. 1988; Fournier et al. 1987). This cyclic endecapeptide — an inhibitor of calci-
neurin and widely used immunosuppressant — is effective on the MPT induced by
a variety of agents, although the inhibitory effect may be partial, transient, or both,
and its characteristics may depend on experimental details (Zoratti et al. 2005).
The favored mechanistic model for the effect on the MPT is formulated in terms of
MPT-permissive binding of CypD to the MPTP precursor. CSA is thought to inhibit
by competing for CypD, with which it forms a complex no longer able to bind to
the MPTP precursor. This model has been a key element for the candidacy of two
proteins of the IMM — the ANT and, very recently, the F)F, ATP synthase — as
MPTP precursors (see above). While CypD is universally recognized to play a role
in the MPT, this role is now recognized to be “merely” that of enhancing the sensi-
tivity of the process to Ca?*, as proposed early on (Halestrap et al. 1997). Definitive
evidence came from the demonstration that Cyp D-null mitochondria could still
undergo the MPT at higher Ca?* loads (Basso et al. 2005). The pore responsible for
permeabilization was shown to have essentially the same properties as the one
observed in WT mitochondria, implying that CypD has a permissive role, but does
not intervene to determine the properties of the pore once it has been activated
(De Marchi et al. 2006).

Voltage dependence can be summarized by stating that the pore tends to open
upon depolarization. Electrophysiological observations at the single-channel level
on isolated, washed-out membranes indicate that this is an intrinsic property of the
pore, independent of binding or blocking events or of secondary phenomena such as
ROS production by uncoupler-treated mitochondria.

For several years in the 1980s the MPTP was thought to be due to membrane
“defects” caused by the accumulation of lysophospholipids and free long-chain
fatty acids in the IMM upon activation of Ca**-sensitive mitochondrial phospholipase



230 L. Biasutto et al.

A2 (Zoratti and Szabdo 1995). While this model has been largely abandoned, it
remains true that the MPT is facilitated by fatty acids, prominently by arachidonic
acid (Wieckowski et al. 2000; Penzo et al. 2002; Scorrano et al. 2001), and fatty acid
acyl-CoAs (Furuno et al. 2001; Oyanagi et al. 2011).

A cross-talk between apoptosis effectors, in particular Bax, and the MPTP has
been proposed in several studies (Roy et al. 2009; Brustovetsky et al. 2010; Li et al.
2008,2010; Chengetal.2011; Whelanetal. 2012; Tischner et al. 2012; Kumarswamy
and Chandna 2009), but our group did not find evidence for a direct interaction in
studies with isolated mitochondria (De Marchi et al. 2004; Campello et al. 2005).
Anti-apoptotic BelxLL has been reported to antagonize opening of the MPTP as
observed indirectly as a collapse of the mitochondrial potential and directly as channel
activity in patch-clamp experiments (Jordan et al. 2004; Tornero et al. 2011). The
MPTP is reportedly activated, under conditions of oxidative stress and I/R injury, by
p53, which accumulates in mitochondria and induces necrosis by interacting with
Cyp D (Vaseva et al. 2012).

In a physiological context, the MPT is subject to regulation by cellular phos-
phorylation pathways. The processes taking place during post-ischemic reperfusion
and pre- and post-conditioning, and the modulation (repression) of the MPTP in
cancerous cells have been investigated in some detail (Table 9.2). Hypoxic precon-
ditioning (HPC) apparently increases a basal rate of opening of the MPTP in cardiac
myocytes (Hausenloy et al. 2004, 2010). The model is coherent with current
paradigms: a major signal emanating from hypoxic mitochondria is increased ROS
generation, due to the respiratory chain being in a highly reduced state and enhanced
mono-electronic “leakage” to residual oxygen. ROS promote MPTP opening, and
MPTP opening may itself contribute to oxidative stress: ROS increased under HPC
conditions in WT myocytes, but not in CypD~ cells, pointing to a positive-feedback
on ROS production (indeed, death by sustained simulated hypoxia/reperfusion was
reduced by HPC in the case of WT cells, but not for CypD~~ cells).

This somewhat paradoxical increase of ROS in hypoxia determines a negative
feedback response by the cell, which antagonizes the MPT and thus affords protec-
tion from reperfusion damage or, in preconditioning, in subsequent ischemic
episodes. ROS contribute — by direct action or by inhibiting redox-sensitive
phosphatases — to the activation of the so-called RISK (Reperfusion Injury Salvage
Kinase) kinases, a group including Akt, Erk1/2, PKC-g, PKG and P70s6K.
These kinases in turn phosphorylate and inactivate GSK3p (Glycogen Synthase
Kinase-3f; also involved in the canonical Wnt signalling pathway). GSK3 is
constitutively active, and its inactivation results in desensitization of the mitochon-
dria to MPT induction (Miura et al. 2010; Yang et al. 2010; Rasola et al. 2010a;
Hausenloy et al. 2009, 2011; Pagliaro and Penna 2011). Importantly, Cyp D is
phosphorylated by GSK3p (Rasola et al. 2010b). Other kinases, including PKC-¢
(Garlid et al. 2009), Akt (Rasola et al. 2010a) and PKA (Pediaditakis et al. 2010)
may act directly on mitochondria protecting from the MPT. CAMK-II on the other
hand facilitates MPT onset in ischemized cardiac myocytes, reportedly by increasing
Ca?* influx mediated by the mitochondrial Ca?* uniporter (MCU) into the mitochon-
dria (Odagiri et al. 2009; Joiner et al. 2012).
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Much the same signalling pathways may be involved in desensitizing cancer
cells to MPT induction (Rasola et al. 2010a). In cancer models containing constitu-
tively active ERK, this kinase acts through the GSK3p-Cyp D axis to repress cell
death by MPTP inducers such as arachidonic acid or BH3 mimetic EM20-25
(Rasola et al. 2010b). MPTP desensitization in cancer cells seems to be also medi-
ated by TRAP-1 (Tumour necrosis factor Receptor-Associated Protein-1), a chaper-
one homologous to Hsp90, which is localized in mitochondria in tumoural but not
in healthy cells (Altieri et al. 2012, 2013a, b; Matassa et al. 2012). This protein and
mitochondrial Hsp90 and Hsp60 interact with Cyp D and antagonize its MPT-
facilitating action. TRAP-1 and the Hsp’s are therefore new targets for mitocan
development (Altieri 2013a, b; Kang 2012). TRAP-1 is a substrate of mitochondrial
PTEN-Induced Kinase-1 (PINK1), and its phosphorylation by PINKI1 protects
against apoptosis induction by oxidative stress.

3.3.4 Physio-pathological Relevance

Ca?*-induced IMM permeabilization has been observed in yeast, fungi, plant, fly,
amphibian, fish and, obviously, mammalian mitochondria (Azzolin et al. 2010;
Uribe-Carvajal et al. 2011; von Stockum et al. 2011; Bernardi and von Stockum
2012; Stella et al. 2011; Vianello et al. 2012). While the characteristics of the phe-
nomenon vary depending on the system, its conservation suggests a physiological
role for a controlled IMM permeabilisation. What this role may be remains an open
question. A long-standing proposal is that the MPTP may act as a Ca?* release chan-
nel whose brief openings would allow the mitochondria to get rid of excess Ca’*
accumulated because of thermodynamics (Bernardi and Petronilli 1996; Bernardi
and von Stockum 2012). In support, Molkentin’s group (Elrod et al. 2010) has
reported that CypD~~ mice suffer from cardiac defects associated with alteration of
MPTP-mediated Ca** efflux and consequent overload of the mitochondrial matrix.

The MPT is a signal for autophagic elimination (mitophagy) (Kim et al. 2007; Aviv
et al. 2011; Gottlieb and Gustafsson 2011). Surprisingly, collagen VI deficiency-
linked Ullrich congenital muscle dystrophy turned out to be associated with increased
cell death caused by abnormal occurrence of the MPT (Irwin et al. 2003; Bernardi and
Bonaldo 2008) and in fact can be contrasted by administration of CSA (Angelin et al.
2008; Merlini et al. 2008, 2011). In this pathology autophagy is defective, preventing
the elimination of dysfunctional mitochondria, and its reactivation ameliorated the
dystrophic phenotype (Grumati et al. 2010).

Autophagy is involved in development, in caloric limitation-induced lifespan
extension, in opposing aging, obesity, neurodegeneration, and in a number of
other major conditions and diseases (Ravikumar et al. 2010; Murrow and Debnath
2013). Autophagy seems to intervene to protect cells during I/R, and also to be a
key process in the phenomenon of ischemic preconditioning. Its upregulation is
associated with cancer (White et al. 2010; Morselli et al. 2011; Kongara and
Karantza 2012; Jain et al. 2013). Although its function in these major pathologies
is still debated, it may mainly represent a pro-survival/proliferation strategy.
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Defects in autophagy are associated with inflammation, an oncogenic factor. On
the other hand, direct or indirect induction of the MPT is a pharmacological strat-
egy against cancer (see below).

The MPT is most notorious for its key role in the mechanism of ischemia/
reperfusion damage (Table 9.2). During reperfusion, the conditions in the cell
cytoplasm are nearly ideal for the onset of the MPT. Indeed, ablation of Cyp D or
treatment with MPTP inhibitors produces clear protective effects (Table 9.2)
(Hausenloy et al. 2003; Javadov et al. 2003; Baines et al. 2005; Nakagawa et al.
2005; Schinzel et al. 2005). In general, the MPT may be suspected to play a role
in all degenerative, necrotic diseases. It is important for neurodegeneration in
pathologies such as Alzheimer’s, Parkinson’s and ALS, acute consequences of
stroke, cardiac arrest, brain trauma, insulin-induced hypoglycaemia and epileptic
crises, and ethanol-induced death of neurons in mouse pups. In mice, lack of Cyp
D protected neurons in experimental autoimmune encephalomyelitis, a model of
multiple sclerosis, and muscle cells from atrophy following denervation, but
caused behavioural disturbances.

In cancer, signalling pathways are activated which desensitize the mitochondria
to MPT induction (Rasola et al. 2010b; Traba et al. 2012) (see above, also for the
connection with autophagy and a protective mitochondrial chaperone network in
cancer), while chemotherapeutic agents causing oxidative stress may activate sig-
nals causing cancer cell death via the MPT (Chiara et al. 2012). Transplant patients,
treated with CSA to prevent transplant rejection, have a high incidence of cancer not
only because of the drug’s immunosuppressive action, but also because CSA inhib-
its the MPTP (Norman et al. 2010).

3.3.5 Pharmacology

The list of MPT inhibitors, of great interest because of the role of the MPT in cardiac
damage and other pathological situations, is too long to be recapitulated here. Recently,
a powerful derivative of CSA has been obtained by one of the mitochondria-targeting
strategies mentioned in Sect. 2, i.e. conjugation of a triphenylphosphonium group
(Malouitre et al. 2009; Dube et al. 2012). Non-immunosupressive but still MPT-
inhibiting analogues of CSA are available: NIM811 (Waldmeier et al. 2002) and
Debio-025 (Alisporivir) (Gomez et al. 2007; Tiepolo et al. 2009). They, and Sanglifehrin
A, another cyclophilin-binding compound which however is immunosuppressive, have
been tested as cardiac protectors (Oerlemans et al. 2013). Antamanide, produced by
Amanita phalloides, likewise inhibits the MPT by binding to Cyclophilin D (Azzolin
etal. 2011). In this context, it is interesting that specific inhibition of MPTP-associated
“necroptosis” can result in cell death by “classical” apoptotic OMM permeabilisation
(Han et al. 2009), highlighting the concept that necrosis and apoptosis may function as
reciprocal back-up mechanisms.

For oncological applications MPT inducers are more relevant, although other
mechanisms may account for chemotherapeutic action at least in part and in some
cases, and the likelihood of noxious side-effects, for example on the nervous
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system, must be kept in mind. A large number of compounds, many of which natural
products, have been shown to induce the MPT in cultured cells, often as a conse-
quence of oxidative stress and/or disruption of Ca** homeostasis. The effect is often
observed at relatively high concentrations. One class of such compounds is that of
mitochondria-penetrating peptides, such as mastoparan-like sequences, peptides of
the innate immunity systems or the molecules developed by Kelley’s group (Jones
et al. 2008; Risso et al. 2002; Horton et al. 2012). The MPT can be activated
(or inhibited) indirectly, by acting on the signalling pathways which modulate its occur-
rence. For example, induction of oxidative stress by gold complex AUL12, which
inhibits respiratory Complex I, can lead to activation of GSK3a/p, favouring MPT
opening (Chiara et al. 2012). Prominent among these candidate drugs are peptides
and small molecules disrupting the interaction of HK2 with the mitochondrial mem-
brane system (see above): jasmonates (Flescher 2005, 2007; Raviv et al. 2013);
arsenite (Larochette et al. 1999); TNF or TRAIL and Actinomycin D (Pastorino
et al. 1996; Kim et al. 2002); lonidamine, betulinic acid, the synthetic retinoid
CDA437 (Costantini et al. 2000; Lena et al. 2009; Javadov et al. 2011); further natural
compounds like berberine (Pereira et al. 2007, 2008), chelerythrine (Wan et al.
2008; Funakoshi et al. 2011), stevioside (Paul et al. 2012), cinnamaldehyde (Ka
et al. 2003), andrographolide (Chen et al. 2012), neosergeolide (Cavalcanti et al.
2012), 7-xylosyl-10-deacetylpaclitaxel (Jiang et al. 2011), honokiol (Li et al. 2007),
a-bisabolol (Cavalieri et al. 2009), shikonin (Han et al. 2007; Xuan and Hu 2009).

3.4 Other Mitochondrial Channels as Possible
Oncological Targets

In addition to the above-mentioned Kv1.3, VDAC and MPTP, several other proved
or putative mitochondrial ion channels have been proposed to impact on cell sur-
vival and as such might play a role during tumourigenesis and may eventually
become oncological/pharmacological targets. These include the large- and
intermediate-conductance calcium-dependent (BK¢, and IKc,, respectively), the
ATP-dependent and the two-pore TASK3 potassium channels, uncoupling protein
UCP2, calcium uniporter MCU and the magnesium-selective channel Mrs2. For
reasons of space, we only mention briefly here a few points of interest.

IKc, (KCa3.1) is expressed in various tissues including epithelial- and endothelial
tissues, the immune system, sensory neurons and microglia but not in excitable tis-
sues. As for the other Ca?*-activated K* channels, plasma membrane IKCa provides a
feedback mechanism whereby cytoplasmic Ca?* increase results in a hyperpolarizing
response counteracting depolarization associated with Ca** influx and sustaining Ca*
entry (Cahalan and Chandy 2009). This circuit is important for progression through
the cell cycle. Given the widespread presence of the channel in cancer cells, it is there-
fore under consideration as a target for anti-tumoural as well as immunosuppressive
intervention (e.g. Panyi 2005). IK, activity has been recorded from the inner mito-
chondrial membranes of human colon carcinoma cells (De Marchi et al. 2009b), of
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HeLa (human cervix adenocarcinoma) cells and of mouse embryonic fibroblasts
(Sassi et al. 2010).

MtIK, was selectively inhibited by membrane-permeant inhibitors clotrimazole
and TRAM34. Given the proposed role for other mitoK* channels in cell death, the
membrane permeant TRAM34 was used in an attempt to induce cell death and
the effect of recombinant Bax on channel activity was studied. In contrast to BKc,
(KCal.l) and Kv1.3, IK, was not inhibited by Bax (Sassi et al. 2010). Interestingly,
while TRAM-34 used alone at 2-80 pM concentration did not induce apoptosis
(Sassi et al. 2010; Quast et al. 2012), in combination with the death receptor ligand
TRAIL it synergistically increased the sensitivity to TRAIL of melanoma cells
(Quast et al. 2012). TRAM34 induced a hyperpolarization of the mitochondrial
membrane (as expected if a positive charge-carrying influx is inhibited), confirming
that functional IKc, is expressed in the IMM. Interestingly, application of TRAM34
alone induced translocation of Bax to mitochondria, representing an early step of
apoptosis. Given that both TRAM34 and TRAIL have a relatively good safety pro-
file, co-administration of the two drugs might be exploited for melanoma treatment.
TRAM34 and clotrimazole have also been shown to decrease cell viability of
epidermoid cancer cells when applied together with cisplatin, apparently via an
action on the PM-located IK,, involved in apoptotic volume decrease (Lee et al. 2008).

The long-sought molecular identification of the mitochondrial Ca?* “uniporter”,
responsible for the low-affinity uptake of calcium into the mitochondrial matrix
driven by the negative membrane potential, has recently been achieved (De Stefani
et al. 2011; Baughman et al. 2011). MCU participates in the control of Ca’* signal-
ing, and may thus be a very useful tool to influence the myriad cellular calcium-
dependent processes, ranging from proliferation to exocytosis to cell death (Rizzuto
et al. 2012). Subthreshold apoptotic signals were shown to synergize with cytosolic
Ca?* waves (Pinton et al. 2001), evoked by a physiological stimulation, in opening
of the permeability transition pore which ultimately leads to release of proapoptotic
factors and cell death. Cells overexpressing MCU underwent more pronounced
apoptosis upon challenging with H,O, and C,-ceramide (De Stefani et al. 2011). A
recent finding identified an MCU-targeting microRNA, miR-25, whose overexpres-
sion in colon cancer cells resulted in MCU downregulation, impaired calcium
uptake and increased resistance to apoptosis (Marchi et al. 2013). Thus, MCU seems
to be an important factor in cell death, and its specific pharmacological activators, if
identified, might become useful anti-cancer tools.

4 Ogxidative Stress as a Strategy Against Cancer

4.1 Oxidative Stress and Cancer

In most cells, mitochondria are the main site of Reactive Oxygen Species (ROS)
production. Radicals are produced via one-electron transfer to oxygen from sites of
the respiratory chain (Starkov 2008; Murphy 2009), and, under appropriate
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circumstances, by diversion from cytochrome c to oxygen with the intermediacy of
p66Shc (Pinton and Rizzuto 2008; Pani et al. 2009; Di Lisa et al. 2009) or as a
product of Monoamino Oxidase activity (Di Lisa et al. 2009). These ROS carry a
considerable part of the blame for aging (Nakanishi and Wu 2009; Blagosklonny
2008), neurodegenerative disorders (Lee et al. 2009; Sayre et al. 2008), and isch-
emia/reperfusion damage (Di Lisa et al. 2009; Szeto 2008).

Increased production of reactive oxygen species (ROS) is important for the
maintenance and evolution of the cancerous phenotype (Fiaschi and Chiarugi 2012).
The effect of ROS may vary according to the stage of carcinogenesis; in the tumour
initiation phase, ROS may cause DNA damage and mutagenesis, while in estab-
lished cancer ROS acting as signal mediators may stimulate proliferation, confer-
ring growth advantage. ROS, and more specifically H,O,, are a recognized mitogenic
factor (Groeger et al. 2009; Verschoor et al. 2010), acting via transactivation of
growth factor receptors and/or of downstream effectors such as the Akt pathway.
These effects are largely ascribed to the inhibition, via sensitive cysteine residues,
of phosphatases (PTEN and phosphatases of the MAPK cascade). Redox-sensitive
transcription factors, notably AP-1, NF-kB and p53, are also activated by ROS
(Trachootham et al. 2008; Verschoor et al. 2010; Morgan and Liu 2011).
Mitochondrial ROS production increases the metastatic potential of cells (Ishikawa
et al. 2008; Pani et al. 2009; Hyoudou et al. 2008, 2009; Pelicano et al. 2009) and
anti-oxidant polyphenols decrease cell shedding from cancer spheroids in culture
(amodel of the metastatic process) (Giinther et al. 2007). For an in-depth discussion
the Reader is referred to several excellent recent reviews (Ralph et al. 2010;
Trachootham et al. 2009; Verschoor et al. 2010).

An increased production of ROS has been reported for several different cancer
types (Verschoor et al. 2010; Lopez-Lazaro 2010). Judging from the effects of
increased catalase activity, H,O, appears to be the relevant specie (Szatrowski and
Nathan 1991; Hyoudou et al. 2008, 2009; Policastro et al. 2004). Alterations in
antioxidant enzyme activities have also been reported in many tumour cell lines and
tumour samples (Oberley and Oberley 1997; Chung-man et al. 2001; Policastro
et al. 2004; Gokul et al. 2010), resulting in increased oxidative stress.

The interaction of ROS with HIF is very relevant. ROS can induce pseudohy-
poxia, i.e. HIF activation (Chandel et al. 2000; Jezek et al. 2010; Tormos and
Chandel 2010). Hypoxia is known to lead to a paradoxical increase of mitochon-
drial ROS production (see above and: Guzy and Schumacker 2006; Korde et al.
2011). HIF levels are normally regulated by prolyl oxidases (prolyl hydroxylase
domain enzymes, PHDs) which hydroxylate HIF 1« prolines, and by FIH (Factor
Inhibiting HIF), which hydroxylates HIFla asparagines. These modifications
result in HIFla polyubiquitination and degradation. An increase in cytosolic
H,0,, downstream of mitochondrial superoxide production due to hypoxia or to
mitochondrial dysfunction, is thought to lead to oxidation of the Fe?* used by
PHDs and FIH as an essential cofactor, and thus to their inactivation and to the
consequent stabilization of HIF, with the attendant downstream effects, includ-
ing tumour vascularization (Solaini et al. 2010; Jezek et al. 2010; Kobliakov
2010; Tertil et al. 2010). On the other hand it is clear that ROS can induce cell
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death and thus act as anti-cancer agents (Ueda et al. 2002; Circu and Aw 2010;
Panieri et al. 2013).

Cell death is simplistically classified as either apoptosis or necrosis; we maintain
this simplified distinction, even though today it is clear that it can occur via a con-
tinuum of processes (Proskuryakov and Gabai 2010; Zhivotovsky and Orrenius
2010). Apoptosis consists in a coordinated, well-regulated series of enzymatic
events, and ROS action in its induction likewise consists in discrete, well-definable
events at the molecular level, rather than in the indiscriminate damage that may take
place at higher levels of oxidative stress and which may result instead in death via
necrotic pathways or “autoschizis” (see below).

Elevated ROS production can be a cause as well as a consequence (Wu et al.
2010) of genetic damage. Damage may be due to alteration of the nucleotide pool,
with subsequent incorporation of oxidized nucleotides (Rai 2010), as well as to
direct attack onto the chromatin-bound nuclear DNA or mitochondrial DNA, much
more vulnerable because it is not packed into histones. When not repaired, these
lesions lead to cellular senescence, genome instability, mitochondrial dysfunction
and pathologies such as neurodegeneration, cancer and aging. When first the redox
defences, and then the DNA repair machinery cannot meet the challenge, cells may
resort to “suicide” to avoid organismal damage.

Activation of kinase-based pro-apoptotic signaling by ROS is of fundamental
importance (Biasutto et al. 2011; Ueda et al. 2002; Takeda et al. 2011). A major
such pathway is the stress response of the INK and p38 MAPK cascades. An apical
kinase (MAPKKK) in this system is Apoptosis Signal-Regulating Kinase 1 (ASK1).
Among the many ASK1-associated proteins is thioredoxin; ROS cause thioredoxin
oxidation on cysteine residues, and its dissociation from ASK1 (Saitoh et al. 1998).
A signalosome then assembles, and ASK1 is activated by phosphorylation at a con-
served threonine residue. Transcription factors such as c-Jun, p53 and p73, other
kinases and members of the Bcl-2 family act downstream of JNK and p38 to induce
apoptosis (Takeda et al. 2011).

Another set of pro-apoptotic kinases responding to oxidative stress is that of
the appropriately named Death-Associated Protein Kinases (DAPK; 5 members)
(Bialik and Kimchi 2006; Takeda et al. 2011), whose downregulation is associated
with many cancers (Michie et al. 2010). Under oxidizing conditions DAPK binds
to and activates PKD, which in turn induces the JNK pathway, and seems to be
required for oxidative stress-induced necrotic death (Eisenberg-Lerner and
Kimchi 2007).

Bax, one of the key players in “mitochondrial” apoptosis, can be activated by a
number of signals, including, importantly, oxidative stress (Ghibelli and Diederich
2010). Homodimerization via formation of an SS bridge between cysteins and phos-
phorylation at Thr167 by redox-sensitive JNK/p38 (see above), required for mitochon-
drial translocation, account for this. Redox modification of the catalytic cysteine in
caspases by H,O, has also emerged as a relevant feature in the control of apoptosis
(Katoh et al. 2004). Pro-caspase 9 belonging to the mitochondrial pool can form dimers
via disulfide bridges and perform auto-processing to generate the active enzyme.
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Necrosis, long considered as a sort of uncontrolled, haphazard form of cell
death, characteristically determined by elevated redox stress, is now understood to
comprise a set of interacting signalling cascades and biochemical phenomena
forming a continuum with other forms of cell death (Kroemer et al. 2009).
Depletion of ATP is often cited as a key factor shifting cell death towards necrosis
rather than apoptosis. Necrosis can be classified into subtypes, still in the process
of consolidation in usage. “Accidental necrosis” is induced by severe damage with
profound ionic imbalance and cellular swelling. It is now distinguished from
necroptosis (involving RIPK1 and also the MPT), “programmed necrosis” involv-
ing the MPT and AIF and EndoG release from the mitochondria, and secondary
necrosis, the latter following on the heels of apoptosis, all leading to morphologi-
cally similar end results (Vanden Berghe et al. 2010). “Autoschizis” is used by
some researchers to indicate pro-oxidant-induced death (Jamison et al. 2002). The
molecular mechanisms of autoschizis have not been characterized in detail, but
they are considered to involve widespread damage to cellular components by the
oxidant species generated.

Both anti-oxidant and pro-oxidant approaches have thus been proposed to antag-
onize cancer (Trachootham et al. 2009; Ralph et al. 2010, 2011; Wang and Yi 2008).
Anti-oxidants are expected to be useful for cancer prevention, while pro-oxidants
are desirable in an oncological context to (selectively) induce cancer cell death.
These considerations explain the booming interest in the development of pharmaco-
logical tools allowing the modulation of the mitochondrial redox state, which in
most studies take the form of mitochondria-targeted redox-active compounds
(Smith and Murphy 2010; Biasutto et al. 2010; Dong et al. 201 1a, b).

Preferential accumulation into mitochondria has been sought by the strategies
mentioned in Sect. 2. The most popular approach has been the conjugation to the
membrane-permeable triphenylphosphonium cation. Selectivity towards tumour
cells can be achieved thanks to the higher mitochondrial potential (AW) of the latter
compared to their non-tumoural counterpart (Chen 1988; Bonnet et al. 2007).
Cancer cells produce their ATP mostly by glycolysis (the Warburg effect), exhibiting
reduced oxidative phosphorylation activity; the mitochondrial electrochemical
proton gradient is thus dissipated less efficiently, and the transmembrane potential
increased (Modica-Napolitano and Aprille 2001). Moreover, mitochondrial mem-
brane potential seems to be correlated to tumour aggressiveness. Cells with higher
AW have higher levels of Vascular Endothelial Growth Factor and matrix metallo-
proteinase 7, and increased invasive behaviour compared to cancer cells with lower
AY (Heerdt et al. 2005).

At least in the case of MitoVES (Dong et al. 2011a, b) and of polyphenol-
TPP conjugates synthesised by our group (Sassi et al. 2012) these compounds
can indeed act as pro-oxidant cell killers. Since cancerous cells in many cases
have a higher-than-normal basal rate of ROS production, despite their enhanced
redox defences an additional oxidative stress may push them over the brink of
death more easily than normal cells (Lépez-Lazaro 2010; Wondrak 2009;
Leanza et al. 2013).
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4.2 Vitamin E Derivatives

The vitamin E analogue a-tocopheryl succinate (a-TOS) has been reported to
selectively kill cancer cells, causing ROS generation through inhibition of mito-
chondrial complex II (Neuzil et al. 2001; Ralph et al. 2011). The mechanistic model
envisions a-TOS displacing ubiquinone from its binding site(s) in complex II.
Consequently, electron transfer is blocked; instead of binding to their natural accep-
tor, electrons react with oxygen and generate superoxide anion, leading to apoptosis
induction. Cancer cell selectivity can be achieved thanks to higher esterase levels in
normal cells (which lead to regeneration of vitamin E), and lower pH in the tumour
microenvironment, which favours protonation of the carboxy group and thus a
greater internalization of a-TOS.

To increase the efficacy of this anticancer agent, a mitochondrially targeted
vitamin E derivative, mitoVES, was obtained by conjugation of a-TOS to a triphe-
nylphosphonium cation via an aliphatic chain. MitoVES turned out to be more
effective than its untargeted analog a-TOS in selectively killing cancer cells. An
11-carbon chain was found to be optimal, presumably because it localizes the
derivative into the ideal position across the interface of inner mitochondrial membrane
and matrix, optimizing its efficacy (Dong et al. 2011a, b).

4.3 Polyphenol-Triphenylphosphonium Conjugates

Polyphenols are plant-derived redox-active compounds with potentially useful
biological properties; their effects are mediated by interaction with cellular and
mitochondrial components, and by modulation of redox processes (Biasutto et al.
2011). Polyphenols are generally regarded as antioxidants, but their ability to act as
pro-oxidants as well is inherent in their structure and chemico-physical properties.
Which mode of action will predominate depends on the circumstances, e.g. the pH
and the presence of Cu and Fe ions (De Marchi et al. 2009a; Halliwell 2008).

Mitochondria-targeted derivatives of quercetin and resveratrol (both frequently
studied representatives of the polyphenol superfamily) have been produced (Mattarei
et al. 2008; Biasutto et al. 2008). These compounds accumulated in cultured cells
and isolated or in situ mitochondria as expected (Fig. 9.2). Quercetin and resveratrol
have both been reported to kill cancerous cells in vitro (Murakami et al. 2008;
Kundu and Surh 2008; Athar et al. 2009), but high concentrations (tens of pM) were
needed, which are not expected to be reached in vivo, due to the low bioavailability
of polyphenols (Landete 2012). When tested on cultured cells at concentrations in
the low pM range, mitochondriotropic derivatives of both resveratrol and quercetin
turned out to act as cytostatic/cytotoxic agents. Interestingly, this toxicity was selec-
tive for fast-growing cells (Mattarei et al. 2008; Biasutto et al. 2008; Sassi et al.
2012 and unpublished results). The corresponding parent polyphenols had no sig-
nificant effect at the same concentrations.
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Fig. 9.2 Mitochondriotropic compounds acting as pro-oxidants to precipitate cell death. MitoVES
and TPP-linked quercetin and resveratrol derivatives (Q-BTPI and R-BTPI, respectively) are
driven to mitochondria, where they induce generation of superoxide and redox stress by different
mechanisms. MitoVES and R-BTPI interact with complexes of the respiratory chain: mitoVES
with complex II and R-BTPI more markedly with complexes I and III. These interactions result in
the diversion of unpaired electrons to oxygen, with the production of superoxide. Q-BTPI under-
goes autooxidation, reducing oxygen to superoxide in a chain process. The ensuing oxidative
stress, to which cancerous cells are particularly susceptible, causes apoptosis or necrosis. The
transmembrane potential-driven accumulation of the compounds into mitochondria is a key
element, greatly increasing the efficacy of the derivatives with respect to the parent (non-
mitochondriotropic) compounds

Cytotoxicity is due to ROS generation upon accumulation of the compounds into
mitochondria. The mechanism underlying pro-oxidant behaviour, however, is differ-
ent for quercetin and resveratrol derivatives. Quercetin derivatives produce ROS
through an autooxidation process (Sassi et al. 2012). Since cell death was largely
prevented by externally added membrane-permeating catalase, the toxicant is H,O,,
or reactive species derived from it. Also, permeant superoxide dismutase rescued the
cells. This behaviour, together with the observation that the presence of free phenolic
hydroxyls and accumulation in mitochondria were both necessary to induce oxidative
stress, led us to hypothesise a chain “autooxidation” mechanism of H,O, production,
in which dismutation of superoxide constitutes a termination step. Superoxide anion
is generated by a cyclic reaction via transfer of an electron from the semiquinone of
the quercetin derivative to oxygen, and in turn regenerates the semiquinone by oxidiz-
ing a quercetin moiety, with the concomitant production of H,0O, (Sassi et al. 2012).
Furthermore, 7-O—(4-triphenylphosphoniumbutyl)quercetin iodide (Q-7BTPI) inhib-
its Glutathione Peroxidase, an effect expected to accentuate oxidative stress by inter-
fering with the elimination of H,0O,. Incubation of cells with low pM concentrations
of mitochondriotropic resveratrol derivatives also causes cell death and ROS produc-
tion, but the underlying mechanism is different. H,O, is the toxicant, since externally
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added membrane-permeant catalase again largely prevented cell death. However
superoxide dismutase in this case potentiated toxicity, and effectiveness was increased
if resveratrol hydroxyls were acetylated or methylated (Sassi et al. 2014). This sug-
gests that autooxidation of the polyphenolic nucleus is not involved. The compounds
caused also Cyclosporin A- and ROS-independent depolarization of in situ mitochon-
dria. ROS generation is due to interaction of the derivatives with respiratory chain
complexes (especially complex I and III) and the ATP synthase (Sassi et al. 2014).
These mitochondriotropic polyphenol derivatives are currently being tested in in vivo
tumour models.

5 Conclusions

The development of “mitocans” is proceeding at a fast pace: the concept is by now
established, and promising leads are being followed with the hope they may turn
into clinically useful medical devices. Imaginative new vehicles and constructs
offer the perspective of both highly cancer-selective and highly mitochondrion-
specific targeting. The two major strategies to provoke the death of cancerous cells
rely on paroxysmal oxidative stress and/or “tearing up” mitochondrial membranes.
ROaSting hectic cancer cells while sparing the more sedate populations seems now
a goal within range. Mitochondrial channels are emerging as mediators of cell
death. Besides VDAC, known to have an important role in cancer’s metabolic pecu-
liarities, and the permeability transition pore — the lurking all-purpose executioner
waiting to be summoned — inner membrane potassium channels are now clamouring
for a piece of the action. New recruits, in particular the MCU, are warming up to
join the fray. Other aspects of mitochondrial physiology, such as mitochondrial
turnover and mitochondrial fission-fusion, are demanding more attention in an
oncological context. The next few years ought to be exciting.
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Abstract Metabolic cancer therapy should target the most aggressive and
malignant tumour cells within solid tumours. Targeting of mitochondrial isocitrate
dehydrogenase-2 (IDH2) by inhibitors or silencing elements would eliminate
tumour cells surviving the harsh conditions of hypoxia and intermittent aglycemia
as well as in progressive stages of malignancies with mutant IDH2 or IDHI,
producing the oncometabolite D-2-hydroxyglutarate. Strategies for its withdrawal
should also be exploited. Also, cancer-specific mitochondria-located enzymes
participating in aerobic glycolysis are suitable targets of anti-cancer strategies,
such as inhibition of hexokinase-2 by the small molecule 3-bromopyruvate or
by post-transcriptional repression of hexokinase-2 by microRNA-143. Similarly,
dichloroacetate (DCA) has been considered as a potential cancer therapeutic agent,
being an efficient inhibitor of four isoforms of pyruvate dehydrogenase kinases
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(PDK), which by phosphorylating the E1 subunit inhibit pyruvate dehydrogenase
and channel pyruvate to lactate. This, in turn, establishes the glycolytic phenotype
of cancer cells. Other targets include for example the inhibitor protein of the
mitochondrial ATP synthase and the facilitator of its degradation, the immediate-
response factor 1 (IEX1), for which strategies dependent on the specific conditions
should be exploited. However, there has been a limited number of clinical studies
documenting the significance of mitochondrial targeting in cancer therapies.

Keywords Mitochondria * Krebs cycle * Glycolysis  Isocitrate dehydrogenase-2
* Hexokinase-2 ¢ Pyruvate dehydrogenase kinase ® Warburg phenotype ¢ Oxidative
phosphorylation ¢ Reductive carboxylation glutaminolysis * 3-Br-pyruvate e
Dichloroacetate * Immediate early responsive gene X1 ¢ Hypoxia-induced factor 1

1 Introduction

A drawback of current cancer therapies lies in an unwanted ‘selection’ of the most
aggressive tumour cells, which may cause tumour recurrence. The ideal metabolic
cancer therapy would, in turn, target the most aggressive and malignant tumour cells
within solid tumours, while the most optimal therapeutic modality would target
cancer stem cells. In order to develop such a therapy in the future, clearly, the most
vulnerable targets specific for the most malignant tumour cells ought to be established.
Recent investigation of dysregulatory mechanisms that endow tumour cell with an
‘invincible’ status frequently involve changes affecting mitochondrial enzymes and
regulatory proteins (Barbosa et al. 2012; Smolkova et al. 2011a; Zhao et al. 2011;
Ramsay et al. 2011; Shih et al. 2012; Smolkova and JeZek 2012; Teicher et al. 2012;
Wenner 2012). Thus, targeting mitochondria in cancer cells appears to be a promising
and strategic approach (Zhao et al. 2011; Ramsay et al. 2011). Conceivably, cancer-
specific glycolytic enzymes should be simultaneously targeted in order to completely
eliminate tumour cells.

In this chapter we focus on three key mitochondrial targets that have already
been established to contribute to the survival of highly malignant tumours. These
targets include the mitochondrial isocitrate dehydrogenase-2 (IDH2), hexokinase-2
(HK2), and cancer-specific isoforms of pyruvate dehydrogenase kinase (PDK). The
emerging knowledge on other mitochondrial proteins that may represent anti-cancer
targets or prediction markers, such as the immediate early response gene X-1
(IEX1), is also briefly discussed.

2 Isocitrate Dehydrogenase-2

During malignant transformation, cells undergo stages of gene expression repro-
gramming and mutagenesis that alter their metabolic phenotype(s) (Yuneva 2008;
Bellance et al. 2009; Mullen et al. 2011; Smolkova et al. 2011a). Initial stimuli (not
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all known) deregulate the ‘information’ signalling and activate oncogenes and/or
cancer stem cells, resulting in a partial glycolytic “Warburg” phenotype, in which
pyruvate is diverted from oxidative phosphorylation (OXPHOS) to lactate, at least
to some extent. Higher proliferation and impaired angiogenesis subsequently cause
hypoxia in certain regions within a growing tumour, and the hypoxia-mediated met-
abolic re-programming (such as that promoted by the hypoxia-induced factor, HIF;
Denko 2008; JeZek et al. 2010; Shaw 2006) further promotes the glycolytic pheno-
type. The sustained high rate of cell proliferation, however, results frequently in
aglycemia, initiating the revival of OXPHOS in conjunction with the promotion of
general glutaminolysis (Yuneva et al. 2007; DeBerardinis et al. 2008; Mullen et al.
2011; Smolkova et al. 2011a; Smolkova and Jezek 2012; Teicher et al. 2012), a
mitochondrial pathway of glutamine or serine utilisation.

Glutaminolysis per se, defined as a pathway converting glutamine to 2-oxoglutarate
(20G), can be followed by truncated Krebs cycle or by setting the Krebs cycle in
the reverse direction, both with concomitant citrate efflux from the mitochondrial
matrix. Therefore, we further use a term (general) glutaminolysis for the description
of all metabolic reactions that are involved. In this sense, general glutaminolysis can
proceed either as the classical OXPHOS-linked glutaminolysis (Smolkova et al.
2011a; Smolkova and JeZzek 2012), encompassing the forward Krebs cycle trun-
cated after citrate synthase; or as the reductive carboxylation (“‘anoxic™) glutami-
nolysis (RCG), utilising the only two enzymes of the Krebs cycle that can act in the
reverse mode: IDH2 and the reversed aconitase reaction (Fig. 10.1). OXPHOS-
linked glutaminolysis can fully compensate for the cellular ATP demand. On the
contrary RCG is not an ATP-generating pathway and cannot support proliferation
without additional ATP supply, such as that produced by glycolysis. RCG can act
either transiently until the glycolytic ATP pool is consumed, providing anoxic/
hypoxic tumours to survive during a critical period until glucose supply and utilisa-
tion is restored; or it must act in parallel with OXPHOS-lined glutaminolysis. Both
modes of glutaminolysis provide pyruvate, lactate, and the NADPH pool, normally
supplied by glucose metabolism via the pentose phosphate pathway. Citrate extru-
sion from mitochondria (allowed among other factors by the reversed IDH2 reac-
tion) and NADPH are required for lipid biosynthesis, and the produced alanine is
used for cytosolic protein synthesis.

Recently, it has become clear that the initial RCG may give rise due to IDH2 and
cytosolic IDHI1 heterozygous mutations to the production of the oncometabolite
D-2-hydroxy-glutarate (2HG), which further accelerates tumourigenesis in grade 2
and 3 gliomas (Chou et al. 2012; Fu et al. 2012; Ichimura 2012; Jenkins et al. 2012;
Theeler et al. 2012), secondary glioblastomas (less frequently in primary glioblas-
tomas) (Ducray et al. 2009; Yan et al. 2009; Guo et al. 2011; Horbinski et al. 2010;
Amary et al. 2011; Capper et al. 2011; Krell et al. 2011; Mellai et al. 2011; Reitman
et al. 2011; Ward et al. 2012; Yang et al. 2012), acute myeloid leukemia (AML,
Dang et al. 2010), T-cell angioimmunoblastic lymphoma (Cairns et al. 2012), chon-
drosarcoma (Amary et al. 2011), and intrahepatic cholangiocarcinomas (Wang et al.
2013). It may also play a role in colorectal (Sjoblom et al. 2006) and prostate cancer
(Ghiam et al. 2012). The reverse reaction of mitochondrial IDH2 (with mutated
Arg-172 and Arg-140) and the cytosolic IDHI (with mutated Arg-132) produces
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Fig. 10.1 Reductive carboxylation glutaminolysis in cancer cells. Glutaminolysis per se
principally provides 2-oxoglutarate (20G) for the Krebs cycle, starting by glutamine import from
the extracellular space by the glutamine transporters ASCT2 and SN2. Glutamine is then deaminated
to glutamate by a phosphate-dependent glutaminase or transaminated to yield glutamate (Glu) via
the nucleotide biosynthesis pathway (not shown). Glutamate is further metabolised by the trans-
aminases activity of glutamate dehydrogenase (GDH) to yield 20G which then supplies the Krebs
cycle. Cancer cells with deregulated c-Myc do not efficiently metabolise 20G by 20G dehydroge-
nase (20G-DH), but employ reductive carboxylation glutaminolysis (RCG, red arrows). Under
conditions of RCG the reaction of the isocitrate dehydrogenase isoform-2 (IDH2) is re-directed to
NADPH-dependent ‘reverse’ reaction converting 20G to isocitrate, or to 2-hydroxyglutarate
(2HG), when IDH2 mutants occur (IDH2mut) in later stages of tumorigenesis. 2HG is an oncome-
tabolite deregulating cell epigenetics. Consequently, 20G and isocitrate are converted to citrate by
aconitase (ACON). NADPH is readily generated by the mitochondrial malic enzyme and/or mito-
chondrial nicotinamide nucleotide transhydrogenase (NNT). This pathway is completely indepen-
dent of the regular forward Krebs cycle, thus on oxygen levels and OXPHOS. However, it itself
cannot support proliferation without ATP produced by glycolysis or by other means, such as
OXPHOS glutaminolysis, which metabolises 20G to citrate. In both glutaminolytic modes, citrate
is exported from the mitochondrial matrix to the cytosol as a precursor for de novo synthesis of
fatty acids (FAs) and lipids. Similarly, cytosolic isocitrate dehydrogenase isoform-1 (IDH1), when
mutated (IDH1mut) forms the oncometabolite 2HG, when at least some non-mutant IDH1 is pres-
ent, which forms 20G that can be converted to 2HG. Further abbreviations: Cit C citrate carrier,
FH fumarate hydratase (fumarase), FUM fumarate, Gln C glutamine carrier, MAC malate aspartate
“shuttle”, representing the oxoglutarate carrier (2-OG C) and glutamate aspartate carrier, Pyr C
pyruvate carrier, S-CoA succinyl-CoA, SUCC succinate, SDH succinate dehydrogenase, MAL
malate, MDH malate dehydrogenase, OAA oxaloacetate, PYR pyruvate, CS citrate synthase, PC
pyruvate carboxylase, ACL ATP-citrate lyase, FASN fatty acid synthase
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2HG from 2-oxoglutarate (Dang et al. 2009; Gross et al. 2010; Capper et al. 2011;
Jin et al. 2011; Metallo et al. 2011; Xu et al. 2011; Ward et al. 2010, 2012, 2013;
Choi et al. 2012; Fathi et al. 2012). 2HG further promotes neoplasia by competitive
inhibition of histone demethylation (Duncan et al. 2012) and S-methylcytosine
hydroxylation, leading to genome-wide alternations in the methylation of histones
and DNA (Jin et al. 2011; Chou et al. 2012; Duncan et al. 2012; Lu et al. 2012;
Sasaki et al. 2012; Shih et al. 2012). The resulting inhibition of histone demethyl-
ation is sufficient to block differentiation of non-transformed cells (Lu et al. 2012).
Also, 2HG accumulating in IDH1/2 mutant brain tumours promotes oncogenic
transformation by stimulating prolyl-4-hydroxylase activity, whereby lowering the
HIF« levels (Koivunen et al. 2012). Surprisingly, it has also been reported that the
glioblastoma SF188 cells produce 2HG under hypoxia, albeit lacking the IDH1/2
mutations (Wise et al. 2011). It should be noted that RCG is inactivated under con-
dition of particular IDH1 or IDH2 mutants (Leonardi et al. 2012), since 2HG is not
metabolised by aconitase.

RCG has also been detected in human osteosarcoma 143B cells, in which the
mitochondrial DNA (mtDNA) encoded a loss-of-function mutation in the respira-
tory chain complex III (CYTB 143B cells) (Mullen et al. 2011). Because only low-
level RCG was detected in wild-type 143B cells, the authors suggested that the
impairment of OXPHOS, such as given by mutant mitochondrial DNA, induces
RCG. Silencing of either IDH1 or IDH2 reduced the growth of both wild-type and
CYTB 143B cells (Mullen et al. 2011). Moreover, unlike in wild-type 143B cells,
de novo fatty acid synthesis from glutamine as a precursor is prevalent in CYTB
143B cells. RCG in fumarate hydratase-devoid UOK262 cells, which are defective
in respiration, has also been identified, typically in parallel with OXPHOS glutami-
nolysis (Mullen et al. 2011). Interestingly, inhibition of respiration in mouse embry-
onic fibroblasts via administration of antimycin, rotenone or metformin induces
high 20G utilisation towards RCG (Mullen et al. 2011).

Melanomas require RCG for lipogenesis (Lian et al. 2012), and functional IDH2
prevents the loss of 5-methylcytosine hydroxylation in melanomas (Juratli et al.
2012). IDH2 was found down-regulated in early phase development of colon car-
cinoma and upregulated in its advanced phase (Lv et al. 2012). RCG thus may play
a significant role in colon cancer as well. All these data, including ours (Smolkova
et al. 2011b), suggest a hypothesis assuming that reductive RCG is a common cel-
lular response to impaired mitochondrial metabolism, which proceeds in different
tumours. RCG then hinders the oxidising capacity of the Krebs cycle, i.e., its abil-
ity to utilise 20G oxidatively for ATP synthesis via OXPHOS. Targeting RCG by
genetic (silencing) and/or pharmacological means is a prerequisite to the future
design of a new class of emerging anti-cancer drugs. One must make a distinction
between such targeting in the earlier phase of oncogenic development and the
occurrence of IDH1/2 mutations. In the later stage when 2HG becomes detectable,
strategies how to compensate for the adverse effects of 2HG ought to be developed
(Choi et al. 2012).

RCG was predicted in 1994 by Sazanov and Jackson (1994) (see also Des Rosiers
et al. 1994) as the reductive carboxylation reaction by IDH2 that converts
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2-oxoglutarate (20G) to isocitrate while oxidising NADPH to NADP*. This
“reverse” IDH2 reaction mode should proceed more efficiently in vivo when fol-
lowed by the reverse aconitase reaction and the subsequent citrate export from the
mitochondrial matrix (Fig. 10.1). In general, the direction of the wild-type IDH2
reaction is given by the NADP*/NADPH ratio in the mitochondrial matrix. Although
the sirtuin SIRT3-based activation regulates the mitochondrial redox status by
deacetylation of Lys-413 of human IDH2 (Yu et al. 2012), it is not known whether
this deacetylation also activates the reverse (NADPH-dependent) IDH2 reaction.
Reductive carboxylation was demonstrated for IDH2 by Comte at al. (2002) and
was documented in transformed brown adipocytes (Yoo et al. 2008). Its existence
was later demonstrated in the pediatric glioma SF188 cells (Ward et al. 2010; Wise
et al. 2011) and UOK262 cells (from a renal tumour in a patient with hereditary
leiomyomatosis; these cells are defective in respiration and devoid of fumarate
hydratase activity) (Mullen et al. 2011).

Reductive carboxylation accompanied by citrate efflux has been found also in
quiescent fibroblasts, being further enhanced in the contact-inhibited cells (Lemons
et al. 2010). IDH2 silencing in SF188 cells results in diminished conversion of gluta-
mine to citrate (Ward et al. 2010; Wise et al. 2011). Hypoxia was found to increase
RCG in SF188 cells in a HIF-dependent manner (Wise et al. 2011). SF188 cells
were able to proliferate at 0.5 % O, even if such hypoxic conditions substantially
diminished the glucose-based production of citrate, i.e., OXPHOS, promoting the
Krebs cycle contribution to the ATP production (Wise et al. 2011). Further, reductive
carboxylation was detected in the osteosarcoma 143B cells with a loss-of-function
mutation in respiratory chain complex III (Mullen et al. 2011). RCG is therefore
considered as a common cellular response to impaired mitochondrial metabolism.

The reductive carboxylation reaction and the overall RCG may indeed proceed
together with general OXPHOS glutaminolysis, involving the Krebs cycle truncated
to export citrate into the matrix. The best evidence was obtained by tracking the
metabolites of '*C-labelled glutamine, such as the appearance of '*C-citrate (Yoo
et al. 2008; Ward et al. 2010; Mullen et al. 2011; Wise et al. 2011; Lian et al. 2012).
These demonstrations of RCG in cancer cells are consistent with the recent finding
that mutant IDH2 in gliomas, AML and other cancer types (see above) also pro-
duces 2HG from 20G by “alternate” reductive carboxylation. Because these
mutants are heterozygous, both RCG and the production of 2HG might occur simul-
taneously. Interestingly, cells with mutant IDH2 are capable to form 2HG, but cyto-
solic IDHI mutants always require a wild-type IDH1 homodimeric partner for 2HG
production (Ward et al. 2013). We therefore predict that in heterozygous IDH2
mutant cells, the RCG reaction pathway involves the ‘non-mutant’, NADPH-
dependent (‘reverse’) IDH2 reaction followed by isocitrate conversion to citrate and
by citrate export. The mutant IDH2 (but maybe also wild-type IDH2; Wise et al.
2011) acting also in a ‘reverse’ mode, however, produces 2HG, which cannot be
metabolised by aconitase (Leonardi et al. 2012). Its fate is currently unknown. There
is therefore no metabolic activity for the depletion of 2HG, its excessive accumula-
tion yielding accelerated tumorigenesis (Xu et al. 2011; Chou et al. 2012; Duncan
et al. 2012; Koivunen et al. 2012; Lu et al. 2012; Sasaki et al. 2012; Shih et al. 2012).
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Fig. 10.2 The role of mitochondrial nicotinamide nucleotide transhydrogenase (NNT)
in promoting NADPH-dependent (reverse) IDH2 reaction and the 2-oxoglutarate/2-D-
hydroxyglutarate dissipative cycle. (a) Typical NNT reaction direction producing NADPH at
sufficient proton-motive force (Ap; composed of inner the mitochondrial membrane, IMM, potential
plus ApH, expressed in mV). Besides the matrix malic enzyme, NNT provides further supply of
NADPH for the reverse IDH2 reaction, thus promoting RCG. Even at diminished complex I respira-
tion and hence NAD* formation, NNT also supplies NAD* for the activation of the sirtuin SIRT3-
mediated deacetylation of IDH2. IDH2 in the forward NADP*-dependent mode is activated by
SIRT3, and we hypothesise that its reversed NADPH-dependent reaction is activated by SIRT3 as
well. The 2-oxoglutarate/2-D-hydroxyglutarate (20G/2HG) dissipative cycle would be hypotheti-
cally possible when the Krebs cycle enzyme, isocitrate dehydrogenase isoform-3 (IDH3) metabolises
2HG at the expense of NAD*. Since such cycle consumes the exact amounts of NADPH and NAD*
produced by NNT, it may excessively consume (dissipate) Ap to zero values. (b) The reverse NNT
reaction direction that consumes NADPH is established at very low Ap values. However, it should
necessarily lead neither to the forward NADP*-dependent IDH2 reaction, such as displayed in the
scheme not to the abolishment of RCG, since the matrix malic enzyme can still to supply sufficient
NADPH. Nevertheless the 20G/2HG dissipative cycle might be diminished by the NAD* shortage,
unless it is balanced, e.g. by complex I respiration. The upper part of the schemes illustrates the role
of the elevated metabolic flux via the pentose phosphate shuttle, of which the first enzyme forms
NADPH used by constitutively expressed NADPH oxidase isoform-4 (NOX4) to produce H,O,. This
mechanism, together with dormant mitochondria, low OXPHOS and slow respiration, and hence
high formation of mitochondrial superoxide, typically contributes to oxidative stress in tumour cells

Enzymatic degradation of 2HG could e considered as an efficient strategy for the
therapy of cancers bearing IDH1/2 mutations.

Figure 10.1 depicts that the formation of NADPH by the matrix malic enzyme
should be sufficient to drive the reverse IDH2 reaction. Neither NADH/NAD" nor
NADPH/NADP* can be imported from the cytosol. Another enzyme capable of
NADPH formation from NADP* at the expense of NADH and proton-motive force



272 P. Jezek et al.

is the mitochondrial nicotinamide nucleotide transhydrogenase (NNT) (Albracht
etal. 2011), which can also provide NAD" for possible SIRT3-mediated activation of
IDH2, even if the complex I-dependent NAD" formation is retarded (Fig. 10.2a).
NNT may cause that the possible 2HG cycling, proceeding as the conversion of 20G
to 2HG by the well established reverse IDH2 reaction at the expense of NADPH
together with the still hypothetical (forward) conversion of 2HG back to 20G via
IDH3 at the expense of NAD*, would dissipate the proton-motive force (Sazanov and
Jackson 1994; Smolkova and JeZek 2012). Consequently, the oncometabolite 2HG
would also act as an ‘uncoupler’ suppressing the remaining ATP synthesis.

Under conditions of almost no proton-motive force, NNT might reverse its reaction,
which would still allow for 2HG cycling (Fig. 10.2b). The consumption of NADPH
in the matrix consequently shifts the homeostasis of ROS towards oxidative stress,
which is, in turn, anti-oxidatively balanced by the NADPH production by the mito-
chondrial malic enzyme (Bellance et al. 2009; Smolkova et al. 2011a) and NNT
(Sazanov and Jackson 1994; Pedersen et al. 2008). Since the mitochondrial IDH2
reaction is driven mainly by the NADPH/NADP* ratio, the NNT activity and
NADPH formation rate significantly influence the IDH2 reaction rate and its direc-
tion. Silencing of NNT in rat pheochromocytoma PC12 cells decreased the NADPH/
NADP* ratio, which was accompanied by the increase of oxidative stress as indi-
cated by the increased level of GSSG (Yin et al. 2012). The initial NADH accumula-
tion after NNT knock-down also sensitised PDH to phosphorylation and hence
inactivation, which led to the limited acetyl-CoA formation and to retarded Krebs
cycle. On the other hand, prolonged NNT inactivation caused a drop in the NADH/
NAD*? ratio, facilitating the SIRT3 activity.

3 Strategies of Defense Against Isocitrate
Dehydrogenase-2-Related Oncogenesis

To date, there have been no clinical trials for IDH2-related cancer therapy. In spite
of its emerging widespread occurrence, strategies to target glutaminolysis have not
been fully developed. Aminooxyacetate is an inhibitor of glutamate pyruvate trans-
aminase, which converts glutamine to 20G (Fig. 10.1). It was reported to inhibit the
proliferation of the SF188 glioblastoma cells as well as the growth of breast cancer
MDA-MB-231 xenografts in mice (Wise et al. 2008; Thornburg et al. 2008).
Suppression of glutaminolysis by aminooxyacetate led to the TNF-related apoptosis-
inducing ligand (TRAIL)-promoted cell death in melanomas (Qin et al. 2010a).
Nevertheless, there has been no clinical development of transaminase inhibitors
(Ramsay et al. 2011).

An ideal drug should affect only cancer-specific proteins. From this point of
view, IDH2 appears a valuable target, since its inhibition in healthy tissue would
lead merely to oxidative stress (Smolkova and Jezek 2012) that could be defended
against by suitable antioxidants. Targeting IDH2 would eliminate tumour cells
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surviving at harsh conditions of hypoxia and intermittent aglycemia as well as in
progressive stages of malignancies with mutant IDH2 or IDH1 producing the onco-
metabolite 2HG. Thus, a potential of the IDH?2 inhibitor oxalomalate (hydroxy-
oxalosuccinic acid) should be evaluated, in spite of its inhibitory ability with regard
to aconitase and inducible nitric oxide synthase (Irace et al. 2007). Further, IDH2
silencing elements on proper carries could well substitute small molecule therapeu-
tic approaches based targeting IDH2. Also strategies for withdrawal of adverse
effects of 2HG should be exploited. Both natural and synthetic manners of 2HG
degradation would facilitate therapy of cancers bearing IDH1/2 mutations.

4 Hexokinase Isoform-2 (HK?2)

Proliferative states as diverse as the embryonal development and malignancies rely
on aerobic glycolysis and preferentially express the HK2 isoform, found to be regu-
lated in part epigenetically (Mathupala et al. 2010; Pedersen 2007; Wolf et al.
2011a, b). Activation of the PI3K-Akt pathway promotes aerobic glycolysis also by
allowing HK2 binding to the voltage-dependent anion channel (VDAC), which
forms pores in the outer mitochondrial membrane (Mathupala et al. 2010; Pedersen
2007). Interestingly, SIRT3-mediated deacetylation of cyclophilin D induces dis-
sociation of HK2 from mitochondria (Shulga et al. 2010). In turn, migration of the
ATF2 transcription factor to mitochondria triggered by PKCe perturbs the HK1/
VDAC complex (Lau et al. 2012). Thus, ATP exported by the ADP/ATP carrier
(AAC) from the mitochondrial matrix upon active OXPHOS is immediately available
by glycolysis, as hexokinase controls its ultimately first step, irreversibly converting
glucose to glucose-6-phosphate (Fig. 10.3).

Expression of HK2 was found to be elevated in response to interleukin 6 (Ando
et al. 2010). Also a p53-inducible protein, the Tp53-induced glycolysis and apoptosis
regulator (TIGAR) exerting fructose-2,6-bisphosphatase activity, which promotes
glucose-6-phosphate flux into the pentose phosphate pathway, is relocated to mito-
chondria during hypoxia, forming a complex with HK2, whereby increasing its
activity (Cheung et al. 2012). MicroRNA-143 (MiR143) of the fragile chromosome
5 site, which is frequently deleted in cancer, was found to down-regulate HK?2 as its
3'URT contains a MiR143 cognate sites (Fang et al. 2012; Gregersen et al. 2012;
Jiang et al. 2012; Peschiaroli et al. 2013). Consequently, the loss of MiR143-
facilitates repression of HK2 to promote the glycolytic (Warburg) phenotype. HK2
repression by MiR 143 was observed in colon cancer cells (Gregersen et al. 2012),
human lung cancer (Fang et al. 2012), head and neck squamous cell carcinoma-
derived cell lines (Peschiaroli et al. 2013), and breast cancer cells (Jiang et al. 2012).
HK?2 expression has been proposed as an independent predictor of hepatocellular
carcinoma survival (Kwee et al. 2012) and a marker of poor prognosis was found in
patients expressing HK2 in hepatocellular carcinoma (Gong et al. 2012) and human
brain metastases as well as breast cancer (Palmieri et al. 2009).
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Fig. 10.3 Possible role of IEX1 and the inhibitory factor IF1 in regulation of ATP synthesis
and oxidative stress. (a) Pathological situation of dormant OXPHOS involves the canonical
function of IF1 at the reversed H* flow via ATP synthase due to ATP hydrolysis. The concomitantly
lower matrix pH then activates IF1, which stops ATP hydrolysis, thus preventing ATP depletion.
Under these conditions, IEX1-mediated IF1 degradation further promotes ATP hydrolysis and H*
pumping by ATP synthase. (b) OXPHOS conditions in cancer cell are indicated when yet unknown
stimuli activate IF1, thus inhibiting ATP synthesis leading to state-4-like conditions, which evoke
higher superoxide mitochondrial formation and increased glycolysis. In this case, IEX1-mediated
IF1 degradation acts in an anti-oxidative manner and helps promote OXPHOS

5 HK2 as the Therapeutic Target in Aerobic Glycolysis

Aerobic glycolysis in general is a target of clinical and experimental anti-cancer
strategies (Upadhyay et al. 2013). Inhibition of mitochondria-localised HK2, being
at the beginning of the glycolytic pathway, belongs to promising approaches in cur-
rent oncology. 3-Bromopyruvate (3BP) has been under intensive experimental
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investigation in vitro and in vivo (Cardaci et al. 2012). In addition to HK2 inhibition,
3BP negatively influences glyceraldehyde-3-phosphate dehydrogenase (GAPDH,;
Ganapathy-Kanniappan et al. 2013) and antagonises the effect of lactate and pyru-
vate (El Sayed et al. 2012a, b). 3BP is known to induce apoptotic cell death in
hepatocellular carcinoma (Kim et al. 2007a, b) and in hepatoma (Kim et al. 2008)
cell lines, MCF-7 breast cancer cells (Liu et al. 2009), melanoma cell lines (Qin
et al. 2010a, b) and multiple myeloma cells (Nakano et al. 2012). Synergic anti-
proliferative effect of 3BP was recorded with 2-deoxyglucose in pancreatic cancer
cells (Xiao et al. 2013), and with platinum drugs in hepatocellular cancer (Ihrlund
et al. 2008). Using systemic animal model, 3BP suppressed the aggressive EBV3-
induced lymphomas in mice (Schaefer et al. 2012), and effectively prolonged the
survival of mice with mesothelioma; this effect was potentiated by cisplatin (Zhang
et al. 2009). Complete suppression of hepatocellular cancer by 3BP without signifi-
cant toxicity has been reported (Ko et al. 2004). In combination with heat shock
protein HSP90 inhibitors, 3BP inhibited transgenic spontaneous pancreatic cancer
formation and metastasis in mice (Cao et al. 2008a, b).

Before human clinical trials, potential liver and gastrointestinal toxicity must be
considered (Chang et al. 2007; Vali et al. 2007). Notwithstanding, the first case of
the use of 3BPin a human subject human suffering from hepatocellular cancer was
reported to significantly prolong the patient’s survival ((Ko et al. 2012). 3BP was
delivered using the transcatheter arterial chemoembolisation method following pre-
vious sorafenib/gemcitabine/cisplatin treatment. These promising results corrobo-
rate the necessity to conduct a sufficient number of clinical trials to find the proper
and safe therapeutic approach utilising this simple agent.

Therapeutic targeting of HK2 should be also beneficial for glioblastoma multi-
fome, the most aggressive type of brain tumour (Wolf et al. 2011a, b). 3BP therapy
was successful also for multiple myeloma cells (Nakano et al. 2012). A combined
treatment with iodoacetate, an inhibitor of G3PDH, and 3BP was reported for pan-
creatic cancer cells (Bhardwaj et al. 2010). Though 3BP has never been employed
in clinical studies (Mathupala et al. 2010; Shoshan 2012), a combined therapy using
promotion of oxidative stress via a D-amino acid oxidase and HK2 targeting by
3BP, together with citrate significantly inhibited angiogenesis (El Sayed et al.
2012a, b); this finding is of considerable translational value.

Direct delivery of ATP by AAC to VDAC-bound HK?2 can be targeted by
4-(N-cysteinyl-acetyl) amino)phenylarsonous acid arising in vivo from the pro-
drugs 4-(N-(S-glutathionylacetyl) amino) phenylarsonous acid (GSAO) and
4-(N-(S-penicillaminylacetyl)amino) phenylarsonous acid (PENAO) (Don et al.
2003; Park et al 2012). GSAO has been tested in a phase I clinical trial due to its
anti-angiogenic capacity (Elliott et al. 2012). Everolimus induced an increase in
MiR143 and decreased in HK2 in pancreatic cancer cells (Liu et al. 2013).
Trastuzumab, which down-regulates AKT/PI3K and MAPK signalling and is cura-
tive in HER2-high breast cancer patients, was reported to reduce HK2 in
MDA-MB-453 xenografts via HER2 signalling, which is upstream of AKT/PI3K
and MAPK (Smith et al. 2013). Clotrimazole induces a dose-dependent decrease in
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glucose uptake in breast cancer cells (Furtado et al. 2012). A combined therapy with
short hairpin RNA (shRNA) for HK2 and '*'I for the human sodium iodide sym-
porter was reported for treatment of anaplastic thyroid carcinoma cells (Kim et al.
2011). These examples point to HK2 as a valuable target, in particular when the
treatment is of a combinatorial nature, also potentially involving approaches mak-
ing use of the tumour suppressor nature of MiR143.

6 Pyruvate Dehydrogenase Kinase Isoforms

The mitochondrial matrix pyruvate dehydrogenase (PDH) complex converts pyruvate
to acetyl-coenzyme A (acetyl-CoA), which enters the Krebs cycle (Patel and
Korotchkina 2003, 2006). This reaction is irreversible and unique within the cell
and is therefore carefully controlled to maintain the glucose and lipid homeostasis.
PDH activity is regulated by its products, NADH and acetyl-CoA, which inhibit
pyruvate decarboxylation and further reactions of PDH by acetylating its E2 subunit.
Additional key regulation includes phosphorylation/dephosphorylation of the El
subunit [P21] by Ser/Thr kinases, the pyruvate dehydrogenase kinases (PDK),
which by phosphorylating the E1 subunit inhibit the PDH activity (Patel and
Korotchkina 2003, 2006).

PDKs are allosterically activated by E2 acetylation, thus reinforcing PDH
inactivation by product inhibition. Reactivation of E1 by dephosphorylation is
accomplished by pyruvate dehydrogenase phosphatases. Mammalian tissues
express four isoenzymes of PDK and two isoenzymes of pyruvate dehydrogenase
phosphatase with different tissue distribution, specific activities and sensitivities
to effectors (Patel and Korotchkina 2006; Roche and Hiromasa 2007). Three sites
are phosphorylated within E1: Ser-264 (site 1), Ser-271 (site 2), and Ser-203 (site
3); only PDK1 modifies site 3 (Korotchkina and Patel 2001). PDKs are recruited
to the inner lipoyl (L2) domain of the E2 subunit only when a lipoyl group is
covalently attached to Lys-173 of L2, while binding affinities decrease in the
order of PDK3>PDK1 ~PDK2 >PDK4, hence the highest activity is exhibited
by PDK3 (Tuganova et al. 2002). Another reason is that PDK3 is not inhibited by
pyruvate (Baker et al. 2000). An efficient inhibitor of PDKs is represented by
dichloroacetate (DCA) (Hur et al. 2013), which binds to the invariant DW-motif
(Li et al. 2009).

Suppression of OXPHOS is an inherent part of adaptation to hypoxia. Thus,
expression of PDK1 (Cairns et al. 2007; Kim et al. 2006) as well as PDK3 (Lu
et al. 2008) increases in response to HIF1a stabilisation. PDK1 was found to be
induced also in the Von Hippel-Lindau factor-deficient cells (Papandreou et al.
2006) and in response to deregulated c-Myc (Kim et al. 2007a, b). PDK1-induced
inactivation of PDH during hypoxia effectively decreases respiration (Papandreou
et al. 2006). The resulting inhibition provides a growth advantage because it
makes pyruvate available to LDH, thus accelerating NADH re-oxidation and
ATP production by glycolysis. PDK1 inhibition results in increased hypoxic cell
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death in head and neck carcinoma (McFate et al. 2008), illustrating that down-
regulation of respiration is required for cell survival during hypoxia. Tyrosine
phosphorylation by outer mitochondrial membrane tyrosine kinases FGFR1 and
FLT3 (which themselves may represent anti-cancer targets) enhances PDKI1
kinase activity by promoting ATP binding and binding to the PDH complex
(Hitosugi et al. 2011). Expression of PDK2 was found to be elevated in liver,
kidney, and mammary gland during starvation (Wu et al. 2000), whereas high fat
diet and diabetic development reportedly enhanced PDK4 expression (Holness
et al. 2000). PDK4 gene expression was also found to be induced by the thyroid
hormone (T3), glucocorticoids, and long chain fatty acids, while T3 acts via the
PGCla co-activator (Attia et al. 2010).

PDK1 immunochemical staining significantly correlated with gastric tumour
invasion, the presence of a positive metastatic lymph node and larger tumour size,
and it has been suggested to that PDK1 could be used as specific prognostic marker
for more advanced gastric cancer (Hur et al. 2013). In colorectal tumours, HIF-
responsible PDK3 was increased unlike PDK1 compared to the adjacent normal
tissue (Lu et al. 2011).

Considering our hypothesis of several ‘waves’ of oncogenesis (Smolkova et al.
2011a), when oncogenic gene re-programming is followed by hypoxic (namely
HIF) re-programming, this is followed by re-establishment of OXPHOS and/or glu-
taminolysis. This speculation is consistent with the sequence of such waves ib renal
cell carcinoma: upregulation of PDK-1 was recognised as an early event in the
development of renal cell carcinoma, but not for the progression toward an aggressive
phenotype, for which glutaminolysis is required (Baumunk et al. 2013).

7 Strategies to Defense Oncogenesis Related to Pyruvate
Dehydrogenase Kinase Isoforms

DCA is an efficient inhibitor of PDK (Hur et al. 2013; Michelakis et al. 2008).
Moreover, while allowing more 20G to be produced, the prolyl hydroxylase domain
(PHD) enzymes are activated, thus inhibiting HIF 1« stabilisation and concomitant
HIF-related signalling (Sutendra et al. 2013) that otherwise further strengthens the
glycolytic (Warburg) phenotype. The resulting increase of the Krebs cycle turnover
and OXPHOS pre-determine that more superoxide and consequently H,O, is pro-
duced in mitochondria, which inn turn activates p53 and GSK3p (Sutendra et al.
2013). Such a normalisation of pseudo-hypoxic signalling leads also to the suppres-
sion of angiogenesis. Interestingly, p5S3 was reported to negatively regulate PDK2
(Contractor and Harris 2012).

DCA is a generic agent, used in the past, mostly to treat congenital lactic acidosis-
related mitochondrial defects (Berendzen et al. 2006; Stacpoole et al. 1997, 2003).
However, dose-limited toxicity described in some cases must be also considered
(Kaufmann et al. 2006). Potential use of DCA in neoplasias was investigated in the
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past. In the B6C3F1 mice, the agent caused hepatoproliferative lesions including
adenomas and hepatocellular carcinomas (Bull et al. 1990; Nelson et al. 1990).
However, in 2007 DCA was found to induce apoptosis, decrease proliferation in
several cell lines and inhibit tumour growth in the athymic nude mice (Bonnet et al.
2007). DCA induced mitochondria-initiated apoptosis also in cells of endometrial
cancer (Wong et al. 2008), ovarian (Saed et al. 2011), breast (Sun et al. 2011), and
colorectal cancer (Kumar et al. 2012); as well as in neuroblastomas (Vella et al.
2012), gliomas(Morfouace et al. 2012), and in hematological malignancies (Madhok
etal. 2010). DCA reduced HeLa and pancreatic cancer cell proliferation and viability
(Anderson et al. 2009). Anti-tumour synergy of DCA was reported with cisplatin
(Olszewski et al. 2010; Xie et al. 2011), 5-fluorouracil (Tong et al. 2011), omeprazole
(Ishiguro et al. 2012a), or omeprazole with tamoxifen (Ishiguro et al. 2012b).
Successful co-treatment of metastatic melanomas with DCA and a the pro-oxidative
drug elesclomol was reported (Kluza et al. 2012). Further, DCA inhibits growth and
sensitises to radiation in prostatic cancer cells (Cao et al. 2008a, b).

DCA has been considered a potential cancer therapeutic agent for several
malignant tumours originating from the endometrium, breast and brain
(Michelakis et al. 2008, 2010; Sun et al. 2010; Wong et al. 2008), as well as for
glioma cancer stem cells (Morfouace et al. 2012). Such treatment could be
applied to gastric cancer, which represents the second highest cause of cancer-
related deaths worldwide (Jemal et al. 2007). Interestingly, DCA was found to
overcome sorafenib resistance of hepatocellular carcinoma (Shen et al. 2013).
Unfortunately, as a generic agent, DCA 1is not a focus of pharmaceutical companies
and to date, only 16 clinical trials have been planned or conducted worldwide
(www.clinicaltrials.gov). Of these, only six are in the field of oncology, of which
some were terminated due to toxicity. To date, mostly individual case reports
have been published. Complete remission of non-Hodgkin lymphoma lasting
4 years has been reported after the disease progressed during rituximab plus
cytoxan, hydroxy-daunomycin, oncovin and prednisone treatment (Strum et al.
2013). Single case of cholangiocarcinoma treated with DCA, stable for 3 months,
has reported (Ishiguro et al. 2012b).

The largest cohort of ‘five’ adult glioblastoma patients treated by DCA after
surgical intervention, radiotherapy and several chemotherapies was reported by
Michelakis et al. (2010). The patients were followed up for 15 months, and revers-
ible peripheral neuropathy was observed as the only apparent sign of toxicity.
From the efficacy point of view, four patients remained stable or the tumour
regression was observed after combining DCA with temozolomide. One patient
died after 3 months due to intracranial hypertension. Furthermore, intermittent
intracranial re-surgeries allowed pre- and post-DCA evaluation of certain ‘meta-
bolic’ or apoptotic markers in different time schedules. Thus, in two patients,
before DCA treatment, HK2 was co-localised to mitochondria in primary cultures
contributing to cell hyperpolarisation and resistance to apoptosis (Pastorino and
Hoek 2008). However, cell lines isolated from these patients following chronic
DCA therapy normalised the diffuse HK2 positivity. Three patients also exhibited
increase of apoptosis (TUNEL assay), PDH activity, and p53 positivity after DCA


http://www.clinicaltrials.gov

10 Mitochondrial Anti-cancer Targets 279

treatment in parallel to the decrease of PCNA. Also HIF1-positivity decreased
post-DCA treatment. In an ex vivo experiment, H,O, and 20G production was
increased in the glioblastoma cells after addition of DCA in a dose-dependent
manner (Michelakis et al. 2010).

The above data point to a very promising direction of future cancer treatment via
metabolic intervention of the equilibrium between aerobic glycolysis and OXPHOS.
However, the reported example of experimentally effective generic agent DCA
shows a necessity of further dose-escalating studies with larger cohorts to find safe
and effective protocols to avoid unnecessary toxicity that can be a result of self-
administered treatment (Brandsma et al. 2010).

8 Other Important Mitochondrial Anti-cancer Targets

Other targets related to mitochondria are emerging, even if not yet completely
understood from the point of view of their molecular physiology/pathology.
Important targets are related to mitochondria-initiated apoptosis (Barbosa et al.
2012; Wenner 2012), that are out of scope of this review (Dong et al. 2008; Kluckova
et al. 2013; Neuzil et al. 2001), including the benzodiazepine receptor, termed also
the translocator protein TSPO, a mitochondrial drug- and cholesterol-binding
protein (Batarseh and Papadopoulos 2010; Mukherjee and Das 2012).

The immediate early responsive gene X1 (IEX1) represents an important factor
of potential future use in cancer gene therapy (or at least as a complex prognostic
factor with outcomes dependent on the tumour type and stage). IEX1 (also known
as IER3) is not a transcriptional factor, in spite of belonging to the family of c-fos,
c-jun and c-myc genes (Arlt and Schifer 2011; Kapoor 2012). Like the other mem-
bers, IEX1 can be transcriptionally activated within minutes and multiple-way acti-
vation is possible also without the need of protein synthesis. IEX1 is a stress gene
up-regulated e.g. by the NFxB (Huang et al. 2002) and ERK/MAPK pathways
(Letourneux et al. 2006). It cay be pro-apoptotic when acting in the nucleus (Shen
et al. 2006) or anti-apoptotic when acting in mitochondria (Shen et al. 2009). Its
trans-membrane domain allows IEX1 localisation also to the endoplasmic reticu-
lum. In general IEX acts distinctly in different cell types and tumour stages, affect-
ing the cell cycle, differentiation and survival, or, on the other hand, promoting
apoptosis (Kapoor 2012). IEX1 is constitutively expressed in epithelia such as of
the skin, trachea, as well as gastrointestinal and genitourinary epithelia, all having a
direct contact with the external environment (Feldmann et al. 2001).

It has been suggested that mitochondrial IEX1 protects from apoptosis, report-
edly also by diminishing the mitochondrial production of ROS (Shen et al. 2009).
When IEX1 migrates to the mitochondrial matrix, it associates with the C-terminus
of the inhibitory protein of the F; domain of H*ATP synthase (IF1), thus sensitising
IF1 for cleavage by an unknown protease (Shen et al. 2009). Hypothetically, IEX1
therefore prevents the slow-down of ATP synthesis by IF1, including the blockage
of the possible reverse H* flux via FoF;ATP synthase when ATP hydrolysis drives
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H* pumping out of the matrix. This pro-OXPHOS function of IEX1 could be
employed to reduce the glycolytic phenotype of cancer cells and facilitate their
apoptosis (by increasing ROS, besides the direct effect in the nucleus). These pos-
sibilities have been documented in HeLa cells, where IEX1 over-expression
enhanced their apoptotic sensitivity to chemotherapeutic agents (Arlt et al. 2001).
Similarly, radiation-induced glioma apoptosis was enhanced by IEX1 over-
expression (Yamashita et al. 2009). In turn, the FDA-approved 26S-proteasome
inhibitor bortezomib sensitises malignant lymphocytes to TNFa-mediated apopto-
sis via blocking NFkB activation and thereby IEX1 expression (Huang et al. 2002).

Theoretically, not only IEX1 over-expression but also IF1 silencing could
decrease the Warburg phenotype (Formentini et al. 2012; Fujikawa et al. 2012;
Sanchez-Aragé et al. 2012a), especially when targeting directly cancer cells. This is
important, since IF1 inhibits ATP synthase, hence OXPHOS, and the increase in the
proton-motive force becomes closer to the maximum state-4 values. Consequently,
IF1 silencing while maintaining sufficient respiration increases ATP levels.
However, since IF1 also inhibits the hydrolytic activity of ATP synthase at acid pH
that might be established at the reversed H* flow (H* pumping) at the expense of
ATP, a stable IF1 knock-down in the presence of an uncoupler drastically decreased
the matrix and hence cellular ATP (Sanchez-Aragé et al. 2012b). The same could
be predicted for IEX1 over-expression. While more work has to be carried out in
particular to understand the molecular mechanism and cancer cell selectivity, IEX1
appears as an attractive, thus far unexplored, target for cancer therapy.

9 Conclusion

The equilibrium between aerobic glycolysis and oxidative phosphorylation, as well
as between glutaminolysis and mitochondrial oncometabolite formation in neoplas-
tic cells seem to be promising targets of treatment of the pathology. Improving
OXPHOS may eliminate also side-effects like cancer-related cachexia. However,
only a few clinical experiments proving the significance of this approach have been
conducted in humans to date. Unfortunately, certain chemicals affecting metabo-
lism acquiring and exhibiting experimental efficacy are well-known, including
small and/or generic molecules. Therefore, there is not much interest of pharmaceu-
tical companies, therefore extensive clinical testing cannot be expected in this field.
The investigators should focus on finding new molecules and new possible mecha-
nisms of targeting, such as using silencing elements on proper carriers, and acquire
progress from the viewpoint of possible patent protection and subsequent invest-
ment from pharmaceutical business. Notwithstanding these logistic difficulties,
mitochondria offer a number of thus far underexplored targets, whose clinical utili-
zation can make a change in cancer management.
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Abstract In this chapter we discuss the relevance of mitochondrial functions and
plasticity in tumor biology. In 1920, Otto Warburg first hypothesized that mitochon-
drial impairment is a leading cause of cancer although he recognized the existence of
oxidative tumors. Likewise, Weinhouse (1951) and others found that deficient mito-
chondrial respiration is not an obligatory feature of cancer and Peter Vaupel suggested
in the 90s that tumor oxygenation rather than OXPHOS capacity was the limiting
factor of mitochondrial energy production in cancer. Recent studies now clearly indi-
cate that mitochondria are highly functional in mice tumors and the field of oncobio-
energetics identified MYC, Octl and RAS as pro-OXPHOS oncogenes. In addition,
cancer cells adaptation to aglycemia, metabolic symbiosis between hypoxic and
non-hypoxic tumor regions as well the reverse Warburg hypothesis support the crucial
role of mitochondrial plasticity in the survival of a subclass of tumors. Therefore,
mitochondria are now considered as potential targets for anti-cancer therapy and ten-
tative strategies including a bioenergetic profile characterization of the tumor and the
subsequent adapted bioenergetic modulation could be considered for cancer killing.

Keywords Metabolic remodeling ¢ Oncobioenergetics * Warburg effect
Mitochondria ® Metabolic therapy

1 Introduction

Rapid progress in mitochondrial research recently demonstrated a critical role for mito-
chondria in the initiation and the progression of cancer. Several mitochondrial func-
tions play a role in cancer biology, including apoptosis, energetics, calcium signaling,
and ROS generation. Recent observations also reported changes in mitochondrial form
in cancer cells. Hence, the link between mitochondrial dynamics, energy production
and tumorigenesis remains to be clarified. Moreover, a key role of mitochondria in
tumor survival could be explained by their potential to derive energy from various
sources of carbon, as fatty acids, amino-acids or ketone bodies. Such metabolic flexi-
bility conferred by the mitochondrion raise the question of mitochondrial adaptation to
tumor energy needs and energy substrate type and disponibility. Little is known on the
signals and downstream pathways which govern such mitochondrial adaptations and
transformations. Few adaptive loops including redox sensors, kinases and transcription
factors were deciphered, but their implication in physiology and pathology remains
elusive. Mitoplasticity could play a central role in cancer progression and survival so
that fundamental research on adaptation and transformation biology of the mitochon-
drion could allow the design of innovative therapies, notably in cancer.

2 The Biochemistry of Energy Production

In most human tissues, mitochondria provide the energy necessary for cell
growth, and biological activities. It has been estimated that about 90 % of mam-
malian oxygen consumption is mitochondrial, which primarily serves to
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Fig. 11.1 Main pathways of cellular and mitochondrial energy metabolism. The two main
metabolic pathways, i.e. glycolysis and oxidative phosphorylation are linked by the enzyme complex
pyruvate dehydrogenase. Briefly, glucose is transported inside the cell and oxidized to pyruvate.
Under aerobic conditions, the complete oxidation of pyruvate occurs through the TCA cycle to produce
NADH, H* and/or FADH,. These reduced equivalents are oxidized further by the mitochondrial
respiratory chain

synthesize ATP, although in variable levels according to the tissue considered
and the organism’s activity status (Benard et al. 2006). Mitochondria intervene in
the ultimate phase of cellular catabolism, following the enzymatic reactions of
intermediate metabolism that degrade carbohydrates, fats and proteins into
smaller molecules such as pyruvate, fatty acids and amino acids, respectively
(Fig. 11.1). Mitochondria further transform these energetic elements into NADH
and/or FADH,, through B-oxidation and the Krebs cycle. Those reduced equiva-
lents are then degraded by the mitochondrial respiratory chain in a global energy
converting process called oxidative phosphorylation (OXPHOS) where the elec-
trons liberated by the oxidation of NADH and FADH, are passed along a series
of carriers regrouped under the name of “respiratory chain” or “electron trans-
port chain” (ETC), and ultimately transferred to molecular oxygen (Fig. 11.2).
ETC is located in mitochondrial inner membrane, with enrichment in the cristae.
ETC consists of four enzyme complexes (complexes I — IV), and two mobile
electron carriers (coenzyme Q and cytochrome c). These complexes are com-
posed of numerous subunits encoded by both nuclear genes and mitochondrial
DNA at the exception of complex II (nuclear only). It was demonstrated that



294 E. Obre et al.

Intermembrane space

Complex | Complex Il Complex Il Complex IV Complex V
NADH Succi ¥ Ubiquinol cytoch Cytochrome C oxidase ATP synthase
dehydrogenase C oxidoreductase
4 Subunits 11 Subunits 13 Subunits
47 Subunits 0 mtDNA/4 nDNA 1 mtDNA/10 nDNA 3 mtDNA/10 nDNA 17 Subunits
7 mtDNA/40 nDNA 2mtDNA/15 nDNA

Fig. 11.2 Mitochondrial respiratory chain. For mammals, the respiratory chain consists of four
enzyme complexes (complexes I — IV) and two intermediary substrates (coenzyme Q and cyto-
chrome c). The NADH+H* and FADH, produced by the intermediate metabolism are oxidized
further by the mitochondrial respiratory chain to establish an electrochemical gradient of protons,
which is finally used by the FIFO-ATP synthase (complex V) to produce ATP, the only form of
energy used by the cell. In this simple representation of the respiratory chain, the supramolecular
organization (supercomplexes, dimers) is not shown

these complexes can assemble into supramolecular assemblies called “super-
complexes” or respirasome.

In presence of energy substrate (NADH or FADH,), the transfer of electrons
from complex I (or II) to complex IV mediates the extrusion of protons from the
matrix to the inter-membrane space, thus generating an electrochemical gradient of
protons (Apy*) which is finally used by the F,—F, ATP synthase (i.e. complex V) to
produce adenosine triphosphate (ATP) the energetic currency of the cell. This gradi-
ent has two components: an electric potential (AW) and a chemical potential (Apy*)
that can also be expressed as a pH gradient (ApH). According to the chemiosmotic
theory (Mitchell 1961), Apy*=AY — ZApH, with Z= -2.303 RT/F. Under physio-
logical conditions, mitochondrial energy production can alternate between two
energy steady-states: basically, at state 4, respiration is slow and ATP is not pro-
duced (AY is high), while during state 3, respiration is faster and ATP is largely
produced (AW is lower). In particular conditions, such as mitochondrial inner mem-
brane permeabilization or the use of a chemical uncoupler, AW can be totally dis-
persed. As a consequence, respiration is accelerated and ATP production annihilated.
The inhibition of respiratory chain complexes also generally decreases AY. Under
physiological conditions, it is considered that mitochondria produce ATP in an
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intermediate state lying between state 3 and state 4. ATP is the only form of energy
used by the cell, and when produced in the mitochondrion it is exported to the cyto-
sol by the adenine nucleotide translocator (ANT) in exchange for cytosolic ADP.
Generally, the transport of energy metabolites, nucleotides and cofactors into and
out of the mitochondrial matrix is performed by transporters located in the inner
membrane (Palmieri et al. 1996). Mitochondria also contain “shuttle” systems that
permit the transport of NADH.

3 The Regulation of Cellular and Mitochondrial
Energy Production

In mammalian cells, energy homeostasis requires a constant coordination between
cell activity, nutrient availability and the regulation of energy transformation pro-
cesses. This is obtained via a complex system of signaling linking energy sensing
and nutrient sensing to cellular effectors that include kinases and transcription
factors. The AMP-activated protein kinases are activated upon alterations in the
cellular AMP/ATP ratio, which is dictated by the balance between energy supply
(ATP production) and energy demand (ATP consumption). When activated by
AMP, the AMPK initiate a cascade of phosphorylation to switch on the catabolic
pathways that produce ATP (glycolysis, oxidative phosphorylation via the stimu-
lation of mitochondrial biogenesis), and to switch-off the anabolic pathways that
consume ATP (protein synthesis, fatty acid synthesis, cholesterol synthesis) (for
review see (Hardie 2007)). More recently, it was discovered that AMPK further
regulate energy metabolism through the activation of the sirtuin SIRT1 (Canto and
Auwerx 2009; Canto et al. 2009) and the modulation of the activity of down-
stream SIRT1 targets that include the peroxisome proliferator-activated receptor-y
coactivator 1-a (PGCla), and the forkhead box O1 (FOXO1) and O3 (FOXO3a)
transcription factors. In the present chapter we will discuss how mitochondrial
dynamics interacts with the regulatory pathway of energy metabolism governed
by AMPK and sirtuins, and reciprocally. The regulation of mitochondrial energy
production is concerted and multi-site (Benard et al. 2010). The different levels of
OXPHOS regulation include (1) the direct modulation of respiratory chain kinetic
parameters, (2) modulation of OXPHOS intrinsic efficiency by changes in the
basal proton conductance or the induced proton conductance, (3) possible changes
in the morphological state of the mitochondrial compartment (as discussed here),
(4) modulation of mitochondrial biogenesis and degradation, and (5) in situ
regulation of mitochondrial heterogeneity by the cellular and the mitochondrial
microenvironment. Most of these regulatory mechanisms (Fig. 11.3) of mito-
chondrial energy production were discovered at the level of the respiratory chain
and its surrounding lipid environment. Below, we discuss whether and how
changes in mitochondrial fusion and fission impact these conserved mechanisms
of bioenergetic regulation.
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Fig. 11.3 Multi-site regulation of mitochondrial oxidative phosphorylation. The modulation of
OXPHOS capacity and activity occurs at different levels to adapt mitochondrial energy production
to the cellular needs and environmental bioenergetic constraints

4 Mitochondrial Structure and Dynamics

In the past decade, the development of fluorescence microscopy has allowed the
gathering of a three dimensional view of the mitochondrion in living human cells
(Bereiter-Hahn and Voth 1994; Griparic and Van Der Bliek 2001; Yaffe 1999). In
these studies, the mitochondria looked as an organelle that appeared more like a
wide network of long tubules rather than a collection of small individual vesicles. In
Fig. 11.4, we see the arborescence of the mitochondrial network in living human
cells. Mitochondrial dynamics is performed by fusion proteins and fission proteins,
which could reveal new possibilities for the control of mitochondrial energy pro-
duction and cell viability (Benard and Karbowski 2009). In mammals, the proteins
involved in mitochondrial fusion include the mitofusins MFN1 and MFN2, and
OPA1 (different isoforms of OPA1 are generated by alternative splicing). SLP2
(Stoml2), MarchV, Bax and Bak interact with MFN2 to regulate fusion. In addition,
different ATP-dependent or ATP independent proteases regulate fusion via OPA1
processing (Ehses et al. 2009). Low mitochondrial ATP levels, or the dissipation of
the mitochondrial electric membrane potential across the inner membrane induce
OPAL1 cleavage by PARL and the matrix AAA (m-AAA) protease (Duvezin-Caubet
et al. 2006). OMA1 mediates OPA1 processing if m-AAA proteases are absent or
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Fig. 11.4 Mitochondrial structure. (a) Overview of the mitochondrial network in living human
HeLa cells. The mitochondrial network was imaged by fluorescence microscopy (bi-photonic),
using a matrix-targeted GFP. (b) Internal organization of the mitochondrial network; section of a
tubule. This scheme illustrates the “cristae junction model” of mitochondrial interior. In this view,
the pores could serve to regulate the release of cytochrome ¢ during apoptosis

mitochondrial activities are impaired (Ehses et al. 2009). PISD and mito-PLD are
proteins involved in the metabolism of phospholipid and could regulate mitochon-
drial fusion via changes in membrane composition (Furt and Moreau 2009). The
role of MIB is unclear, and might also participate to mitochondrial fusion via MFN2
binding. The proteins involved in mitochondrial fission include FIS1 and DRPI.
MEFF also plays a role in mitochondrial fission. The regulators of fission include
MARCHY, Mff, Bcl-w and different kinases required for the phosphorylation of
DRP1. DRPI can also be nitrosylated. So far, the interaction between mitochondrial
dynamics and mitochondrial energetics remain unclear.

To investigate the link between mitochondrial energy production and organellar
shape changes, appropriate methods are needed to quantify changes both in mito-
chondrial form and function. Firstly, one can observe the shape of the mitochondrial
network by epifluorescence or confocal microscopy in living cells using various fluo-
rescent probes targeted to the mitochondrial matrix (GFPs, mitotrackers, TMRM,
etc.). For instance, inhibited fusion leads to a fragmented mitochondrial network
while inhibited fission generates long tubules with signs of hyperfusion. The mor-
phometric analysis of the mitochondrial compartment can be performed on micros-
copy images by using an automated computerized method to assess the length and
branching degree of the mitochondrial particles (Koopman et al. 2005). This method
gives a quantitative evaluation based on the measurement of a form factor (combined
measure of length and degree of branching), an aspect ratio (measure of length),
and the overall content of mitochondria in the cell. In situations of altered fusion
and fission (as occurs in neurological diseases caused by mutations in OPA1 and
Mftn2, or DRPI, respectively) the viscosity of the mitochondrial matrix can also
change (Benard and Rossignol 2008a; Koopman et al. 2008). Likewise, a test of
mitochondrial fusion is available on cells containing different fluorescent proteins
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targeted to the mitochondrial matrix (matrix red fluorescent protein; mtRFP) or
matrix green fluorescent protein (mtGFP). These two types of cells are fused with
polyethylene glycol (PEG) to allow cell membrane fusion and the resulting polykary-
ons are analyzed by confocal microscopy on the basis of their level of mtRFP and
mtGFP colocalization. The mixing of green and red mitochondrial matrix-targeted
proteins due to mitochondrial fusion leads to cells containing “yellow mitochondria”
(Legros et al. 2002). Yet, the polethylene glycol used for cell membrane fusion might
also interfer with mitochondrial membrane fusion and perturbate the assay. Another
possibility to measure mitochondrial fusion is to use mitochondrially targeted photo-
convertible GFP (mito-Dendra), which changes color from green to red once acti-
vated by a blue laser. The mixing of the activated GFP with mitochondrial tubules
generates yellow regions which can be counted as function of time to evaluate fusion,
fission and transport (Koutsopoulos et al. 2010). Similar assays were also developed
to investigate automatically the activity of mitochondrial fusion and fission (Jourdain
and Martinou 2010). To further assess the activity of mitochondrial fission, it is also
possible to use the so-called “CCCP-assay” which inhibits fusion and allows fission
to proceed. The time required, or the CCCP amount needed to visualize fission gives
a measure of its activity. This test is indirect and considers that OPA1 processing is
unchanged in the different conditions. This test was used in several reports (Ehses
et al. 2009; Ishihara et al. 2003, 2006).

S5 Mitochondrial Impairment in Cancer: One Century
of Warburg Hypothesis

In the 1920s, Otto Warburg evidenced that tumor cells consume large amounts of
glucose and convert it mostly to lactic acid despite the presence of oxygen. This led
him to hypothesize that cancer arises from the impairment of mitochondrial oxida-
tive metabolism. “The aerobic glycolysis of the tumour cell is derived in any case
from a disturbance of the respiration.” This famous Warburg hypothesis seduced
the medical community in that a single metabolic specificity of cancer cells, the
high dependency on glycolysis for energy production, could eventually be targeted
to cure the disease. Over 90 years of cancer biology research has been conducted
with the basis of this predominant Warburg theory. The exclusive respiratory impair-
ment hypothesis is now challenged by an increasing number of bioenergetic studies
which already started in the 1950s, when Sidney Weinhouse published experimental
evidences in opposition to the Warburg hypothesis. The major argument raised by
Weinhouse was that tumors and non-neoplastic tissues show no difference in their
ability to convert glucose and fatty acids to carbon dioxide, a process that requires
respiration and functional mitochondria.

Likewise, Gregg showed that cell respiration increased concomitantly with the
increase in glucose consumption in normal and transformed cells, and that HeLa
cells presented with a high respiratory rate. It is noteworthy that Warburg himself
recognized that respiration was not totally impaired and could even be efficient in a
subset of tumor, the frequency of which still remain undetermined. “As a rule, the
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respiration of the tumour cell is small, but in recent years tumour cells with a large
respiration have also been found...”. Yet, this finding of Warburg remained under-
estimated so that an accepted consensus on a general mitochondrial impairment in
cancer cells had emerged in the 90s and remained highly cited since then.
Nevertheless, in the last decade, several groups reported accumulating evidences of
functional mitochondria in tumors and demonstrations of a strong dependency of
cancer cells survival on mitochondrial oxidative metabolism. This short argumen-
tum aims to clarify the implication and the importance of mitochondria in cancer
biology. We discuss the status and the variability of mitochondrial content and func-
tionality in cancer. A special attention was given to the rationale for targeting mito-
chondria in anti-cancer strategies.

6 Mitochondrial Content and Efficiency Is Enhanced
in a Subset of Human Tumors

The changes in mitochondrial content, composition and bioenergetics parameters
including respiration and proton-motive force observed in various tumor-derived
cell lines were extensively reviewed in previous articles (Bellance et al. 2009a; Jose
et al. 2011; Smolkova et al. 2011). However, a large number of those studies were
performed on tumor derived cell culture models which might exhibit a strong depen-
dency on glycolysis not only due to their cancer nature. Indeed, there is a strong
impact of the artificial culture conditions on energy metabolism and on mitochon-
drial physiology, as revealed by cell biology investigations in senescence research.
One example of the impact of cell culture on cell biology is the so-called ‘culture
shock’ (Gnaiger and Kemp 1990; Gstraunthaler et al. 1999; Sherr and Depinho
2000) which modulates the activity of the CDK inhibitors p16INK4a and p21Cipl,
the p53 inducer p19AREF, and p53 itself. For this reason, we focused our argumenta-
tion on the few reports of mitochondrial changes in excised human and mice tumors.
Firstly, to evaluate mitochondrial representation in tumors different groups have
measured the mitochondrial DNA (mtDNA) content in cancer regions and per-
formed a comparison with normal cells (Table 11.1). In this manner, a decrease in
mtDNA copy number was reported in many types of cancers, including ovarian

Table 11.1 Variation of the mtDNA content in tumors

Cancer type Up-regulated Down-regulated References

Type I endometrial cancer X Cormio et al. (2009)

Primary leukemia cells X Carew et al. (2004)
Arsenical skin cancer X Lee etal. (2011)
Thyroidoncocytoma X Baris et al. (2004),
Savagner et al. (2003)
Kidney carcinoma X Hervouet et al. (2005)
Renal cell carcinoma X Simonnet et al. (2003)

Lung carcinoma X Bellance et al. (2009b)
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(Bonnet et al. 2007), gastric (Bouzier et al. 1998) and hepatocellular (Burgess et al.
2008), suggesting that the decreased mtDNA copy number may contribute to, or
associate with tumorigenesis. Furthermore, Meierhofer et al. (Canto et al. 2009)
reported a significant reduction of mitochondrial enzyme activities and of mtDNA
copy number in 34 out of 37 renal cell carcinoma tissues, as compared with adjacent
noncancerous tissues. Similar observations were made on the reduced activity of
respiratory chain complexes and the diminished mtDNA content in renal tumors
(Capuano et al. 1996; Heddi et al. 1996; Simonnet et al. 2002). This alteration of
OXPHOS capacity was related to the aggressiveness of the tumors, suggesting a
progressive shift of energy metabolism toward glycolysis during tumorigenesis in
kidney tumors. In breast cancer, another study confirmed these findings and observed
a decrease in mtDNA content. In rat gliomas, the mitochondrial content is also
decreased (Ehses et al. 2009).

However, other authors have observed opposite results in favor of an increase of
mitochondrial capacity, notably in breast cancer (Shen et al. 2010). This controver-
sial situation was found for other types of cancer as an increased mtDNA content
was reported both in chronic lymphocytic leukemias (Carew et al. 2004) and in lung
cancer (Hosgood et al. 2010). These opposite findings do not permit to conclude
unequivocally on the status of mitochondrial content in cancer and point towards
variability of mitochondrial content and capacity in tumors, rather than a simple
general repression. The field of mitochondrial-cancer research still lacks of large-scale
studies on different types of tumors which could allow the estimation of the variability
of mitochondrial content and functionality as well as solicitation in cancer tissues.
Alternatively, prospective cohort studies have tried to assess the possible role of
mtDNA copy number in blood cells as a risk factor for cancer. The results were
extremely variable and suggested again a large disparity between cancer types and
even within one type of tumor between different individuals. Some authors found a
positive association between high mtDNA content and the risk of both lung cancer
(Hosgood et al. 2010) and non-Hodgkin lymphomas (Lan et al. 2008). Lynch et al.
also found an association between high mtDNA copy number and pancreatic cancer
incidence (Lynch et al. 2011). This association was significant for the cases diag-
nosed during the first 7 years of follow-up, but not for cases occurring during this
follow-up of 7 years or greater. In striking contrast, no association between leuko-
cyte mtDNA copy number and the risk of developing gastric cancer has been found
on a large population-based prospective cohort (Liao et al. 2011). Interestingly, the
authors found an association between low levels of mtDNA copy number and the
risk for gastric cancer among earlier diagnosed cases (and not when the time
between sample collection and cancer diagnosis increased). These authors con-
cluded on a possible early disease effect on mtDNA copy number levels. Yet, such
association studies lack of demonstration so that a causality link between mitochon-
drial content and cancer risk could be clearly shown. Of note, in the above cited
studies, mitochondrial DNA content does not necessarily reflect the organelle con-
tent as defects in mtDNA translation, replication or in nuclear-encoded mitochon-
drial protein content alteration as well as mitophagy, may decrease the number of
mitochondria or the OXPHOS protein content.
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To understand the underlying mechanism of mitochondrial content variability
in tumors, some authors have analyzed the status of mitochondrial biogenesis,
notably by measuring the expression level of the master regulator PGCla. It has
been reported that in breast cancer PGCla was expressed at lower levels as com-
pared to normal background tissue (Jiang et al. 2003). This could suggest an
important role for this factor in refining the cancer cell’s metabolic profile and
also that a therapeutic gain might be obtained from the reactivation of mitochon-
drial biogenesis in cancer cells. This hypothesis was tested with success in differ-
ent studies (Bellance et al. 2009b; Wang and Moraes 2011) although the biogenic
drugs used in these studies may produce off-targets effects responsible for cancer
killing.

In addition to biogenesis reduction the low efficiency of the OXPHOS system
observed in the Warburg type of cancer cells could be explained by the alteration of
respiratory chain complexes specific activity, possibly caused by cancer specific
protein regulations such as post-translational modifications or ROS-induced altera-
tions. Yet little is known on this particular aspect of OXPHOS dysregulation and
only one study reported a functional alteration of the respiratory chain complex I in
cancer (Canto et al. 2009). Furthermore, abnormalities in the overall morphology of
the mitochondrial network and its internal organization have been reported in
numerous cancers, including human astrocytomas (Chen et al. 2012), carcinomas
(Fischer et al. 2000), Warthin’s tumor (Fryer et al. 2002), xenografted gliomas
(Ehses et al. 2009), malignant glioma cells (Furt and Moreau 2009) and HeLa cells
(Garber 2010). Most of these studies reported heterogeneous ultrastructural abnor-
malities, such as organellar swelling with a disorganization and distortion of the
cristae and partial or even total cristolysis. Those might underline an activity defect
of the OXPHOS system as such ultrastructural alterations of the mitochondrion are
commonly found in mitochondrial diseases. Abnormalities in mitochondrial fusion-
fission were also proposed from the analysis of astrocytomas sections by electron
microscopy (Chen et al. 2012). Such structural defects in the mitochondria are fre-
quently seen in cancer cells, although their precise origin and participation in tumor
progression are not well understood. An analysis of mitochondrial morphogenesis
in cancer cells could help to clarify this question.

Thus, it is clear that mitochondrial dysfunctions exist in some tumors but this
feature is not a hallmark of cancer since numerous studies have demonstrated that
tumor mitochondria can be functional with regard to respiration and ATP synthesis,
exhibiting normal respiratory control ratios and normal capabilities for the oxida-
tion of respiratory substrates (Eakin et al. 1972). As soon as in 1976, in a critical
analysis of Warburg’s theory, Sidney Weinhouse concluded: “no substantial evi-
dence has been found that would indicate a respiratory defect, either in the machin-
ery of electron transport, or in the coupling of respiration with ATP formation, or in
the unique presence or absence of mitochondrial enzymes or cofactors involved in
electron transport”. In accordance with this, a comprehensive study of mitochon-
drial function in slowly growing hepatomas showed almost no differences in respi-
ratory parameters as compared to normal liver mitochondria (Pedersen et al. 1970).
In some tumors, oxygen consumption was found to be similar, or even higher than
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in the normal tissue. In 1979 Reitzer demonstrated that cancer cells can derive 96 %
of their ATP from oxidative phosphorylation using glutamine as energy substrate
(Reitzer et al. 1979). In a study performed on human lung tumors (Non-small-cell
lung carcinoma (NSCLC)), it was found that 70 % of the NSCLC presented with a
decreased expression of the pyruvate dehydrogenase complex but 30 % of the
tumors revealed a higher expression as compared to non-cancer tissue (Koukourakis
et al. 2005). They could also explain the difficulty to detect some tumors using PET
scan, as OXPHOS tumors would derive energy from glutamine and other oxidative
substrates oxidation rather than from glucose. More recently, this distinction was
found while comparing the metabolic profile of SiHa human cervix squamous car-
cinoma cells with WiDr human colorectal adenocarcinoma cells. The first one is of
the OXPHOS type and can oxidize lactate while the second one is more glycolytic
and generate lactate (Koukourakis et al. 2005). Other studies have indeed shown
that tumor-derived cell lines can use glycolysis or OXPHOS to variable extent, so
that some cancer cells have been classified as ‘glycolytic’ and other as ‘OXPHOS’
depending on their utilization of these two systems of energy production. One recent
study (Weinberg et al. 2010) indicates that a reduction of mitochondrial content in
pre-cancer tissues reduces the tumorigenic potential of K-RAS mutations in mice.
This strongly suggests that mitochondrial metabolism is required for tumorigenesis,
in contrast with Warburg hypothesis.

7 Mitochondrial Structural Adaptation Is Observed
in Cancer Cells Confronted to Aglycemia

Already in 1979, Reitzer and colleagues published an article entitled “Evidence that
glutamine, not sugar, is the major energy source for cultured Hela cells”, which
demonstrated that oxidative phosphorylation was used preferentially to produce
ATP in cervical carcinoma cells (Reitzer et al. 1979). Griguer and colleagues also
identified several glioma cell lines that were highly dependent on the mitochondrial
OXPHOS pathway to produce ATP (Griguer et al. 2005). Glioma stem cells (Vlashi
et al. 2011) also rely mainly on oxidative phosphorylation to derive energy. These
findings are in apparent contrast with the field of “oncobioenergetics” (Hamanaka
and Chandel 2012; Shaw 2006) which suggests that most oncogenes trigger the
enhancement of glycolysis and the reduction of oxidative phosphorylation. This
apparent contradiction can be resolved when considering that in addition to the
oncogenes, other regulators of carcinogenesis participate to the re-shaping of energy
metabolism (Hamanaka and Chandel 2012; Jose et al. 2011). In particular, the
microenvironment of tumors was designated as a key regulator of the bioenergetic
profile of cancer cells and we give some examples below.

Firstly, glucose deprivation leads to a profound modification of the energy path-
ways toward oxidative metabolism, with upregulation of respiratory chain proteins
and higher branching of the mitochondrial network in osteosarcoma (143B) and
hepatocellular carcinoma (HEPG2) (Plecita-Hlavata et al. 2008; Rossignol et al. 2004).



11 Mitochondrial Plasticity 303

Likewise, a subclass of glioma cells which utilize glycolysis preferentially
(i.e. glycolytic gliomas) can switch from aerobic glycolysis to OXPHOS under
limiting glucose conditions (Bouzier et al. 1998, 2005), as observed in cervical
cancer cells, breast carcinoma cells, hepatoma cells and pancreatic cancer cells
(Plecita-Hlavata et al. 2008; Rossignol et al. 2004; Smolkova et al. 2010). In breast
cancer cells, the expression level of the Complex IV subunit one was increased by a
factor of 6 after only 4 days of growth in aglycemia, and this phenomenon was
associated with a threefold increase in respiration, while no significant change was
measured in the corresponding non-cancer cells (Smolkova et al. 2010). In this
study we observed a significant increase (+30 %) in the mitochondrial to nucleus
areas in HTB-126 cancer cells grown under aglycemic conditions for 4 days. These
results suggested a stimulation of mitochondrial biogenesis induced by glucose
deprivation, specifically in the cancer cells. In addition to OXPHOS machinery
enhancement, glioblastoma cells exposed to glucose withdrawal showed an increase
in glutamine metabolism, which was explained by a large increase in glutamate
dehydrogenase activity (Yang et al. 2009). This adaptation was linked to the Akt
pathway since inhibition of Akt signaling increased GDH activity, whereas overex-
pression of Akt suppressed it. In that study, GDH activation resulted from the loss
of glycolysis because it could be mimicked with the glycolytic inhibitor 2-deoxy-
glucose and reversed with a pyruvate analogue.

In addition to glutaminolysis, the f-oxidation of fatty acids is also activated upon
glucose deprivation (Buzzai et al. 2005) and the oncogenic kinase Akt blocks these
oxidative by-pass in presence of glucose (Fig. 11.5b). Akt is central to bioenergetics
remodeling as it promotes GLUT1 recruitment to plasma membrane, activates
hexokinase association with the mitochondrion and phosphorylates ATP citrate
lyase with downstream activation of fatty acid synthesis. Akt also inhibits fatty acid
[B-oxidation via the inhibition of carnitine palmitoyltransferase (CPT1A). Of par-
ticular importance for mitoplasticity, defects in mitochondrial respiration can lead
to activation of Akt (Pelicano et al. 2006). Pelicano et al. (2006) showed that respi-
ration deficiency induced by mitochondrial mutagenesis, pharmacologic inhibition,
or hypoxia causes inactivation of PTEN a negative regulator of Akt.

An intriguing question raised by all these studies concerns the mechanisms
involved in the enhancement of OXPHOS observed in HelLa, 143B, HEPG?2,
HTB 126 and other cancer cells shifted from glucose to glutamine-galactose medium
(Fig. 11.5a). So far, the molecular pathways involved in this adaptation remain unre-
solved. Three possible stimuli should be distinguished: (1) the direct effect of glu-
cose removal, (2) the effect of prolonged glucose deprivation, and (3) the secondary
effect of mitochondrial re-activation through glutaminolysis. These stimuli activate
different signaling pathways which might work synergistically to generate the
observed OXPHOS enhancement. Concerning the first possibility, it is known that
glucose inhibits OXPHOS in cancer cells, and that removal of this Crabtree effect
could liberate OXPHOS and possibly restore a feed-back activation of OXPHOS
biogenesis. We demonstrated the reversibility of the Crabtree effect in breast cancer
cells (Smolkova et al. 2010). The underlying mechanisms still remain unresolved,
and current theories suggest that some intermediates of glucose oxidation could
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Fig. 11.5 Cancer cells adaptation to aglycemia. The numerous signalling pathways by which
cancer cells can adapt to glucose deprivation are shown in this figure (they were identified in dif-
ferent cell types and might not be considered as a unique response to glucose deprivation). In
hemotopoietic cells the MAP kinase ERKS was involved in the adaptation to growth in galactose
medium and this was associated with a modulation of MHCI expression (markers of self-
immunity). The oncogene MYC could also participate to cell survival in absence of glucose as
oncogenic levels of MYC induce a transcriptional program that promotes glutaminolysis and could
trigger cellular addiction to glutamine as a bioenergetic substrate. The activation of the oncogenic
kinase Akt blocks the ability of cancer cells to consume non-glycolytic energy substrates and
thereby sensitizes these cells to death in conditions of glucose withdrawal. AICAR, an activator of
AMPK can reverse this sensitization, notably through the stimulation of fatty-acid consumption
for energy production. Another mechanism of OXPHOS activation was evidenced in cancer cells
submitted to growth factor removal. In this situation autophagy is activated and amino-acids are
oxidized by OXPHOS to produce ATP and maintain energy homeostasis. It was also shown that
cells grown in absence of glucose acquire mutations in KRAS which could trigger the enhance-
ment of OXPHOS. Lastly, CC3 was shown to negatively regulate the metabolic adaptation of
tumor cells to glucose limitation. The silencing of CC3 improves cancer cell survival in absence of
glucose. The mechanism by which the loss of CC3 stimulates OXPHOS includes the upregulation
of OXPHOS proteins but the molecular details still remain unknown

inhibit mitochondrial oxidative phosphorylation. Biochemical studies performed in
yeast suggest that fructose-1,6-bisphosphate (F-1,6-BP) could play a determining
role in this process (Diaz-Ruiz et al. 2008). Hepatoma cells show a 50-fold increase
in this metabolite concentration following 5 mM glucose addition to the cells
(Rodriguez-Enriquez et al. 2001). Interestingly, addition of galactose did not change
the level of F-1,6-BP in that study, and we also observed the suppression of the
Crabtree effect when glucose was replaced by galactose. It is important to notice
that galactose is not used as a fuel by cancer cells but serves for nucleic acid
synthesis, while glutamine is consumed by the mitochondria to produce ATP.



11 Mitochondrial Plasticity 305

High energy
demand

M”W?ii»*’/’A“)\\“Hai“ E
> ADP + ADP

- > AMP
Adenylate kinase Adenylate kinase

ADP + ADP

AMP-activated

protein kinase > Sirt1 > FOXO
(AMPK)
>§
Phosphorylation ‘|‘ + Eo; :%
cascade g
88
ATP-consuming processes ATP-generating processes gluconeogenesis

v' glycolysis

v’ oxidative phosphorylation
v' fatty acid oxidation

v" glucose uptake

v protein synthesis

v’ fatty acid synthesis
v glycogen synthesis
v" cholesterol synthesis

Fig. 11.6 Regulation of energy metabolism by AMPK. The AMP-activated protein kinase is a
master regulator of energy metabolism. In conditions of intense ATP expenditure, the ratio of
[AMP][ADP]/[ATP] increases and the AMPK is activated by AMP and ADP. This activation stim-
ulates several processes leading to ATP production and inhibits the reactions which consume ATP.
Therefore, AMPK plays a central role in Mitoplasticity as AMPK controls mitochondrial biogen-
esis and mitophagy

This phenomenon was demonstrated in HeLa cells or in CHO cells using C,;-labeled
glucose and glutamine (Donnely and Scheffler 1976; Reitzer et al. 1979). Thus, to
compare the bioenergetic status of cancer cells and non-cancer cells it is essential to
compare the cells while in the “glucose” and the “glucose-deprived” conditions.
Moreover, the rapid loss of HTB-126 cancer cell viability induced by various inhibi-
tors of the OXPHOS system was observed only in glucose-deprived medium
(galactose and glutamine are present in this medium), further emphasizing the fact
that ATP is derived from OXPHOS in this medium.

The second mechanism by which OXPHOS biogenesis could occur in cancer
cells grown in galactose medium is more complex and involves the potency of glu-
cose deprivation to activate a large number of signaling pathways involving specific
kinases capable of stimulating OXPHOS biogenesis and intermediate metabolism.
Namely, the AMPK, p38 MAPK, and PI3K/PKB have been linked to the regulation
of glucose uptake elicited by diverse hormonal stimuli in several cell types (Czech
and Corvera 1999; Fryer et al. 2002; Kanda and Watanabe 2005; Sweeney et al.
1999). AMPK is a metabolic-sensing protein that is activated by an increase in the
AMP/ATP ratio. AMPK is activated by allosteric binding of AMP and by phos-
phorylation by one of the upstream AMPK kinases. Once activated, AMPK regu-
lates ATP levels by suppressing biosynthetic pathways, such as fatty acid and
cholesterol biosynthesis, as well as by activating ATP-generating catabolic pathways
such as fatty acid oxidation and glycolysis (Fig. 11.6).
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Other intracellular signaling systems that may be involved in metabolic response
to glucose deprivation are the stress-activated p38 MAPK (Cheung and Hart 2008)
and the survival pathway PI3K/PKB (Vanhaesebroeck and Alessi 2000). As discussed
above, the role of Akt in the activation of GDH and of f-oxidation upon inhibition of
glycolysis could occur parallel to OXPHOS upregulation (Yang et al. 2009).

The third mechanism considers the possibility that the higher energy needs of
cancer cells for supporting their deregulated growth and extensive biosyntheses,
stimulates the OXPHOS system when the fuel for energy production switches from
glycolytic to oxidative-only. Under non-stringent conditions, glucose is the prefer-
ential energy substrate of cancer cells, and its consumption is typically increased by
the expression of more rapid isoforms of the glycolytic pathway (Mathupala et al.
1997). This result could indicate that the strong energy demand of cancer cells dic-
tates the upregulation of whatever energy pathway is used, as determined by the
type and availability of the energy substrate. This peculiarity has been observed for
other cancer cells HeLa and 143B (Rossignol et al. 2004), and HepG2 (Plecita-
Hlavata et al. 2008) and could designate the underlying pathway of metabolic
remodeling as a potential target for anti-cancer therapy.

The role of PDH also remains to be evaluated in cells grown in absence of glucose.
DCA is a pyruvate dehydrogenase kinase inhibitor, and typically results in increased
pyruvate dehydrogenase activity. The group of Bonnet et al. (2007) explained the
anti-cancer effect of DCA by a complex mechanism which involved the re-sensitization
of cancer cells to apoptotic stimuli via the stimulation of mitochondrial respiration
and the subsequent (cancer specific) upregulation of a potassium channel (Kv1.5).
However, during the adaptation of cancer cells to growth in absence of glucose, PDH
re-activation might be required to provide acetyl-coA to the Krebs cycle enzyme
alpha-ketoglutarate dehydrogenase (KDH) since the carbon source and energy source
is glutamine and this amino-acid enter the Krebs cycle at the level of KDH. This
underestimated role of PDH could explain why we observed a strong upregulation of
PDH in HeLa cells forced to grow in absence of glucose (Rossignol et al. 2004). Most
of the experiments aiming at the evaluation of DCA cancer toxicity were performed
in high-glucose media and in these conditions DCA induced apoptosis. However,
given the potential key role of PDH in absence of glucose, DCA could favor the utili-
zation of glutamine by the Krebs cycle and might benefit the growth of cancer cells in
conditions of glucose withdrawal. This hypothesis remains to be evaluated.

Besides glucose, another key player in the definition of a cancer cell’s metabolic
profile is oxygen tension (po,). Hypoxia is a common feature of the microenviron-
ment of cancer cells, and tumor oxygenation can be severely compromised as com-
pared to normal tissue (Vaupel et al. 2007). Thus, it seems more appropriate to
investigate the impact of hypoxia and aglycemia on cancer cells, which typically
encounter this type of stress in situ. Vaupel and coworkers observed low values for
intratumoral oxygen tension ranging between 3 and 10 mmHg in breast malignant
tissue while non-cancer tissue exhibited higher values approximating 50 mmHg
(Vaupel et al. 2003). The “Gatenby and Gillies” microenvironmental model of carci-
nogenesis (Gatenby and Gillies 2004, 2008) considers that pre-cancer cells are typi-
cally found in tissue regions where oxygen and glucose delivery is low. This might
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have pre-adapted energy metabolism to a life of uncontrolled growth and deregulated
cell death. Gatenby and Gillies further proposed that during tumor growth, angiogen-
esis leads to the growth of inadequate microvasculature, which results in intermittent
oxygen and glucose deprivation in cancer cells along with acidification of the extra-
cellular space (Gatenby and Gillies 2008). Also, Okunieff et al. showed that although
glucose supply may be adequate to small murine fibrosarcoma tumors (~76 mm?),
the metabolic baseline of large tumors (~300 mm?) includes glucose deficit in addi-
tion to hypoxia. Although the impact of aglycemia, hypoxia and acidification on
cancer cell metabolic remodeling was analyzed in parcellar studies, their combined
interaction has been insufficiently investigated. Different levels of hypoxia are
observed in tumors, leading Vaupel and colleagues to propose the “Janus face” model
whereby metabolic adaptations are thought to occur when oxygen levels decrease
below 1 %, while more drastic hypoxia (below 0.1 %) could trigger the generation of
new genetic variants and resistance to apoptosis (Vaupel 2008; Vaupel and Mayer
2005). Another advantage of tumor cell deviant metabolism is acidification of extra-
cellular medium, which inhibits the anti-tumoral immune response (Fischer et al.
2000). In a previous study, we conducted a longitudinal bioenergetic analysis of oxy-
gen and glucose deprivation in human breast carcinoma cells (HTB-126) and breast
non-cancer cells (HTB-125).

We mimicked in vitro the tumor microenvironmental conditions of tumor oxygen
limitation (less than 1 % O,; po,<7 mmHg or 1 kPa) and glucose deprivation (no
glucose; replaced by galactose and glutamine (Reitzer et al. 1979; Rossignol et al.
2004). We observed that the specific downregulation of OXPHOS triggered by
hypoxia in cancer cells did no longer occur when glutamine was the only substrate
for growth, i.e., when ATP can only be produced by mitochondria. Hence, under
conditions of increased mitochondrial energy demand, 1 % O, hypoxia cannot
downregulate the OXPHOS system as occurs in glucose medium. This observation
suggests that cancer cells’ metabolic apparatus ultimately comprises interactions
and coordination between nutrient sensing and oxygen sensing. In non-cancer cells,
glucose-deprivation did not change the stimulatory effect of hypoxia, and OXPHOS
remained intact after 6 days of growth in 1 % O,. Of note, stimulation of OXPHOS
by glucose deprivation and hypoxia was additive in cancer cells.

Recent studies in the field of immunology have revealed the existence of bio-
chemical pathways involved in the switch of glycolytic to oxidative metabolism
associated to the modulation of the immune response. The group of Martin Villalba
has shown the role of the ERKS5 kinase in the coordinated modulation of energy
metabolism and the MHC-I markers of self-immunity. In culture conditions that
force respiration in leukemia cells these authors observed the upregulation of
MHC-I transcription and protein levels at the cell surface, whereas opposite changes
were observed in the same cells forced to perform fermentation as well as in leuke-
mia cells lacking a functional mitochondrial respiratory chain. Forced respiration
triggered the increased expression of the MAPK ERKS, which activated MHC-I
gene promoters, and ERKS accumulation in mitochondria. Such respiration-induced
MHC-I upregulation was reversed upon short hairpin RNA-mediated ERKS down-
regulation and by inactive mutants of ERKS. Moreover, short hairpin RNA for
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ERKS5 leukemia cells did not tolerate forced respiration. This work revealed that the
expression of ERKS and MHC-I is linked to cell energy metabolism.

In most of the above presented studies, mitochondrial adaptation occurred only
in cancer cells forced to grow in absence of glucose while the non-cancer cells sur-
vived without adaptation. This specificity could be exploited as a therapeutic tar-
get although the determinants remain unclear. We could speculate that the higher
energy demand of the cancer cells confronted to their lower OXPHOS capacity
(versus their normal counterpart cells; at least for the “Warburg type” of cancer
cells) could trigger the need to upregulate OXPHOS to allow survival in absence of
glucose. In our work (Jose et al. 2012; Rossignol et al. 2004; Smolkova et al. 2010),
the non-cancer cells possessed a higher contribution of OXPHOS to ATP synthesis
so that upregulation might not be needed in situations of glucose withdrawal.

Then, the laboratory of Glick and Ferrara showed that bone marrow cells prolif-
erating after transplantation increased aerobic glycolysis but not OXPHOS, whereas
T cells proliferating in response to allo-antigens during graft-versus-host disease
increased both aerobic glycolysis and OXPHOS. Alloreactive T cells also exhibited
a hyperpolarized mitochondrial membrane potential, increased superoxide produc-
tion, and decreased amounts of antioxidants, whereas proliferating BM cells did
not. These findings challenged the current paradigm that activated T cells meet
their increased demands for ATP through aerobic glycolysis, and identified the
possibility that bioenergetic and redox characteristics could be selectively exploited
as a therapeutic strategy for immune disorders. Lastly, the group of Ericka Pearce
also demonstrated the importance of OXPHOS for the physiology of lymphocytes
CD8 T cells, which have a crucial role in immunity. These authors showed
that (TNF) receptor-associated factor 6 (TRAF6) regulates CD8 T(M)-cell develop-
ment after infection by modulating fatty acid metabolism through OXPHOS.
This bioenergetic phenomenon is crucial to maintain the memory function of the
immune system.

8 The Rewiring of Pre-existing Metabolic Routes
Accommodates Energy Needs, Anabolic Needs and ROS
Management in Cancer Cells: Role of Hifloe, ChREBP,
PDK and PKM2

Cancer cells are forced to continuously rewire alternative metabolic routes for their
energetic and anabolic needs due to the fluctuation in substrates and oxygen levels
in the growing tumor. Under conditions of glucose deprivation, mitochondrial activ-
ity is increased to sustain ATP production and lipid and protein synthesis. As dis-
cussed above, cancer cells can switch from aerobic glycolysis to OXPHOS under
limiting glucose conditions. However, when glucose is available in large amounts,
mitochondrial respiration is reduced by the crabtree effect and the F1Fo-ATP
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synthase activity can even be reversed at the expense of glycolytic ATP. Although
this particular functioning of the OXPHOS system (no longer OXPHOS) can deplete
ATP and precipitate necrosis, it is limited by the mitochondrial protein inhibitor
factor 1 (IF1), an endogenous F1Fo-ATPase inhibitor (Domenis et al. 2011). The
high energetic needs of tumor cells are often correlated with increasing expression
and inhibitory efficacy of IF1. Moreover, IF1 appears to have a role in defining the
conformation of the F1FO-ATP synthase and mitochondrial cristae’s structure and
function (Cabezon et al. 2003; Campanella et al. 2008). The density of the cristae in
IF1 overexpressing HeLa cells delayed the release of cytochrome ¢ from intracristae
space and increased survival after staurosporine treatment (Tan 2011). In this regard,
recent experimental evidence has shed some light on a critical impact of mitochon-
drial morphology on the control of important mitochondrial functions including
apoptosis and oxidative phosphorylation (Benard and Rossignol 2008b; Cereghetti
and Scorrano 2006). In particular, de-regulated mitochondrial fusion and fission can
now be regarded as important factors in cancer onset and progression, as discussed
above. Several studies showed elevated levels of (Apy*) in cancer cells despite a
lower respiration rate and ATP synthesis that correlates with the tumorigenic poten-
tial of the cells (Heerdt et al. 2005).

The maintenance and even elevation of the electrochemical gradient of protons
(Apy") can be done via the F;Fy-ATP synthase working in reverse. The mechanism
by which this reversible enzyme switches from the ATP synthetic to the ATP hydro-
lytic activity is still not well understood, but in E. coli, yeast, and mammalian cells
it has been suggested to be a response to the proton motive force and the ADP/ATP
balance. ATP hydrolytic activity, therefore, predominates at high cellular ATP levels
and low membrane potential, forcing the reverse pumping of protons to generate a
membrane potential (Suzuki et al. 2003).

As discussed above, intense glycolysis can force OXPHOS to work in reverse
mode and this may not be associated with adaptive changes of the OXPHOS system,
as none was reported. In contrast, hypoxia promotes glycolysis via the stabilization
of the hypoxia-inducible factor 1 alpha (HIFla) and alters OXPHOS via PDK1
activation and the subsequent inhibition of PDH (Kim et al. 2006; Papandreou et al.
2006; Semenza 2007; Wigfield et al. 2008). HIFla is central to mitoplasticity as
Fukuda et al. revealed that this transcription factor regulates the expression of the
COX4-1 and COX4-2 isoforms. Under conditions of reduced oxygen availability,
hypoxia-inducible factor 1 reciprocally regulates COX4 subunit expression by acti-
vating transcription of the genes encoding COX4-2 and LON, a mitochondrial pro-
tease that is required for COX4-1 degradation. This phenomenon is thought to
optimize the efficiency of respiration at low oxygen concentration.

HIFla also regulates the amount of mitochondria as stimulation of HIFla
ubiquitination by the Von-Hippel-Lindau factor and the subsequent proteasomal
degradation of HIF 1« restores the amount of mitochondria in cancer cells (Hervouet
et al. 2008). In addition, HIF1a inhibits PDH via the activation of PDK1 which
further inhibits OXPHOS capacity (Papandreou et al. 2006; Wigfield et al. 2008).
Accordingly, increased levels of HIFla were associated with the accumulation of
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Krebs cycle intermediates (Pollard et al. 2005). It is well known that the stabilization
of HIFla stimulates glycolysis in various cell types (Lu et al. 2002; Marin-
Hernandez et al. 2009) so that HIFla can be considered as a master regulator of the
balance between glycolysis and OXPHOS.

The rewiring of energy metabolism in cancer cells was recently shown to
modulate the balance between anabolism and catabolism. For instance, it is pro-
posed that pyruvate synthesis occurs primarily by the isoform 2 of pyruvate kinase
(PKM2) in cancer cells (Mazurek 2010). The tetrameric form of PKM2 channels
pyruvate to lactate and the formation of PKM2 tetramers is stimulated by the glyco-
lytic intermediate F-1,6-BP. The dimeric form of PKM2 retards pyruvate formation
and allows the accumulation of upstream glycolytic intermediates, promoting their
distribution into the biosynthetic pathways. This regulation of enzyme activity may
constitute a molecular switch that diverts glucose metabolites from energy produc-
tion to anabolic processes in the pentose phosphate pathway and the generation of
NADPH. Such a switch between glycolysis and pentose-phosphate pathway (PPP)
was analyzed by Bensaad et al. in the context of cancer and the role of TIGAR in
ROS homeostasy (Bensaad et al. 2006). Likewise, the work by Vaughn and
Deshmukh (Vaughn and Deshmukh 2008) revealed the importance of glucose utili-
zation through the PPP for neurons and cancer cells to control cytochrome ¢ redox
state and thereby modulate apoptosis. In addition, Herrero-Mendez et al. (2009)
described the role for E3 ubiquitin ligase APC/C-Cdhl in promoting the degradation
of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, isoform 3 (PFKFB3), which
in turns allows glucose to be consumed through the PPP to avoid oxidative stress
(whilst this work was performed in neurons, it could describe an universal mecha-
nism that regulates this glycolytic/PPP shift). Besides, Smolkova and colleagues
reviewed the fate of glutamine in cancer metabolism and evoke two principal path-
ways of glutamine utilization in cancer cells, one utilizing OXPHOS and another
one operating more in hypoxic conditions.

The first pathway, dependent on NADPH and independent of respiration,
employs only two enzymes of the Krebs cycle which act in a reverse mode and
convert aKG to citrate by reductive carboxylation. However, such “reductive gluta-
minolysis” cannot support proliferation without ATP produced by glycolysis. Either
it can act transiently until the glycolytic ATP pool is consumed, providing anoxic/
hypoxic tumors to survive during a critical period until glucose utilization is
restored, or it must act in parallel with the oxidative mode. In the ‘reductive carbox-
ylation glutaminolysis’, 2-oxoglutarate and NADPH are consumed by isocitrate
dehydrogenase isoform 2 (IDH2) followed by the reverse aconitase reaction and
citrate efflux (Mullen et al. 2012). This pathway feeds fatty acid synthesis but does
not produce ATP by substrate phosphorylation (via Krebs) or by NADH oxidation
(via OXPHOS). Therefore, glycolysis is required to produce ATP in the reductive
mode of glutaminolysis (Mullen et al. 2012).

The oxidative mode utilizes the forward-running Krebs cycle truncated after
citrate synthase at citrate extrusion. In both modes, citrate is extruded from mito-
chondria and converted to oxaloacetate and acetyl-CoA by ACL. Acetyl-CoA is



11 Mitochondrial Plasticity 311

then used to produce fatty acids by fatty acid synthase (FASN) and cholesterol for
general lipid synthesis. OXPHOS glutaminolysis can compensate for deficiencies in
cellular ATP. Both glutaminolytic modes provide pyruvate, lactate and the NADPH
pool, normally supplied by glucose metabolism via the pentose phosphate pathway.
Increasing anti-cancer therapeutic approaches target metabolism to selectively kill
tumor cells. Glucose catabolism is the pathway the most targeted in this end but the
pentose phosphate pathway, TCA cycle, and glutaminolysis are increasingly the
focus of research as the cancer cells are not equally sensitive to agents interfering
with glucose metabolism. Lastly, a recent player to consider in the field of energy
homeostasy is the carbohydrate-response element-binding protein (CREBP), the
deletion of which alters substrate utilization and produces an energy-deficient liver
(Burgess et al. 2008). The KO of this transcription factor in mice induced an increase
in PDH activity. This was explained by a diminished pyruvate dehydrogenase kinase
activity. In the liver of these mice, the greater pyruvate dehydrogenase complex
activity caused a stimulation of lactate and pyruvate oxidation, and it significantly
impaired fatty acid oxidation. It remains to be shown whether CREBP could partici-
pate to the maintenance of energy homeostasy in cancer cells and whether it could
play a role during the shift between glucose and galactose media where the needs in
PDH activity are strongly increased.

9 Cellular and Mitochondrial Adaptations to the Type
of Available Energy Substrate: Ras and CC3 Modulate
Metabolic Flexibility in Cancer Cells

The impact of various oncogenic mutations on energy metabolism discussed above
could seem paradoxical as they can disable or, at the opposite, improve the meta-
bolic flexibility, i.e. the capacity to derive energy from multiple sources. Yet, nutri-
ent addiction is the Achilles’ heel of numerous tumor cells and is often proposed as
a rationale for metabolic therapy. Alterations in phosphoinositide 3-kinase (PI3K)/
serine-threonine kinase AKT/mammalian target of rapamycin (mTOR) signaling
are perhaps the most frequent events observed in solid tumors. Constitutive activa-
tion of the oncogenic kinase AKT addicts glioblastoma cells to glucose by interfer-
ing with the induction of fatty acid oxidation when glucose is withdrawn (Buzzai
et al. 2005). Another well-known example of oncogene that causes nutrient addic-
tion is c-Myc that is frequently deregulated in tumors. Induction of c-Myc expres-
sion in MEFs results in the induction of glutamine transporters, glutaminase and
lactate dehydrogenase A (LDH A) (Wise et al. 2008).

Some transformating mutations can bypass the addiction of cancer cells to glu-
cose (i.e. metabolic rigidity). It has been shown that KRAS or BRAF mutations
increase glucose uptake and glycolysis and at the same time, permit cells to survive
in low-glucose conditions. However, the mechanisms which support survival in low
glucose conditions remain controversial as conflicting results were published
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recently. For instance, the activation of RAS was shown to confer survival in low
glucose via the enhancement of glucose uptake by GLUT1 and the enhancement of
glycolysis along with the alteration of respiratory chain activity (Baracca et al.
2010; Demaria et al. 2010; Yun et al. 2009). Conversely, the activation of STAT3
was shown to stimulate respiratory chain activity in another study (Gough et al.
2009), while more recently, Ras activation was associated with mitophagy and the
reduction of OXPHOS capacity (Kim et al. 2011). This important issue is further
discussed below.

Firstly, Ras oncogenic mutations were associated with mitochondrial protein
downregulation mediated by STAT3. The study of Demaria and colleagues (2010)
evidenced a reduced mitochondrial activity in MEFs with constitutively active
STAT3 (Stat3““MEFs). The significant down-regulation of nuclear-encoded genes
involved in mitochondrial function observed in these cells together with their
decreased PDH activity led to the reduction of mitochondrial respiration.
Mitochondrial ATP production and basal respiratory chain activity were also
reduced in these cells, as well as the protein levels of representative components of
the Electron Transport Chain (ETC), particularly those belonging to complexes IV
and V. Lastly, mitochondrial morphology and total area were normal in these cells,
suggesting a specific degradation of COX and CV components. Accordingly, the
recent study by Kim J. and colleagues (2011) also reported that K-Ras mediates
functional loss of mitochondria during cell transformation to overcome an energy
deficit resulting from glucose deficiency. In this study, the decrease of respiration
was explained by the increased formation of acidic vesicles enclosing mitochondria,
during which autophagy-related proteins such as Beclin 1, Atg5, LC3-II and vacu-
olar ATPases were induced. The blockade of autophagy recovered respiratory pro-
tein expression and respiratory activity. However, in this work, K-Ras (V12) did not
induce the expression of GLUT1, the low Km glucose transporter. Lastly, the inter-
action between Ras, STAT3 and the mitochondrion was analyzed in immortalized
STAT3-deficient mouse embryo fibroblasts (Gough et al. 2009). In this work STAT3
was detected in mitochondria of primary liver tissue, non-transformed MCF10A
mammary epithelial cells, and T24 bladder carcinoma cells. In contrast with the two
above cited studies, mitochondrial STAT3 augmented here the electron transport
chain activity.

Mitochondrial STAT3 also contributed to Ras-dependent cellular transformation
by augmenting electron transport chain activity, particularly that of complexes II
and V, accompanied somewhat paradoxically by shifted energy production to favor
fermentation. In a fourth study the link between STAT3 and mitochondria was
further investigated (Wegrzyn et al. 2009) in non-cancer tissues such as liver and
heart. In striking contrast with the study of Demaria et al. where constitutively
active STAT3 triggered a reduction of mitochondrial activity in MEFs, the absence
of STAT?3 in heart and liver was associated with a significant decrease of complex
I and II activities. Moreover, in the study of Wegrzyn et al. (2009) state 3 respira-
tion was reduced by 70 % in STAT37~ cells with glutamate as a substrate for com-
plex I and by 50 % in cells with succinate as a substrate for complex II. The authors
concluded that the most likely mechanism by which STAT3 exerts its actions is not
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as a transcription factor that regulates nuclear gene expression, but rather through
its localization in the mitochondria. The effects of STAT3 potentially represent a
general mechanism by which this protein can influence cell metabolism and
tumorigenesis.

Already in 1999, Onhami and coworkers showed that the blockade of K-Ras with
antisense in pancreatic cancer cells modified (increased) the expression pattern of
11 mitochondrial genes (Ohnami et al. 1999). Those included mitochondrial 16 s
rRNA gene, cytochrome oxidase subunit 1, NADH dehydrogenase subunit 4 and
ATP synthase. Lastly, the group of Weinberg investigated the impact of the K-Ras
mutation on mitochondria and proposed that this organelle serves mainly for the
production of ROS which are essential for anchorage independent growth (Weinberg
et al. 2010). In this study, human colon cancer cells were able to consume glutamine
through respiration but the contribution of mitochondria to cellular ATP production
was not assessed. Interestingly, this study revealed that mice harboring a knock-out
of TFAM with an activated form of K-Ras had smaller tumors and displayed fewer
Ki67 positive cells. Therefore, strategies aiming at the reduction of mitochondrial
biogenesis should be tested for their capacity to reduce tumor growth.

In contrast to Ras, CC3/TIP30 is a tumor suppressor with reduced or absent
expression in a variety of aggressive tumors. Yet, CC3 could also be involved in the
control of metabolic flexibility as Chen et al. (2012) demonstrated that the silencing
of CC3 in HeLa cells strongly improves survival and allows superior metabolic
adaptation in response to glucose limitation. These authors showed that silenced
CC3 increases mitochondrial respiration and expression of mitochondrial proteins
of the ETC along while maintaining high levels of c-Myc expression and down-
stream GLUT1 and PKM2. Moreover, loss of CC3 represses AMPK activation by
low glucose. Lastly, metabolic flexibility might also include the capacity of deriving
energy from the amino acids obtained by autophagy. In transformed fibroblasts, the
Simian Virus 40 Small T (Small T) carrying cells are more resistant to glucose
deprivation-induced cell death than cells lacking ST. ST antigen protects cancer
cells from glucose deprivation by maintaining energy homeostasis with activation
of AMPK, inhibition of mTOR and induction of autophagy as an alternate energy
source (Kumar and Rangarajan 2009).

The above described changes in mitochondrial energy metabolism raise the
question of mitochondrial integrity in cancer cells: is mitochondrial functional or
dysfunctional in tumors?

10 Towards Tumor Adapted Anti-cancer
Bioenergetics Strategies

The peculiarities of energy production in tumors could designate targets of choice
for innovative anti-cancer therapy (Fig. 11.7). Three groups of tentative bioenergetic
strategies could be distinguished: (1) approaches aiming at specific tumor energy
desequilibrium, either by (1.1) the blockade of the primary pathways of energy
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Fig. 11.7 Tentative strategies for anti-cancer bioenergetic therapies. The first step consists in
the evaluation of the bioenergetic profile to identify both the primary pathways of tumor energy
production and the predominant energy substrates used for ATP synthesis. To be developed-non-
invasive methods should allow to evaluate this profile in situ via imaging or secretomics techniques
as well as with dedicated micro-electrodes. Then, three groups of molecules could be used to
inhibit cancer energetics. In Group 1 therapies, glycolytic cells should receive a treatment aiming
at the inhibition of glycolysis while OXPHOS cancer cells should be attacked with OXPHOS
inhibitors. The main difficulty will be to discover drugs specific to tumors or to deliver doses that
do not impact the surrounding non-cancer tissue. In group 3 therapies, the molecules should further
block some anabolic pathways linked to the deviations of energy metabolism (as the ATP-citrate
lyase which utilizes the citrate evaded from the Krebs cycle to produce lipids). Therefore, group 1
and group 3 therapies will destabilize the tumor bioenergetic profile, promote energy deprivation
and alter deviant anabolic processes. However, cancer cells can use alternative sources of energy
when the primary pathway are blocked, a process known as metabolic flexibility which requires
sometimes metabolic adaptations. Therefore, Group 2 therapies (in combination with group 1 and/
or 3) will aim at the blockade of such adaptations to fully alter cancer cells energy production and
to promote ultimate cell death

production or by (1.2) mimicking a low energy state; (2) coupled strategies focused
on the inhibition of the adaptive response of tumors to the bioenergetic crisis pro-
voked by the first group of approaches; (3) approaches focused on the inhibition of
anabolic reactions branched on the pathways involved in energy metabolism.
Concerning the first group of potential therapies, different possibilities
must be considered according to the variable bioenergetic profile of tumors:
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(i) glycolytic inhibitors (such as 2-deoxyglucose, 3-bromopyruvate or lonidamine),
(ii) OXPHOS inhibitors (glutaminase, other ones to be developed), (iii)) OXPHOS
enhancers (resveratrol, bezafibrate, rosiglitazone, dichloroacetate, a-lipoic acid),
(iv) combination of glycolytic and OXPHOS inhibitors, (v) mimickers of low
energy state (as AICAR or metformin). Regarding the second group, more
research is needed to decipher the molecular pathways involved in cancer cell
adaptation to specific bioenergetic impairment in order to identify new drugs. For
example, proteins involved in energy sensing like AMPK, AKT and m-TOR could
be counteracted to escape a reestablishment of energetic equilibrium. Lastly, the
group of drugs focused on anabolic pathways linked to energy pathways could
include to be developed-inhibitors of the ATP citrate lyase or of fatty acid synthase.
It must be stressed here that some of the above cited drugs might lack target speci-
ficity so that multiple mechanisms could explain their mode of action. For instance,
the glycolytic inhibitor 3-bromopyruvate was also shown to inhibit mitochondrial
respiratory chain (Ko et al. 2001). Same for resveratrol which not only activates
mitochondrial biogenesis but also play a role as antioxidant and regulator of
several intracellular pathways (Pervaiz and Holme 2009). Ideally, these bioener-
getic modulators aiming at the reduction of tumor energy production could be
combined with more classic chemotherapeutic agents to promote synergistic
killing effects. Interestingly, drugs able to inhibit both OXPHOS and glycolysis,
albeit with cancer specificity, might produce the best anti-cancer killing effect, as
recently shown for the compound Bezielle (Chen et al. 2012).

As a first step, it is crucial to establish the bioenergetic profile of the tumor. This
could be done on a series of biopsies by determining the bioenergetic signature as
proposed by Cuezva et al. (2004, 2002). Yet, multiple biopsies should be performed
to take into consideration the intra-tumor bioenergetic variability. Additional
approaches could take into consideration the non-invasive imaging techniques
which allow to assess glucose and oxygen consumption in tissues as shown for the
brain (Vaishnavi et al. 2010). Oxidative tumors could be detected and might corre-
spond to the tumor non-detected by PET-scan. Hence, one could propose to develop
oxidative markers (glutamine based for instance) visualized by PET-scan to assess
the ratio of glucose/glutamine utilization by the tumor. Then, brainstorming must
occur to choose the best approach, as current knowledge in the field does not permit
to conclude on this question. Should we attack a glycolytic tumor with solely gly-
colytic inhibitors or should we add OXPHOS inhibitors to avoid tumor bioenergetic
escape? What will happen with the remaining cancer stem cells, what are their bio-
energetics Achille’s heel and how to kill them? Of particular importance, the bioen-
ergetic profile of the tumors might not only give indications on what drug should be
used but it could also help to avoid chemoresistance as difference in cellular mito-
chondrial content were previously associated with differences in drug-resistance.
This is the case for the HeLa derivative cell line lacking mtDNA (p°) which was
more resistant to adriamycin and PDT-induced cytotoxicity.

Regarding the killing of ‘OXPHOS tumors’ we should discover new OXPHOS
inhibitors specific to those cancer cells with no or limited adverse effects on non-
cancer tissue which utilize OXPHOS to major extent. Mitochondrial pharmacology
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has recently developed chemical compounds and nano-objects able to accumulate
in mitochondria and capable of delivering active compounds there (D’souza et al.
2003). The DQasomes are one example of such available technology and could be
used in future strategies. More research on the specificities of mitochondrial struc-
ture in tumors might also allow to discover new targets. Current OXPHOS strategies
of cancer focusing on the development of glutaminase inhibitors or of Krebs cycle
inhibitors were discussed in a recent review (Garber 2010).

To foster industrial research on OXPHOS inhibitors specific of cancer cells one
should consider the recent studies which provide a rationale for mitochondria-
targeting strategies of tumors. For instance, the introduction of mtDNA mutation
in human cancer cells in vitro activates both the metastatic potential and the
tumorigenicity of these cells in soft-agar and in xenografted tumors (Ishikawa
et al. 2008; Petros et al. 2005). However, this pro-tumorigenic effect occurs only
for moderate inhibition of the respiratory chain, and stronger inhibitions trigger
the desired therapeutic effect; they inhibit tumor growth. This was shown in two
independent studies using different cancer cells with variable load of mtDNA
mutations: while the heteroplasmic clones exhibited pro-tumorigenic features, the
homoplasmic cancer cells showed reduced growth and altered tumorigenic poten-
tial (Gasparre et al. 2011; Park et al. 2009). These studies highlight the Importance
of the degree of mitochondrial inhibition for promoting pro-tumorigenic and anti-
tumorigenic effects. Below a threshold of 80 % of mutant load in mitochondrial
DNA, these mutations stimulate tumor growth. Above 80 %, the accumulation of
mtDNA defects and the consecutive inhibition of mitochondrial respiration reduce
tumor growth. These observations are in complete adequation with our findings of
the existence a biochemical threshold effect that governs the phenotypic expres-
sion of mtDNA mutations and of biochemical defects in respiratory chain func-
tion (Benard et al. 2006, 2008; Faustin et al. 2004; Rossignol et al. 1999, 2000,
2003). For instance, we demonstrated that human cells can handle a 70 % inhibi-
tion of complex I without reduction in the overall flux of respiration and of ATP
production. However, above this threshold of inhibition, the reduced CI activity
entails a drop in respiration and cellular alterations are observed (Benard et al.
2007). Differences in threshold value (as observed between rat tissues) could pro-
vide differences in sensitivity to drugs targeting OXPHOS, since cells with a
lower threshold will appear more sensitive and could loose viability at lower
doses of these drugs. All these studies indicate that blocking OXPHOS functions
can be anti-tumorigenic only when the inhibition level outranges the biochemical
threshold value.

While most mitochondria-targeted anti-cancer strategies often attempt to inhibit
mitochondrial capacity (as proposed for OXPHOS tumors), other groups choose to
increase mitochondrial content to alter the proliferative potential of cancer cells in
glycolytic tumors. For example, stable overexpression of mitochondrial frataxin in
colon cancer cell lines increased aconitase activity, mitochondrial membrane poten-
tial, cellular respiration, and ATP content. Such OXPHOS improvement reduced
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growth rates and colony formation capacity in soft agar assays, and tumor formation
when injected into nude mice (Schulz et al. 2006). Inhibition of L-alanine produc-
tion impaired D-glucose uptake of LLC1 Lewis lung carcinoma cells and increased
mitochondrial metabolism leading to an impairment of anchorage-dependent and
anchorage-independent growth rates (Beuster et al. 2011). The utilization of mitodo-
pants to reduce cancer cell growth showed promising results in vitro (Bellance et al.
2009b; Wang and Moraes 2011) but lack of in vivo data.

11 Conclusions and Future Directions

Even though the mitochondrion appears like a tempting target for the design of
bioenergetics anti-cancer therapies, the huge disparity in the reported mitochon-
drial alterations among tumors could interfere with the efficacy of the potential
mitochondrion-targeted treatments. There is a need for large-scale studies on the
bioenergetics of human tumors to derive knowledge useful for therapy. It is
important to consider cancer specificity as embraced by the so-called personal-
ized medicine since tumors are able to derive energy by variable means. As an
example, OXPHOS inhibition was proven to be efficient decreasing tumorigen-
esis in mice models while opposite approaches performed in vitro and in vivo
revealed that OXPHOS enhancement (chemically-induced increase in mitochon-
drial content or stimulation of PDH activity) can also overcome the deregulated
proliferation of cancer cells. We need to evaluate the extent to which those
opposing strategies could work on the same cancer types and between different
individuals. Also, fundamental research on the peculiarities of mitochondrial
turnover and dynamics in cancer cell is lacking and could help to discover speci-
ficities of these processes which might unravel new protein targets. Again, one
needs first to better characterize the mitochondrial alterations and to adopt a
case-by-case therapeutic strategy. The optimization and the adaptation of diag-
nostic tools used for mitochondrial evaluation could be considered for clinical
cancer evaluation and the deciphering of the bioenergetics profile. Mitochondrial
functionality better than mitochondrial content could predict the cell fate in face
of a bioenergetic drug (Table 11.2). The specificities of the proposed bioenerget-
ics therapies might consider the phenomenon of biochemical threshold which
determines the overall impact of a drug active at the level of respiratory chain.
Research on tumor bioenergetics escape will also reveal the adaptive mecha-
nisms by which cancer cells control their metabolic flexibility when the primary
pathway of energy production is blocked and this will provide new targets of
choice. Additional compensatory mechanisms involved in the potential resis-
tance to bioenergetics therapy exist at the level the pathways involved in the
response to low energy crisis and blockade of its main actors, as Akt or AMPK
might also be considered in combination with bioenergetic therapy.
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Abstract After being obtained from bacteria, eukaryotic mitochondria acquired a
myriad of metabolic functions during evolution to coordinate energy efficiency and
demand with host cells during cell proliferation and growth arrest for maintaining
cellular homeostasis as well as functions in decisions of cell death and survival.
To achieve this, mitochondria and host cells have developed tight communications,
and recent evidence suggests that tumour suppressor pS3 actively participates in
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these communications. p53 influences mitochondrial metabolism by activating or
repressing the transcription of target genes as well as directly interacting with
proteins in different cellular compartments, including mitochondria. This review
discusses recent findings of p53-mediated regulation of cellular metabolism, such
as oxidative phosphorylation, glutamine and fatty acid metabolism, autophagy,
glycolysis, and reactive oxygen species, to better understand the tumour suppressive
functions of p53, which may facilitate the identification of novel therapeutic targets
and strategies.

Keywords p53 ¢ Mitochondria ® Metabolism ¢ Oxidative phosphorylation ® Glycolysis
* Glutamine * Fatty acids ¢ Autophagy ¢ Reactive oxygen species * Cancer ® Tumor
suppressor ®* ARF

1 Introduction

TP53 is a well-known tumour suppressor gene that is mutated in more than 50 % of
cancer types. p53 is a transcription factor whose activation in response to stress trig-
gers numerous genes required for protection against cancer. These transcriptional
targets of p53 control important tumour suppressor pathways, such as apoptosis, cell
cycle arrest, senescence, and DNA repair to maintain cellular genomic integrity and
to avoid unwanted proliferation of cells with unrepaired damaged DNA. Because of
this, p53 has been described as ‘the guardian of the genome’. Historically, the study
of p53 has focused on functions that determine cell fate, such as cell cycle arrest,
senescence, and apoptosis in response to DNA damage and oncogenic insults.
However, recent evidence suggests that p53 impacts a wide variety of metabolic
processes for maintaining cellular homeostasis, and to that end there is substantial
evidence to implicate p53 in the maintenance of mitochondrial metabolism as well as
the effect of mitochondrial metabolism on regulating p53 biology. This review
focuses on recent findings regarding the regulation of p53 in mitochondrial metabo-
lism, including oxidative phosphorylation, glutamine and fatty acid metabolism, and
reactive oxygen species (ROS), in addition to other cellular metabolism functions,
such as autophagy and glycolysis. Importantly, these functions are closely connected
to one other to maintain cellular homeostasis.

2 p53 and Oxidative Phosphorylation

In eukaryotes, mitochondria are the site of oxidative phosphorylation for the genera-
tion of the cellular energy source, ATP. Using a proton gradient generated by the
electron transport chain, ATP is synthesized by the ATP synthase FoF1 complex at
the inner mitochondrial membrane. In normal human cells, glucose is the primary
energy source, and mitochondria efficiently yield 32-34 ATP molecules during the
aerobic oxidation of one glucose molecule. Therefore, it is important for cells to
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Fig. 12.1 p53 Regulates oxidative phosphorylation, glutamine metabolism and fatty acid oxidation.
p53 enhances mitochondrial functions by inducing genes involved in oxidative phosphorylation,
mtDNA integrity, and mitochondrial biogenesis (as shown by p53 in blue) as well as directly
interacting with proteins involved in mtDNA integrity (as shown by p53 in green). p53 also affects
glutamine metabolism and fatty acid oxidation by inducing target genes involved in these
metabolic pathways (as shown by p53 in blue)

maintain healthy mitochondria for proper oxidative phosphorylation. Recent evi-
dence suggests that p53 positively regulates oxidative phosphorylation either directly
or indirectly (Fig. 12.1). Mouse embryos that lack p53 display weakened cytochrome
¢ oxidase (Complex IV) staining and reduced ATP content (Ibrahim et al. 1998).
Mitochondrial Complex IV activity is decreased in HCT116 (p53~-) cells compared
to HCT116 (p53**) cells (Zhou et al. 2003). Skeletal muscle from p53 knockout
(KO) mice shows diminished mitochondrial content and levels of proliferator-acti-
vated receptor-gamma co-activator (PGC)-1a which stimulates mitochondrial bio-
genesis (Saleem et al. 2009). p53 has been shown to translocate to the mitochondria
during apoptosis (Marchenko et al. 2000), and several lines of evidence suggest that
the presence of p53 in mitochondria also contributes to mitochondrial health and
activity. p53 in mitochondria maintains mitochondrial genetic stability through bind-
ing to mtDNA polymerase gamma to enhance its function in mitochondrial DNA
replication (Achanta et al. 2005), repair (Nithipongvanitch et al. 2007), and proof-
reading during replication (Bakhanashvili et al. 2009). Mitochondrial p53 also par-
ticipates in the incorporation step (de Souza-Pinto et al. 2004) and the glycosylase
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step of the base excision repair of mitochondrial DNA (Chen et al. 2006). In addition,
the interaction between p53 and mitochondrial single-strand binding protein
(HmtSSB) increases the p53 3'—5" exonuclease activity on mitochondrial DNA
(Wong et al. 2009). p53 also interacts with mitochondrial transcription factor A
(TFAM), which is necessary for both transcription and maintenance of the mito-
chondrial DNA (Yoshida et al. 2003). These data show the important role of mito-
chondrial p53 in maintaining mitochondrial integrity; however, it is not clear how
P53 enters the mitochondrial matrix via the inner mitochondrial membrane without
having obvious mitochondrial targeting sequences.

As a transcription factor in the nucleus, p53 plays an important role in enhancing
oxidative phosphorylation and maintaining mitochondrial integrity. For example,
p53 directly activates the transcription of cyfochrome c oxidase (SCO2) gene, which
is required for the assembly of Complex IV (Matoba et al. 2006). Indeed, decreased
oxidative phosphorylation in p53 null cells was rescued by physiological levels of
SCO2 expression (Matoba et al. 2006; Ma et al. 2007). Several other p53 target genes
promoting oxidative phosphorylation have been also reported. For example, muta-
tions of RRM2B encoding p53-controlled ribonucleotide reductase (pS3R2), identi-
fied as a direct p53 target gene (Tanaka et al. 2000), cause mitochondrial DNA
depletion (Bourdon et al. 2007). Furthermore, the loss of p53 results in the reduction
of p53R2, mtDNA copy number, and mitochondrial mass (Kulawiec et al. 2009;
Lebedeva et al. 2009). p53 also directly activates the transcription of TFAM gene to
increase mitochondrial DNA content (Park et al. 2009a). There are other p53 target
genes that encode mitochondrial proteins, but it is unclear whether these targets are
involved in p53-mediated regulation of oxidative phosphorylation. For example,
apoptosis inducing factor (AIF) has been reported as a pS3 target gene (Stambolsky
et al. 2006). Although AIF is a well-known apoptosis regulator that translocates to
the nucleus during apoptosis and participates in apoptotic chromatinolysis, AIF is
also essential for mitochondrial complex I function, and AIF deficiency compro-
mises oxidative phosphorylation (Vahsen et al. 2004). pS3 also targets the transcrip-
tion of ferrodoxin reductase (FDXR) gene (Hwang et al. 2001), a mitochondrial
NADPH P450 reductase gene required for iron-sulfur protein and haem biogenesis,
both of which are essential for oxidative phosphorylation. There is also evidence,
albeit indirect, that p53 induces the transcription of a gene encoding subunit I of
Complex IV (Okamura et al. 1999).

Despite substantial evidence indicating the positive effect of p53 on oxidative
phosphorylation and mitochondrial integrity, this concept has been challenged by
studies in telomerase knockout mice (Sahin et al. 2011). Telomere dysfunction in
these mice induces p53 activation, leading to many features suggestive of aging,
mitochondrial dysfunction, and reduced oxidative phosphorylation. These changes
were found to be the result of p53-mediated repression of the master positive regula-
tor genes of mitochondrial biogenesis, PGC-In and PGC-1f (Sahin et al. 2011).
These data suggest that p53-regulated genes affecting oxidative phosphorylation and
mitochondrial integrity may be highly cell type specific. It is also noteworthy that
reduced oxidative phosphorylation in p53 null cells is easily compensated for by
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glycolysis to maintain the overall cellular levels of ATP (Matoba et al. 2006). The
physiological impact of the loss of p53 activity on oxidative phosphorylation and
mitochondrial integrity in different tissue types remains to be elucidated.

3 p53 and Glutamine and Fatty Acid Metabolism

Although glucose is the major energy source for most cell types, including cancer
cells, cells can also use fatty acids and amino acids such as glutamine as fuel for
oxidative phosphorylation. Glutamine circulates in the blood as the most abundant
amino acid and functions as a nitrogen donor and bioenergetic substrate. Highly
proliferative cells, including cancer cells, require additional supplies of biosynthetic
precursors like glutamine for glucose-independent metabolic processes (Le et al.
2012). For example, the oncoprotein Myc, which is frequently overexpressed in can-
cer cells, activates genes involved in mitochondrial biogenesis and glutamine metab-
olism (Gao et al. 2009). Interestingly, pS3 is also involved in enhancing glutamine
metabolism (Fig. 12.1). For example, p53 has also been shown to directly induce the
glutaminase 2 (GLS2) gene, which encodes a mitochondrial glutaminase catalysing
the hydrolysis of glutamine to glutamate to enhance glutamine metabolism (Hu et al.
2010; Suzuki et al. 2010). The induction of GLS2 by p53 increases the production of
a-ketoglutarate, a substrate for the TCA cycle, and enhances oxidative phosphoryla-
tion (Hu et al. 2010).

Fatty acids are also important metabolites for oxidative phosphorylation. In addi-
tion to their contribution to lipid synthesis and protein modification, fatty acids serve
as an energy source by being metabolized in the mitochondria by p-oxidation to gen-
erate acetyl-CoA, the entry molecule for the TCA cycle. p53 also participates in
enhancing fatty acids metabolism (Fig. 12.1). For example, the AMP-activated pro-
tein kinase (AMPK) activator AICAR, which mimics starvation signals, enhances
fatty acid B-oxidation in p53** mouse embryonic fibroblasts (MEFs), but not in p53~~
MEFs (Buzzai et al. 2007). Recently, guanidinoacetate methyltransferase (GAMT), a
gene encoding enzyme involved in creatine synthesis, has been reported as a p53 tar-
get gene (Ide et al. 2009). In response to glucose starvation, pS3-dependent induction
of GMAT increases fatty acid oxidation by increasing the levels of creatine, which can
stimulate AMPK phosphorylation and activation (Ide et al. 2009). These data are con-
sistent with studies showing that AMPK activates fatty acid oxidation (Hardie and Pan
2002), and AMPK-induces p53 activation promotes cellular survival in response to
glucose deprivation (Jones et al. 2005). Another p53 target gene involved in fatty acid
oxidation is Lpinl, which is essential for adipocyte development and fat metabolism
(Assaily et al. 2011). Indeed, p53 induces fatty acid oxidation during glucose depriva-
tion through the induction of Lpinl (Assaily et al. 2011). These data suggest that, in
response to glucose shortages, pS3 is able to induce several genes that contribute to
the usage of alternative energy sources, such as glutamine and fatty acids, to maintain
cellular energy homeostasis.
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4 p53 and Autophagy

Although p53 regulates genes involved in the use of alternative fuels for maintaining
cellular homeostasis, what happens when all available fuel sources become limited?
As a last resort in these settings, cells will begin breaking down their own compo-
nents to use as energy. This step has been termed autophagy and is a controlled
lysosomal catabolic process that degrades proteins and organelles. Autophagy
also functions as a tumour suppressive system to digest damaged organelles, such
as mitochondria, to maintain cellular homeostasis (Mizushima and Komatsu 2011).
Although it is plausible to speculate that p53 promotes autophagy to remove damaged
organelles in normal circumstances as a tumour suppressor as well as to provide
extra energy during starvation, evidence suggests that autophagy regulation by p53
is complex (Fig. 12.2).

Indeed, p53 is capable of inducing and inhibiting autophagy depending on the
cellular context and extrinsic stress. It was first reported that p53 enhances autophagy
by inhibiting mTOR pathways through the activation of AMPK (Feng et al. 2005), and
AMPK was subsequently confirmed as a p53 target gene product (Feng et al. 2007).
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Fig. 12.2 Regulation of autophagy by p53. The regulation of autophagy by p53 is complex. p53
enhances autophagy by inducing the transcription of a number of autophagy related genes (as shown by
p53 in blue) while cytoplasmic p53 (as shown by p53 in green) inhibits autophagy. ARF, an upstream
regulator of p53, also enhances autophagy, and ATG7, a core autophagy regulator, induces p21
via activating p53 through physical interaction, leading to cell survival during nutrient deprivation
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p53 also induces autophagy by activating the transcription of DRAM gene, which
encodes a lysosomal protein (Crighton et al. 2006). Other p53 target genes that
mediate the induction of autophagy include sestrin-2 (Budanov and Karin 2008;
Maiuri et al. 2009), autophagy-initiation kinases ULK and ULK2 (Gao et al. 2011),
Dapkl (Martoriati et al. 2005; Harrison et al. 2008), several well-known pro-apoptotic
Bcl-2 family genes, such as Puma (Yee et al. 2009), Bax (Yee et al. 2009), and Bad
(Maiuri et al. 2007), in addition to BNIP3 (Fei et al. 2004), whose product induces
selective mitochondrial autophagy by competing with Beclin 1 for binding to Bcl2,
thereby releasing Beclin 1 to trigger autophagy (Zhang et al. 2008). Furthermore,
mitogen-activated protein kinase (MAPK) family proteins, such as extracellular
signal-related kinase (ERK) and c-Jun N-terminal kinase (JNK), induce autophagy
through p53 activation (Cheng et al. 2008; Park et al. 2009b). In addition, protea-
some inhibition also induces autophagy in a p53-dependent manner (Du et al. 2009).
In a p53-deficient Myc-induced lymphoma mouse model, the restoration of p53
using a switchable pS3ER system results in the induction of autophagy, supporting
the idea that p53 induces autophagy in vivo (Amaravadi et al. 2007). The p53 family
member, p73, also induces autophagy (Crighton et al. 2007), and several p73 targets
involved in autophagy (ATGS, ATG7, and UVRAG) have been reported (Rosenbluth
and Pietenpol 2009).

Recently, the tumour suppressor alternative reading frame protein (ARF), which
is an upstream positive regulator of p53, has also been reported to induce autophagy.
Full-length ARF is localized in both the nucleolus and mitochondria (Itahana et al.
2008; Itahana and Zhang 2008, 2010; Pimkina et al. 2009; Irvine et al. 2010), while
the short form of ARF (smARF) is localized primarily in mitochondria (Reef et al.
2006). Whereas smARF induces autophagy in a p53-independent manner (Reef
et al. 2006), full-length ARF can induce autophagy in both a p53-dependent and
-independent manner (Abida and Gu 2008; Pimkina et al. 2009). The impact of
ARF on mitochondrial metabolism is still largely unknown.

The concept that p5S3 enhances autophagy was recently challenged by studies on
cytoplasmic p53 (Tasdemir et al. 2008a). Either depletion or inhibition of p53 induced
autophagy in human, mouse, and nematode cells, and cytoplasmic, but not nuclear,
p53 was able to repress the enhanced autophagy in p53 null cells (Tasdemir et al.
2008a). p53-mediated inhibition of autophagy occurs in the GO/G1 phase (Tasdemir
et al. 2008b), and hot-spot DNA binding mutants of p53 in the cytoplasm also inhibit
autophagy (Morselli et al. 2008). In C. elegans, deficiency of the pS3 orthologue gene
CEP-1 results in lifespan extension, which depended on the ability of CEP1 to inhibit
autophagy (Tavernarakis et al. 2008). In some cases, nuclear pS3 also represses
autophagy. For example, TP53-induced glycolysis and apoptosis regulator (TIGAR),
a p53 target gene, whose product decreases ROS production upon nutrient depriva-
tion, thereby inhibiting autophagy (Bensaad et al. 2009). These data suggest that,
depending on the cell context, p53 could engage or inhibit autophagy, however the
description of these contextual differences remains to be clarified. Despite that fact,
recent data indicate that both of these p53-mediated effects contribute to cell survival
after nutrient deprivation (Scherz-Shouval et al. 2010), suggesting that p53 maintains
better autophagic homeostasis by adjusting the rate of autophagy under limited nutrient



334 K. Itahana and S. Pervaiz

supply (Scherz-Shouval et al. 2010). Reciprocally, it has been recently shown that
autophagy gene product ATG7 regulates p53 to induce cell cycle arrest through
induction of p21 leading to cell survival during nutrient deprivation (Lee et al. 2012),
further supporting the important role of p53 in autophagic homeostasis.

5 p53 and Glycolysis

As eluded to earlier, glucose is the major cellular energy source. After entering the
cell, glucose undergoes glycolysis, the sequence of reactions that converts glucose
into pyruvate in the cytoplasm with the concomitant production of 2 ATP molecules
per molecule of glucose. When oxygen is available, the pyruvate is further and com-
pletely oxidized in the mitochondria, generating 32—34 ATP per glucose through the
citric acid cycle and oxidative phosphorylation. Therefore, there is an intricate inter-
play between oxidative phosphorylation and glycolysis with evidence of reciprocal
reinforcement. When oxygen is limited, pyruvate is instead converted into lactate in
the cytoplasm via fermentation by the enzyme lactate dehydrogenase. Although
oxidative phosphorylation produces greater ATP numbers than glycolysis, glycoly-
sis provides metabolic intermediates in biosynthetic reactions and can be initiated
more quickly leading to faster ATP production. Interestingly, the majority of cancer
cells tend to acquire ATP using the more rapid glycolysis method even in the pres-
ence of ample oxygen levels to meet their high energy demands. This phenomenon
is known as the ‘Warburg effect’. Although cancer cells do use oxidative phos-
phorylation, enhanced aerobic glycolysis has been observed in most types of can-
cers and is recognized as a hallmark of cancer.

Although p53 enhances mitochondrial DNA integrity, mitochondrial biogenesis,
and oxidative phosphorylation to contribute to mitochondrial ATP generation in
many cases, recent evidence suggests that p53 inhibits glycolysis (Fig. 12.3).
Indeed, this property fits well with the pS3 tumour-suppressive function against the
enhanced glycolytic phenotype in cancer. p53 induces TIGAR, an enzyme that
dephosphorylates either fructose-1,6-bisphosphate or fructose-2,6-bisphosphate
into fructose-6-phosphate (Bensaad et al. 2006). This TIGAR-mediated activity
inhibits glycolysis by counteracting the step where fructose-6-bisphosphate is phos-
phorylated into fructose-1,6-bisphosphate by phosphofructokinase (PFK).
Therefore, TIGAR blocks glycolysis at the fructose-6-phosphate stage to push
glucose catabolism toward the pentose phosphate pathway (PPP) (Bensaad et al.
2006), which generates metabolites used for the synthesis of nucleotides, nucleic
acids, fatty acids, and aromatic amino acids. Although TIGAR can enhance the PPP
pathway, it has recently been shown that p53~~ MEFs have enhanced PPP glucose
flux with higher glucose consumption compared to wild-type MEFs (Jiang et al.
2011), suggesting that there are other p53 targets that regulate PPP. Indeed, it has
been shown that cytoplasmic p53 inhibits the PPP pathway by binding to and pre-
venting the formation of the active dimer of glucose-6-phosphate dehydrogenase
(G6PD), the rate-limiting enzyme of the PPP (Jiang et al. 2011).
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p53 also stimulates the transcription of the Parkinson’s disease-associated gene,
Parkin (PARK2), and its deficiency activates glycolysis and reduces mitochondrial
respiration (Zhang et al. 2011). Furthermore, p53 can suppress glycolysis by directly
repressing the transcription of glucose transporter gene, Glutl and Glut4
(Schwartzenberg-Bar-Yoseph et al. 2004), by indirectly down-regulating Glut3 by
inhibiting NF-kB (Kawauchi et al. 2008a, b), by repressing the insulin receptor
promoter (Webster et al. 1996), or by down-regulating the glycolytic enzyme, phos-
phoglycerate mutase (PGM), in manner that is independent of p53 transcriptional
activity (Kondoh et al. 2005). Reciprocally, the glucose-responsive transcription
factor, carbohydrate responsive element binding protein (ChREBP), enhances aerobic
glycolysis via partially suppressing the ability of p53 to inhibit glycolysis (Tong et al.
2009). Although much evidence suggests that p53 reduces glycolysis, there are other
cases where p53 activates transcription of glycolytic enzyme genes. For example,
pS3 directly transactivates the transcription of PGM gene in cardiac myocytes
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(Ruiz-Lozano et al. 1999), and mutant p53 activates transcription of hexokinase I1
gene (Mathupala et al. 1997); however, it is not yet clear whether the p53-mediated
induction of these proteins translates into changes in glycolysis.

6 p53 and Reactive Oxygen Species

Mitochondria are the primary source of ROS within a cell. Although excessive ROS
are capable of damaging DNA, proteins, and lipids, and initiating apoptosis, ROS also
play roles in important cellular process, such as functioning as second messengers for
cell signalling and mediating protein modifications. Recent evidence suggests that
P53 has both an antioxidant role, to protect cells from ROS, and a pro-oxidant role, to
enhance apoptosis when stress reaches maximum levels (Maillet and Pervaiz 2012)
(Fig. 12.4). Conversely, ROS can also directly impact p53 activity (Fig. 12.4). For
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example, in general, excess ROS reduces the DNA binding activity of p53 (Hainaut
and Milner 1993; Russo et al. 1995) by posttranslational modifications, such as
glutathionylation of cysteine residues (Velu et al. 2007). On the other hand, p53
oxidation is reversed, and pS3 is activated by antioxidant proteins, such as Redox
factor-1 (Ref-1) (Jayaraman et al. 1997) or thioredoxin (TRx), which reduce oxi-
dized cysteine groups on proteins (Ueno et al. 1999; Ravi et al. 2005). Consistent
with this, thioredoxin reductase (TrxR), which converts TRx to its oxidized form,
reduces p53 activity (Moos et al. 2003; Cassidy et al. 2006). Another p53-mediated
modification is tyrosine nitration by nitric oxide (NO) and peroxynitrite (ONOO-)
produced by NO and O2'~. These ROS have been reported to either inactivate
(Cobbs et al. 2003) or activate p53 (Yakovlev et al. 2010), and this dual functional-
ity has been explained by studies showing that lower concentrations will activate
p53 whereas higher concentrations will inactivate p53 (Calmels et al. 1997).
Although the cysteine nitration of p53 has not yet been reported, the cysteine nitra-
tion of MDM2, a critical negative regulator of pS3 by acting as a ubiquitin E3 ligase,
has been reported to inhibit MDM?2-p53 binding (Schonhoff et al. 2002).

Although ROS modulate p53 functions, p53 also modulates ROS through several
distinct mechanisms. For example, it has been shown that basal levels of p53 are
sufficient for the up-regulation of several antioxidant genes, and the depletion of
endogenous p53 results in DNA oxidation and genomic instability, which can be
rescued by the addition of antioxidant n-acetyl cysteine (NAC) (Sablina et al. 2005).
Furthermore, p53 null mice exhibit increased oxidative damage to DNA, leading to
genomic instability (Griffiths et al. 1997; Bishop et al. 2003). Several lines of evi-
dence suggest that p53 directly transactivates genes coding various antioxidant
enzymes. Some of these enzymes include glutathione peroxidase (GPX), which
scavenges hydrogen peroxide or organic hydroperoxide (Tan et al. 1999), aldehyde
dehydrogenase 4 family member A1 (ALDH4A1), a mitochondrial-matrix NAD+-
dependent enzyme suggested to inhibit ROS produced by proline metabolism (Yoon
et al. 2004), and catalase, the enzyme responsible for converting hydrogen peroxide
into water and oxygen. p53 knockdown also results in a decrease in catalase and an
increase in intracellular ROS in vivo (O’Connor et al. 2008). Other transcriptional
target genes of p53 involved in antioxidant activity include sestrinl and sestrin2,
which are essential for the regeneration of over-oxidized peroxiredoxins (Budanov
and Karin 2008) that are involved in the decomposition of hydrogen peroxide
(Finkel 2003), tumour protein p53-inducible nuclear protein 1 (TP53INP1) (Cano
et al. 2009), and Parkin (Zhang et al. 2011), whose product inhibits glycolysis. pS3
is able to inhibit NO production by repressing a gene of the inducible nitric oxide
synthase (iNOS), NOS2 (Forrester et al. 1996), and higher levels of NOS2 have been
observed in p53 null mice (Ambs et al. 1998). p53 also induces antioxidant defence
by regulating glycolysis. As mentioned above, p53 induces the transactivation of
TIGAR gene, whose product enhances the PPP and promote the production of
NADPH (Bensaad et al. 2006). NADPH is a hydride (hydrogen anion) donor in a
variety of enzymatic processes and acts as an antioxidant to reduce oxidized gluta-
thione for ROS scavenging. Thus, TIGAR decreases ROS levels (Bensaad et al.
2009). Similarly, the repression of the glycolysis enzyme gene, PGM, by p53
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(Kondoh et al. 2005) also contributes to an increase in the PPP. On the other hand,
another report shows that p53 reduces the production of NADPH from the PPP
pathway by binding to and inhibiting G6PD (Jiang et al. 2011). Thus, the impact on
ROS by the inhibition of G6PD remains to be determined. The ability of p53 to
transactivate SCO2 may also contribute to antioxidant activity, as human cell lines
with the SCO2 gene homozygously disrupted, shows increased intracellular oxygen
and nicotinamide adenine dinucleotide (NADH) levels, which results in increased
ROS and oxidative DNA damage (Sung et al. 2010).

In response to stress, pS3 induces senescence and apoptosis depending on the
cellular context. Indeed, p53 is capable of enhancing ROS when oxidative stress
reaches critical levels (Sablina et al. 2005). An increase of ROS levels during stress
plays an important role in enhancing p53-dependent senescence and apoptosis
(Macip et al. 2003), and even necrosis via induction of cathepsin Q gene by p53
(Tu et al. 2009). ROS induction is known to contribute to apoptosis (Johnson et al.
1996), and a set of p53-induced genes (PIG) that impact ROS production during
apoptosis have been identified (Polyak et al. 1997). These gene products include
pro-oxidant enzymes, such as p53 induced gene 6 (proline oxidase 1) (Donald et al.
2001; Rivera and Maxwell 2005), a mitochondrial protein that catalyses the first
step in proline degradation and is required for pS3-mediated apoptosis via the
calcium-dependent serine-threonine phosphatase, calcineurin. Other gene products
include p53-induced gene 3 (TP5313/PIG3) (Flatt et al. 2000), quinone oxidoreductase,
which has a role in the activation of DNA damage checkpoints (Porte et al. 2009;
Lee et al. 2010), PIG1, a member of the galectin family that can stimulate superoxide
production (Yamaoka et al. 1995), and PIG8, a quinone known to generate ROS and
can be induced by etoposide (Lehar et al. 1996).

In the mouse model, the hypomorphic allele of p53, p53515C (encoding
p53R172P), rescues embryonic lethality of MDM2~~ mice. However, MDM2~~
p53’13515C mice exhibits elevated ROS levels and the induction of the PIG1, PIGS,
and PIGI2 genes. These mice succumbs to haematopoietic cell death after birth,
and the lethality is partially rescued by antioxidant treatment (Abbas et al. 2010),
suggesting the importance of p5S3-mediated ROS production for this type of cell
death in vivo. Another p53-inducible pro-oxidant enzyme is FDXR, a mitochondrial
protein that transfers an electron from NADPH to cytochrome P450 through ferre-
doxin and sensitizes cells to ROS-mediated p53-dependent apoptosis (Liu and Chen
2002). pS3 also induces pro-apoptotic BCL-2 family proteins, such as Bax and
Puma (Liu et al. 2005), which increase ROS generation, as well as the pro-oxidant
protein p66Shc (Trinei et al. 2002; Giorgio et al. 2005), which is a splice variant of
p52she/p46she, a signal transducer involved in RAS signalling. Interestingly, the
depletion of p66Shc has been shown to reduce ROS levels and extend the mouse life
span by about 30 % (Migliaccio et al. 1999).

pS53 counteracts the antioxidant Nrf2 transcription factor, which transactivates
genes with promoters containing antioxidant response cis-elements (AREs), such as
cysteine/glutamate transporter (x-CT), NAD(P)H quinone oxidoreductase (NQO1I ),
and glutathione S-transferase al(GST-al) (Faraonio et al. 2006). p53 also directly
represses ARE promoters to induce ROS production and enhances apoptosis during
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stress (Faraonio et al. 2006). p53 also represses a gene of key antioxidant enzymes,
mitochondrial superoxide dismutase 2 (SOD2), which catalyses the dismutation of
superoxide into oxygen and hydrogen peroxide to enhance p53-induced apoptosis
(Pani et al. 2000; Drane et al. 2001; Dhar et al. 2006). Consistent with the ability of
p53 to suppress antioxidant enzymes, Bmil deficiency in neurons results in abnor-
mally high ROS concentrations due to the accumulation of p53 on the promoters for
repressing antioxidant genes such as X-CT and SOD2 (Chatoo et al. 2009).
pS53-mediated suppression of SOD2 has also been suggested by the direct interac-
tion between p53 and SOD2 in mitochondria (Zhao et al. 2005). On the contrary,
some reports have shown that p53 induces SOD2 (Hussain et al. 2004; Li et al.
2010); however, an additional report shows that low p53 concentrations increases
SOD2 expression while high concentrations suppresses it (Dhar et al. 2010). One
additional report shows that pS3-mediated induction of SOD2 and GPX causes an
imbalance of antioxidant enzymes and increases ROS to contribute to p53-mediated
apoptosis (Hussain et al. 2004). Clearly, the physiological regulation of SOD2 by
p53 requires further investigation.

Interestingly, recent results have shown that p53 activation could lead to cell
survival rather than apoptosis (Janicke et al. 2008). Indeed, p53 may act as antioxidant
even when cells are exposed to significant oxidative stress depending on the cellular
context. For, example, p53 can protect cells from death mediated by oxidative stress,
but not by DNA damaging agents, through induction of a gene of the antioxidant
enzyme, haeme-oxygenase-1 (HO-1), which catalyses the degradation of haem into
bilirubin and CO (Nam and Sabapathy 2011). Similarly, p53 protects cells from
NO-mediated apoptosis in smooth muscle cells (Kim et al. 2008; Popowich et al.
2010); however, NO can induce apoptosis in a p5S3 dependent manner in lympho-
blastoid and fibroblast cells (McLaughlin and Demple 2005), suggesting that
NO-mediated cell death mediated by p53 is cell type specific. The transcriptional
co-activator PGC-1-a can activate p53 through direct binding and rescue cells from
glucose starvation-mediated cell death by reducing ROS via activating antioxidant
regulators downstream from p53 (Sen et al. 2011). p53 also transactivates GLS2 to
facilitate glutamine metabolism and lowers ROS levels by increasing reduced glu-
tathione levels to protect cells from cell death mediated by oxidative stress (Hu et al.
2010; Suzuki et al. 2010). The p53 target, ALDH4A 1, also protects cells from oxida-
tive stress-mediated death by reducing ROS (Yoon et al. 2004).

Some discrepancy remains regarding how p53 regulates these pro- and antioxi-
dant factors, as the regulation could depend on either cell context or the mechanism
of p53 activation. However, there is some consensus in that physiological p53 levels
without stress primarily maintain antioxidant enzymes to protect cells from oxida-
tive stress, while p53 can promote pro- or antioxidant functions depending on the
cellular context when the cells experience significant stress. Interestingly, these bio-
logically distinct effects of p53 on cellular redox homeostasis are congruent with
the divergent effects of an altered redox milieu on cell fate decisions. For example,
a pro-oxidant state is an invariable finding in many cancers (Cerutti 1985), and
depending upon the level of oxidative stress and the specific type of ROS, the effects
range from pro-survival to pro-death (Pervaiz et al. 1999; Clement and Pervaiz
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2001; Pervaiz and Clement 2002, 2007; Clement et al. 2003). On the one hand, the
intrinsic antioxidant defence in cancer cells may protect them from death mediated
by chemotherapeutic drugs that execute cells via intracellular ROS generation.
Conversely, ROS-inducing effect of p53 might serve to push cells already in a slight
‘pro-oxidant’ milieu toward execution. A better understanding of the intricate cross-
talk between p53 and cellular redox status as well as the effect of loss of function
mutations of the tumour suppressor could provide potential leads that could be
exploited for the design and development of novel therapeutic strategies.

7 Conclusions and Future Directions

After aerobic bacteria colonized primordial eukaryotic cells more than a billion
years ago, mitochondria acquired wide-ranging functions involved in many cellu-
lar processes during evolution. Some of these include apoptosis, cell growth, cell
division, lipid peroxidation, autophagy, glycolysis, ROS regulation, bioenergetic
and biosynthetic metabolism, and ATP production by oxidative phosphorylation.
During the evolution of the p53 family members from sea anemones to Homo
sapiens (Rasmussen-Torvik et al. 2010), p53 has acquired many mechanisms for
regulating mitochondrial metabolism, which, if deregulated, could negatively
impact aging, cancer patients, and neurodegenerative disease patients. After the
discovery of p53 30 years ago, many p53 target genes were identified and were
found to participate in a myriad of cellular processes, including the regulation of
oxidative phosphorylation, glycolysis, autophagy, glutamine and fatty acid metab-
olism, and ROS production. Generally, basal levels of p53 enhance oxidative phos-
phorylation, glutamine and fatty acid metabolism, antioxidant defences, and
autophagy, while inhibiting glycolysis. In contrast, p53 accumulation after signifi-
cant stress can result in either pro-oxidant function leading to cell death or antioxi-
dant functions to counteract death, depending on the cellular context. Because the
metabolic pathways described above are closely connected and p53 regulates many
genes at the same time, the actions of p53 for a particular metabolic process are
likely different for each cell type and context. This may explain why results pub-
lished by different groups appear to be conceptually controversial, as discussed in
this review. Many studies suggest that p53 regulates metabolism through both tran-
scriptional activation and direct protein interactions in different cellular compart-
ments, including mitochondria. However, it is still unclear which signals dictate
the localization of p53 to different cellular compartments. The role of the meta-
bolic function of p53 in tumour suppression has been recently demonstrated in vivo
(Li et al. 2012). Mice bearing lysine to arginine mutations at three p53 acetylation
sites, which lead to abrogated p53 functions in cell cycle arrest, apoptosis, and
senescence do not show the same early onset of tumours as p53 null mice.
Interestingly, these mice still retain the metabolic functions of p53, such as inhibit-
ing glycolysis, reducing ROS, and the ability to induce TIGAR, Aldh4h, Gamt,
GLS2, Gpx1, sestrinl, and sestrin2 (Li et al. 2012), suggesting that p53-mediated
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changes in cell-cycle, apoptosis, and senescence are dispensable for preventing the
early onset of tumours, while the metabolic-related functions are associated with
tumour suppression.

Recently, a gain-of-function p53 mutant was shown to transactivate particular
genes (Freed-Pastor et al. 2012) and interact with several binding partners in dif-
ferent cellular compartments (Muller et al. 2009). In this respect, it is worth com-
paring the role of mutant pS3 in the metabolic functions reported for wild-type
P53, as mutant pS3 is often overexpressed in cancer cells and may impact particu-
lar metabolic processes to a greater degree stoichiometrically than wild-type p53
(Goh et al. 2011). Although p53-mediated antioxidant functions protect cells from
DNA damage and genomic instability caused by oxidative damage, these functions
may interfere with the cell’s ability to undergo apoptosis and senescence even after
severe DNA damage and oncogenic insults. Therefore, the antioxidant function of
P53 may inhibit the efficacy of cancer drugs. Indeed, p53 has several metabolic
functions that may be considered beneficial to cancer cells, such as antioxidant
protection against apoptosis or enhancing autophagy for cell survival. For exam-
ple, it has been recently shown that serine starvation in cancer cells induces oxida-
tive stress which is attenuated by pS3-mediated metabolic remodelling that includes
the efficient synthesis of major antioxidant glutathione (Maddocks et al. 2013).
Because half of all cancer types contain wild-type p53, understanding the metabolic
role of wild-type p53 within particular cancer types will provide important information
for clinical oncology.
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Abstract Friedreich’s ataxia (FA) is a debilitating mitochondrial disorder leading
to neural and cardiac degeneration that is caused by a mutation in the frataxin gene.
The most common cause of death in these patients is heart failure, although it is not
known how the deficiency in frataxin potentiates the observed cardiomyopathy.
However, there have been a number of proposed mechanisms involving the function
of frataxin, and the origins of heart failure in FA that will be discussed in this
chapter. It is hoped that the elucidation of these potential mechanisms will lead to a
comprehensive understanding of the pathogenesis of FA, and contribute to the
development of treatments and therapeutics.

Keywords Autophagy e Friedreich’s ataxia * Autophagy * Mitophagy ¢ Cardiac
hypertrophy ¢ Iron * Mitochondria * Frataxin * Oxidative stress ® Hypoxia-inducible
factor * Apoptosis * Heart failure

1 Introduction

Friedreich’s ataxia (FA) is an autosomal recessive neuro- and cardio-degenerative
disorder that is caused by the deficient expression of the nuclear-encoded mitochon-
drial protein, frataxin (Campuzano et al. 1997). It is characterised by gait and limb
ataxia, dysarthria, absent muscle stretch reflexes in the lower limbs, sensory loss,
and pyramidal signs (Diirr et al. 1996; Babcock et al. 1997). In addition, patients gen-
erally suffer from skeletal deformities, diabetes and cardiomyopathy (Babcock et al.
1997). The disorder has an estimated prevalence of 1 in 50,000 in European popula-
tions, which makes it the most common hereditary ataxia among Caucasians, though
it is rare among Asians, sub-Saharan Africans and American Indians (Diirr et al.
1996; Santos et al. 2010).

Although a small proportion of FA patients have been found to possess a point or
missense mutation in an allele, frataxin-deficiency is primarily due to a homozy-
gous GAA triplet repeat expansion on the first intron of the corresponding gene
(Diirr et al. 1996; Santos et al. 2010). These repeats can range from 66 to 1,700, as
compared to a normal allele which contains between 6 and 36 triplets (Pilch et al. 2002).
Expansions in the gene cause an abnormal conformation in the DNA, resulting in
decreased transcription, and in a subsequent reduced expression of the frataxin
protein (Bidichandani et al. 1998). Importantly, the sizes of the GAA repeats have
been found to positively correlate with the severity of the disease, and negatively
correlate with the age of onset (Diirr et al. 1996). There are a number of atypical
variants of FA such as: (1) late-onset FA (LOFA) where disease progression is
slower, and onset is after 25 years of age (Pilch et al. 2002); (2) Acadian- type FA
(where the symptoms are less severe); and (3) FA with retained reflexes, where
tendon reflexes in the lower limbs are preserved, and clinical features are less
pronounced (Klockgether et al. 1991; Filla et al. 1996; Santos et al. 2010).
These atypical variants with less severe symptoms such as LOFA typically have
shorter GAA expansions (Filla et al. 1996). The pathogenesis of the typical form
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of FA has a mean age of onset at 10.52+7.4 years, and death at 37.54 +14.35 years
of age (Harding 1981).

The association of FA with mitochondrial dysfunction is supported by a large
body of evidence. The mitochondrion is not only a vital organelle for energy pro-
duction, but it is also important in iron metabolism as it is the primary site for haem
and iron-sulphur cluster (ISC) synthesis (Richardson et al. 2010). These processes are
significantly affected in FA (Huang et al. 2011). Hence, as a result of the disruption
of normal mitochondrial function, some of the notable features that are observed in
the disorder include mitochondrial iron accumulation in the heart and ISC deficiency
(Babcock et al. 1997; Miihlenhoff et al. 2002). In addition, FA primarily affects
mitochondria-rich tissues that are largely dependent on oxidative energy metabolism
such as the heart, pancreas and neurons, resulting in the selective loss of dorsal root
ganglia neurons, cardiomyocytes and pancreatic beta cells (Miihlenhoff et al. 2002;
Gakh et al. 2006; Santos et al. 2010). However, it is not known why certain neuronal
types such as spinal cord and brainstem motor neurons are exempted in the patho-
genesis of the disorder (Babcock et al. 1997; Santos et al. 2010).

While there is no known cure for FA, some forms of treatment are available.
This includes anti-oxidant therapy which is only targeted to cardiomyopathy, physical
therapy, and standard treatment for patients suffering from diabetes, scoliosis, and
arrhythmias (Lodi et al. 2001; Maring and Croarkin 2007; Schulz et al. 2009). It is
therefore hoped that the elucidation of frataxin’s role in iron metabolism will provide
insight into its function and into the pathogenesis of the disease, so as to work towards
a more effective treatment for FA.

2 Frataxin

Frataxin is a 210 amino acid nuclear-encoded protein, and it is predominantly
found in the mitochondrion, either associated with the mitochondrial membrane
and crests, or as a free soluble protein in the matrix (Gibson et al. 1996; Babcock
et al. 1997; Campuzano et al. 1997). Although frataxin is ubiquitous, its highest
levels of expression are in the heart and spinal cord — the main sites affected by the
disease (Santos et al. 2010). While it is known that frataxin is linked to neuro- and
cardio-degeneration, the function of the protein is still unclear. However, frataxin is
likely to play a role in iron metabolism, as it has been proposed to interact with
proteins such as ferrochelatase and the scaffold protein, ISU, which are markedly
involved in iron utilisation pathways such as haem synthesis, and iron-sulphur
cluster (ISC) synthesis respectively (Miihlenhoff et al. 2002; Yoon and Cowan 2003;
Yoon and Cowan 2004). It has also been shown that iron chelators such as desfer-
rioxamine (DFO) can reduce the steady state levels of frataxin, although it should
be noted that this is an isolated study, and that contradicting results have been
reported (Becker et al. 2002; Li et al. 2008). Considering this, there have been a
number of hypotheses regarding frataxin’s role in cellular iron homeostasis and
these are discussed below.
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Fig. 13.1 The proposed roles of frataxin in iron metabolism in mammals. Frataxin has been
suggested to be involved in a number of iron-related processes such as iron storage, acting as an
iron chaperone, iron sensing and iron regulation

2.1 Proposed Roles of Frataxin

2.1.1 Frataxin as an Iron-Binding Protein

In vitro studies have revealed that the yeast and bacterial orthologues of frataxin,
Ythl and CyaY respectively, homo-oligomerise in the presence of excess iron, and
these aggregates have strong iron binding abilities with ferroxidase activity (Adamec
et al. 2000; Bencze et al. 2006) (Fig. 13.1a). Similarly, the over-production of human
frataxin in E. coli has been shown to result in the assembly of a homo-oligomer
which is able to bind approximately 10 iron atoms per frataxin molecule (Cavadini
et al. 2002). This helps to keep iron in its inert state so as to shield it from redox
reactions, and thus limit iron toxicity (Bencze et al. 2006; Gakh et al. 2006). This iron-
binding ability through aggregation has also been found in the cytosolic iron storage
protein, ferritin, which suggests that frataxin may play a similar role (Gakh et al. 2006).
Consistent with this proposal, the structures of three frataxin orthologues were
resolved, and it was found that there was a highly conserved N-terminal region
consisting of the metal-binding Asp and Glu residues (Bencze et al. 2006).

The aggregation of human frataxin does not occur spontaneously in vitro, and,
in some cases, there was no clear interaction between human frataxin and iron
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(Adinolfi et al. 2002). In addition, a study showed that a mutant form of Yth1, that was
unable to oligomerise and store iron, was phenotypically silent in vivo, suggesting
that iron-binding is not a primary function of frataxin (Aloria et al. 2004). Finally,
the discovery of mitochondrial ferritin (Ftmt) in human tissues suggests that the
proposed role of frataxin as an iron binding protein in the mitochondrion may be
redundant in humans (Levi et al. 2001; Drysdale et al. 2002).

2.1.2 Frataxin as an Iron Chaperone

Based on isothermal titration calorimetry and fluorescence quenching experiments,
it was found that holo-frataxin, which is the iron-carrying form of frataxin, has a
high binding affinity for ferrochelatase (Yoon and Cowan 2004). Ferrochelatase is
the enzyme which is responsible for the insertion of iron into the protoporphyrin
ring in the terminal step of haem synthesis (Taketani 1994). Therefore, it has been
proposed that frataxin acts as an iron chaperone in haem synthesis which donates
an iron atom to ferrochelatase, and consequently limits the toxicity of free iron
within the cell (Bencze et al. 2006) (Fig. 13.1b).

There has also been evidence to suggest that frataxin serves as an iron chaperone
in the assembly of ISCs (Gerber et al. 2003; Yoon and Cowan 2003; Gakh et al. 2006;
Adinolfi et al. 2009). ISCs are essential for a number of biological processes
such as the electron transport chain, and other enzymatic and regulatory processes
(Rouault and Tong 2005). Biosynthesis begins with the formation of a sulphide
bridge between cysteine desulphurase and mitochondrial cysteine, and this leads
to the formation of [2Fe-2S] or [4Fe-4S] clusters on scaffold proteins such as ISU
(Rouault and Tong 2005).

It was found that holo-frataxin forms a complex with ISU, and, in the absence of
external ligands, iron is released from frataxin (Yoon and Cowan 2003). In addition,
when high iron ion concentrations were used to mediate iron delivery to ISUs,
negligible cluster formation was observed's. However, ISCs could be assembled
in vitro in the absence of accessory proteins (Yoon and Cowan 2003). This implies
that accessory proteins such as frataxin act as carriers instead of catalysts in the
formation of ISCs. Hence, human frataxin is likely to mediate iron transfer through
the interaction of holo-frataxin and nucleation sites for the formation of the [2Fe-2S]
cluster on the ISU (Yoon and Cowan 2003). A similar interaction between the
ISC-assembly complex and the yeast orthologue of frataxin has been reported,
as holo-frataxin has been shown to form a complex with the scaffold protein, ISU
(Gerber et al. 2003; Aloria et al. 2004; Li et al. 2008; Huang et al. 2011).

2.1.3 Frataxin as an Iron Regulator

Contrary to frataxin’s proposed role as an iron chaperone, it was found that CyaY
specifically inhibits [2Fe-2S] cluster synthesis (Adinolfi et al. 2009). In addition,
it appeared to attenuate ISC formation in response to varying iron concentrations
(Adinolfi et al. 2009) (Fig. 13.1c). It has therefore been proposed that frataxin
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regulates ISC formation by controlling the ratio of Fe-S clusters and its apo acceptors
(Adinolfi et al. 2009). This would also explain frataxin’s increased affinity for ISCs
at higher iron concentrations, as it serves to limit iron toxicity that can occur from
the breakdown of ISCs when there are insufficient acceptors. Frataxin may therefore
act as an iron sensor through its participation in ISC formation (Adinolfi et al. 2002;
Gerber et al. 2003; Adinolfi et al. 2009).

Another role that frataxin could play in the regulation of iron metabolism is
one where it can act as a metabolic switch in terms of directing iron towards haem
synthesis and away from ISC formation (Fig. 13.1d), which is evident from the down-
regulation of frataxin expression during erythroid differentiation (Becker et al. 2002).
In this latter study, it was found that frataxin was down-regulated at increased levels
of the haem synthesis enzyme, protoporphyrin IX, and, correspondingly, iron was
directed away from ISC synthesis (Becker et al. 2002). Consistent with this hypothesis,
it was found that the rate of haem synthesis was inversely related to the ratio of the
levels between frataxin and ferrochelatase (Yoon and Cowan 2004). Higher levels of
frataxin were found to lead to decreased rates of haem synthesis, which might have
been to allow for the direction of iron towards ISC synthesis.

2.2 Effects of Frataxin Deficiency

2.2.1 Iron Accumulation

The importance of frataxin in iron regulation is further reflected in the observation
that mitochondrial iron accumulates in frataxin-deficient cardiomyocytes (Babcock
et al. 1997; Foury and Cazzalini 1997). Among human patients, iron accumulation
has been detected in the heart, liver, and spleen, but not in the dorsal root ganglion
(DRG), spinal cord, skeletal muscle, cerebellum, peripheral nerves, or pancreas
(Bradley et al. 2004; Santos et al. 2010). A similar observation was made in the 10-week
old muscle creatine kinase (MCK) conditional frataxin knockout mice, where
significant iron deposition was detected in the cardiomyocytes (Puccio et al. 2001).

Prior to 10 weeks of age, levels of mitochondrial iron in the 7 week MCK mutants
appeared to be either normal or only slightly increased, whereas ISC enzyme activities
were already defective at this timepoint (Puccio et al. 2001). In addition, iron
deposits were not found in the neuron-specific enolase (Koglin et al. 1999) model,
but both models showed signs of cardiac hypertrophy and deficits in Fe-S enzymes
(Puccio et al. 2001). This suggests that iron accumulation is likely to occur indepen-
dently of these other symptoms. A gene array analysis of the MCK mice identified
a mechanism of iron redistribution characterised by an up-regulation of genes
involved in cellular and mitochondrial iron uptake, and a down-regulation of genes
that encode proteins which play roles in cytosolic iron storage and mitochondrial
iron-processing (Huang et al. 2009). It is therefore likely that mitochondrial iron
accumulation occurs from the increased uptake of iron into the mitochondrion,
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coupled with a lack of iron-processing in the mitochondrion (Huang et al. 2009).
In support of this view, microarray studies of the yeast frataxin knockout model
have shown an up-regulation of genes that are under the influence of the iron-sensing
transcription factors, AFT1/AFT2 (Miihlenhoff et al. 2002). Considering the induction
of the AFT regulatory system by low levels of cytosolic iron, it is possible that there
was a redistribution of cytosolic iron to the mitochondrion in response to frataxin
deficiency (Miihlenhoff et al. 2002). Taken together, these observations suggest
that frataxin plays a significant role in mitochondrial iron metabolism, and that its
deficiency is potentially responsible for the mitochondrial iron accumulation that is
observed in FA.

2.2.2 Ocxidative Stress

The accumulation of iron within a redox active environment such as the mitochondrion
can lead to the production of free radicals through the Fenton reaction (Fenton 1894;
Papanikolaou and Pantopoulos 2005) (Eq. 13.1):

Fe’* +H,0, - Fe’* + OH™ ++OH (13.1)

Therefore, it is possible that the accumulation of mitochondrial iron observed
in FA patients will result in oxidative stress and free radical induced cytotoxicity.
In addition, it was shown that in the absence of Yfh1, mitochondrial damage in yeast
cells was proportional to the concentration and duration of exposure to extracellular
iron, suggesting a potential causative effect that iron accumulation has on cellular
damage in FA (Radisky et al. 1999).

Further evidence that supports a role of oxidative stress in FA was reflected in
a study where the administration of the anti-oxidant, idebenone, led to a decrease
in myocardial hypertrophy, and improved myocardial energy deficiency (Rustin
et al. 1999; Papanikolaou and Pantopoulos 2005). Another study showed increased
concentrations of markers of oxidative DNA damage, 8-hydroxy-2’-deoxyguanosine,
and of lipid peroxidation, serum malondialdehyde, that were noted in patients
(Emond et al. 2000; Schulz et al. 2000; Cavadini et al. 2002; Yoon and Cowan 2004).
Finally, it has been shown that there is a higher mitochondrial DNA mutation rate in
genes encoding NADH dehydrogenase in FA patients than in controls, indicating
the occurrence of reactive oxygen species (ROS) production (Santos et al. 2010).
It is therefore likely that these mutations contribute to mitochondrial instability.

However, there have also been contradicting studies to suggest that frataxin
deficiency is not linked to oxidative stress. For example, Seznec et al. showed that
frataxin deficiency did not induce oxidative stress in neuronal tissues, and that it also
led to the eventual down-regulation of the anti-oxidant enzyme, manganese superoxide
dismutase (MnSOD) (Seznec et al. 2005). It was thus proposed that the reduced
levels of MnSOD was indicative of the lack of endogenous free radical production,
instead of as the cause of oxidative damage in FA patients (Seznec et al. 2005).
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2.2.3 Association with Hypoxia Inducible Factors

Another study showed that the mouse frataxin gene is regulated by hypoxia inducible
factor (HIF) -2a, as levels of frataxin were reduced in response to a knockout of the
HIF2a-encoding Epas! (Diirr et al. 1996; Oktay et al. 2007). It was similarly found
in human tumour cell lines that frataxin is up-regulated in response to hypoxic stress
(Guccini et al. 2011). Namely, frataxin was shown to modulate the expression of
the tumour suppressor gene, p53, and it was also found to be dependent on HIFs
(Guccini et al. 2011). However, it is still not known how HIFs are activated, although
it could possibly be due to a release of mitochondrial reactive oxygen species or
other environmental stresses that elicit the hypoxic response. In summary, it is clear
that further studies are required to identify the pathways that are responsible for the
severe cellular damage found in FA patients.

3 Cardiomyopathy in Friedreich’s Ataxia

3.1 Symptoms and Treatment

Cardiomyopathy is the most common cause of death in FA and it affects two-thirds
of patients (Sedlak et al. 2004; Santos et al. 2010). Patients are often found with left
ventricular hypertrophy which can progress to the more fatal dilated cardiomyopathy,
and adequate systolic function is usually maintained until shortly before death
(Puccio et al. 2001; Papanikolaou and Pantopoulos 2005; Payne 2011). Both ventricles
are affected, and arrhythmias of atrial origin are common and important in determining
the prognosis of the patient, as they are indicative of left ventricular dysfunction
(Santos et al. 2010; Bourke and Keane 2011). Microscopically, it has been found
that cardiomyocyte hypertrophy, focal necrosis and diffuse fibrosis occur in the left
ventricle (Payne 2011).

Moreover, a significant decrease in myocardial energy generation was shown to
correlate with the degree of hypertrophy (Payne 2011). Accordingly, short term studies
have shown that the use of idebenone has been successful in improving myocardial
energy deficiency and decreasing hypertrophy (Rustin et al. 1999; Payne 2011).
However, longer term studies have failed to show a decrease in arrhythmias or
progression of heart failure (Payne 2011; Velasco-Sanchez et al. 201 1). Another possible
treatment method for cardiomyopathy in FA is cardiac transplants. It was known to
be performed in one case, and the patient’s ataxia improved considerably, possibly
due to the reperfusion of blood to the limbs (Sedlak et al. 2004).

In the experimental MCK model of FA, cardiac hypertrophy was determined by
their heart/body weight ratio (Puccio et al. 2001). At the early onset of the disease,
the mutants did not display any significant differences to wild-type mice until
late onset, where the mass of the MCK hearts increased significantly till death
(Puccio et al. 2001) (Fig. 13.2). The cardiac hypertrophy was observed to develop
into a dilated cardiomyopathy, which is congruent with the progression of the human
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Fig. 13.2 Photographs of hearts from wild-type and knockout MCK mice at 10 weeks of age
(Taken from Huang et al. 2013). At 10 weeks of age, the heart of the MCK knockout mouse is
significantly enlarged compared to its wild-type counterpart. This is indicative of the cardiac
hypertrophy that is evident in the disorder

disease (Puccio et al. 2001; Drysdale et al. 2002; Koeppen 2011). The aforementioned
ISC deficiency was not displayed until late onset, which indicates that this process
occurs in parallel with the pathogenesis of cardiomyopathy in FA (Puccio et al. 2001).
In addition, the application of anti-oxidant therapy using idebenone had a similar
effect on the mouse models as it also slowed the progression of cardiomyopathy
(Seznec et al. 2004).

3.2 Progression of Cardiomyopathy in Friedreich’s Ataxia

The previously mentioned, microarray analysis performed by Huang et al. demon-
strated that there was up-regulation of genes involved in the integrated stress
response (ISR) (Narula et al. 1999) as early on as 4 weeks, when the mice were
phenotypically asymptomatic (Harding et al. 2003; Seznec et al. 2004; Huang et al.
2013). The ISR which will be discussed below, orchestrates different stress path-
ways in response to cellular damage, and it is also known to be able to lead to
autophagy and apoptosis in the heart (Okada et al. 2004; Kroemer et al. 2010).
One of the key features of cardiomyopathy is the loss of cardiomyocytes from the
deficient regeneration of cells, leading to subsequent structural abnormalities and
functional deficiencies (Rustin et al. 1999; Sabbah 1999; Knaapen et al. 2001;
Hein et al. 2003). The cause of cardiomyocyte death has not been determined in
human FA patients, although studies utilising the animal model of FA have identified
the potential involvement of autophagy and apoptosis (Cossée et al. 2000; Santos
et al. 2001; Palomo et al. 2011; Huang et al. 2013).

In vitro studies have demonstrated that apoptosis occurs in cultured cells from
FA patients in response to oxidative damage (Wong et al. 1999; Santos et al. 2001).
However, these observations have yet to be made in vivo as apoptotic neuronal
cells are readily phagocytosed by neighbouring glial cells and are therefore
difficult to detect (Puccio et al. 2001; Drysdale et al. 2002; Palomo et al. 2011).
An accumulation of lipofuscin was also found in both the dorsal root ganglia and
the cardiomyocytes of FA patients (Lamarche et al. 1980; Larnaout et al. 1997).
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Lipofuscin is a protein aggregate that is formed after the degradation of iron-containing
proteins by the lysosome, and it is known to be important in the autophagy of mito-
chondria (Brunk and Terman 2002; Keller et al. 2004). This raises the possibility
that autophagy occurs in the hearts of FA patients, and it might therefore be a major
contributor to cardiomyopathy in FA. It is also of interest that autophagic cardio-
myocytes are observed at a significantly higher frequency in failing hearts than
apoptotic markers (Martinet et al. 2007). While it has been shown that autophagic
markers were present neurologically in FA patients, it is not known if it occurs in the
heart (Seznec et al. 2004).

These findings are important because autophagy and apoptosis can play a vital
role in the development of cardiac failure in the disease, and they might also act
synergistically to result in heart failure (Eisenberg-Lerner et al. 2009). Hence, these
processes and the pathways that trigger them need to be considered in the patho-
genesis of FA.

4 The Integrated Stress Response

The ISR (Narula et al. 1999) is a highly conserved adaptive stress response initiated
by kinases which results in the phosphorylation of eukaryotic initiation factor (eIF)-2a
(Harding et al. 2003). Four known kinases upstream of e[F2a are phosphorylated in
response to cellular stressors. These include haem-regulated inhibitor (Hri) which
autophosphorylates in response to haem deficiency; Protein kinase R (Pkr), which
is activated after viral infection; Protein kinase-like ER kinase (PERK), which is
up-regulated following ER stress; and general control non-redepressing 2 (Gen?2)
which is active in response to amino acid deficiency (Nanduri et al. 2000; McEwen
et al. 2005; Chen 2007; Eisenberg-Lerner et al. 2009; Kilberg et al. 2009).

These divergent stress signals converge at the phosphorylation of eIF2a which
leads to a reduced rate of cellular protein synthesis, but a paradoxical translation of
selective transcripts, including the activating transcription factor 4 (ATF4) (Harding
et al. 2003) (Fig. 13.3). ATF4 is responsible for the activation of different adaptive
cellular events by binding and promoting the expression of stress-inducible genes
responsible for amino acid synthesis (Kilberg et al. 2009). However, if the adaptive
response is unsuccessful, prolonged activation of the ISR can lead to the induction
of autophagy and apoptosis (Kilberg et al. 2009; Kroemer et al. 2010) (Fig. 13.3).

It is known that autophagy is induced in response to a number of stress
signals such as nutrient stress, ER stress, hypoxia, anoxia and redox stress, as
Gcen?2 and Pkr have been shown to up-regulate autophagy in response to nutrient
deprivation (Talléczy et al. 2002; Kroemer et al. 2010; Huang et al. 2013). It has
also been found that cells that carry a mutation where eIF2a cannot be phosphory-
lated are unable to induce autophagy in response to starvation (Kroemer et al.
2010). However, it is still not known how the ISR contributes to autophagy.
As mentioned previously, a gene array analysis of the MCK mice revealed an
up-regulation of ATF4-inducible genes at an early age of onset (Huang et al. 2013).
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Fig. 13.3 The integrated stress response. Both extra- and intra-cellular stress signals activate
the integrated stress response through the phosphorylation of e[F2a by distinct upstream kinases.
The subsequent downstream activation of a number of transcription factors leads to either an
up-regulation of genes involved in amino acid synthesis, or cell death by either apoptosis or
autophagy

These genes included: asparagine synthase (Asns), methylenetetrahydrofolate
dehydrogenase (NADP+-dependent) 2 (Mthfd2) and phosphoserine aminotrans-
ferase 1 (Psatl) which are associated with amino acid deficiency; Chop which has
been implicated in different forms of cardiomyopathy leading to heart failure, and
which has been observed in apoptotic cardiomyocytes; and 7rib3, which regulates
the ISR via negative feedback and inhibits the expression of Asns and Chop (Okada
et al. 2004; Fu et al. 2010; Huang et al. 2013). It is also of interest that Chop and
Trib3 are necessary for cardiomyocyte apoptosis in the ISR (Okada et al. 2004;
Seznec et al. 2004; Ohoka et al. 2005). Although it is not currently known which of
the stress signals causes the activation of the ISR in FA, it is known that the activation
of the ISR is significant in the progression of cardiomyopathy (Okada et al. 2004).
It is therefore important to investigate the significance of the ISR in heart failure.

5 Autophagy

Autophagy is a physiological process that contributes to cell homeostasis, and it
occurs in all eukaryotic cells in response to extra- and intra-cellular stress (Yang
et al. 2005). The exact role of autophagy is controversial as it is not known if it is a
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pro-survival or pro-death response. Most evidence suggests that it is an adaptive
response that is responsible for the recycling of long-lived and damaged organelles
by lysosomal degradation (Martinet et al. 2007). However, paradoxically, excessive
stimulation of the autophagic pathway also appears to result in cell death through
the destruction of organelles (Martinet et al. 2007; Nishida et al. 2008).

Some important autophagic markers which are essential for autophagosome
formation include Beclin-1 and LC3 (Ohoka et al. 2005; Nishida et al. 2008),
which will be discussed below. The mammalian target of rapamycin (mTOR) is a
protein kinase that is also essential for the activation of autophagy, as its inhibi-
tion by rapamycin or by nutrient stress results in the induction of autophagy
(Nemchenko et al. 2011). There is also a very likely interaction between mTOR and
UNC-51 like kinase (ULK), which is required for autophagy (Jung et al. 2010).
However, it is still not known which phosphorylation sites are targeted by mTOR
(Jung et al. 2010).

Autophagy has also been implicated in a number of human neuro-degenerative
disorders such as Alzheimer’s, Parkinson’s and Huntington’s diseases (Yang et al. 2005).
It is also of great interest that autophagy occurs at a high rate in failing human hearts
(Elsésser et al. 2004). Hence, a greater understanding of the role of autophagy will
enable us to gain more insight into new therapeutic approaches that can be useful for
the treatment of many diseases.

5.1 Metabolic Process

There are three pathways in autophagy which include: macroautophagy, microau-
tophagy and chaperone-mediated autophagy, although macroautophagy is the most
common form of autophagy (Yang et al. 2005). During macroautophagy, an isolation
membrane grows into a double-membrane structure that engulfs cytosolic organelles,
thus forming the autophagosome. The autophagosome is targeted to the lysosome,
and these fuse to form an autolysosome, where its contents are degraded (Gomes and
Scorrano 2013) (Fig. 13.4).

Autophagy is controlled by autophagy-related genes (Atgs), which are largely
involved in the formation of the autophagosome (Okada et al. 2004; Yang et al. 2005;
Nishida et al. 2008). Beclin-1 (Atg6) and class III phosphatidylinositol-3-kinase
are important proteins in the process that form a complex which is needed for the
nucleation of the isolation membrane (Yang et al. 2005). The elongation of the
isolation membrane then involves one of two conjugation systems. One pathway
involves the conjugation of Atgl2 to AtgS, and the second pathway involves the
conjugation of microtubule-associated protein 1 light chain 3 (LC3). In the second
pathway, newly synthesised LC3 is cleaved to form LC3-I, which is found in the
cytoplasm (Yang et al. 2005). With the aid of Atg7 and Atg3, LC3-I is then
converted to LC3-II which tightly bound to the autophagosome, and it does not
dissociate after autophagosome formation (Nishida et al. 2008) (Fig. 13.5). Thus,
the conversion of LC3 from LC3-I to LC3-II is used as a marker of autophagy
(Yang et al. 2005).
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Fig. 13.4 The autophagic pathway (Adapted from Martinet et al. 2007). The Atg12-Atg5-Atgl6L
complex interacts with the isolation membrane and localises asymmetrically as it elongates in
response to stress signals sent from damaged organelles (Yang et al. 2005). The pre-autophagosome
engulfs these organelles along with a bulk of cytoplasm, and the Atg-complex dissociates from the
membrane upon autophagosome formation (Yang et al. 2005). Thereafter, the autophagosome fuses
with a lysosome. The resultant autolysosome is thus responsible for the degradation of its contents

Fig. 13.5 The formation of
LC3-IL. The carboxyl
terminus of pro-LC3 is
cleaved by a cysteine
protease known as
autophagin to form LC3-1
(Yang et al. 2005). LC3-1
then undergoes a number of
ubiquitination-like reactions
to form LC3-II, which is
tightly bound to the
autophagosomal membrane
(Yang et al. 2005)
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5.1.1 Mitophagy

Autophagy is generally a non-selective process where portions of the cytoplasm are
randomly sequestered into the autophagosome (Yang et al. 2005). However, selective
forms of autophagy have been found such as mitophagy where the mitochondrion is
selectively targeted for degradation in the autophagosome (Gomes and Scorrano 2013).
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Fig. 13.6 The process of mitophagy (Adapted from Liu et al. 2012). A similar mechanism to the
second pathway described in autophagy occurs in mitophagy. Here, a mitochondrial protein
with an LC3-interacting region (LIR) that is specific for mitophagy is expressed at the outer-
membrane. This results in the incorporation of the mitochondrion into the autophagosome, and its
subsequent degradation

This has been observed in several different processes such as erythroid differentiation,
the metamorphosis of silk moth muscles, and in the development of T-lymphocytes
(Beaulaton and Lockshin 1977; Sandoval et al. 2008; Pua et al. 2009).

While mitochondria are essential for energy transduction and cell signalling,
damaged and dysfunctional mitochondria can be detrimental to the cell leading to
the release of pro-apoptotic factors such as cytochrome c (Saelens et al. 2004).
Hence, the selective removal of defective mitochondria by mitophagy might be a
mechanism to prevent cell death by apoptosis. This selectivity is mediated by the
interaction between autophagy modifiers expressed on the surface of the autopha-
gosome such as LC3/GABARAP proteins, and selective autophagic receptors
(Gomes and Scorrano 2013) (Fig. 13.6).

A number of markers specific for mitophagy have been identified. This includes
Bcl-2/adenovirus E1B 19 kDa-interacting protein (BNIP3) and FUN14 domain
containing protein 1 (FUNDC1) which appear to be autophagy receptors that
interact with LC3 under hypoxic conditions (Kubli et al. 2007; Schweers et al. 2007,
Liu et al. 2012). It has also been found that BNIP3 is up-regulated in cardiomyocytes
that suffer ischemic injury (Hamacher-Brady et al. 2007). Indeed, BNIP3 appears
to stimulate apoptotic signalling during ischemia-reperfusion injury by inducing
the fragmentation of mitochondria that leads to the production of superoxide and
pro-apoptotic factors (Hamacher-Brady et al. 2007). It has also been established
that BNIP3 is involved in mitophagy, although the mechanism by which this
occurs remains unknown (Ohoka et al. 2005; Quinsay et al. 2010; Rikka et al. 2011;
Hanna et al. 2012).
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It is of significance to this discussion that electron microscopy of hearts from both
the MCK and NSE mutant mouse lines revealed the presence of myofibrils with
abnormal alignment and disruption, as well as disintegrating mitochondria, which is
suggestive of mitochondrial dysfunction (Puccio et al. 2001). It is therefore possible
that mitophagy contributes to heart failure in FA, as damaged mitochondria in
the disease might induce mitophagy through the expression of selective autophagic
receptors like BNIP3 or FUNDCI1. However, this is an area of study that has yet
to be explored.

5.2 Autophagy in Heart Failure

Heart failure occurs after a process known as cardiac remodelling, where the heart
undergoes an alteration in structure and function in response to cardiac load and
injury, thus resulting in an increased rate of cardiomyocyte death (Cohn et al. 2000;
Nishida et al. 2008). Multiple forms of cell death mechanisms including apoptosis
and necrosis have been observed in heart failure (Kostin et al. 2003). However, signs
of autophagy from dead and dying cardiomyocytes have also been reported to occur
in heart failure caused by dilated cardiomyopathy, hypertensive disease, chronic
ischemia, and stunned myocardium, but have not been found in healthy human hearts
(Knaapen et al. 2001; Shimomura et al. 2001; Kostin et al. 2003; Elsdsser et al. 2004;
Yan et al. 2005). In addition, it was found that there is a higher incidence of
autophagic cardiomyocytes in heart failure than apoptotic cells (Kostin et al. 2003;
Elsisser et al. 2004). It is therefore clear that autophagy is important in the progression
of heart failure. However, it is not known if autophagy plays a protective role, or if
it in fact contributes to the pathogenesis of heart failure. This is because while
autophagy is often associated with heart failure, it is also essential for the survival
of cardiomyocytes through the production of free amino acids and fatty acids from
the breakdown of proteins and organelles, by the autophagic-lysosomal pathway,
which is beneficial to cells (Gustafsson and Gottlieb 2008). It has been reported that
autophagy might be beneficial in the progression of cardiomyopathy up to a point,
but when it reaches a certain threshold, autophagy could lead to heart failure
(Gustafsson and Gottlieb 2008).

Autophagy has been shown to protect against f-adrenergic stimulation which
enhances apoptosis, cardiac hypertrophy and heart failure (Shizukuda and Buttrick 2002;
Xiang and Kobilka 2003; Nakai et al. 2007). This was observed from a study where
autophagy-deficient mice displayed increased sensitivity to isoproterenol, a synthetic
B-adrenergic agent, leading to left ventricular dilatation and cardiac dysfunction
(Nakai et al. 2007). In addition, cardiac hypertrophy from thyroid hormone treatment
was prevented upon treatment of rapamycin, an activator of autophagy (Kuzman
et al. 2007). Rapamycin treatment was also able to reduce ischemia-reperfusion
injury on Langendorff perfused rat hearts (Beugnet et al. 2003; Ravikumar et al. 2004).
Furthermore, it was shown that glucose deprivation, which is important in ischemia,
resulted in the up-regulation of autophagy in isolated cardiac myocytes (Gustafsson
and Gottlieb 2009). The inhibition of autophagy was correspondingly found to
enhance glucose deprivation-mediated death (Matsui et al. 2007).
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Even though autophagy appears to play a protective role in ischemic cardiac
injury, it was shown from the same study that autophagy had an opposite effect
on myocytes during reperfusion (Matsui et al. 2007). In this study, Matsui et al.
demonstrated that autophagy was regulated by AMP-activated protein kinase
(AMPK) in ischemia, and by Beclin-1 in reperfusion (Matsui et al. 2007). Although
AMPK-activated autophagy appeared to be protective in ischemia, the knockdown
of Beclin-1 proved to increase cell viability, thus showing that autophagy in the
reperfusion phase was more detrimental (Matsui et al. 2007). This reflects the dual
nature of the effects autophagy.

Support for the role of autophagy in cardiomyocyte death was found in human
patients suffering from idiopathic dilated cardiomyopathy where Beclin-1 was
up-regulated during cardiac injury by ischemia-reperfusion (Vigliano et al. 2011).
Consistent with these findings, Akazawa et al. demonstrated that cardiomyocyte
degeneration was induced in transgenic mice expressing the human diphtheria-toxin
receptor in the heart, which led to heart failure and subsequent death in 80 % of
the animals (Akazawa et al. 2004). Thereafter, it was found that there were signs
of autophagic cell death such as an accumulation of autophagosomes and an
up-regulation of lysosomal markers, thus highlighting the potential role of autophagy
in cell death (Akazawa et al. 2004). However, it is not known if the presence of
autophagic markers signifies a failed protective mechanism or a pathway for cell
death. Regardless, it is clear that cardiomyocytes with a loss of organelles will be
unable to produce functional contractile power, thus exacerbating the effect of heart
failure (Takemura et al. 2006).

In addition to the role that autophagy might play in cell death, under extreme
conditions of stress, the loss of trans-membrane potential of the mitochondrial inner
membrane can result in the exhaustion of the intracellular supply of ATP, and lead
to necrotic cell death (Nishida et al. 2008). Damaged mitochondria can also release
of pro-apoptotic factors that lead to apoptotic cell death (Nishida et al. 2008).
Multiple forms of cell death are therefore often observed in the pathogenesis of
heart failure, and these can be distinguished by a number of characteristic morpho-
logical features (Table 13.1) (Kostin et al. 2003). However, it should also be noted
that cross-talk exists between these cell death mechanisms, as autophagy and apop-
tosis have been shown to both counter each other and act synergistically, and they
also share many of the same molecular regulators (Eisenberg-Lerner et al. 2009).

6 Apoptosis

Apoptosis is a process of programmed cell death, and it is essential for cell turnover
and development (Elmore 2007). It occurs normally as a means of maintaining cell
populations in tissues, and it also acts as a defence mechanism in response to cell
damage and mutations (Norbury and Hickson 2001). The death process is mediated
by three pathways: the extrinsic pathway, the intrinsic pathway and the immune
pathway, which can be separated into the granzyme A and granzyme B pathways
(Tang et al. 2011).
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Table 13.1 Morphological features of different forms of cell death

Cell death features Apoptosis Autophagy Necrosis
Cell shrinkage ++ + —
Cellular swelling - - ++
Chromatin condensation ++ + —
Nuclear fragmentation ++ - _
Loss of plasma-membrane integrity - - ++
Vacuolization - . +
Caspase activation ++ - —
Oligonucleosomal DNA fragmentation ++ - -
Random DNA degradation - - +
Processing of LC3 - ++ _

Autophagy differs from apoptosis in that apoptosis is characterised by cell shrinkage, chromatin
condensation and nuclear fragmentation. In addition, caspases are activated in apoptosis, whereas
caspase activation is not needed in autophagy (Martinet et al. 2007). The distinction between
apoptotic cell death and autophagy can be done through monitoring caspase activity, chromatin
degradation and other apoptotic markers, as well as through the observation of the relationship
between the specific inhibition of autophagy, and cell death (Aloria et al. 2004; Martinet et al. 2007;
Eisenberg-Lerner et al. 2009). Table adapted from Martinet et al. 2007

The extrinsic pathway is initiated by transmembrane death receptors that engage
with members of the tumour necrosis factor (TNF) family, and it is responsible for
transmitting signals from the cell surface to intracellular signalling pathways by
recruiting caspase-8 (Locksley et al. 2001; Saelens et al. 2004; Elmore 2007).
The intrinsic pathway, in contrast, acts through intracellular signals and involves
non-receptor-mediated stimuli that leads to the activation of caspase-9 (Elmore 2007).
Finally, the granzyme A and B pathways are immune pathways that involve
T-cell-mediated cytotoxicity and perforin-granzyme-dependent killing of the cell
(Elmore 2007).

The extrinsic, intrinsic and granzyme B pathways are initiated by the cleavage of
caspase-3 and they have been found to converge into the execution pathway, and
ultimately result in DNA fragmentation, degradation of cytoskeletal and nuclear
proteins, cross-linking of proteins, formation of apoptotic bodies, expression of
ligands for phagocytic cell receptors, and the uptake of phagocytic cells (Elmore 2007).
The granzyme A pathway activates a caspase-independent cell death pathway
through DNA damage (Elmore 2007). From here on, the focus of the discussion on
apoptosis will be on the extrinsic and intrinsic pathways.

6.1 The Intrinsic Pathway

The intrinsic pathway is regulated by positive and negative stimuli, and it is the
main mitochondrial pathway in cell death. Some examples of positive stimuli
include, radiation, toxins, hypoxia, hyperthermia, viral infection and free radicals
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Fig. 13.7 The intrinsic pathway of apoptosis. Apoptotic stimuli that can be either extra- or intra-
cellular, results in the translocation and homo-oligomerisation of Bax and Bak on the mitochon-
drion, as well as the cleavage of Bid to tBid. This leads to the release of cytochrome c, which binds
to Apafl and pre-caspase 9 in the presence of dATP. This leads to the cleavage and activation of
caspase 9, which cleaves pre-caspase 3. Caspase 3 is thus responsible for execution pathway in
apoptosis. The release of Smac/DIABLO inhibits the inhibitors of apoptosis (IAP), thus allowing
apoptosis to proceed. Members of the Bcl-2 family are able to inhibit cytochrome c release.
However, in the presence of Bad, Bcl-2 members are sequestered and the intrinsic pathway is
allowed to progress

(Elmore 2007). This can cause changes in the inner mitochondrial membrane
that leads to the loss of potential in the mitochondrial permeability transition pore,
as well as the release of pro-apoptotic proteins such as cytochrome ¢ and Smac/
DIABLO. This results in the downstream activation of caspases, and eventual cell
death (Saelens et al. 2004) (Fig. 13.7).

This process is mediated by the B-cell lymphoma 2 (Bcl-2) family of proteins
which are responsible for the mitochondrial initiation of the cell death programme
(Adams and Cory 1998). Members of this family consist of both pro- and anti-
apoptotic proteins that share up to four conserved Bcl-2 homology domains (Kubli
et al. 2007). Some of the anti-apoptotic proteins include Bcl-2 and Bcl-X;, and
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some of the pro-apoptotic proteins include members of the Bax family which
includes Bax and Bak, and the BH3-only proteins such as, Bad, Bid, and BNIP3
(Elmore 2007).

With the exception of Bid, the BH3-only proteins appear to bind to and possibly
neutralize the anti-apoptotic proteins (Cory and Adams 2002). For example, Bad
heterodimerises with Bcl-X; or Bcl-2, thus promoting cell death (Yang et al. 1995).
When not bound to Bad, Bcl-X; and Bcl-2 inhibit the release of cytochrome ¢ from
the mitochondrion (Elmore 2007). Bid, the pro-apoptotic cytosolic protein, is
cleaved by caspase 8 and converted to tBid after a death signal from the extrinsic
pathway (Kroemer et al. 2007). The tBid protein is then targeted to the mitochon-
drion and it accelerates apoptosis and triggers cytochrome c release in the presence
of either Bak or Bax (Kroemer et al. 2007).

Under normal conditions, Bax and Bak are stable monomers. However, they
appear to change conformations and homo-oligomerise during apoptosis (Cory and
Adams 2002). These oligomers are believed to contribute to the permeabilisation of
the outer mitochondrial membrane and allow the efflux of pro-apoptotic proteins,
such as cytochrome ¢ (Cory and Adams 2002). The mitochondrion is important in
apoptosis as reflected by a study whereby spontaneous nuclear condensation that
could be inhibited by Bcl-2, and DNA fragmentation, were found to be dependent on
the presence of the mitochondrion (Green and Reed 1998). It was also found that
cytochrome ¢, which is released from damaged mitochondria, is needed to induce
caspase activation (Liu et al. 1996). Cytochrome ¢ forms an activation complex
with the apoptotic protease-activating factor 1 (Apafl) and caspase-9 to activate
downstream caspase activity (Cory and Adams 2002). It is currently believed that
once cytochrome c is released, the cell is committed to cell death through either
the rapid apoptotic pathway, or a slow necrotic pathway due to the collapse of the
electron transport chain, as free radicals are generated and levels of ATP fall
(Green and Reed 1998).

6.2 The Extrinsic Pathway

The extrinsic pathway is distinct from the intrinsic pathway in that it involves
trans-membrane receptor mediation. These receptors are part of the TNF receptor
gene superfamily, and they contain a ‘death domain’ in the cytoplasmic region
(Ashkenazi and Dixit 1998; Locksley et al. 2001). This death domain is important
in carrying extracellular signals to intracellular signalling pathways (Cory and
Adams 2002). Upon ligand binding to trans-membrane receptors, cytoplasmic adapter
proteins bind to these receptors on their death domains (Cory and Adams 2002).
The ligation of receptors such as the binding of the Fas ligand to the Fas receptor or
the binding of the TNF ligand to the TNF receptor, results in the recruitment
of the adapter protein, Fas-associated protein with death domain (FADD), and in
the binding of the adapter protein, tumour necrosis factor type 1-associated DEATH
domain protein (TRADD) with recruitment of FADD (Hsu et al. 1995). FADD
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Fig. 13.8 The extrinsic pathway leading to the execution phase of apoptosis. The binding of the
TNF ligand to its receptor results in the recruitment of FADD and TRADD, and the eventual
activation of caspase 3. A similar process occurs in the binding of Fas to the Fas receptor

then associates with pro-caspase-8 by dimerising with the death effector domain.
At this point, a death-inducing signalling complex (DISC) is formed, resulting in the
auto-catalytic activation of pro-caspase-8. Once caspase-8 is activated, the execution
phase of apoptosis is triggered (Elmore 2007) (Fig. 13.8).

6.3 The Execution Pathway

The extrinsic and intrinsic pathways converge at the execution phase, which is the
pathway that carries out cell death (Elmore 2007). The members of the execution
phase are the execution caspases which activate cytoplasmic endonuclease, which is
responsible for the degradation of nuclear material and proteases that break down
nuclear and cytoskeletal proteins.

Caspases 3, 6, and 7 are the effector caspases that are responsible for the activation
of proteins that are responsible for the morphological and biochemical changes
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that are observed in apoptotic cells (Slee et al. 2001). Caspase 3 is activated by cas-
pases 9, 8 and 10 (Elmore 2007). It is also responsible for the activation of an endo-
nuclease known as CAD which acts to degrade chromosomal DNA and cause
chromatin condensation (Sakahira et al. 1998). The last step of apoptosis is charac-
terised by phagocytic uptake. In this phase, phosphatidylserine is externalised on
the surface of apoptotic cells and this allows for phagocytic recognition so the apop-
totic cell can be cleared (Fadok et al. 2001).

6.4 Apoptosis in Heart Failure

It is generally accepted that heart failure is caused by the loss of cardiomyocytes.
Although cells such as neurons and cardiomyocytes have a limited ability to prolif-
erate, they still retain the genes and signal transduction pathways necessary to
induce apoptosis (Barr and Tomei 1994). It is also of relevance to this discussion
that apoptosis has been reported to occur in several frataxin-deficient cell lines, raising
the possibility that apoptosis occurs in the progression of cardiomyopathy in FA
(Santos et al. 2010). The participation of apoptosis in heart failure has therefore
been a subject of great interest. Signs of apoptosis in advanced heart failure have
been found in explanted human hearts (Sabbah 1999). Apoptosis leading to heart
failure has also been most commonly identified in idiopathic dilated cardiomyopathy
and ischemic cardiomyopathy, and it has also been proposed to contribute to the wall
thinning observed in cardiac hypertrophy (Bennett 2002).

Studies have shown a low rate of apoptosis in heart failure (<1 % TUNEL-
positive cells), but it must be noted that the detection of apoptosis could be depen-
dent on the stage of the disease (Kang and Izumo 2000). Most of the studies on
human patients have been performed at an advanced stage of heart failure, and it is
possible that signs of apoptosis were diminished at that point (Kang and Izumo 2000).
In addition, higher rates of apoptosis have been observed in rabbits following
acute ischemia and reperfusion (Yue et al. 1998). Hence, it appears that the observed
occurrence of apoptosis is dependent on the models used, and on the conditions
under which cardiomyopathy occurs.

Apoptosis in cardiomyocytes can be induced by stimuli such as hypoxia and
ischemia which are associated with the activation of Fas (Bennett 2002). The Fas ligand
as well as TNF-a were found to be up-regulated in patients with end-stage heart
failure, and this extrinsic pathway also appears to be implicated in immune-mediated
cardiomyopathy (Nishigaki et al. 1997; Yue et al. 1998; Kang and Izumo 2000).
This suggests the importance of the death receptor-mediated pathway in apoptotic
heart failure, although it appears to be more important in immune-mediated cardiomy-
opathy than in the more prevalent ischemic or dilated cardiomyopathy (Bennett 2002).
It has also been observed that lowered serum glucose concentrations trigger the
release of cytochrome ¢ from the mitochondria in cardiomyocytes, suggesting that
ischemic injury might be mediated by the mitochondrial pathway in apoptosis
(Bialik et al. 1999; Bennett 2002; Quinsay et al. 2010). It has indeed been shown that
cytosolic cytochrome ¢ and the release of caspases occurs in different models of
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heart failure, and there has also been further evidence to suggest that cardiomyocytes
utilise a mitochondrial-dependent apoptotic pathway (Koglin et al. 1999; Narula
et al. 1999; Adams et al. 2000; Kang et al. 2000; Yan et al. 2005). Higher levels of
Bcl-2 have also been observed after acute coronary occlusion, but they are decreased
after chronic heart failure by pressure overload (Misao et al. 1996; Liu et al. 1998;
Condorelli et al. 1999). In addition, the over-expression of Bcl-2 in the heart appears
to reduce myocardial reperfusion injury by reducing the occurrence of myocyte
apoptosis (Brocheriou et al. 2000).

Analysis of hearts from the FA knockout animals have also shown higher
apoptosis counts than the age-matched wild-type mice, which is evidence for ongoing
cardiomyocyte loss (Payne 2011). In addition, the use of apoptosis inhibitors is able
to improve the viability of frataxin-deficient cells in vitro (Wong et al. 1999). In all,
these studies indicate that apoptosis is an important pathway that is worth investigating
in the pathogenesis of cardiomyopathy in FA.

7 Therapeutic Implications

Considering the potential roles of autophagy and apoptosis in the progression of
cardiomyopathy in FA, a number of strategies can be employed to inhibit or manipulate
these pathways. A number of therapeutics has been found to be effective in experi-
mental models of apoptosis. For example, the administration of caspase inhibitors
in areas of risk resulted in the reduction of infarct sizes in rat hearts during ischemia
and reperfusion (Yaoita et al. 1998; Holly et al. 1999). However, while it is possible
to target apoptotic pathways, it still needs to be shown that inhibition of apoptosis
will delay or prevent heart failure. It is possible that the inhibition of apoptosis will
result in other forms of cell death such as necrosis, which could be even more
damaging (Bennett 2002). In addition, it is not known what the long term effects of
inhibiting apoptosis will be, because apoptosis is beneficial in that it is needed for
cell renewal and development. It should also be noted that excessive inhibition of
apoptosis is known to be associated with autoimmune disorders and lymphoma
(Miillauer et al. 2001). Finally, as discussed earlier, the detection of apoptotic
markers is dependent on the stage of the disease, as well as other factors. Hence, the
inhibition of apoptosis may not be effective for all forms of heart failure, and it may
in fact not be beneficial in the treatment of FA.

Autophagic markers were found to be elevated during cardiac injury induced by
ischemia-reperfusion (Matsui et al. 2007). In addition, considering the correlation
between cardiac hypertrophy and the prognosis in FA, it might be helpful to target
players in the autophagic pathway (Vigliano et al. 2011). However, as it is still not
known if autophagy has a protective or deleterious effect in cardiac remodelling, the
inhibition of autophagy as a therapeutic has to be approached with caution.
Moreover, as in apoptosis, much is left to be known about the cross-talk between
autophagy, apoptosis and necrosis, and inhibiting one pathway may lead to the stim-
ulation of another.
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